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Temperature-dependent yield stress and wall slip
behaviour of thermoresponsive Pluronic F127
hydrogelsy

Surya Narayana Sangitra and Ravi Kumar Pujala@*

This study explores the temperature-dependent dynamic yield stress of a triblock thermoresponsive
polymer, Pluronic F127, with chemical structure (PEO)100(PPO)gs(PEO)100, during the sol—gel transition.
The yield stress can be defined as static, dynamic, or elastic, depending on the experimental protocol.
We examine the dynamic yield stress estimation for this study, which usually entails utilizing non-
Newtonian models like the Herschel-Bulkley (HB) or Bingham models to extrapolate the flow curve
(shear rate against shear stress). Initially, we determine the yield stress using the HB model. However,
apparent wall slip makes it difficult to calculate yield stress using conventional methods, which could
lead to underestimates. To validate the existence of apparent wall slip in our trials, we carry out
meticulous experiments in a range of rheometric geometries. To determine the true yield stress
corrected for slip, we first use the traditional Mooney method, which requires labor-intensive steps and
large sample sizes over various gaps in the parallel plate (PP) design. To overcome these drawbacks, we
use a different strategy. We modify the Windhab model equation by adding slip boundary conditions to
the HB equation, which allowed us to calculate the slip yield stress in addition to the true yield stress. In
contrast to other typical thermoresponsive polymers like poly(N-isopropyl acrylamide) (PNIPAM), our
findings demonstrate that PF127's yield stress obeys the Boltzmann equation and increases with

rsc.li/rsc-advances temperature.

Introduction

Hydrogels have become a highly adaptable material with a wide
range of uses in many different domains, such as biomedical
engineering, tissue engineering, and drug delivery." Because of
their exceptional capacity to experience sol-gel transitions in
response to temperature fluctuations, thermoresponsive
hydrogels have been used in biomedical applications for over
two to three decades.»® Poloxamers are the second most
commonly used thermoresponsive polymer after poly(N-iso-
propyl acrylamide) (PNIPAM). Poloxamers are typically non-
ionic tri-block copolymers in the form of PEO-PPO-PEO
based on a hydrophilic block of poly(ethylene oxide) (PEO) and
hydrophobic block of poly(propylene oxide) (PPO).> Commer-
cially, poloxamers are also known as Pluronics. Based on
molecular weight and physical state of Pluronic, it is available in
different forms such as L31, P104, P85, F127, etc., where the first
letters L, P, and F represent the physical form commercially
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available at room temperature as liquid, paste and flaked solid,
respectively and numbers represents the PPO molecular mass
and PEO content.* F127 has been used for various biomedical
applications because its sol-to-gel transition temperature is
close to body temperature, and its rheological properties play an
essential role in different biomedical and drug delivery
applications.®

Hydrogels are intricate materials that exhibit neither simple
liquid nor perfectly elastic solid behavior. They exhibit visco-
elastic behavior with both elastic and viscous components and
have mechanical behavior that differs from that of solids and
liquids. As the lowest stress necessary for the material to flow,
the yield stress is a critical parameter in describing the
mechanical behavior of hydrogels. Since it controls hydrogel-
based systems' injectability, stability, and flow characteristics,
yield stress is crucial in these applications.®®

Different methods have been proposed to determine the
yield stress. The yield stress can be defined as static, dynamic,
or elastic, depending on the experimental protocol.'* The static
and elastic yield stress can be found directly from creep and
oscillatory shear experiments, respectively, while dynamic yield
stress can be calculated by extrapolating the flow curve (shear
rate versus shear stress) by fitting with non-Newtonian models
such as Bingham or HB model, etc. Minimum stress at which, if
one can wait sufficient time, the sample reaches a final steady
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state with constant viscosity is defined as static yield stress, and
above static yield stress, the sample shows viscosity bifurcation.
The creep rheology test can find this phenomenon. Similarly,
the elastic yield stress can be calculated from oscillatory
amplitude sweep measurements by measuring the deviation
from linearity, where plastic deformation begins and the
sample no longer fully recovers. The dynamic yield stress
calculated from flow curves measures the minimum stress
needed to maintain flow.*®

Here, we aim to investigate the temperature-dependent
dynamic yield stress of PF127 during the sol-gel transition.
Surprisingly, the traditional method of calculating dynamic
yield stress by fitting the HB model for the whole range of data
could not help us with different temperatures. Following
a comprehensive review of the literature, we found that
apparent wall slip can underestimate true yield stress values
and is one of the difficulties in computing the dynamic yield
stress.”* Therefore, accurately determining the yield stress of
hydrogels is crucial for optimizing their performance and
understanding their rheological behavior.**> The following
describes the origin and history of the apparent wall slip.

The rheological characterization of complex materials, such
as colloidal gels or soft microgels and others, changes when
bounded on smooth surfaces compared to rough or serrated
surfaces due to wall effects.” The effects of walls in complex
fluids are often interpreted as apparent wall slip. Wall slip can
be well understood from a typical example when a solid block is
kept between two parallel plates with smooth polished surfaces,
one of which is in motion, and it is due to inadequate friction
present on the smooth surface.** Similar situations can also
arise in various complex fluids when they exhibit solid-like
behavior under external conditions like time, temperature,
shear rate, etc. For example, some complex materials behave
like liquids at a low shear rate and exhibit solid-like behavior at
a higher shear rate. In some cases, solid-like behavior is
observed after a specific time, keeping the temperature and
other parameters constant.*

For most complex materials, apparent slips in dispersion
flow are described by forming a thin depletion layer (nm to pm)
close to the bounded wall."****>** The layer may consist of pure
solvent or deficient particle concentrations compared to the
bulk dispersion. The literature shows a high-velocity gradient
near the wall due to an apparent slip. The velocity profile in
between the rheometric plate gap can be directly measured by
several advanced techniques combined with conventional
rheometers such as particle image velocimetry (PIV),> nuclear
magnetic resonance (NMR) velocimetry,* ultrasonic speckle
velocimetry (USV)** and dynamic light scattering (DLS), etc.>®
One can also indirectly observe the wall slip from flow curves
(shear rate versus shear stress).*® Over the years, a large number
of studies have investigated wall slip in complex fluids in the
literature. While it is difficult to include them all in Table 1, we
have documented a few of them. Nevertheless, several impor-
tant review papers give a historical perspective and describe the
advancements made in understanding and dealing with wall
slip so that the yield stress may be accurately
Calculated.10,15718,20,21,25729,37740

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, we were inspired by recent work by Moud et al.,
which evaluated apparent slip in the colloidal suspensions of
kaolinite clay and proposed a generalized slip model that can be
applied to many other colloidal systems.*” This paper has not
discussed the temperature-dependent behavior of thermores-
ponsive materials. However, Aral and Kalyon studied the time
and temperature-dependent behavior of poly(butadiene-acry-
lonitrile-acrylic) acid terpolymers and found that the
temperature-dependent yield stress decreases with increasing
temperatures.*® Jalaal et al. performed a systematic study to
understand the rheological phase behavior of PF127 by
analyzing the flow curves at different temperatures and found
that the yield stress increases as an increasing function of
temperature.*” They used sandblasted parallel plates to avoid
the wall-slip effect and calculated the yield stress by fitting with
the Herschel-Bulkley (HB) model.* But they calculated the yield
stress for PF127 for different concentrations at 5 °C intervals,
and from their experiments, it was shown that for thermo-
responsive hydrogels like PF127, with short intervals such as
1 °C is crucial. Therefore, we investigate the temperature-
dependent yield stress of PF127 gels with 1 °C during the sol-
gel transition. Careful observation confirms the presence of
apparent slip during the experiments.

Traditionally, there are three approaches to deal with the
apparent slip while calculating the yield stress; first, the slip can
be avoided by using surface modification or serrated plate or
alternative geometries like vane-in-cup and helix to avoid the
slip. Unfortunately, we could not avoid the slip from experiments
due to experimental limitations. The second approach to calcu-
late the true yield stress is by using Mooney's calculation. We
have extensively calculated the true yield stress following
Mooney's method. The third approach is to use a suitable model
or theory that can include the slip and calculate the true yield
stress. In this article, we modified the HB model by including the
slip boundary condition and were able to calculate the true yield
stress at different temperatures. Finally, we plot the dynamic
yield stress as a function of temperature that was obtained using
three different methods (the HB model, Mooney's plot, and our
approach) and found that the yield stress of PF127 increases as
a function of temperature and follows Boltzmann's equation for
sigmoid curves. We also compare the yield stress of PF127 with
other thermoresponsive materials such as poly(N-isopropyl
acrylamide) (PNIPAM) and compare the results with PF127.

Materials and methods

Materials

We used Pluronic F127 ((PEO);¢9(PPO)es(PEO)190) With an
average molecular weight (~12600 g mol ') (Sigma-Aldrich)
without further chemical modifications. Different concentra-
tions of PF127 (1-35% (w/v)) are prepared using an ice bath
following the cold technique in deionized (DI) water.*

Methods

Rheology. Rheological measurements of PF127 samples were
performed on an MCR 302 rheometer (Anton Paar) with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stainless steel cone-plate geometry (CP) and parallel plate
geometry (PP) with different diameters (CP-25, CP-60, PP-40, PP-
50) in rotational and oscillatory modes. The oscillatory
frequency sweep experiments were performed in the linear
viscoelastic region (LVR) at constant shear stain amplitude y =
0.1%, with angular frequency (w) range from 0.1 to 100 (rad s )
for different temperatures (20-26 °C) during the sol-gel tran-
sition to study the linear viscoelastic properties of PF127. The
flow curve is plotted for rotational tests for different tempera-
tures varying from 10 to 40 °C. The flow curves were measured
by ramp-up in logarithmic scale in two input shear rates, one
from 0.1 to 100 s~ ' and another from 0.01 to 1000 s~ . The
measuring point duration is kept in variable logarithmic scale
with initial time, ¢ = 100 s, and final ¢ = 5 s. This approach aims
to prolong the measuring points at lower shear rates while
shortening them at higher rates, ensuring that transient effects
of the sample are minimized or fully decayed by the end of each
prolonged measuring point within the low-shear range. All
experiments were carried out for PP40 with a plate gap size of
1 mm except otherwise specifically not mentioned. For calcu-
lating the true yield stress following Mooney's method, we also
performed measurements at different gap sizes varying from
(0.1, 0.25, 0.5, and 1 mm). To confirm the wall slip phenomena
in our system, we also analyzed the steady-state flow curves at
different geometries (CP-25, CP-60, PP-40, PP-50) at different
temperatures.

Results and discussions
Linear viscoelasticity of PF127 at different temperatures

The linear viscoelastic properties of 20% PF127 gels were
investigated by frequency sweep experiments at a minimal
shear amplitude strain, i.e., at v = 0.1%. The frequency sweep
data for 20% PF127 at different temperatures is plotted in Fig. 1.
For 20 and 21 °C, loss modulus (G”) is dominant over storage
modulus (G') and for almost all frequency ranges. This repre-
sents the liquid-like (viscous) behavior of PF127. At low
temperatures, the PF127 solution exhibits liquid-like behavior,
and at 22 °C and above, the storage modulus (G') is dominant
over the loss modulus and indicates the viscoelastic fluids. At
22 °C, storage modulus (G') shows a plateau at G’ = 200.2 + 20.2
Pa, known as an elastic plateau in linear rheology. As the
temperature increases, the elastic plateau values increase, and
the sample behaves as viscoelastic solids, i.e., gels. We found
that these samples exhibit yield stress for the steady shear
rheology (flow curves), and we calculated the dynamic yield
stress in the following section.

Determination of dynamic yield stress from steady-state flow
curves

The flow curves, i.e., shear stress (¢) and viscosity () as a func-
tion of shear rate () of 20% PF127 at temperatures 23 °C, 24 °C,
and 25 °C are shown in Fig. 2. As shown in Fig. 2(a), For 23 °C,
shear stress (o) increases linearly as a function of shear rate (),
which is typical Newtonian behavior, and this is also reflected in
Fig. 2(b); the viscosity is independent of the shear rate (7). The

RSC Adv, 2024, 14, 23772-23784 | 23775
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samples exhibit yield stress for 24 °C and 25 °C, which can be
calculated using a non-Newtonian model. We defined this
temperature as the sol-gel transition temperature using the
same convention as Jalaal et al.* (here, we have used a 20%
PF127 sample, and other concentrations of PF127 are shown in
ESI Fig. S1 and S27).

For this work to calculate the yield stress, we have used the
well-known Herschel-Bulkley (HB) model. The HB model with
the constituent equation is given as follows,

vy =0 forasay} (1)

a(y) =00 +ky fora>a,

where ¢ is the shear stress, v is the shear rate, oy is the yield
stress, k is the consistency index, and n is the flow index. The HB
model is fitted to the flow curves at different temperatures, and
from Fig. 3, we observed that the HB model explains the data
only for 24 °C and 25 °C (Fig. 3(a) and (b)). For 26 °C and 27 °C,
it fails to explain the data (the yield stress (y,) value in the fitting
parameter table shown in the figure index shows 0 + 49.5 and
0 £ 32.9, for 26 °C and 27 °C, respectively, which has no
meaning), and, we observe a slope change in the mid shear
range for both data. Therefore, to understand these results, we
took help from literature, and in this context, we found one
exciting work by Georgios C. Georgiou.* In his paper, they

23776 | RSC Adv, 2024, 14, 23772-23784

generated the flow curves numerically for parallel plate config-
uration by considering various aspects of wall slip.

They discussed that the following slip law must be employed
to calculate true yield stress when a wall slip occurs during the
measurements.

vy =0

oy = o5 + Bv,’ foro>a,

<
for o =gy } @)
where, v,, is the relative velocity of the fluids with respect to
the wall, o, is the wall shear stress, o is the slip yield stress,
@ is the slip coefficient, and s is the slip exponent. Fig. S37
summarizes their works. Fig. S3(a and c¢)f represents flow
curves shear stress (o) vs. shear rate () generated numerically
for HB fluids in case of the yield stress (g,) = 2 Pa, slip
exponent (s) = 1, and slip-coefficient (8) = 1 x 10* Pa s°/m’,
flow index (n) = 1, and consistency index (k) = 8 x 10 * Pa s”
for different the slip yield stress (o) as: (a) o5 = 0; (¢) 05 =1 Pa,
respectively. Finite slip yield stress shown in Fig. S3(c)T is very
similar to 26 °C and 27 °C data for our data shown in Fig. 3(c
and d). The above arguments are also valid for investigation of
the influence of slip exponent (s) variation on the flow curve
with o, =0.5Pa, 0, =2Pa, =1 x 10" Pas’/m*,n=1and k=8
x 10 * Pas™ (b) s = 1; (d) s = 2. One can observe that for s = 1
(Fig. S3(b)T), the flow curves show a similar trend as of Fig. 3(c

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and d). Therefore, inspired by the above discussion, we real-
ized that the HB model fails to explain the data due to wall
slip. Therefore, we performed more careful experiments to
confirm the presence of wall slip in our system, discussed in
the following section.

Confirmation of the presence of wall slip in the system

To verify whether apparent wall slip exists in our system, we
have conducted additional tests using various rheometer
geometries, including parallel plate (PP) and cone and plate
(CP). The literature claims that rheological measurements do
not depend on measuring geometry; however, these values
would vary if a wall slip is present.”** As seen in Fig. 4, we
observed a significant change in the flow curves from our
experiments with various geometries, confirming that the
sample experiences wall slip during rheological measurement.
One possible reason is that in cone and plate geometry, the slip
tends to occur primarily at the outer edge of the cone, where the
sample comes in contact with the the stationary plate.** This
can lead to distortion in the flow profile, affecting the measured
rheological properties such as viscosity and shear stress. In
parallel plate geometry, wall slip typically occurs at both
surfaces. Depending on the severity of the slip, it can signifi-
cantly influence the flow behavior, especially at lower shear
rates where slip effects are more pronounced.>

As discussed, wall slip usually occurs in solids due to
inadequate friction on the smooth surface. After 24 °C,
a phase transition occurs from sol-gel for 20% PF127, and at
higher temperatures, the sample shows solid-like behavior, as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a—d) represents HB model fitting of flow curves for 20% PF127 at temperatures varying from 23 to 27 °C, respectively.

confirmed by Fig. 4. Therefore, the signature of wall slip is
seen at higher temperatures. As a result, the sample deviates
from the HB Model. Using a rough surface to apply more
friction and ignore the slip is the proper way to deal with it.
However, there was no other geometry that we could have
used to prevent slip because of experimental constraints.
Consequently, we have used Mooney's traditional method to
calculate the true yield stress corrected from slip using
different measurements at different parallel plate (PP)

geometry gaps.

Measurement of true yield stress corrected from slip by
Mooney's plot using parallel plates

According to the literature, in the presence of wall slip, the
shear rate measured by the rheometer differs from the true
shear rate and is defined as the apparent shear rate.>*3%3147,5>
fum =+ )
where, vapp is the apparent shear rate, v is the true shear rate
corrected from slip and Vs is the apparent wall-slip velocity, and
h is the separation gap between the parallel plates. The true
yield stress (t¢ye) can be calculated from the plot between (1/k)
and ¥,pp from eqn (3). A straight line gives the slope (2Vs) and
intercept (¥). This is typically known as Mooney's plot. As dis-
cussed in previous literature, we have first performed steady-
state flow curves at different gap sizes varying from (0.1, 0.25,
0.5, and 1 mm). Then, the shear stress value and corresponding
shear rate values were taken from each plot and average values
(the error bar represents the mean and standard deviation of all

RSC Adv, 2024, 14, 23772-23784 | 23777
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to 27 °C, respectively.

3 measurements in each gap size). As seen in Fig. 5 and S4,} we
have plotted these curves for various temperatures and shear
stresses. The fitted line has a slope of 2Vg; the slip velocity and
shear stress value are represented by half of the slope, and for
any intercept (y~0), the corresponding shear stress is known as
dynamic yield stress.>*?****> Fig. 5(a) and (b) represent
Mooney's plot for 25 °C and 28 °C for different shear stress
values. We observed that from Fig. 5(a) and (b) shear stress
values (140.9 + 2.1) Pa and (213.7 £ 1.6), respectively, the
intercept almost approached zero; therefore, we defined these
values as yield stress at that temperature. In Fig. S4,7 we have

25
* (1409+2.1)Pa
» (157.8+0.9)Pa (@) 25°C
204 v (179.9+34)Pa
— 1 (1937+2.1)Pa
"o 151
8104 }
(0]
. >
54 3 3
3 :
0 ; 2 1 T T

0 2 4 6 8 10
1/h (mm™)

View Article Online
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200

—~ 1601

o (Pa

107 100 102

(a—d) Flow curves for 20% PF127 in different geometries (cone plate (CP) and parallel plate (PP)) at different temperatures varying from 24

shown Mooney's plot at 26-30 °C, respectively, and calculate the
corresponding yield stress values.

Though this method has traditionally been used to calculate
the true yield stress of a material, eliminating the slip during
the measurements, this method is labor-intensive, and a large
sample is required for repetitive experiments for different gaps
of rheometric geometry. Therefore, to overcome these draw-
backs, we followed a second approach, where we included the
slip boundary conditions in the HB equation, modified the HB
equation in the form of the famous Windhab model equation,
and calculated the true yield stress and slip yield stress.

I (213.7 + 1.6) Pa

» (224.9+32)Pa (b) 28 °Cc
204 A (2325:26)Pa

7 (242.8+22)Pa

% 154
&10
©
= I b
54
0 T T T r T
0 2 4 6 8 10

1/h (mm™)

Fig.5 (aandb) Mooney's plots for PP-40 geometry between apparent shear (7,pp) rate and reciprocal of the gap between two parallel plates (1/
h) for different shear stress at different temperatures from 25 to 28 °C, respectively. Different colour lines represent the straight line fit to each
data set for different shear stress values, and the symbols and error bars represented here are the mean and standard deviation of three sets of

measurements in each gap size.
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Calculation of true yield stress by including slip boundary
condition in HB model

Consider a simple plane coquette shearing flow between two
parallel plates with a gap (h), as shown in Fig. 6(a). The lower
plate is fixed, and the upper plate moves at a constant velocity
(V) along the x-direction. If the density of the fluid is () and the
fluid velocity vector is given as u = u(u4, u,, u3) where bold letter
denote the vector representation and u;, u,, u3 are the x, y,and z
components of the fluid velocity vector (u), then the equation of
continuity (conservation of mass)'** is given as

%+v«my:o (@)

Now, for steady-state conditions and incompressible fluid (p
is constant), the above equation will reduce to

Vou=0 (5)

Similarly, the equation of motion (conservation of
momentum), famously known as the Navier-stokes equation,®
is given as

p(%-ﬁ- (u-V)u) = -Vp+uViu+F (6)

where p is the fluid density, « is the fluid velocity, ¢ is time, p is
the pressure, u is the coefficients of viscosity, and F represents
body forces per unit volume (i.e., external forces such as gravity
or electromagnetic forces).

Now, since we consider the flow is in between two plates, the
velocity of the fluids in one direction, i.e., along the x-direction,
and no motion in the y and z-direction. Then, the velocity of the
fluids can be represented as u# = u(u;, 0, 0), and since we
consider a simple plane coquette shearing flow, there is no
pressure gradient, i.e., Vp = 0, and we also assume that there
exist no external forces (F = 0) using these conditions eqn (5)
and (6) can be reduced to following,

Eqn (5) can be written as

Upper plate

—
ux(h) = V v
(a)

u,(0) =0 X

lower plate ( No-slip condition)

View Article Online
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ou;  Ou, Ous
Vou= —+—=0
"= + dy + 0z
aul . .
= i 0=>u is only a function of y or a constant.

Similarly, eqn (6) reduced to only the x-component
momentum equation, i.e.

62u1 dzul
——=0=—=0
)2 dy?
dul . . .
= d_y = Gy(where, C; is the integration constant.)

=u(y) = Ci+ Cyy

For simplicity, we drop the subscript and write u
instead of u;

=u(y) = C; + Cyy 7)

Eqn (7) represents the velocity of the fluids between parallel
plates. If we apply a no-slip boundary condition (velocity of the
fluids and plate are same), i.e., for a lower plate which is fixed
#(0) = 0 and the upper plate moving with velocity (v) so, u(h) =v.
Applying this to the boundary condition in eqn (7), we arrived at,

uy) = (7)7 (8)

This gives a linear velocity profile for no-slip boundary
conditions and is shown in Fig. 6(a), if the shear rate (}) is
linear, then this can be defined as

_du

(wf@—z (9)

If we assume a monotonic slip law (i.e., slip velocity is the
same for both plates), the boundary conditions, i.e., u(0) = Vs
and u(0) =v — Vg

Applying the slip boundary condition eqn (7) has the
following form.

Uy (h) =V —us

—

v [ U
Upper plate —
v
Uy (0) = Us
us lower plate
( slip condition)

Fig. 6 Schematic representation of velocity profile between two parallel plates with a gap (h) for various boundary conditions (a) no slip (b) slip

boundary condition, respectively.
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) = v (S22, (10)

The velocity profile is still linear but slightly shifted, as
shown in Fig. 6(b), and now, the true shear rate can be
defined as

. du V—2Vs )4 ZVS . . 2V5
_ du_ B T L B O P
LA ( h > BT Y T e o (1)

Experimentally, the shear rate is measured as the apparent
shear rate,

QR

Yo = T

(12)

where, Q is the rotational speed of the rheometric geometry, R is
the radius of the rheometric plate, and # is the gap between the
parallel plates.

Now, using eqn (11) in HB model

o(7) = oo + k¥"

The modified HB model, including the slip boundary
condition, has the following form:

. . 2Vs\" N 2V \"
a(y) =00+ k(yapp — TS) =00 + KkYapp (1 - i s >
app
. on 2nV, . . . .
=00+ KkYapp (l—%) (using binomial expansion)
app
. n . n2n V
=00+ k'Yapp - k'Yapp h[yig
app
. n . n—12nV:
=00+ kYyp — kYapp TS (13)
a(7)
. n . m zk V
=00+ KYapp — K1Vapp (Where7 ki = Z Sandm=n— 1)

v ¥

=0y =+ k’;’appn - kl (7

,Y*

) Yapp (multiply and divide by(y*))

. n ’\./ " . m
=00+ KkYyp +Kki ( — ﬂ) (v*)

: (14)
Y

m

Yapp

0(¥) = G0 + Kty +ho| 1 =€ | (where, ko = ki*(¥*)")
(15)

This equation is well known in the form of the Windhab
model with additional power terms m and n (when m =n =1,
eqn (15) is reduced to the Windhab equation). Therefore, we

23780 | RSC Adv,, 2024, 14, 23772-23784
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defined this as a modified Windhab equation. To avoid confu-
sion, we used 7, as only ¥ and if we write eqn (15) with some
redefined constant inspired by the Windhab model, then the
equation becomes

J'/

o(¥) =00+ m.y + (01 —09) | 1 =i (16)

where, k = 1. and k, = (01 — g) and eqn (16) very well fits our
data. But from eqn (16), we found two yield stresses (o, ;) and
also two exponents (n and m) and 7* is a normalization
constant. We have taken some arguments from different liter-
ature to understand each term's physical meaning and gener-
alization of the approach to any system.

Consequently, to validate our approach generalized to any
system, we took help from arguments discussed in Moud et al.,*
where they discussed wall slip in kaolin clays, as shown in
Fig. 7(a) and discussed different regimes and their physical
significance. Then, we fitted eqn (16) to the data from Moud
et al,*” as shown in Fig. 7(a), and we found that the equation
fitted very well to the data. Here o, value lies in Regime-II, defined
by Moud et al.*’ in Fig. 7(a), which is nothing but the slip yield
stress and o, lies in Regime-III, which is the true yield stress.
Therefore, from fitting parameters, we found that oy, is the slip
yield stress, and o3, is the true yield stress, and v*, is transition
shear rate. When observing the flow curves, we see slope changes
from low shear to higher shear rates after some shear rate.
Here,y* represents the corresponding shear rate and is defined as
the transition shear rate, and (n and m are slip and power-law
exponents, respectively). Therefore, we write the eqn (15) as

m
—-

o(¥) = 05+ nuy + (oy —0ay) | 1 - er* (17)

where, g, is slip yield stress and g, is the true yield stress, and all
other terms are the same as defined previously. In all the flow
curves we discussed, the data ranges from 0.1 to 100 s~! and to
verify that our approach is not limited to any range, we also
fitted data for a large range, i.e., from 0.01 to 1000 s, and is
shown the Fig. S5.f We compared the values with the conven-
tional Mooney's method to verify the true yield stress estimated
from our method, in Table 2.

Temperature-dependent dynamic yield stress

Fig. 9(a) shows the yield stress obtained from various methods

plotted as a function of temperature. We found that yield stress

increases as a function of temperature, and the experimental

data following a sigmoid curve can be fitted by an empirical

equation in the form of the Boltzmann equation® as follows,
g,—0 ,

b y
gy —+ a,

= 18
1 +el T (18)

where, a; isyield stress plateau at low temperatures and a’y yield
stress plateau at high temperatures and 7T, is the critical
temperature where the yield stress increases exponentially. The
yield stress values gradually increase as shown by the plateau, in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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data taken from (a) and plotted with egn (16). The red and pink lines are the extrapolation of yield stress values found from fitting the vertical
dotted line represented by the transition shear rate obtained from the fitting eqn (16).
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(shear rate ranges from 0.1 to 100 s74).

this case. The increasing value of yield stress for PF127 is
consistent with Jalaal et al.'s study® at different temperatures at
5 °C intervals but doesn't formally report any trend, and as
discussed earlier near the sol-gel transition temperature, each
1 °C interval is important; therefore we carefully calculated the
yield stress and found the trend. The increasing trend can be
understood by the mechanism suggested by Suman et al. that
the individual micelle size may increase and can form a glassy
state at higher temperatures can account for the exponential
increase in the yield stress at higher temperatures.” In the
current study, we compared the results with other

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a—d) Modified Windhab model (egn (17)) fitting of flow curves for 20% PF127 at different temperatures from 25 to 28 °C, respectively

thermoresponsive polymer poly(N-isopropyl acrylamide) (PNI-
PAM) and found some interesting and contradictory results.
When comparing the yield stress for other conventional
thermoresponsive polymers such as PNIPAM, whereas the
temperature increased, a noticeable decrease in yield stress was
shown in Fig. 9(b) (data are taken from Divoux et al** and
plotted). This phenomenon can be attributed to the coil-to-
globule transition experienced by PNIPAM, where hydro-
phobic interactions cause the polymer chains to collapse from
extended coils to compact globules. Consequently, the overall
hydrodynamic volume of PNIPAM decreases, leading to reduced

RSC Adv, 2024, 14, 23772-23784 | 23781
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Table 2 Comparison of different types of yield stresses from our approach and Mooney's method

Temperature (°C)

Comparison of yield stress from various methods, o, (Pa)

Modified Windhab model fit
(our approach) (Fig. 8)

Mooney's plot
(Yapp vs. 1/R) (Fig. 5)

25 138.3 £ 4.5
26 160.8 + 3.3
27 201.6 £ 7.7
28 213.5 £ 7.9
29 223.8 £ 8.1
30 230.7 + 8.3
HB Model
—~ 250 : modiﬁoedewindhab model =3
* M 's Plot s
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Fig. 9

140.9 £ 2.1
172.9 £ 2.9
202.5 £ 3.8
213.7 £ 1.6
221.1 £ 2.9
228.8 £ 1.5

W PF 127 data from jalaal et al.
—8— PNIPAM data from divox et al. soaal e
- - Boltzmann equation Ll

© (b)
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(a) Comparison of dynamic yield stress values obtained from different methods for 20% PF127. The data fits Boltzmann's equation (egn

(18)). (b) The temperature-dependent yield stress of reported data for 20% PF127 taken from Jalaal et al.*® is fitted with eqn (18), and PNIPAM gels

are from ref. 43.

intermolecular entanglements and a less dense gel network.
This decrease in network density results in a lower resistance to
deformation, hence the observed decrease in yield stress with
increasing temperature.”**®* In contrast, Pluronic PF127
exhibited increased yield stress with increasing temperature.
Above its critical micelle temperature Ty (around 15-30 °C),
Pluronic PF127 undergoes micelle formation, where hydro-
phobic PPO blocks assemble into micellar cores surrounded by
hydrophilic PEO shells. The increase in temperature leads to
enhanced micelle aggregation and packing, resulting in the
formation of a denser gel network. This densification of the gel
network corresponds to an increase in yield stress as the gel
becomes more resistant to deformation. The contrasting
temperature-dependent yield stress behaviors of PNIPAM and
Pluronic PF127 highlight their distinct gelation mechanisms.
While PNIPAM's coil-to-globule transition decreases yield
stress, Pluronic PF127's micelle formation leads to an increase
in yield stress with increasing temperature.*® The biomedical
field has used body temperature as the transition temperature
for two to three decades. Examining the yield stress concerning
temperature can provide an additional understanding of the
rheological characteristics of PF127 in diverse drug delivery
applications and transport phenomena.

Conclusion

This study thoroughly investigated the yield stress behavior of
PF127 at various temperatures using the Herschel-Bulkley

23782 | RSC Adv, 2024, 14, 23772-23784

model and the modified Windhab model, shedding light on the
rheological characteristics of the thermoresponsive polymer.
The HB model effectively described the data at lower tempera-
tures (23 °C to 25 °C) but failed at higher temperatures (26 °C
and 27 °C) due to wall slip. This failure was indicated by a slope
change in the mid-shear range with a kink around a shear rate
of 10 s™', and unrealistic yield stress values at these
temperatures.

Further tests proved the presence of wall slip using flow
curves depending on rheometric geometry, which led to the
adoption of the modified Windhab model to address the limi-
tations of the HB model. The flow curves at higher temperatures
were more accurately fitted (with higher R-square values) by this
wall slip-accounting model. The temperature-dependent yield
stress increased significantly as the results showed, following
a sigmoid curve that could be explained by an empirical equa-
tion like the Boltzmann equation. Comparative analysis with
other thermoresponsive polymers, such as PNIPAM, high-
lighted the distinct gelation mechanisms and temperature-
dependent yield stress behaviors of PF127. Unlike PNIPAM,
which shows a decrease in yield stress with increasing
temperature due to the coil-to-globule transition, PF127
exhibited an increase in yield stress attributed to enhanced
micelle aggregation and network densification at higher
temperatures.

This research emphasizes the importance of considering
wall slip effects in rheological measurements and provides

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a robust framework for understanding the temperature-
dependent rheological properties of PF127. The findings have
significant implications for using PF127 in biomedical appli-
cations, particularly in drug delivery systems where
temperature-sensitive gelation is crucial. Future research
should explore applying these models to other complex fluids
and further investigate the mechanisms underlying the
observed temperature-dependent behaviors.
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