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ABSTRACT: The multiple phase transition and the scaling behavior of a poly(ethylene oxide)−poly(propylene oxide)−
poly(ethylene oxide) triblock copolymer (Pluronic F127, PEO100−PPO65−PEO100) have been studied by micro-differential
scanning calorimetry and rheology. The scaling behavior of the triblock copolymer was examined using the Winter−Chambon
criterion to obtain the critical gel temperature Tgel and the scaling exponent n. n was found to decrease linearly with increasing
copolymer concentration. A stable hard gel was formed, but the hard gel was transformed into a soft gel upon further heating.
Increasing copolymer concentration led to the increase in the temperature of hard−soft gel transition, while the sol−gel
transition temperature decreased with increasing copolymer concentration. A phase diagram has been determined, which is able
to classify unimers, micelles, hard gel, and soft gel regions upon heating. In addition, the scaling relation of the plateau modulus
Ge with copolymer concentration was also obtained as Ge ≈ c3.0 for both soft gel and hard gel.
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■ INTRODUCTION

In the past 20 years, considerable efforts have been made to
understand the properties of poly(ethylene oxide)−poly-
(propylene oxide)−poly(ethylene oxide) triblock copolymers,
PEOm−PPOn−PEOm, where m and n represent number-
average block lengths.1−5 At low temperatures or low
copolymer concentrations, the aqueous solution properties of
PEO−PPO−PEO copolymers are now relatively clear. These
copolymers exist as umimers because of the formation of
hydrogen bonds between water molecules and copolymer
chains. If PPO blocks and water are unable to form hydrogen
bonds, a cage-like structure is considered to be formed in order
to make them water soluble. Upon heating, PPO blocks
gradually become insoluble due to the breakup of cage-like
structures. An endothermic peak appears because the energy is
required to destruct the cage-like structure. When the critical
micellization temperature (CMT) or critical micellization
concentration (CMC) is reached, the micelle structure
consisting of a PPO core and PEO corona is formed. The
size of micelles can be determined by many factors: molecular
weight of copolymer, lengths of PPO and PEO blocks, and ratio
of PPO to PEO blocks. Many studies have been performed on
the micellar structure, size, and aggregation number for PEO−
PPO−PEO triblock copolymers.6−10

The aqueous solution properties of PEO−PPO−PEO
copolymers at high concentrations are very complicated. A
crystalline lattice or an ordered structure is formed due to the
arrangement of micelles, which is also usually called the
gelation. Depending on the molecular architecture, molecular
weight, concentration, and temperature, cubic (face-centered-
cubic (fcc) or body-centered-cubic (bcc)), lamellar, and
hexagonal crystalline structures have been reported.11 For
example, in the aqueous solution of F108 (PEO133−PPO50−
PEO133), fcc was reported.

11 Wanka et al. studied the influence
of the ratio of PEO/PPO (m:n) on crystalline structure12 and
found that the copolymers with a shorter hydrophilic PEO
block, i.e., m:n ≈ 0.25, usually formed a hexagonal structure
during the gelation, while a lamellar structure was formed for
copolymers with m:n ≈ 0.15. Upon imposing a shear flow to
the gel, Eiser et al.13 found that the highly aligned fcc crystals
were transformed into bcc crystals. At a given copolymer
concentration, transitions can also occur from one lattice to
other lattice by varying temperature.14−16 For example, in a P85
(PEO25−PPO40−PEO25) aqueous solution,

10 micelles first were
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packed into a cubic structure and then transformed into a phase
of hexagonally packed rods at higher temperatures.10

Among various PEO−PPO−PEO copolymers, Pluronic
F127 (PEO100−PPO65−PEO100) is considered as the most
prominent triblock copolymer in applications such as structure
directing agents and drug delivery due to the various phase
behaviors in water. At low F127 concentrations, heating leads
to the dehydration of unimers, which results in aggregation and
micellization.17 At high F127 concentrations, Li et al.18

observed that the aqueous solution of F127 exhibited a gelation
at low temperature (22−30 °C) and a degelation at high
temperature (50−60 °C). Mortensen et al.19 reported that the
aqueous solution of 20 wt % F127 formed fcc ordered micelles
at 50 °C. In the research on the gelation kinetics of F127 upon
heating, Meznarich et al.20 observed the second endothermic
peak in the calorimetric curve, which corresponded to the order
of the micelles. Wanka et al.12 also observed this phenomenon
for a F127 aqueous solution but considered it to be attributed
to the dehydration of PPO blocks. All of these research works
indicated that there is a complexity in the phase transitions of
F127 in aqueous solution upon heating at high concentrations.
On the other hand, the rheological properties of aqueous

solutions of PEO−PPO−PEO copolymers have been inves-
tigated. When copolymer molecules are present as unimers or
individual micelles, the solutions are Newtonian fluids. When
PEO−PPO−PEO micelles are connected, the solutions will
become gels, where the loss modulus G″ of the gels can be as
high as the storage modulus G′, which displays a very different
rheological behavior from other hydrogels such as methyl-
cellulose.21 A number of experiments have shown that the
PEO−PPO−PEO gels with various crystalline structures
possess different viscoelastic properties. From the study of
F68 (PEO76−PPO29−PEO76) and F108 copolymers, Eiser et
al.13 found that the ordered micelles with a bcc structure in an
F68 solution did not have any measurable yield stress, but in
the same study, the ordered micelles with an fcc structure in a
F108 solution could have a yield stress due to the restriction of
movement of defects in the grain boundary.
However, the rheological studies for the aqueous solution of

PEO−PPO−PEO have not covered the sol−gel transition in
depth so far. To the best of our knowledge, there have not been
direct reports dealing with the critical gelling behavior and
rheological scaling laws for F127 in water upon heating.
Therefore, in this report, we have systematically investigated
the phase transitions and rheological properties of F127
aqueous solution using micro-differential scanning calorimetry
and rheology. The rheological scaling laws were examined and
discussed for the first time for understanding of the gelation
and the relationship of viscoelastic properties with the features
of its microstructures. A schematic diagram has been proposed
for multiple phase transitions in concentrated aqueous
solutions of F127 upon heating.

■ EXPERIMENTAL SECTION
Materials and Solution Preparation. The poly(ethylene

oxide)−poly(propylene oxide)−poly(ethylene oxide) triblock copoly-
mer, F127, donated as PEO100−PPO65−PEO100, was kindly provided
by BASF Corp. Its molecular weight and ethylene oxide content are
12600 g/mol and 70 wt %, respectively. The melting point of F127 is
65 °C, and it is in the form of flakes at ambient temperature. F127 was
dried and kept in a desiccator before use.
The preparation of F127 aqueous solutions with copolymer

concentrations ranging from 15 to 30 wt % is similar to that described
in ref 22.

Micro-Differential Scanning Calorimetry. Calorimetry is an
important method that directly determines the enthalpy and is also a
primary technique to be used to establish the connection between
material property and temperature. In contrast to conventional DSC
that is suitable for solid samples, micro-DSC is suitable for liquid
solution samples, especially aqueous solutions, and it can detect a tiny
heat change (microcalories) during heating or cooling. The use of
micro-DSC can be simply found from the literature. In this study, the
thermal behavior of F127 aqueous solutions was determined by a
micro-DSC (VP-DSC microcalorimeter, Microcal Inc.). 0.516 mL of
an F127 aqueous solution was injected into the sample cell, while the
same volume of deionized water was injected into the reference cell.
The scan rate of 1 °C/min was adopted. To make sure there was no
contamination, the sample cell was cleaned by the continuous
deionized water after each cycle was completed.

Rheological Measurement. A rotational rheometer (DHR, TA
Instruments, USA), with a parallel plate of 40 mm diameter and a
Peltier temperature control, was employed to investigate the
rheological properties of F127 aqueous solutions. The sample for
rheological measurements was loaded directly from a solution bottle
kept in a refrigerator to the rheometer using a pipette. Strain sweeps
with various frequencies were carried out in the range of 0.1−100% to
determine the linear viscoelastic range. A small amount of low-
viscosity silicone oil was placed on the peripheral surface between the
upper and lower plates to prevent evaporation of water. Two
rheological measurements were performed for various F127
concentrations: (1) temperature ramps at a heating rate of 1 °C/
min with the strain of 1.0% and the frequency of 1 Hz to study the
transitions from unimers to micelles and then micelles to gels over a
temperature range of 10−90 °C, and (2) frequency sweeps at different
temperatures in the angular frequency 0.1−100 rad/s and at a constant
strain 1.0%.

■ RESULTS AND DISCUSSION

Multiple Phase Transitions. Figure 1 shows the
calorimetric thermograms of F127 aqueous solutions with
various copolymer concentrations from 15 to 30 wt % at a
scanning rate of 1 °C/min. Because of the dehydration, a sharp
endothermic peak was observed during heating. PPO blocks
become insoluble and the micellization of F127 begins. The
onset temperature of micellization, which is usually defined as

Figure 1. Thermal behavior of F127 aqueous solutions with various
copolymer concentrations at a rate of heating and cooling of 1 °C/
min. The second transition peak from 15 to 33 °C and the third
transition peak from 55 to 90 °C are enlarged in the insets and
denoted as Tmg and Ths respectively.
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the critical micellization temperature (CMT), decreases with
increasing F127 concentration, while the height of peak
increases with F127 concentration. In the subsequent cooling
process, the corresponding exothermic peaks appear. Along the
baseline, the endothermic and exothermic curves display the
mirror relationship for each concentration.
For aqueous solutions of 15 and 17.5 wt % F127, no peaks

appear in the temperature range of 5−90−5 °C except for
micellization and demicellization. When F127 concentration
increases to 20 wt % or higher, two small endothermic peaks
appear during heating, and then the corresponding exothermic
peaks are observed in the subsequent cooling process. The
enlarged thermal diagrams are inserted into Figure 1. It is
believed that the changes of some structure should be
associated with these small peaks during the processes of
heating and cooling. For aqueous solutions of F108,22 it was
found that a second transition peak appears at the offset
temperature of micellization and the authors attributed the
transition peak to the gelation of F108. Armstrong et al.23

found that there was a second transition in the range of 60−70
°C for a dilute solution of P235 (PEO27−PPO39−PEO27)
added with sodium chloride, and they explained the second
transition to be due to the transition of sphere micelles to rod-
like micelles. For an aqueous solution of F127, the formation of
different crystalline structures has been studied, which has been
described in the introduction. Recently, Pham Trong24 studied
the mechanisms of micellization and gelation of F127 using
micro-DSC and found a very small second endothermic peak
corresponding to ordering of micelles, whereas the scanning
calorimetry did not show any endothermic peaks at higher
temperatures for the concentrated F127 solution. Figure 1
shows that there is a second transition peak from 15 to 30 °C
and a third transition peak from 55 to 90 °C for the F127
concentrations of 20−30 wt %, and the second transition
temperature decreases and the third transition temperature
increases with increasing F127 concentration. Thus, it is
inferred that the second transition peak should be ascribed to
the F127 gelation. The micellization is a prerequisite for the
gelation. For the third transition peak, it should be related to
the hard gel−soft gel transition, which will be discussed later.
Because the heats for the sol−gel and hard gel−soft gel
transitions are much smaller compared to the heat of
micellization, they are nearly athermic. In this study, the
second and third transition temperatures are denoted as Tmg
and Ths, respectively.
To verify the above inference, rheological temperature ramps

with the same heating rate as micro-DSC was carried out. The
dependence of storage modulus G′, loss modulus G″, and
relative thermal capacity Cp on temperature for 15, 20, and 25
wt % F127 aqueous solutions are shown in parts a, b, and c of
Figure 2, respectively. For the 15 wt % F127 aqueous solution,
Figure 2a could be divided into three regions. In region 1, when
the temperature is below its CMT of 13.2 °C, polymer chains
exist as unimers, the constant G′ and a decrease in G″ with
temperature are observed, and the solution shows the
characteristic of a Newtonian fluid. The micellization begins
at CMT and reaches to the maximum value at the peak
temperature Tp, 19.0 °C. In the temperature range between
CMT and Tp, unimers and micelles coexist in water, whereas
G″ decreases continuously due to the dehydration of unimers
and the solution is still dominated by unimers. The similar
phenomenon was found for the branched PEO−PPO−
PEO.25,26 In region 2, with further increase in temperature,

many more micelles are formed. G″ slightly increases while G′
keeps almost constant. A similar evolution has already been
observed for the kinematic viscosity of the aqueous solution of
a branched PEO−PPO−PEO.27 At 33.6 °C, which is very close
to the offset temperature Toff, indicating the end of
micellization, G″ reaches to the maximum (0.22 Pa) and
almost all chains of F127 exist in the micelles. In region 3, G″
decreases with increasing temperature, and the system shows a
liquid state. It can be concluded from the above results that the
dehydrated micelles are unable to contact each other to form an

Figure 2. Dependence of Cp, G′, and G″ on temperature for F127
aqueous solutions at the various concentrations: (a) 15 wt %, (b) 20
wt %, and (c) 25 wt %, respectively. Oscillatory frequency and shear
strain amplitude were 1 Hz and 1%, and the heating rate was 1 °C/
min.
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ordered structure because of the low micelle density in the
aqueous solution of 15 wt % F127.
Figure 2b shows the effect of temperature on Cp, G′ and G″

for the 20 wt % F127 aqueous solution, which could be divided
into six regions. In region 1, G″ decreases and reaches the
minimum at Tp for the same reason as for the 15 wt % F127
solution. In region 2, the formation of many more micelles
results in a slow increase in G″. G′ and G″ increase sharply in
region 3, which responds to the gelation because the micelles
begin to contact each other to form an ordered structure that
contributes to the high modulus. Meanwhile, it is apparent that
the second transition peak temperature of 26.3 °C in the micro-
DSC curve locates in region 3, which further proves that the
second transition peak should be attributed to the gelation even
if the enthalpy is at most a few percent of that of micellization.
The crossover point temperature of G′ and G″ is tranditonally
defined as the gel point, but this definition has a frequency
dependence and will be discussed later. In region 4, G′ is larger
than G″, and both moduli reach to their own plateau, so the
system shows a solid-like behavior. As the temperature
increases to 57.6 °C, G′ and G″ decrease and the system falls
to the second plateau after 62.4 °C. Here we denoted this
transition region from 57.6 to 62.4 °C as region 5. In this
region, G′ and G″ almost parallel decrease, while the solution is
still elastic because G′ is larger than G″, which is different from
a gel−sol transition. Meanwhile, it is interestingly noted that
the third transition peak in the micro-DSC curve lies just in
region 5. In fact, temperature shows an important influence on
the formation of ordered micelles and the stability of a gel
structure. In the low temperature region (regions 1 and 2), the
increase in temperature results in the increases in the size and
number of micelles but the decrease in intermicellar distance.
After the sol−gel transition, the concentration of micelles is not
changed by temperature because almost all of polymer chains
already exist in the micelles. With further increasing temper-
ature, the decrease in PEO block’s solubility may cause a part of
PEO blocks to be merged into the cores of micelles, which
increases the size of micellar cores and reduces the corona
overlapping degree, leading to the decrease in entanglement
density of PEO blocks in the overlapped corona and then the
drop of modulus. The similar experimental phenomena have
also been observed for aqueous solutions of P8528 and P105
(PEO37−PPO56−PEO37)

29 copolymers. In region 6, a high
temperature gel is formed, which has the lower modulus
compared to the low temperature gel. Here, we define the high
temperature gel as the soft gel and the low temperature gel as
the hard gel because the elastic modulus of the low temperature
gel is more than 1 order of magnitude larger than the high
temperature gel.
The 25 wt % F127 solution is shown in Figure 2c, which is

also divided into six regions. With increasing temperature,
micellization begins at 8.2 °C and the rate of micellization
reaches maximum at Tp of 13.9 °C. The formation of massive
micelles results in the increase of G″. G′ and G″ increase
sharply, and the gelation is observed from 19.8 to 22.1 °C,
followed by the appearance of a hard gel in region 4 until 73.4
°C. Then the modulus of the hard gel decreases in the vicinity
of 73.4 °C because of the decrease in the entanglement density,
which was induced by the reduced solubility of PEO block at
high temperatures. As a result, a soft gel was formed after 77.1
°C. The second and third transition peaks in the micro-DSC
curves further prove the transitions of sol−gel and hard gel−
soft gel. Compared to the 20 wt % F127 solution, it is noted

that the temperature regions for the sol−gel transition and the
transition of hard gel−soft gel decrease from ΔT = 28.7−24.1 =
4.6 (°C) to ΔT = 22.1−19.8 = 2.3 (°C) and from ΔT = 62.4−
57.6 = 4.8 (°C) to ΔT = 77.1−73.4 = 3.7 (°C), respectively,
indicating that the rates of the gelation and the transition of
hard gel−soft gel increase with increasing F127 concentration.
From the above results, we may conclude that the micelles

could not contact each other to form a gel at low F127
concentrations (below 20 wt %). When F127 concentration
increases to 20 wt % or higher, spherical micelles of F127 in
aqueous solution are packed into an ordered structure and then
a gel is formed. The so-formed gels are unstable during heating
because the solubility of PEO blocks decreases as temperature
increases, which leads to the increase of core size of micelles
due to the merging of a part of PEO blocks into micellar cores
and the decrease of overlapping degree of micellar corona.
Because rheology is sensitive to a change in microstructure,

we are able to correlate viscoelastic properties of a material with
its microstructure. Although it was reported in the literature
that the formation of ordered micellar structures from micelles
is an athermal process,22,30,31 our micro-DSC results show that
the two tiny endothermic peaks beyond the micellization
corresponded to the transitions of sol−gel and hard gel−soft
gel, indicating a multiple phase transition taking place in the
concentrated F127 aqueous solutions during heating.
The effect of temperature on G′ and G″ for F127 aqueous

solutions with copolymer concentrations from 20 to 30 wt % is
shown in Figure 3. The rheological data for the aqueous

solutions of F127 below 20 wt % are not shown in Figure 3
because these solutions could not form gels. Many character-
istic features can be observed from the rheological curves. For
example: (1) increasing F127 concentration results in the
decrease in the gel temperature. This is because that the
number density and volume fraction of micelles increase with
F127 concentration, so that the distance between micelles
decreases, leading to an earlier formation of a micellar network.
(2) In both hard gel and soft gel, the heights of G′ and G″
increase with F127 concentration due to the densely packed
micelles, which are connected through intermicellar entangle-

Figure 3. Dependence of G′ and G″ on temperature for F127 aqueous
solutions with copolymer concentrations from 20 to 30 wt %, and an
oscillatory frequency 1 Hz and a shear strain amplitude 1% were
applied.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am507749w
ACS Appl. Mater. Interfaces 2015, 7, 2688−2697

2691

http://dx.doi.org/10.1021/am507749w


ment of PEO blocks, contribute to the viscoelasticity
significantly. (3) The temperature of the hard gel−soft gel
transition increases as F127 concentration increases due to the
increased intermicellar interaction. The temperature window
for the hard gel becomes wider with increasing F127
concentration. From Figure 3, it is apparent that the different
phase transitions have a strong dependence on copolymer
concentration.
The dynamic frequency sweep for the 20 wt % F127 solution

is shown in Figure 4, which further demonstrates a profound

change in dynamic viscoelasticity upon heating. In the unimer
zone, for example, at 10 °C, G″ is higher than G′, and both G′
and G″ obey the scaling behavior of G′ ∼ ω2 and G″ ∼ ω1 in
the terminal frequency region, which indicates that the solution
is a Newtonian fluid. At 20 °C at which unimers and micelles
coexist, a notable deviation from the terminal behavior can be
observed. Shchipunov et al.32 thought that this phenomenon
should be ascribed to the presence of the largest micelles in
aqueous solution. At 27 °C, both G′ and G″ are higher than
those at 26 °C in the whole frequency region and G′ is almost
equal to G″, indicating that micelles have contacted each other
and the system is approaching to a gel state. The gap between
the curves for 26 and 27 °C is striking. When the temperature
increases to 32 °C, G′ becomes higher than G″, which is a
typical solid-like behavior. At 40 °C, both moduli reach to the
maximum values. However, they drop at 70 °C due to the
transformation of the hard gel into the soft gel but keep almost

constant at 90 °C. The rheological frequency sweep results
(Figure 4) are consistent with the temperature ramp results
(Figure 3), further verifying that the transformation of the hard
gel to the soft gel is frequency-independent. The frequency
dependence of G′ and G″ on other F127 concentrations is
similar to that observed in Figure 4 (data not shown here).
As shown in Figure 5, we propose a mechanism for the

multiple phase transitions of concentrated F127 aqueous
solutions upon heating. At low temperatures, the copolymer
exists as unimers, so the solution is a Newtonian fluid. PPO
blocks start to dehydrate upon heating, and the micellization
takes place. Aggregates of PPO blocks form the cores of
micelles, which are surrounded by the hydrated PEO blocks.
The heat of micellization, which was used for dehydration of
PPO blocks or destruction of a cage-like water structure, was
detected by micro-DSC. With further increasing temperature,
the size and number of micelles increase and the intermicellar
distance decreases. At a given temperature and a given
copolymer concentration, the micelles are packed into an
ordered structure, leading to the gelation. The gelation
temperature decreases with increasing F127 concentration.
The second endothermic peaks are very consistent with the
observations by the rheological measurements, although the
heat was too small. At higher temperatures, the merging of a
part of PEO blocks into micellar cores due to the decrease of
the solubility of PEO blocks increases the size of micellar cores
and reduces the degree of overlapping of micellar coronas,
which leads to decrease in the entanglement density of PEO
blocks as well as the transition of hard gel−soft gel. Therefore,
it is apparent that there are three phase transitions (unimer−
micelle, sol−gel, and hard gel−soft gel) for 20 wt % and higher
concentrations of F127 aqueous solutions upon heating and
each of these phase transitions shows a strong dependence on
F127 concentration.

Determination of Critical Gel Temperature. The critical
temperature for the gelation at a given copolymer concen-
tration is important in practical applications such as controlled
drug delivery and injectable biomaterial.33,34 Traditionally, the
crossover of G′ and G″ was used as the gel point. Because of
the frequency dependence, the crossover of G′ and G″ does not
always occur. Winter and Chambon35 proposed a criterion
(known as Winter−Chambon criterion) to determine the
chemical gels with a power law behavior at the gel point, G′(ω)
= G″(ω) ∼ ω1/2. Subsequently, this equation was generalized
into G′(ω) ∼ G″(ω) ∼ ωn (0 < n < 1) at a sufficiently low
frequency for other gel systems. Because a gelation variable
loses its dependency on frequency, this method shows an
excellence for determination of the gel point, such as PVC/

Figure 4. G′ and G″ as a function of angular frequency for the aqueous
solution of 20 wt % F127 at different temperatures.

Figure 5. Schematic diagram for multiple phase transitions in concentrated aqueous solutions of F127 in a heating process.
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DOP systems,36,37 where PVC stands for poly(vinyl chloride)
and DOP is bis(2-ethylhexyl) phthalate. However, whether the
gel point can be measured by this method for gel formation
induced by micellar packing has not been reported for a PEO−
PPO−PEO aqueous system.
From the frequency sweep results for the 20 wt % F127

solution (Figure 4), a liquid-like state was obtained at
temperatures below 26 °C and a gel-like state was obtained
at 27 °C and above. Thus, the gelation should take place in
between 26 and 27 °C. Figure 6 shows the dependence of tan δ

on temperature at different angular frequencies for aqueous
solutions of 20 and 25 wt % F127. All curves pass through the
common point at 26.4 °C for 20 wt % F127 and at 21.3 °C for
25 wt % F127. These points are defined as the critical gel
temperatures, Tgel. Meanwhile, we can see that the second
transition temperatures 26.3 °C for 20 wt % F127 and 21.0 °C
for 25 wt % F127 found in the micro-DSC curves are very close
to the critical gel temperatures, further suggesting that the
second transition peaks should be related to the gelation.
Phase Diagram. The phase diagram of F127 in aqueous

solution is shown in Figure 7, and the phase boundaries were
determined by micro-DSC and the Winter−Chambon

criterion. Although the phase behavior of F127 in the
thermodynamic equilibrium state could not be reflected by
this phase diagram due to the fact that CMT and Ths are
dependent on heating rate, this kind of phase diagram is useful
to describe the kinetic phase behavior in the concentration
range used in this study. The phase diagram is divided into four
regions. In region I, the copolymer exists as individual
molecular chains (unimers) below CMT due to the excellent
solubility of PEO and PPO blocks at low temperature. In region
II, when the temperature or concentration is high, unimers self-
associate into micelles that coexist in water with unimers. CMT
decreases monotonously with concentration, which is con-
sistent with those observed by Meznarich.20 In region III, where
copolymer concentration is high (≥20 wt %), a solid-like gel is
formed above Tgel. In region IV, the solubility of PEO blocks in
coronas decreases at higher temperatures and a part of PEO
blocks is merged into micellar cores, which reduces the
overlapping degree of micellar coronas and induces the hard gel
to transform into the soft gel. Because Tgel decreases and Ths
increases with increasing copolymer concentration, the area for
the hard gel broadens. The phase diagram clearly demonstrates
the phase changes of a F127 aqueous solution with copolymer
concentration and temperature.

Scaling Law. The formation and properties of gels have
been extensively studied by experimental and theoretical
methods based on the scaling law. To examine and explain
rheological properties in the vicinity of the gel point, the widely
used scaling law has been proposed35,38,39

ω ω δ π″ ′ = =G G n( )/ ( ) tan tan( /2) (1)

which was inferred by the shear relaxation modulus G(t) at the
gel point

= −G t S t( ) n
g (2)

where Sg is denoted as the gel strength and n is named as the
critical or scaling exponent. At the gel point, a similar equation
can also be applied for G′ and G″

Figure 6. Dependence of loss tangent, tan δ, on temperature at
different angular frequencies in rad/s as indicated for aqueous
solutions of (a) 20 wt % and (b) 25 wt % F127.

Figure 7. Phase diagram of F127 in aqueous solution, which was
obtained by micro-DSC and rheology. For F127 concentrations less
than 20 wt %, F127 is unable to form a gel, so F127 exists as unimers
and/or micelles. Four regions could be defined: I, unimers; II, unimers
and micelles; III, hard gel; IV, soft gel, where the dash line roughly
indicates the boundary between the micelle region and the hard gel
and soft gel region.
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ω ω π ω π′ = ″ = Γ −G G n S n n( ) ( )/tan( /2) (1 )cos( /2)n
g

(3)

where Γ(1 − n) is the Gamma function. It is easy to calculate Sg
using eq 3 with n and G′(ω) or G″(ω).
Using eq 1, we obtained n = 0.63, 0.61, 0.60, 0.58, and 0.56

for 20, 22.5, 25, 27.5, and 30 wt % F127 from the critical gel
temperatures, respectively, and the results are shown in Figure
8. Thus, n was obtained as a linear function of F127
concentration:

= −n c0.766 0.0068 (4)

where c is F127 concentration over the concentraion range.

Much works have shown that the values of n are dependent
on various gelling systems. n was reported to be between 0.2
and 0.3 for the chemical gels.40,41 For physical gels, n is
relatively high. For example, for PVC/DOP gels formed by
small crystallite domains, n was reported to be 0.75.36,37 In
poly(vinyl alcohol) (PVA) physical gels formed by hydrogen
bonding, n was found to be 0.65.42 The sol−gel transition
induced by electrostatic interaction in the mixture consisting of
oppositely charged polyelectrolyte (quaternized hydroxyethyl-
cellulose ethoxylate, QHEC) and nanocrystalline cellulose
(NCC), n changed from 0.785 to 0.773 at different
concentrations of QHEC.43 All of these results indicate that
the various n values may be derived from the different gelation
mechinisms in the physical gelling systems. The gelation
theories depending on the model assumption such as Rouse
behavior and Zimm behavior predict that n is located between
2/3 and 1,39 which is consistent with the experimental results.
However, there has not been any detailed study in the literature
about the relationship of n with the gelation and gel
microstructures that are induced by micellar packing.
Figure 6 has shown that the critical gel temperature decreases

with increasing F127 concentration, indicating that it is easier
for the micelles to be connected at a higher copolymer
concentration. The dependence of critical relaxation exponent,
n, on F127 concentration is shown in Figure 8. n decreases with
increasing F127 concentration. The various n at different F127
concentrations can be understood from the intermicellar
interaction. With a higher F127 concentration, a larger number
of micelles will be formed which will result in a denser micellar
network with a higher entanglement density of PEO blocks.

Hence, the decrease of n should be attributed to the increase in
the entanglement density of PEO blocks. Such a phenomenon
is similar to chemical gels in which the increase in the cross-
linking density results in a decrease of n.44

The physical properties of gels at the critical gel point can
also be described by Sg. We are able to take the advantage of eq
3 to determine Sg when n is known for a given F127 aqueous
solution. The examples of this kind of plot are illustrated in
Figure 9 for 20 and 25 wt % F127 aqueous solutions. The

crossover points appear quite well at 26.4 and 21.3 °C for 20
and 25 wt % F127 concentrations, which are consistent with
the results obtained by the Winter−Chambon criterion. Thus,
we obtained Sg using eq 3, which was plotted against F127
concentration in Figure 8. Sg increases with increasing F127
concentration, and a linear relationship of Sg with F127
concentration was obtained. This indicates that a higher F127
concentration induces much more micelles to result in a higher
entanglement density in the micellar corona. That is to say, Sg is
related to the total mass of copolymer and the increase in the
entanglement density of PEO blocks results in an increase of Sg
at the gel point.

Figure 8. Relationships of the scaling exponent n and gel strengthen Sg
with F127 concentration.

Figure 9. G′ and G″/tan(nπ/2) versus temperature for aqueous
solutions of (a) 20 wt % and (b) 25 wt % F127 with frequency varying
from 0.316 to 2.154 rad/s. The critical gel temperature is indicated by
the dotted line.
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From the rheological temperature ramp results shown in
Figure 3, both G′ and G″ increase sharply at the gel point and
then they reach to the gel plateau with further increasing
temperature. Thus, we are able to obtain the plateau values of
G′, denoted as Ge. One scaling law was extensively applied to
establish the relationships of Ge with polymer concentration
beyond the sol−gel transition38,45

ε= >G k p pforz
e g (5)

where k and z are the front constant and the scaling exponent,
respectively, and ε [= (p − pg)/pg] is defined as the relative
distance from a gel variable (p) to the sol−gel transition point
(pg). From G′ curves in Figure 3, we have been able to define
two gel states: the low temperature hard gel and the high
temperature soft gel when F127 concentration is greater than
20 wt %. To examine the validity of the scaling law for Ge, we
defined G′ at 90 and 40 °C as Ge in the soft gel region and the
hard gel region, respectively. Note that we directly used F127
concentration c instead of the relative distance ε because we
have not known the critical gel concentration. This treatment
does not change the basic feature of the scaling law.
Figure 10 shows the dependence of Ge on F127

concentration. It is observed that the decrease in PEO block’s

solubility at higher temperature reduces the degree of
overlapping of micellar coronas and the intermicellar
interaction. The PEO blocks in micellar coronas are believed
to be entangled during the sol−gel transition. The entangle-
ment density of PEO blocks in the micellar coronas determines
the value of the plateau modulus. Thus, Ge of the high
temperature gel is lower than that of the low temperature gel at
a given F127 concentration. Moreover, like the critical gel
strength Sg, Ge increases with increasing copolymer concen-
tration. A linear fitting was carried out in order to obtain the
scaling exponent z, which gave the following relations

=G c0.573 for hard gele
3.0

(6)

=G c0.066 for soft gele
3.0

(7)

The correlation coefficients were higher than 0.99, indicating
a good fitting. The various values of n have been predicted

based on the different theories. For example, de Gennes
predicted z = 1.9 according to the percolation model.46

According to the entanglement theory, Liu predicted z = 2.0.47

The mean-field theory predicted z = 3.0.48 The experimental
results show that the values of z are also dependent on the gel
systems. For example, z = 2.0−2.4 and z = 2.5 were reported
for polybutadiene gels49 and polybutadiene gels,50 respectively.
For a PVC/dibutyl oxalate gel system, Lopez obtained z =
3.7.51 The various gel systems show the different values of n,
suggesting that n should be related to the gel structure. In this
study, we found that z = 3.0 for both the hard gel and soft gel of
F127, which is consistent with the prediction of the mean-field
theory and is a typical characteristic for the gel formed by
micelles packed into an ordered structure.

■ CONCLUSIONS
Multiple phase transitions and rheological scaling law for F127
aqueous solutions have been studied by a combination of
micro-DSC and rheology. The thermoreversible micellization
was observed in the process of heating and cooling, and the
endothermic and exothermic curves displayed a mirror
relationship for a given F127 concentration. The increase in
F127 concentration resulted in the decrease in CMT. Beyond
the primary peak for micellization, the second and third
transition peaks were observed by micro-DSC for the
concentrated aqueous solutions of F127 (higher than 20 wt
%). These small peaks indicate the transitions of sol−gel and
hard gel−soft gel, which was further confirmed by rheological
measurements. The transition from the hard gel to the soft gel
was considered to be due to the decrease in PEO block’s
solubility in the high temperature region, which resulted in the
decrease in the entanglement density of PEO blocks. Using the
Winter−Chambon criterion, the critical gel temperature Tgel
has been obtained. A phase diagram, which could classify the
regions for unimers, micelles, hard gel, and soft gel upon
heating, has been determined. As F127 concentration increases,
the critical relaxation exponent n decreased but the gel strength
Sg increased. In the stable gel state, Ge showed the dependence
on F127 concentration according to a scaling law, Ge = 0.573c3.0

for the hard gel, and Ge = 0.066c3.0 for the soft gel.
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