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iagrams of colloidal rod systems
measured over a large composition space†

Shiqin He,a Marco Caggioni,b Seth Lindbergb and Kelly M. Schultz *a

Rheological modifiers tune product rheology with a small amount of material. To effectively use rheological

modifiers, characterizing the rheology of the system at different compositions is crucial. Two colloidal rod

system, hydrogenated castor oil and polyamide, are characterized in a formulation that includes a surfactant

(linear alkylbenzene sulfonate) and a depletant (polyethylene oxide). We characterize both rod systems

using multiple particle tracking microrheology (MPT) and bulk rheology and build phase diagrams over

a large component composition space. In MPT, fluorescent particles are embedded in the sample and

their Brownian motion is measured and related to rheological properties. From MPT, we determine that

in both systems: (1) microstructure is not changed with increasing colloid concentration, (2) materials

undergo a sol–gel transition as depletant concentration increases and (3) the microstructure changes

but does not undergo a phase transition as surfactant concentration increases in the absence of

depletant. When comparing MPT and bulk rheology results different trends are measured. Using bulk

rheology we observe: (1) elasticity of both systems increase as colloid concentration increases and (2)

the storage modulus does not change when PEO or LAS concentration is increased. The differences

measured with MPT and bulk rheology are likely due to differences in sensitivity and measurement

method. This work shows the utility of using both techniques together to fully characterize rheological

properties over a large composition space. These gelation phase diagrams will provide a guide to

determine the composition needed for desired rheological properties and eliminate trial-and-error

experiments during product formulation.
1 Introduction

Rheological modiers are used in personal care and fabric and
home care products to tune product properties to reach desired
rheological behavior. To effectively design products, under-
standing how rheological properties and microstructure are
changed by the addition of rheological modiers at different
component compositions is critical.1–7 Colloidal rods are
commonly used materials for rheological modication because
their anisotropic shape tunes rheology with the addition of
a small amount of colloid.3,5 While colloidal rods are presently
used as rheological modiers, the strength of interactions
between colloidal rods and other components in a formulation
can affect the rheology of the nal product and can be tuned by
changing the amount of each component in the system.5,8–10

This tunability is advantageous but also complicates formula-
tion because it presents a large parameter space to design
materials. This large parameter space usually requires trial-and-
cular Engineering, Lehigh University,

gh.edu; Fax: +1-610-758-5057; Tel: +1-

ter & Gamble Co., West Chester, OH, USA

mation (ESI) available. See

912
error experiments to identify compositions that result in
desired rheological properties. A better understanding of the
effect of each component concentration within a formulation
on rheological properties will enable product design while
decreasing material and time used for trial-and-error
experiments.

Colloidal rods are currently used in products as rheological
modiers and their rheological properties have been previously
characterized.1–6,11 In products, these rods can be used to simply
change the viscosity or can induce sol–gel phase transitions
during manufacturing processes and end-use.6,12 The state of
a colloidal rod system depends on the colloid volume fraction,
aspect ratio and interparticle interactions, which include
depletion interactions, electrostatic forces, osmotic pressure
gradients and steric forces.5,8–10,13,14 Most of these interactions
are introduced by adding molecules to the colloidal rod system.
The strength of these interactions can be tuned by simply
changing the amount of each component. Therefore, it is
crucial to characterize the role of each component in a given
system and measure the combined effect on the nal rheolog-
ical properties and state of the material.

In this study, the rheological properties of two colloidal rod
systems, hydrogenated castor oil (HCO) and polyamide (PA), are
characterized over a large composition space. Both HCO and PA
© 2022 The Author(s). Published by the Royal Society of Chemistry
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are long thin colloidal rods. Previous studies have determined
that these systems have similar rheological properties during
sol–gel transitions.6,8,12 Prior work focused on measuring
material properties during phase transitions including the
response of these colloidal rod systems to external driving
forces and shear.6–8,15 In these studies, different compositions of
materials are measured, but there are no systematic studies
focusing on characterizing the state and rheology of these
materials over a large composition space. In this work, we
compare these two colloidal rod systems by mapping their
rheological properties at different component compositions.
The three components that are systematically varied are crys-
tallized colloidal rods (HCO or PA), non-adsorbing polymer
(polyethylene oxide, PEO) and surfactant (linear alkylbenzene
sulfonate, LAS).

Each component in the system plays a separate role in the
structure and rheology during phase transitions and at equi-
librium. Non-adsorbing polymer, PEO, is a depletant which gels
the system.8,12 By increasing PEO concentration, depletion
interactions between the colloids increase and drive the rods to
form a sample-spanning network. This sample-spanning
network is the phase transition from a sol to a gel.8,9 LAS
stabilizes the colloidal suspension by attaching its hydrophobic
tail, a triglyceride, to the surface of the colloid. The hydrophilic
end of LAS, a sulfonate group, introduces an electrostatic force
between colloidal rods preventing aggregation and stabilizing
the suspension.6,12,16 From our previous work, we determined
that rheological evolution of these materials during a sol–gel
transition is dependent on the amount of surfactant in the
system. As the amount of surfactant changes the structure of the
colloids change from stabilized single colloids to bundled
colloids.12

Systematically changing the composition of the three
components in our colloidal rod system will result in formula-
tions with unique rheological properties. For each composition,
we measure the rheological properties and create phase
diagrams that will inform the design of products that use these
materials for rheological modication. Both multiple particle
tracking microrheology (MPT) and bulk rheology are used to
characterize rheological properties. In MPT, orescent probe
particles are embedded in the sample and their Brownian
motion is recorded with video microscopy. The position of the
probe particles in each frame is identied and tracked
throughout a video using classic tracking algorithms to dene
particle trajectories.20,24 From these trajectories, the ensemble-
averaged mean-squared displacement (MSD, hDr2(s)i) and the

logarithmic slope of the MSD, a ¼ d loghDr2ðsÞi
d log s

; are calcu-

lated to determine the rheological properties and the state of
the material. To quantitatively identify the state of the material,
we compare the measured value of a to the critical relaxation
exponent, n, which was previously measured for these mate-
rials.22,25–28,28–31 The MSD can also be related to other rheological
properties using the Generalized Stokes–Einstein
Relation.17–19,22,32,33
© 2022 The Author(s). Published by the Royal Society of Chemistry
In this work, both MPT and bulk rheology are used to
characterize these colloidal rod systems because they are
complementary techniques that measure different moduli
regimes and use different methods to measure rheological
properties. In MPT, the Brownian motion of the particle applies
a stress on the material enabling the rheological response to be
measured with minimal shear applied.34–37 With bulk rheolog-
ical measurements, we apply small angle oscillatory shear to the
material and measure the bulk response of the material during
a frequency sweep. This applies a much larger force on the
material, but also enables measurement of materials with much
higher elastic moduli than MPT.38,39 Because of these different
measuring regimes and methods, using both MPT and bulk
rheology to measure the same material provides more complete
information about the system by broadening the frequency and
measurable moduli range.

This work builds rheological phase diagrams for colloidal
rod systems over a large parameter space. The current state-of-
the-art generally does not fully map out parameter space. This
provides a facile way to present colloidal material rheological
properties under different component compositions and
provides users with a lookup table for future compositions of
rheological modication. In this study, we separately determine
the effect of each component concentration on the rheology of
HCO and PA colloidal rod systems. We use MPT and bulk
rheology to characterize the rheology when the concentration of
the colloid, non-adsorbing polymer and surfactant are varied
independently. We rst characterize the system using MPT. We
measure that increasing colloid concentration does not change
the rheology of either system and the material remains a sol.
Next, we increase PEO concentration, which increases depletion
interactions between the colloidal rods, and both systems
transition from a sol to a gel. We then increase the LAS : colloid
ratio. For both colloidal rod systems, as LAS concentration
increases the system remains in the sol state, but the structure
changes from stable single colloidal rods to colloidal rod
aggregates, agreeing with previous research.12 Aer separately
determining the role of each component in HCO and PA, we
build phase diagrams from MPT and bulk rheology measure-
ments to provide a map of HCO and PA rheological modica-
tion. From the MPT phase diagram, when PEO concentration is
near the critical depletant concentration (concentration where
the system transitions from a sol to a gel, 0.34 � 0.02 c/c* and
0.36 � 0.04 c/c* for HCO and PA, respectively) the fraction of
samples in the gel state is higher when LAS : HCO > 16 than
LAS : HCO # 16. From bulk rheological measurements we
determine that the elasticity for both HCO and PA increases
when more colloidal rods are added to the system. In addition,
at higher colloid concentration HCO has higher elasticity than
PA. We hypothesize that this is due to the polydispersity of
HCO, which contains longer rods that are more likely to
increase elasticity due to aggregation and entanglement. There
is no measured change in elastic moduli when the concentra-
tion of PEO or LAS is changed. Comparing the phase diagrams
between MPT and bulk rheology, different trends are measured
when each component concentration is varied in our colloidal
rod systems. These different trends are likely caused by the
RSC Adv., 2022, 12, 12902–12912 | 12903
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difference in the measurement methods. This work provides
guidance for future product design by constructing phase
diagrams for colloidal rod systems over a large composition
space, which can minimize trial-and-error experiments by
providing a lookup table for rheological properties.

2 Materials and methods
2.1 Hydrogenated castor oil colloidal rod synthesis

The HCO used in this work is provided by Procter & Gamble Co.
and is synthesized using previously published proto-
cols.3,4,6,16,40–42 Briey, 4 wt% HCO akes are dissolved in 16 wt%
linear alkylbenzene sulfonate (LAS, Procter & Gamble Co., CAS#
68411-30-3). Themixture is heated to 92 �C for 5min at 300 RPM
to remove any existing crystal structure. To crystallize HCO into
colloidal rods, the mixture is cooled at 1 �C min�1. This results
in over 95% HCO colloidal rods having aspect ratios (AR ¼ L/
d where L is the length and d is the diameter) ranging from 50–
2500. The exact size distribution of HCO is unknown. The
length of these HCO rods range from 1–50 mm, with a width of
approximately 20 nm.3,4,6,16,40,41 Aer synthesis, the nal
suspension is composed by 4 wt% HCO, 16 wt% LAS and
80 wt% water. Because HCO rods have a density close to the
density of the solvent, 1.0 � 0.01 g cm�3, the HCO rod
suspension is stable without major rod sedimentation over
time.

2.2 Polyamide colloidal rod synthesis

Synthesis of PA rods is based on a previously published
protocol.8 5 g batches are made by mixing 1 wt% PA powder
(Disparlon 6650, King Industries), 16 wt% LAS and 83 wt%
deionized (DI) water. This PA powder solution is rotated at 10
RPM overnight to fully mix all components. Aer mixing, a 1 cm
magnetic stir bar is added to the PA solution and placed in an
oil bath (silicon oil, Millipore Sigma) on a stirred hot plate
(Fisher Scientic Co.). The solution is heated to 100 �C and
agitated at 300 RPM for 30 min to melt the PA powder. Aer
heating, the solution is removed from the oil bath and cooled to
25 �C to form PA colloidal rods. The PA solution is heated to
100 �C because this is the synthesis temperature that produces
PA rods with the largest AR. This synthesis results in uniform PA
rods with an AR ¼ 279 � 38 and a diameter of d ¼ 84 � 4 nm,
which is characterized by differential interference contrast
microscopy (DIC) and atomic force microscopy (AFM). Similar
to HCO rods, PA rods have a density close to the solvent density,
0.99 � 0.01 g cm�3, and the suspension is stable over time.

2.3 Components of the colloidal rod system

The phase transition for both HCO and PA is driven by deple-
tion interactions induced by the addition of polyethylene oxide
(PEO, Alfa Aesar), a non-adsorbing polymer. We use PEO with
a molecular weight of Mw ¼ 100 000 g mol�1 and a radius of
gyration of Rg ¼ 17.6 nm. The overlap concentration for PEO is

c* ¼ 0.07 mmol L�1, which is calculated using c* ¼ 3Mw

4pNARg
3

where NA is Avogadro's number.8,43,44 Both HCO and PA are
12904 | RSC Adv., 2022, 12, 12902–12912
stabilized by LAS with a molecular weight of Mw ¼ 348.48 g
mol�1.
2.4 Multiple particle tracking microrheology

Multiple particle tracking microrheology (MPT) is used to
characterize the rheological properties of both HCO and PA
colloidal rod systems and to build phase diagrams as the
colloid, depletant and surfactant concentration are varied. MPT
is a passive microrheological technique that measures material
properties in a low moduli range (G0 # 4 Pa). MPT measures
Brownian motion of probe particles embedded in the mate-
rial.20–22,32,45 Poly (ethylene glycol) (PEG) graed probe particles
(2a ¼ 0.53 � 0.01 mm where a is the particle radius, Poly-
sciences, Inc.) are used for MPT measurements. Particle PEGy-
lation will be detailed in the next section. We use PEG graed
probes to prevent probe-colloid and probe–probe interactions
in our colloidal rod systems.46 Prior to adding particles to our
colloidal rod solutions, PEG graed particles are washed 3� to
remove any impurities by dilution and centrifugation (Eppen-
dorf, Microcentrifuge 5424) at 7000 RPM for 5 min. Aer
washing, probes are sonicated (Branson, M1800, 40 kHz) for
30 min to break apart any particle aggregates which might have
formed during centrifugation. Probes are then added to the
colloidal rod precursor solution at a nal concentration of
0.15% solids volume�1. Aer the precursor solution is mixed, it
is sealed in a sample chamber for MPT data collection.

Sample chambers are made for all MPT data collection. The
bottom of a sample chamber is constructed of a 25 � 75 �
1 mm glass slide (Fisher Scientic Co.). Two spacers are made
by cutting a coverslip (22 � 22 � 0.13–0.17 mm, Fisher Scien-
tic Co.) into two rectangular pieces. Spacers are glued onto the
bottom glass slide parallel to each other to create the walls of
the sample chamber. An additional coverslip is glued on top of
the glass spacers, which creates the top of the chamber. A
sample is pipetted into the opening of the chamber and capil-
lary forces enable the solution to ll the entire chamber. The
openings of the chamber are then sealed with UV adhesive (NOA
81 optical adhesive, Norland Products Inc.). This prevents the
sample from being in contact with ambient air, which can
prevent dri and sample evaporation.

All MPT data are collected with an inverted uorescent
microscope (Zeiss Observer Z1, Carl Zeiss AG) with a 63� water
immersion objective (N.A. 1.3, 1� optovar, Carl Zeiss AG). A
total of 800 frames are recorded at a frame rate of 30 frames per
second and an exposure time of 1000 ms (Phantom Miro M120,
1024 � 1024 pixels, Vision Research Inc.). These video acqui-
sition parameters are chosen to minimize static and dynamic
particle tracking errors.22,23,47

Classical particle tracking algorithms are used to track probe
particle motion.20,24 The brightness-weighted centroid of each
probe is rst determined in each frame of a video. A probability
distribution function based on probe Brownian motion is then
used to link the probe positions in successive frames into
particle trajectories. The ensemble-averaged mean-squared
displacement (MSD) is calculated from these particle trajecto-
ries. Additional rheological properties can be calculated from
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the MSD and will be discussed in detail in the Results and
discussion. For all MPT measurements, the measurement is
repeated three times with different solutions at the same
composition.
2.5 PEG functionalization of probe particles

Bare probe particles can interact with HCO and PA colloidal
rods which would make MPT measurements invalid.6,12 There-
fore, the surface of probe particles are graed with PEG before
they are added to a precursor solution to prevent these inter-
actions. This surface functionalization uses previously pub-
lished protocols.46

Briey, probe particles are placed in dialysis tubing (10 kD
cutoff, SpectraPor) during the surface modication reaction.
This avoids the use of centrifugation to separate probe particles
aer the reaction, which can cause particle aggregation. Dialysis
tubing is rst submerged into 2-(N-morpholino)ethanesulfonic
acid (MES) buffer (100 mmol, Millipore Sigma) at pH 6.0 for 2
hours under agitation. This allows the buffer with enough time
to diffuse into the dialysis tubing and ensures the probes are at
pH 6.0 for the formation of ester groups in the next step. The
dialysis tubing is then moved to MES buffer with 5 mmol N-
hydroxysuccinimide (NHS, MilliporeSigma), 15 mmol 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide (EDC, Milli-
poreSigma) and a 10-fold excess of amine-terminated methoxy
poly (ethylene glycol) (mPEG-NH2, Mw ¼ 750 g mol�1, Millipore
Sigma) for 30 min. In this step, NHS and EDC react with
carboxylic groups on the surface of the probe particles to form
active ester groups. Excess mPEG-NH2 is added to the dialysis
tubing in this step to ensure the immediate presence of mPEG-
NH2 during the reaction in the next step. Aer 30 min, the
dialysis tubing is submerged into borate buffer (50 mmol boric
acid, 36 mmol sodium tetraborate, Millipore Sigma) at pH 8.5
with 5 mmol NHS, 15 mmol EDC and a 10-fold excess of mPEG-
NH2 for at least 8 hours. In this step, active ester groups react
with mPEG-NH2 to form amide bonds and gra mPEG-NH2 to
the surface of the probe particles. This step is repeated three
times with fresh borate buffer and reaction reagent. Aer the
reaction is complete, the dialysis tubing is submerged in fresh
borate buffer for at least 2 hours to wash out unreacted reagent.

PEG functionalized probes are stored at 4 �C and can be used
for several months with no change in surface chemistry.46
2.6 Bulk rheology

Bulk rheology experiments measure frequency dependent
material properties for both HCO and PA colloidal rod systems.
An 86 mL sample is loaded onto the rheometer (Tmin ¼ 0.05,
where Tmin is the minimum torque, Ares G2, TA Instruments),
and the modulus is measured using a sandblasted cone and
plate geometry with a 2� 20 mm cone and 51 mm measurement
gap. The measurement is performed in the linear viscoelastic
(LVE) regime which is determined using a strain sweep. This
measurement is provided in Fig. S1 in the ESI.† Aer the strain
sweep, samples are measured at 25 �C using a frequency sweep
from 0.08 to 10 rad s�1 at 0.1% strain within the LVE. At these
© 2022 The Author(s). Published by the Royal Society of Chemistry
conditions, three samples are measured of each colloidal rod
composition.

2.7 Microscopy

Differential interference contrast microscopy (DIC) is used to
characterize the length of the PA rods. A representative image is
provided in Fig. S2.† A Zeiss Axioplan 2 microscope (Carl Zeiss
AG) equipped with DIC optics is used to collect images of PA
rods. The rods are imaged with a Zeiss 20� Plan NeoFLUAR
objective (N.A. 0.5) and captured with a Basler Ace 2.3MPMono.

Atomic force microscopy (AFM, Bruker/VEECO DI-3000) is
used to characterize the diameter of the PA rods. Samples are
prepared by placing a drop of 0.02 wt% PA rod stock solution on
a smooth mica surface (1� 1 cm2, Novascan Technologies, Inc),
and allowing it to dry at ambient conditions. The AFM scanner
probes a 10 mm � 10 mm area on the mica sample with an AFM
cantilever (TESPA-V2, Bruker) at 1.0 Hz scan rate. A represen-
tative image is provided in Fig. S3.† The diameter is determined
from the height prole of the AFM measurements.

2.8 Experimental systems

The colloid, depletant and surfactant concentration is varied
and the rheological properties and state of the material is
characterized. This parameter space is traversed by increasing
the concentration of one component and holding the other two
component concentrations constant. Phase diagrams are built
for both HCO and PA with various component compositions
aer the effect of a single component has been characterized. In
the phase diagrams, the colloid concentration is varied from
0.2–0.8 wt%, the PEO concentration is varied from 0.14–0.75 c/
c* and the LAS concentration is varied from 0.8–12.8 wt%.

3 Results & discussion

This work characterizes the composition dependent structure,
rheology and state of two colloidal rod systems: HCO and PA.
We systematically vary the composition of these colloidal rod
systems by changing the concentration of single components,
namely the colloid, depletant and surfactant, while holding all
other component concentrations constant. Multiple particle
tracking microrheology (MPT) and bulk rheology measure-
ments of this large composition space are used to build phase
diagrams. These techniques are used because they measure
rheology over different moduli ranges and use different
measurement methods, which provide more complete charac-
terization of these systems. Our results provide a road map for
the design of products that use these colloidal rods as rheo-
logical modiers. These phase diagrams tabulate composition
dependent rheological modication over a large parameter
space, eliminating the need for trial-and-error experiments to
achieve desired material properties.

In MPT, the Brownian motion of probe particles embedded
in the sample material is recorded and this probe motion
measures the state of the material and is related to material
rheological properties by the mean-squared displacement
(MSD) using the GSER.20,21,32,45 The MSD is calculated from
RSC Adv., 2022, 12, 12902–12912 | 12905
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probe particle trajectories and is dened as hDr2(s)i ¼ hDx2(s)i +
hDy2(s)i, where s is the lag time between frames of the captured
video and Dx and Dy are the difference in particle positions in
the x and y direction, respectively. The logarithmic slope of the

MSD, a ¼ d loghDr2ðsÞi
d log s

; is also calculated and denes the state

of the material. a ¼ 1 indicates that probe particles are freely
diffusing and the material is in a liquid state. a / 0 indicates
that probe particle motion is completely restricted and the
material is in a gel state. 0 < a < 1 indicates that the material is
a viscoelastic sol or gel.17,22,23,48 To quantitatively determine
whether the material is a viscoelastic sol or gel, a is compared to
the critical relaxation exponent, n, which is calculated using
time-cure superposition.6,12,22,28,31,49–53 When a > n, the material
is in the viscoelastic sol state. a¼ n indicates that thematerial is
at the sol–gel transition. a < n indicates that the material is
a viscoelastic gel. In our previous work, we determined that gel
evolution and ber stability changes depending on the
LAS : colloid ratio. Both measurements of rheology during
gelation and the zeta potential of the starting colloidal rods
showed that the material changes when LAS : colloid ¼ 16 and
LAS : colloid > 16. This is due to a difference in the starting
solutions, we hypothesize that at LAS : colloid ¼ 16 the solution
is composed of stable single colloidal rods and at LAS : colloid >
16 these rods are bundled. n is determined for both HCO and PA
and is dependent on LAS : colloid ratio. The values of n for these
two materials are nLAS:HCO¼16 ¼ 0.37 � 0.14 and nLAS:HCO>16 ¼
0.83 � 0.10 for HCO and nLAS:PA¼16 ¼ 0.34 � 0.07 and nLAS:PA>16
¼ 0.74 � 0.13 for PA.12

The effect of increasing colloid concentration on the
rheology and state of each colloidal rod system is rst charac-
terized. The concentration of HCO and PA are increased from 0–
0.8 wt% where the PEO and LAS concentration are held
constant at 0 wt% and 12.8 wt%, respectively. Fig. 1 plots the
logarithmic slope of the MSD, a, with increasing HCO or PA
concentration. Plots of the corresponding MSDs are provided in
Fig. 1 Microrheological measurements of HCO and PA with
increasing colloid concentration. The logarithmic slope of the MSD, a,
is constant with increasing colloid concentration from 0–0.8 wt%,
indicating that the system remains in the sol phase (a z 1).

12906 | RSC Adv., 2022, 12, 12902–12912
Fig. S4 in the ESI.† The value of a z 1 when there is no colloid
in either system, 0 wt%. As the colloid concentration increases
from 0.2–0.8 wt%, a is constant and remains at a ¼ 0.95 � 0.01.
This means that probe particle motion is minimally restricted
and the system remains in the liquid state regardless of colloid
type or concentration.

Next, we measure the change in each colloidal rod system
structure and rheology when depletion interactions are
increased. This is done by increasing PEO concentration. To
measure these changes, LAS concentration is held constant and
measurements taken at 12.8 wt% will be discussed here. These
measurements are taken at other LAS concentrations and both
plots of the MSD and a are provided in the ESI in Fig. S5–S13.†
Colloid concentration is also held constant and PEO concen-
tration is varied. This is done for sets of measurements at
different colloid concentrations, 0.2, 0.4, 0.6 or 0.8 wt%. PEO
concentration is increased in each system with constant colloid
and LAS concentration from 0.14–0.75 c/c*, where c* is the
overlap concentration and is 0.07 mmol L�1. From our previous
study into the phase transitions of these colloidal rod systems,
the phase transition point is different between LAS : colloid ¼
16 and LAS : colloid > 16 and is indicated in Fig. 2 by dashed
lines.12

Fig. 2a and b show the values of a as a function of PEO
concentration for different LAS : colloid ratios for both HCO
and PA. For HCO at LAS : HCO¼ 16 in Fig. 2a, when PEO is 0.14
c/c*, a¼ 0.89� 0.02, which is greater than the critical relaxation
exponent (nLAS:HCO¼16 ¼ 0.37 � 0.14).12 This indicates that the
HCO system is a sol at low PEO concentration. For this
composition, a decreases with increasing PEO concentration
entering the phase transition region when PEO is 0.52 c/c*. As
PEO concentration is further increased, a decreases to 0.17 �
0.03 and the material is in the gel state. A similar trend is
measured for LAS : HCO > 16 in Fig. 2a, but at this LAS : HCO
ratio the value of the critical relaxation exponent is different,
Fig. 2 Microrheological measurements of (a) HCO and (b) PA with
increasing PEO concentration, which increases depletion interactions.
The blue dashed line indicates the critical relaxation exponent, n, for
LAS : colloid # 16. The black dashed line indicates the value of n for
LAS : colloid > 16. The shaded area is the sol–gel transition region. In
all measurements the LAS concentration is held constant at 12.8 wt%.
The logarithmic slope of theMSD, a, decreases and passes through the
sol–gel transition region for all colloidal gel systems as depletion
interactions are increased, indicating that the system transitions from
a sol to a gel.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nLAS:HCO>16 ¼ 0.83 � 0.10.12 Initially, a is greater than
nLAS:HCO>16 when PEO is 0.14 c/c* and the system is a sol. As PEO
increases to 0.3 c/c*, the LAS : HCO ¼ 21.3 system is in the
phase transition region while the LAS : HCO ¼ 32 and
LAS : HCO ¼ 64 systems remain in the sol phase. When PEO is
increased to 0.52 c/c*, all a values for all LAS : HCO ratios are
less than nLAS:HCO>16, which indicates that the material is in the
gel state. Fig. 2b shows the same characterization for PA with
increasing depletion interactions. Similar trends are measured
as PEO concentration and LAS : PA ratios are increased. For
both colloidal rod systems, sol–gel transitions occur when
depletion interactions are increased at any LAS : colloid ratio.
These colloidal rod systems reach the gel state at different PEO
concentrations, which is a function of the LAS : colloid ratio.

The effect of the surfactant (LAS) on phase transitions in our
colloidal rod systems is characterized by changing the LAS
concentration and holding the colloid concentration constant.
These systems are characterized without depletion interactions
(PEO concentration is 0 c/c*). LAS concentration is changed
from 0.8–12.8 wt% while the colloid concentration is held
constant. Sets of experiments are done for colloid concentra-
tions of 0.2, 0.4, 0.6 or 0.8 wt%.

In our previous work, we determined that changing the
LAS : colloid ratio can change the starting structure of the
colloidal rods and, subsequently, the structure of the scaffold at
the critical gel point and the gelation evolution.12 For
LAS : colloid > 16, electrostatic forces between colloidal rods are
weak, which enables aggregates or bundles of colloidal rods to
form in the system. The attraction between the bundles are not
strong enough to form sample-spanning networks. Therefore,
the bundled colloids occupy less space in the sample enabling
more space for probe particles to freely diffuse corresponding to
values of a close to 1. For LAS : colloid # 16, the electrostatic
force between the colloidal rods are strong, stabilizing single
colloidal rods in solution and preventing bundling. Probe
particle motion is constrained by these overlapping single
colloidal rods, corresponding to a values less than 1.12
Fig. 3 Microrheological measurements of (a) HCO and (b) PA with
increasing LAS concentration. These samples do not contain depletant
(PEO concentration is 0 c/c*). The logarithmic slope of the MSD, a,
increases with increasing LAS concentration and remains above the
sol–gel transition region for all concentrations measured. This indi-
cates that the system microstructure does change with a change in
LAS concentration but the material remains in the sol phase for all
concentrations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Similar trends are measured in Fig. 3, which shows the
change in the value of a as a function of LAS : colloid ratio. For
0.2 wt% HCO, a values rst decrease and then increase as the
LAS : HCO ratio increases. This indicates that for 0.2 wt% HCO,
as the LAS : HCO ratio increases from 4–12, the system struc-
ture becomes less bundled and has more stable overlapping
single colloids which restrict probe motion. As the LAS : HCO
ratio further increases to 16, the colloids start to bundle. As the
LAS : HCO ratio increases from 16–64, a values increase to 0.95,
which indicates that the colloids are in the bundled phase
where more space is available for probe particles to freely
diffuse. For HCO concentrations greater than 0.2 wt%, as the
LAS : HCO ratio increases from 1.6–16, a values increase. This
indicates that probe motion is becoming less restricted as the
LAS : HCO ratio increases, which indicates that bundles of
colloidal rods form. Although changing the LAS : HCO ratio
changes the microstructure of the colloidal rods, all changes in
a are above the sol–gel transition, which indicates that the
system is in the sol phase for all compositions measured.

PA is measured using the same composition range of colloid
concentrations. LAS : PA < 16 cannot be measured because PA
colloidal rods are stabilized with LAS during synthesis, which
requires a minimum LAS : PA ¼ 16. The effect of surfactant on
the structure and rheology of the PA system is similar to that
measured for HCO. As the LAS : PA ratio increases from 16–64,
a values increase. Again, this indicates that the colloids are less
stable and become bundled, corresponding to increasing probe
particle diffusion. Similar to HCO, all values of a measured in
the PA colloidal rod system are in the sol. Changing the
concentration of LAS in both systems does not induce sol–gel
transitions, but does change the structure of the colloidal rods
in the system.

The effect of each component on the structure and rheo-
logical properties for both systems are measured and described
in the previous paragraphs and in Fig. 1–3. To determine where
rheology is modied in these systems, phase diagrams are
constructed from MPT measurements for HCO and PA, Fig. 4a
and b, respectively. 2D plots of some of the trends discussed
here are provided in Fig. S12–S14 in the ESI.† In these phase
diagrams, the concentration of HCO or PA is varied from 0.2–
0.8 wt%, the concentration of PEO is varied from 0.14–0.75 c/c*
and the concentration of LAS is varied from 0.8–12.8 wt%. The
color of each data point indicates the value of a. Warm colors
indicate a / 0 measuring that probe particle movement is
restricted and the material is a gel. Cool colors indicate a / 1
where probe particles are diffusing and the material is a liquid.
Phase transitions occur at the critical relaxation exponents,
which are nLAS:HCO¼16 ¼ 0.37 � 0.14 and nLAS:HCO>16 ¼ 0.83 �
0.10 for HCO and nLAS:PA¼16 ¼ 0.34 � 0.07 and nLAS:PA>16 ¼ 0.74
� 0.13 for PA. These transitions correspond to orange data
points for LAS : colloid ¼ 16 and light blue data points for
LAS : colloid > 16. With these phase diagrams, we can start to
describe trends based on the composition of colloidal gel
systems and lookup desired rheological properties to easily
identify the corresponding colloidal gel composition.

From Fig. 4a, the a value for HCO decreases with increasing
PEO concentration at almost any combination of HCO and LAS.
RSC Adv., 2022, 12, 12902–12912 | 12907
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Fig. 4 MPT phase diagrams for (a) HCO and (b) PA. The three axes are
the concentration of each component and the color of the markers
are the value of a. Warm colors are low a values where probe particle
movement is restricted. Cool colors are high a values where probe
particle movement is less restricted and, in some cases, freely
diffusing.

Fig. 5 Bi-color MPT phase diagrams for (a) HCO and (b) PA. A surface
is added to separate the phase diagrams into two regimes:
LAS : colloid# 16 and LAS : colloid > 16. The colors are the state of the
material with red indicating the gel phase and blue indicating the sol
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This indicates that probe movement is becoming restricted and
the HCO system is gelling resulting in an arrested structure at
all LAS : HCO ratio. The same trend is also measured in the PA
system, Fig. 4b. This indicates that PEO induces gelation
through depletion interaction at any LAS : colloid ratio.

When varying LAS concentration in the HCO system,
a values only change signicantly at moderate PEO concentra-
tions, 0.3 and 0.52 c/c*, in Fig. 4a. Below 0.3 c/c* the HCO system
is a sol and above 0.52 c/c* the material is a gel. At 0.3 c/c* and
0.52 c/c*, as LAS concentration decreases the material transi-
tions from a sol to a gel. The same trend is measured in the PA
system, Fig. 4b. It should be noted that in the PA colloidal rod
system there is less data measured because of the high LAS
concentration in the stock solution. This trend in both HCO and
PA indicates that LAS can induce a phase change at moderate
PEO concentrations. When there is a low concentration of PEO
12908 | RSC Adv., 2022, 12, 12902–12912
in the system, depletion interactions are too weak to drive
gelation at any LAS concentration. At these low PEO concen-
trations, changing the LAS concentration in the system
decreases the electrostatic forces between the colloids and
drives colloidal rod bundling, but is not strong enough to
induce a phase change. When there is a high amount of PEO in
the system, depletion interactions gel the system regardless of
LAS concentration. At moderate concentration of PEO, the effect
of both depletion interactions and decreasing electrostatic
forces, by changing LAS concentration, results in phase transi-
tions of both systems.

According to our previous work, gelation evolution depends
on the LAS : colloid ratio, and can be separated into two
regimes: LAS : colloid > 16 and LAS : colloid# 16.12 In these two
regimes, the structure of the gel at the phase transition and
critical phase transition point are different, as described above.
In Fig. 5, a surface is constructed in both MPT phase diagrams
to separate these two regimes. The compositions to the le of
the surface is LAS : colloid > 16 and the compositions to the
right of the surface is LAS : colloid # 16. Data are presented
using two colors to clearly indicate the state of each
phase.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Bulk rheological measurements for varying concentrations of
(a) HCO and (b) PA colloidal rod systems. The three axes are the
concentration of each component and the color of the data indicates
the value of the storage modulus, G0. Warm colors are the maximum
measured storage moduli, which indicates higher elasticity of the
material. Cool colors represent minimum storage moduli, which
indicates low to no elasticity of the material.
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composition. Blue circles indicate that the system is in the sol
state and red circles indicate that the system is in the gel state.
The bi-color phase diagram for HCO, Fig. 5a, shows that when
PEO concentration is low (0.14 c/c*), the HCO system is in the
sol state for both LAS : HCO > 16 and LAS : HCO # 16 regimes.
Conversely, when PEO concentration is high (0.75 c/c*), the
HCO system is in the gel state for both regimes. Comparing the
state of the HCO system at moderate PEO concentrations (0.30
and 0.52 c/c*), the fraction of samples in the gel state for
LAS : HCO > 16 is greater than samples with LAS : HCO # 16.
This indicates that PEO is more likely to induce gelation at
moderate concentrations when LAS : HCO > 16. This is because
at LAS : HCO > 16, the electrostatic forces between the colloidal
rods are weak, and the starting material structure is bundles of
colloidal rods. These larger bundles make it easier for PEO to
drive gelation and create a sample-spanning network. At
LAS : HCO # 16 the electrostatic forces between the colloidal
rods are strong and the rods remain stable single rods in
solution, making the concentration of PEO required to drive
gelation higher.

The bi-color phase diagram for PA, Fig. 5b, also shows that
the PA system is in the sol state when PEO concentration is low
(0.14 c/c*) and in the gel state when PEO concentration is high
(0.75 c/c*) for both LAS : PA > 16 and LAS : PA# 16 regimes. Due
to the limited samples that can be made for PA at LAS : PA# 16,
we cannot compare the amount of samples at moderate PEO
concentrations that are in each phase between LAS : PA > 16 and
LAS : PA # 16. Comparing the MPT phase diagrams between
HCO and PA at LAS : colloid > 16, we measure that similar
compositions are in the same state regardless of the type of
colloid used. This indicates that HCO and PA have similar sol
and gel phase distributions across the composition space
measured.

To further investigate the ability of these colloidal rod
systems to modify rheology, phase diagrams are constructed for
both HCO and PA using bulk rheological measurements, Fig. 6a
and b, respectively. 2D plots of some of the trends discussed
here are provided in Fig. S15–S17 in the ESI.† Similar to theMPT
phase diagrams (Fig. 4a and b), in Fig. 6 the three axes are the
composition of the colloid (HCO or PA), PEO and LAS. Color
indicates the value of the storage modulus, G0. Warm colors
indicate higher storage moduli and cool colors indicate lower
storage moduli. It should be noted that the maximum storage
modulus measured is 25 Pa, which is a very low value and
indicates that these materials are so. From Fig. 6a, when HCO
concentration is increased the storage modulus increases. The
same trend is measured in the PA system. This indicates that
increasing colloid concentration increases the elasticity in both
systems. This is because when the amount of colloids in the
system is increased the space between colloidal rods decreases.
This increases colloid overlap, which would increase elasticity.
Comparing the storage moduli between the HCO and PA
systems at 0.6 and 0.8 wt%, HCO has higher storage moduli
than PA. This means that at these colloid concentrations, HCO
has more elasticity and can store more energy than PA. This is
likely due to the polydispersity of HCO which includes longer
colloids and allows more colloids to overlap compared with
© 2022 The Author(s). Published by the Royal Society of Chemistry
monodisperse PA. These measurements indicate that the elas-
ticity of these colloidal systems can be tuned by changing the
colloid concentration. Although this is a simple way to modify
rheology this may not always be feasible in products since it
requires adding more material to the formulation, therefore, we
also measure the effect of LAS and PEO on the storage moduli.

There is no measurable change in G0 when LAS and PEO
concentration is varied using the procedure outlined in the
Experimental section. From Fig. 6a, at low colloid concentration
(0.2 and 0.4 wt%), the storage modulus is constant as PEO and
LAS concentration is increased. We hypothesize that this is
because the colloid concentration is too low to substantially
overlap. At higher HCO concentration (0.6 and 0.8 wt%), we
measure a small increase in storage modulus when PEO
concentration is increased from 0.14–0.75 c/c*. From MPT
measurements, we determine that increasing PEO concentra-
tion induces gelation and, therefore, we measure this as an
increase in elasticity in bulk rheology measurements. For PA,
RSC Adv., 2022, 12, 12902–12912 | 12909
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the storage modulus is independent of PEO or LAS concentra-
tion, Fig. 6b. This is likely because PA is monodisperse, and the
colloidal rods are shorter limiting their overlap. Additionally,
both colloidal rod systems form delicate gel structures that may
be broken by the shear applied during a bulk rheology
measurement. This indicates that the elasticity does not change
or the change is not measurable using the frequency sweep and
the geometry outlined in the Experimental section. These
moduli may be measurable with larger geometries, but due to
the limited amount of PA synthesized, this is not possible for
this work.

To directly compare the phase diagrams measured with MPT
and bulk rheology, we normalize the storage modulus using

G0
norm ¼ G0

*� G0

G0*
; where G0* is the maximum storage

modulus. G0
norm is used to compare bulk rheology measure-

ments with MPT measurements on the same scale. G0
norm does

not indicate the state of the material during gelation. Fig. 7a
and b are the phase diagrams plotted with normalized storage
Fig. 7 Normalized bulk rheology phase diagrams for (a) HCO and (b)

PA. The storage modulus is normalized using G0
norm ¼ G0

*� G0

G0*
;

where G0* is the maximum storage modulus. Warm colors are higher

G0
norm values and cool colors are lower G0

norm values.

12910 | RSC Adv., 2022, 12, 12902–12912
modulus of HCO and PA, respectively. In these normalized
phase diagrams the colors are similar to those in the MPT phase
diagrams (Fig. 4a and b). Warm colors represent the maximum
measured storage moduli and cool colors represent the
minimum measured storage moduli. By comparing the
normalized bulk rheology data with MPT data, different trends
aremeasured for the same colloidal gel compositions with these
two different techniques. As HCO concentration increases and
LAS concentration is held constant MPT measures a constant
a value and the system is in the sol state. When the same

samples are measured with bulk rheology, G0
norm decreases

indicating that elasticity is increasing. This means that MPT
measures an unchanged microstructure and rheological prop-
erties as HCO concentration increases, but bulk rheology
measures an increase in elasticity as HCO concentration
increases. As PEO concentration increases and HCO and LAS
concentration are held constant, MPT measures that a values

decrease. Bulk rheology measures that G0
norm is nearly constant

at 0.2 and 0.4 wt% HCO, and decreases slightly at 0.6 and
0.8 wt% HCO. Here, MPT measures that the system transitions
to an arrested gel structure, but bulk rheology measures almost
unchanged elasticity. At moderate PEO concentration (0.3 and
0.52 c/c*), as LAS concentration increases and PEO concentra-
tion is held constant, MPT measures that a increases but bulk

rheology measures no change or a slight decrease inG0
norm: This

indicates that MPT measures a less associated structure as LAS
concentration increases, but bulk rheology measures
unchanged elasticity. Similar differences in trends are also
measured in PA.

There are two reasons MPT and bulk rheology are measuring
different trends in these colloidal gel systems. The applied force
used to measure the rheological properties is different in MPT
and bulk rheology. In MPT, the Brownian motion of the probe
particles are used to characterize the rheological properties for
the material. Brownian motion applies nearly no force on the
system. In bulk rheology, shear is applied to the system and the
response of the system to the applied force is measured. This
could cause bulk rheological measurements to break delicate
growing or established network structures that MPT can
measure. This would result in measurements of unchanged
elasticity once these structures have been broken by the bulk
rheology measurements. The difference in the trends can also
be the result of the difference in the range of moduli that MPT
and bulk rheology can measure. MPT is sensitive to material
with moduli G0 # 4 Pa and bulk rheology measures material
with higher moduli. This highlights the need to measure deli-
cate colloidal gel materials with both techniques. This combi-
nation of complementary characterization techniques enable
more complete characterization of the system and broadens the
measurement range.
4 Conclusions

The phase behavior of two colloidal rod systems are character-
ized using multiple particle tracking microrheology and bulk
rheology. In this work, the concentration of the colloid (HCO or
© 2022 The Author(s). Published by the Royal Society of Chemistry
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PA), surfactant (LAS) and depletant (PEO) have been separately
characterized to investigate the role of each component. For
both HCO and PA, increasing colloid concentration from 0 to
0.8 wt% does not induce a phase change. As PEO concentration
increases, both systems form sample-spanning networks and
transition from a sol to a gel. With increasing LAS concentra-
tion, a change of the structure of both systems is measured. As
LAS concentration increases, colloids aggregate and form
bundles, resulting in a different material microstructure. Phase
diagrams are constructed using MPT and bulk rheological
measurements. From MPT phase diagrams, increasing PEO
concentration induces phase transitions in both systems at any
combination of LAS and colloid concentration. Changing LAS
concentration only induces phase transitions at PEO concen-
trations near the critical depletant concentration. From bulk
rheology phase diagrams, the elasticity of both systems increase
as colloid concentration increases. This increase in elasticity is
higher for HCO than PA. This is likely due to the polydispersity
of HCO. HCO colloidal rods are a range of sizes, including
longer colloidal rods, which help the colloids to overlap and
increase G0. In addition, from the bulk rheology phase
diagrams, no change in the storage modulus is measured when
PEO or LAS concentration is increased for both systems using
the frequency sweep and the geometry outlined in the Experi-
mental section.

Comparing phase diagrams from MPT and bulk rheology
data, we measure differences when component concentrations
are changed in both systems. As colloid concentration
increases, MPT measures unchanged rheological properties,
but bulk rheology measures an increase in elasticity. As PEO
concentration increases, MPT measures a sol–gel transition at
almost any colloid and LAS concentration. But the storage
modulus remains constant in the bulk rheology phase diagram
in the lower colloid concentration regime (0.2 and 0.4 wt%) and
increases slightly in the higher colloid concentration regime
(0.6 and 0.8 wt%). In addition, MPT measures sol–gel transi-
tions as LAS concentration increases when PEO concentration is
near the critical depletant concentration, but the storage
modulus is constant for the same points. These different
measured trends in MPT and bulk rheology are likely because
the applied force is different during these measurements with
bulk rheology potentially breaking delicate associated colloid
structures. These techniques also measure different moduli
ranges.

This study characterizes the role of three components in
a colloidal rod suspension and constructs material rheology
and phase diagrams over a large parameter space. These
colloidal rod systems are used as rheological modiers for
consumer, fabric and home care products. Phase diagrams map
the properties of the system at different component composi-
tions, which can enable products to be designed with desired
rheological properties and eliminate trial-and-error steps. In
addition, supplementing microrheological measurements with
bulk rheological measurements provides more information
about these rheological modiers and increases the measure-
ment regime, which gives more complete information of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
ability for these materials to modify the rheology of different
products.
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