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Low molecular weight, amphiphilic diblock copolymers in selective solvent exhibit complex phase behavior
and macroscopic properties that affect the processing and application of these materials. The mechanical
properties of the crystalline phases seen in concentrated solutions are dependent on nanoscale structure and
sample history. The goal of this study is to characterize macroscopic properties and thermal history effects
of lyotropic liquid crystals in aqueous diblock copolymer solutions. Rheological temperature ramps are used
to characterize three aqueous concentrations of diblock copolymer [Brij-58®, C16H33(CH2CH2O)20OH].
Between these three samples the order-disorder transitions (ODTs) for BCC and FCC are accessible in addi-
tion to the order-order transition (OOT) between BCC and FCC. These transitions are distinguished using
rheology. Frequency sweeps are performed across a range of temperatures and parameterized with a log-
linear fit to the phase angle data to extract the crossover frequency. We find that a single frequency sweep
does not distinguish BCC and FCC structures. By normalizing the temperature with respect to the ODT, we
are able to use a series of frequency sweeps to distinguish characteristic trends in the response of BCC and
FCC structures to thermal history.
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1. Introduction

Block copolymer molecules in a selective solvent self-

assemble into nanostructured soft materials, for example

see “Block Copolymers in Solution: Fundamentals and

Applications” (Hamley, 2005). The amphiphilic nature of

a diblock copolymer molecule drives assembly of micelles

in both the melt state and solvent-swollen state. For a

given polymer architecture, concentration, temperature,

and solvent quality, micelles will form crystalline lattices

known as lyotropic liquid crystals (LLCs) (Garti et al.,

2012; Hamley, 2005). A single system can have multiple

accessible LLC packings including body-centered cubic

(BCC), face-centered cubic (FCC), hexagonally close-

packed spheres (HCP), hexagonally close-packed cylin-

ders (Hl), and lamellar phases (Lα) (Lodge et al., 2002).

Solvent selectivity for at least one of the polymer blocks

often varies with temperature, broadening the accessible

number and types of phases (Lodge et al., 2002). The ther-

moreversible order-order transitions (OOTs) and order-

disorder transitions (ODTs) between phases can be located

using a number of structural (small angle scattering, bire-

fringence) and macroscopic (jar inversion tests, rheologi-

cal) techniques (Park et al., 2004; Pozzo et al., 2005). The

mechanical properties, nanoscale crystalline structure, and

phase transition boundaries are dependent on sample his-

tory. For example, the thermal history of a sample can

shift ODTs and OOTs and initiate metastable phases

which are kinetically trapped, preventing a transition back

to thermodynamic equilibrium (Park et al., 2005; Walz et

al., 2010). Hysteresis, or a dependence of structure on

thermal sample history, near OOTs has been observed in

several block polymer systems (LaFollette and Walker,

2011; Park et al., 2005; Walz et al., 2010).

Relaxation mechanisms that occur at timescales measur-

able by rheology are present in micellar cubic liquid crys-

tals. The storage modulus (G') and loss modulus (G'') in

these systems often is strongly frequency dependent, which

allows for the study of these timescales. Previous studies

have attempted to use the frequency dependence of the

storage and loss modulus as a signature or fingerprint for

specific liquid crystalline structures (Mezzenga et al.,

2005; Mohan and Bandyopadhyay, 2008). Individual crys-

tal grains in these phases can be aligned and annealed into

larger crystalline domains via shear. Under continuously

increasing stress (steady shear) it has been shown that

BCC crystals show no yield stress in addition to two pla-

teaus in the stress versus shear rate data, while FCC crys-

tals show a distinct yield stress and strong shear thinning

behavior (Eiser et al., 2000a; 2000b). In aqueous Pluronic®

systems it was found that shear flow will align BCC and

FCC structures and anneal grains, but that this has a min-

imal impact on the frequency dependence of the storage

and loss modulus (Eiser et al., 2000b).
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Models have been developed to relate the viscoelastic

properties of these materials to molecular or nanoscale

structures. Mezzenga et al. (2005) attribute the longest

relaxation time from a multimode Maxwell model to the

relaxation of the lipid-water interface (Hamley, 2005;

Mezzenga et al., 2005; Speziale et al., 2018). Jones and

McLeish (1995) modelled the response of micellar cubic

phases to oscillatory shear using a slip-plane model. This

model accounts for the slip-planes that arise during shear

in these phases that give rise to bulk relaxation mecha-

nisms. One prediction from this model is solid-like behav-

ior at high frequencies and Maxwell liquid-like behavior

at low frequencies; a main consequence of this model is a

single relaxation time for the bulk that depends on the

average slip plane density. This single timescale arises

despite a distribution of slip-plane densities in the crystal.

A modified version of this model has been applied where

the bulk relaxation time is modeled as a log-normal dis-

tribution of relaxation times with a maximum relaxation

time (τmax) given by the inverse of the crossover frequency

(ωc) of G' and G'' (τmax ~ 1/ωc). This modified slip-plane

theory model has been applied to micellar cubic phases

and reverse cubic phases, with excellent agreement to the

experimental data (May et al., 2011; Rodríguez-Abreu et

al., 2004). In this work, we extract the longest relaxation

time, τmax ~ 1/ωc, without choosing a viscoelastic model.

By fitting the phase angle data to the straight-line log(δ)

= A + B*log(ω), where A and B are fitting parameters, the

crossover frequency, ωc, is quantified as the point when

this line crosses δ = 45°.

The techniques outlined above can be used to better

characterize new materials, thermal history effects, and to

guide processing. The goal of this study is to characterize

macroscopic properties of lyotropic liquid crystals in

diblock copolymer solutions, specifically the BCC and

FCC phases.

2. Methods

Brij-58® is purchased from Sigma Aldrich (lot #

SLBT3530) and used as received. The reported chemical

formula is C16H33(CH2CH2O)20OH. Samples are made

with purified 18.2 MΩ·cm water and sealed in glass jars.

Samples are then held at 80°C for at least 24 h to facilitate

polymer dispersion. Immediately after heating the solu-

tions are vigorously hand mixed and transferred to cen-

trifuge tubes. Air bubbles are removed via two or more 90

minute cycles of centrifugation at 40°C and 3,250 g.

Rheological measurements are performed on a TA

instruments (TA Instruments; New Castle, DE) DHR-2

stress-controlled rheometer. A 40 mm parallel plate con-

figuration is used with a 500 μm gap height. Temperature

control is provided by a Peltier system in the bottom plate.

Before beginning measurements, samples are heated to

5°C above the ODT to remove loading stresses. To pre-

vent evaporation, a 4 cm tall Teflon ring is sealed to the

bottom plate using vacuum grease, and ~20 mL of FC-70

Fluorinert® fluorinated oil is poured into the ring. This cre-

ates a 2 cm deep pool of oil in which the geometry and

sample are submersed. The extra torque from the oil pool

is negligible in the structured polymer samples. The mag-

nitude of the complex modulus, |G*|, ranges from 150 to

400 kPa with phase angle, , less than 10°. These are stiff,

gel-like materials.

Rheological temperature ramps are used to probe the

effect of temperature on macroscopic properties, and to

define ODTs. The strain amplitude for temperature ramps

is verified to be in the linear viscoelastic regime through

separate amplitude sweeps at 20°C intervals. We assume

that by operating in the linear regime, the applied oscil-

latory shear is a nondestructive probe of macroscopic

properties and does not impact material structure.

Figure 1 shows the effect of temperature ramp rate on

|G*| in a 35 wt.% sample. Slower temperature ramp rates

result in a more pronounced hysteresis between cooling

and heating ramps. Based on this, a ramp rate for all tem-

perature ramps of 0.2°C/min is chosen to allow sufficient

thermal equilibration throughout the gap. The precipitous

drop in modulus in Fig. 1 shows the presence of an ODT.

In practice, the ODTs can be difficult to consistently define.

The complex modulus drops six orders of magnitude over

a 5-10°C window when disordering from the gelled state

during heating. During this precipitous change, the phase

angle will fluctuate around 20°, before suddenly increas-

Fig. 1. (Color online) Complex modulus, |G*|, as a function of

temperature for Brij-58® in water at various temperature ramp

rates (0.25%, 6.28 rad/s). Blue symbols are cooling ramps from

the disordered state, red symbols are subsequent heating ramps

immediately following. Cooling ramps have been shifted upwards

by a factor of 3. Crosses are 5°C/min, circles are 1°C/min, tri-

angles are 0.5°C/min, and squares are 0.2°C/min. Color darkens

with decreasing temperature ramp rate.



Rheological characterization of BCC and FCC structures in aqueous diblock copolymer liquid crystals

Korea-Australia Rheology J., 31(4), 2019 251

ing through 90° to unphysical values. To consistently choose

an ODT, we define the ODT as the temperature when the

phase angle crosses 90°. This is the same temperature on

heating and cooling. Data is not shown above TODT, as the

measurement of the phase angle becomes unreliable due

to an experimental design optimized for measurement of

stiff materials.

Frequency dependent storage and loss moduli were

measured during the cooling ramps for each sample. The

same temperature ramp procedure is applied to disorder

each sample, but the ramps are paused to record frequency

sweeps at a given temperature before the cooling ramp

continues. At each temperature where a frequency sweep

is performed, the linear viscoelastic regime was deter-

mined at five frequencies distributed logarithmically across

the range of measured frequencies.

A phase diagram for Brij-58® and water is available in

the literature (Jayaraman et al., 2019). The structural

information from Jayaraman et al. (2019) was determined

via small angle x-ray scattering (SAXS) and is used to

augment rheological data with structural information in

this work. The rheological data in this work are collected

with different thermal history than the reported SAXS

data.

3. Results

Figure 2 shows the magnitude of the complex modulus

(|G*|, filled) and the phase angle (, open) for three dif-

ferent concentrations of Brij-58® (30 wt.%, 35 wt.%, and

42 wt.%) during temperature ramps between the disor-

dered state and T > 0°C. The temperature decreases from

the disordered state (blue) and then increases from 0 °C

(red) at a rate of 0.2°C/min as |G*| and  are measured at

0.25% strain and 1 Hz (0.1% strain for 30 wt.%). These

conditions are verified to be in the linear regime. Struc-

tural SAXS data from Jayaraman et al. (2019) are overlaid

as vertical lines for each concentration. Continuous tem-

perature ramp data from this study is used to refine the

ODT and OOT locations. The 30 wt.% data capture the

FCC to disorder transition, and the 42 wt.% data capture

the BCC to disorder transition. The 35 wt.% data capture

both the FCC to BCC transition and the BCC to disorder

transition.

For the 30 wt.% sample (Fig. 2a), |G*| increases by six

orders of magnitude during cooling from the disordered

phase to the FCC phase. Continued cooling results in an

increase in |G*| from 95 kPa (42°C) to 245 kPa (0°C) that

is approximately linear with respect to temperature. The

phase angle decreases during cooling from 42°C to 35°C

and reaches  = 0° from 35 to 0°C. Subsequent heating to

the disordered phase results in overlapping data for |G*|

and  with differences too small to distinguish. The 30

wt.% temperature ramp data capture the FCC ODT. We

place the ODT at 49°C. This refines the location of the

ODT and is in agreement with the ODT from the pub-

lished phase diagram between data at 40 and 60°C

(Jayaraman et al., 2019).

For the 35 wt.% sample (Fig. 2b), |G*| again increases

by six orders of magnitude during cooling from the dis-

ordered phase to the BCC phase. We place the ODT at

58°C. This refines the location of the ODT and is in agree-

ment with the ODT from the published phase diagram

between data at 60 and 80°C (Jayaraman et al., 2019).

Continued cooling results in a doubling in |G*| from 85

kPa (58°C) to 175 kPa (48°C) [# symbol, blue arrows].

There is a plateau in |G*| at 175 kPa from 48 to 45°C.

Fig. 2. (Color online) Complex modulus (|G*|, filled circles) and

phase angle (, open diamonds) as a function of temperature for

Brij-58® in water [(a) 30 wt.% (0.1%, 6.28 rad/s), (b) 35 wt.%

(0.25%, 6.28 rad/s), (c) 42 wt.% (0.25%, 6.28 rad/s)]. Blue sym-

bols are cooling ramps from the disordered state, red symbols are

subsequent heating ramps from 0°C [0.2°C/min]. Discrete data

from the phase diagram are overlaid as vertical lines (Jayaraman

et al., 2019). FCC data are shown as orange dots. BCC data are

shown as light green dashes. Disordered data are shown as black

dash-dots.
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This plateau is followed by an increase to 325 kPa as the

sample is cooled from 45 to 0°C. The phase angle decreases

during cooling from 60 to 45°C and is  = 0° from 45 to

0°C. Subsequent heating results in overlapping values of

|G*| and , but only from 0 to 45°C. The plateau at 175

kPa (45°C) seen during cooling is missing in the heating

ramp. Rather, |G*| continues to decrease at the same rate

until 53°C where there is a rapid 40 kPa dip in |G*| [∆

symbol, red arrows].

The hysteresis from 40 to 60°C in the 35 wt.% data is

reproducible and distinct. Temperature ramps with a dif-

ferent minimum temperature than 0°C show the same hys-

teresis for the 35 wt.% samples. Unlike most OOTs the

FCC to BCC transition is not usually accompanied by a

drastic change in modulus, although it is sometimes

observed as a small change in the viscous modulus (Bang

and Lodge, 2003). Interestingly, the observed hysteresis

occurs in a temperature range in between discrete SAXS

data for the FCC phase (40°C) and the BCC phase (60°C)

(Jayaraman et al., 2019). The increase in |G*| seen from

55 to 45°C when cooling [# symbol, blue arrows] from the

disordered state is a consequence of the BCC phase nucle-

ating and persisting as the sample is cooled, until even-

tually the sample transitions to FCC near the plateau in

|G*| at 175 kPa from 48 to 45°C. The hysteresis is an indi-

cation of an OOT from BCC to FCC during cooling near

45°C. During heating, the 40 kPa dip in |G*| from 53 to

58°C [∆ symbol, red arrows] is explained by an OOT from

FCC to BCC during heating. There may also be regions of

coexistence during heating and cooling that were not cap-

tured by discrete SAXS data used to map the phase dia-

gram. The features in the rheological temperature ramps

refine the location of the OOT between BCC and FCC.

For the 42 wt.% sample (Fig. 2c), |G*| increases by six

orders of magnitude during cooling from the disordered

phase to the BCC phase. We place the ODT at 77°C. This

refines the location of the ODT and is in agreement with

the ODT from the published phase diagram between data

at 60 and 80°C (Jayaraman et al., 2019). Further cooling

from 77 to 4°C results in |G*| steadily increasing from 80

to 340 kPa. This is followed by a 40 kPa decrease in |G*|

during cooling from 4 to 0°C. Subsequent heating shows

a small decrease in |G*| from 0 to 9°C, followed by a

recovery in |G*| from 9 to 15°C. After this small drop and

recovery, further heating from 15 to 60°C shows a trend in

|G*| that is parallel to the cooling ramp, although |G*| is

30 kPa lower during heating. As the temperature approaches

the ODT, the heating ramp data converge with the cooling

ramp data. The phase angle data for both temperature

ramps overlap despite the differences in |G*|.

In the 42 wt.% sample the decrease in |G*| seen when

cooling from 4 to 0°C may represent a change in the phase

behavior that was not captured on the phase diagram. A

partial phase change near 0°C would explain the hyster-

esis seen across almost the entire temperature range. We

do not believe this change is due to freezing of the hexa-

decane cores, as it is not seen at other concentrations after

cooling to 0°C. Additionally, temperature ramps that begin

heating at 25°C rather than 0°C show no hysteresis for the

42 wt.% samples.

Figure 3 shows the frequency dependence of the storage

modulus (G') and loss modulus (G'') for the 3 concentra-

tions studied. The left column is 30 wt.% data, the middle

column is 35 wt.% data, and the right column is 42 wt.%

data. The temperature for each frequency sweep is listed

on the figure. Phase data from Jayaraman et al. (2019)

along with the hysteresis shown in the temperature ramp

rates are used to identify each frequency sweep according

to phase. FCC samples show temperatures in orange boxes.

BCC samples show temperatures in light green dashed

boxes. The effect of increasing temperature at a constant

concentration can be seen by moving up a column. The

qualitative features of the frequency sweeps are not

enough to distinguish the difference between FCC and

BCC structures. We extract the longest relaxation time,

τmax ~ 1/ωc, without choosing a viscoelastic model. By fit-

Fig. 3. (Color online) Frequency dependent storage modulus (G',

dark blue circles) and loss modulus (G'', dark blue crosses) at

specified concentration (columns). Phase angle data is shown as

open light blue diamonds. A linear fit to this data is shown in

light blue. Crossover frequencies are shown as a black square at

 = 45°. Error bars are in general less than the size of the marker.

FCC samples show temperatures in orange boxes. BCC samples

show temperature in light green dashed boxes.
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ting the phase angle data to the straight-line log(δ) = A +

B*log(ω), where A and B are fitting parameters, the cross-

over frequency, ωc, is quantified as the point when this

line crosses δ = 45°. Overall, this method consistently cap-

tured the crossover frequency. Error bars are shown for the

crossover frequency (black squares), which were calcu-

lated as the frequency when the lower and upper 95% con-

fidence estimates for the phase angle fit line crossed 45°.

For most of the samples, the error bars are covered by the

marker size. Structures for each temperature are deter-

mined using synchrotron small angle x-ray scattering data

(Jayaraman et al., 2019).

The longest relaxation time in similar systems has been

interpreted previously as the timescale for lipid-water

interface to relax (Mezzenga et al., 2005). Increasing tem-

perature shifts the crossover of G' and G'' to higher fre-

quencies. This corresponds to a shifting of the longest

relaxation time to shorter time scales. The longest relax-

ation times in this work are simply calculated after quan-

tifying the crossover frequency (τmax ~ 1/ωc) and are

shown in Table 1. For the 35 and 42 wt.% samples, we

were not able to extract a crossover frequency using this

technique at 0°C.

To determine trends in the relaxation times for each

phase, we shift the temperature by TODT for each concen-

tration and separate the data by phase. Structures for each

temperature are determined using synchrotron small angle

x-ray scattering data (Jayaraman et al., 2019). Figure 4

shows the natural log of the relaxation times (τmax ~ 1/ωc)

plotted against the inverse of the normalized temperature.

Fits to an Arrhenius equation are shown for the BCC data

(dashes) and the FCC data (dots). The slope of the BCC

line is 42.7 with 95% confidence bounds [30.1, 55.39] and

an r-squared value of 0.94. The slope of the FCC line is

87.8 with 95% confidence bounds [69.7, 106] and an r-

squared value of 0.97. Vertical error bars arise from error

in ωc (Fig. 3). Horizontal error bars have been added to

show the potential effect of a 1°C error in the value of

TODT.

The slopes of these Arrhenius style fits represent an acti-

vation energy for the temperature dependence of the lon-

gest relaxation mechanism in each structure. While a

single frequency sweep is not a useful fingerprint for BCC

and FCC structures, the temperature dependence of the

relaxation times within each phase may prove to be a use-

ful metric.

4. Conclusions

Rheological temperature ramps are used to characterize

the FCC to disorder transition, BCC to disorder transition,

and the FCC to BCC transition. A hysteresis is observed

over the region where the OOT from BCC to FCC is

expected. The features in the temperature ramps are used

to refine the location of the ODTs and OOTs from the

published phase diagram for samples showing FCC and

BCC structures.

We find that a frequency sweep at a single temperature

does not distinguish BCC from FCC structures. However

by parameterizing frequency data across a range of tem-

peratures normalized by distance from the ODT, we are

able to distinguish characteristic differences in the response

of BCC and FCC structures to thermal history via an

Arrhenius style plot. We conclude that the longest relax-

ation time has a stronger temperature dependence in the

FCC phase than in the BCC phase.

Understanding the effect of thermal history on the

mechanical properties of block copolymer lyotropic liquid

crystals is crucial to the application of these materials in

Table 1. Longest relaxation time (τmax) from a linear fit to frequency dependent phase angle data in Fig. 3. TODT is included for reference.

Units of time are seconds.

τmax (s) 0°C 10°C 20°C 30°C 40°C 50°C 55°C 60°C 65°C TODT

30 wt.% 4,350 1,160 1,270 402 29.5 49°C

35 wt.% N/A N/A 1,600 N/A 291 26.8 2.18 58°C

42 wt.% N/A N/A 1,240 N/A 193 187 N/A 56.8 36.6 77°C

Fig. 4. (Color online) The longest relaxation time (τmax) for the

FCC (orange squares and triangles) and BCC (light green dia-

monds and circles) samples (squares = FCC 30 wt.%, triangles =

FCC 35 wt.%, diamonds = BCC 35 wt.%, circles = BCC 42

wt.%). Fits to an Arrhenius equation are shown for FCC (dots)

and BCC (dashes). Timescale units are in seconds. Temperatures

are shifted by the corresponding TODT or each data.
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industry. The methods in this work can be used to rapidly

probe mechanical properties, investigate the impact of

thermal history, and gain structural insights in new sys-

tems before delegating resources to small angle scattering

experiments.
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