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ABSTRACT: The effects of alcohol addition on gelation and micellization in aqueous solution of EO100PO65EO100 

(Pluronic F127) triblock copolymer were studied using tube inversion method (TIM), rheometry, dynamic light scatter
ing (DLS), and high sensitive differential scanning calorimetry (DSC). Upon the addition of alcohol such as methanol or 
ethanol, the hard gel transition temperature is raised resulting in reduced hard gel region in the phase diagram and 
these alcohols were shown to increase the critical micelle temperature (cmt). Butanol, however, clearly lowers hard gel 
transition temperature and cmt. In the case ofpropanol up to 15 v% the onset temperature of the hard gel is slightly low
ered while the hard gel transition temperature is raised for propanol content more than 20 v%. The experimental inves
tigation shows that lower alcohols such as methanol and ethanol prevent the onset of gelation and micellization while 
higher alcohols such as butanol favor gelation as well as the formation of micelles in aqueous solution ofEO100PO65EO100 

triblock copolymer. 
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Numerous studies have been devoted to aqueous solu
tions of poly(ethylene oxide)-poly(propylene oxide)-poly
(ethylene oxide) (PEO-PPO-PEO) triblock copolymers 
using experimental techniques such as small angle neu
tron scattering (SANS), 1- 5 small angle X-Ray scattering 
(SAXS),6·7 fluorescence,8·9 differential scanning calo
rimetry,10, 11 static and dynamic light scattering,12· 13 

and rheological measurement. 10·14·15 These copolymers 
are commercially available as surfactants (Pluronics®; 
BASF or Poloxamers®; ICI) and widely used for emulsi
fication, detergency, dispersion stabilization and so 
forth. 16 

Because of the amphiphilic character of the PEO-PPO
PEO triblock copolymer, it forms spherical micelles6·17 

due to its self-assembling nature in aqueous solution 
when its solution concentration exceeds the critical mi
celle concentration (cmc)8·14·18 or solution temperature is 
increased above the critical micelle temperature 
(cmt)_5,8,18 

In aqueous solutions of E0100P065E0100 (Pluronic 
F127) sol-to-gel and gel-to-sol transition is observed as 
temperature is increased at copolymer concentrations as 
low as 20 wt%.6·15·18·19 Gels formed with this triblock co
polymer are physical gels formed through non-covalent 
associations and gels reversibly transform to sols when 
the temperature is lowered below the gelation tempera
ture namely thermoreversible gelation. 15·18 

Several mechanisms of thermally reversible gelation 
of the E0100P065E0100 copolymer solution have been 
proposed. The sol-to-gel transition has been explained in 
terms of intrinsic change in micellar properties 20 or en
tropic change associated with locally ordered water 
molecules close to the PPO hydrophobic blocks.21 SANS 
experiments showed that the gel transition is due to 

hard-sphere crystallization when the micelle concentra
tion reaches the critical volume fraction of 0.53.3 This 
implies that gels form when the micelles are arranged in 
a close-packed (cubic) array ofmicelles.1·15 With increas
ing solution temperature and concentration of the E0100-
P065E0100 triblock copolymer, the average number of 
polymer chains per micelle (i.e., aggregation number) in
creases because the unimer-micelle equilibrium shifts 
further toward the micelle state, but after the aggrega
tion number reaches a plateau value average distance 
between micelles is reduced due to increase in micelle 
concentration and eventually the micelles touch one an
other. 3 This causes entanglements of hydrophilic corona 
PEO chains of micelles and also has a possibility of form
ing a local crystalline structure.3 Strong entanglements 
among the corona chains form hard gels22 while weak 
entanglements yield soft gels10•22 whose storage modulus 
(G') is generally about ten times smaller than the stor
age modulus (G') of the hard gel. Further increase in 
temperature causes gel-to-sol transition because water 
acts as a poor solvent of corona PEO chains, collapsing 
in solution and eventually precipitating as the Flory 0 
temperature of PEO is approached.3·22 

There are many factors which affect the formation of 
micelles and gels including crystallinity,3 molecular 
characteristics such as PPO /PEO ratio and molecular 
weight,8·14 and additives23 such as salts. 17 However, the 
effects of alcohol addition on the sol-to-gel transition be
havior of PEO-PPO-PEO triblock copolymers have not 
been investigated in detail except for a few initial 
works.24 - 27 Few studies address change in thermody
namics of an aqueous PEO-PPO-PEO system (i. e., phase 
diagram) upon the addition of alcohol and its effects on 
macroscopic properties such as rheological behavior, 
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which is quite sensitive to local structural change. The 
present study investigates the effects of alcohol addition 
on sol-to-gel transition of aqueous EO100PO65EO100 tri
block copolymer solutions and more specifically, effects 
on rheological properties. 

EXPERIMENTAL 

Materials 
Commercial grade EO100PO65EO100, Pluronic F127, 

was kindly donated by BASF and used without further 
purification. The nominal molecular weight of this co
polymer is 12600 and weight fraction of PEO in the tri
block copolymer is approximately 70%. 

Four alcohols with different degrees ofhydrophobicity
methanol, ethanol, n-propanol, and n-butanol were used. 
The boiling points of the alcohols are 65.0°C for metha
nol, 78.5°C for ethanol, 97.4°C for n-propanol, and 
117.3°C for n-butanol, respectively. 

Preparation of Samples 
Aqueous solutions of the EO100PO65EO100 triblock co

polymer at various concentrations (wt%) were prepared 
and heated to 90°C for 10 min in sealed vials. The solu
tions were gently agitated and stored below 5°C for more 
than 1 day. 

Mixtures of alcohol and distilled water at various vol
ume ratios of alcohol to water [v(alcohol)/v(water); 5/95, 
10/90, 15/85, 20/80, 25/75, 30/70, 40/60] were used as 
mixed solvents for the triblock copolymer and polymer 
concentrations of these solutions were fixed at 20 wt% 
because it was expected that the effect of alcohol addi
tion would be much more pronounced with 20 wt% poly
mer concentration since only a hard-gel was observed 
with this concentration in pure water. The triblock co
polymer and mixed solvent were weighed into a tightly 
sealed vial and incubated below 5 °C for more than 2 days 
without stirring to prevent evaporation of the low boil
ing alcohol. 

Tube Inversion Method 
Vials with diameter of 13 mm were used, sealed with 

Teflon tape are placed in a water bath to control tem
perature with an accuracy of ±0.0l°C. To ensure equi
librium, more than 10 min temperature equilibration 
time was allowed for each temperature and measure
ments were carried out every 0.5°C from l°C to 90°C. 
Change from a mobile state to an immobile one was de
termined by inverting the vial. Hard gels were defined 
as immobility of the solution (i.e., no movement of the 
liquid meniscus in the vial for more than 5 min) while 
soft gels were defined as detection of any slow movement 
of the meniscus over a period of 5 min. Sols were defined 
as those that readily flow to the bottom of a tube within 
5 min upon inversion. 

Rheology 
A Rheometer RMS-800 (Rheometrics, Inc.) in a coni

cylinder geometry (cup diameter, 52 mm; bob diameter, 
50 mm; bob length, 20 mm; and bottom gap, 0.2 mm) 
was used to measure the dynamic viscoelastic storage 
modulus G' and loss modulus G" of EO100PO65EO100 so
lutions as a function of temperature. Temperature scans 
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at a fixed frequency of 0.5 rad s -l were carried out at a 
heating rate of 1 °C min -l from 2°C to 90°C. Strain was 
fixed at 2. 7% which was small enough to ensure linear 
viscoelasticity. 

Dynamic Light Scattering (DLS) 
BI-9000AT (Brookkaven, Inc.) was used to detect size 

distribution of EO100PO65EO100 in water. DLS is 
equipped with a digital autocorrelator and photon 
counter. Light source of a He-Ne laser with A =632.8 
nm was used and scattering angle was fixed at 90°. In
verse Laplace transform was performed using the CON
TIN program. All solutions were again filtered with fil
ters of0.45 µm pore size to avoid effects of impurity. 

Differential Scanning Calorimeter (DSC) 
A Hart DSC (Model 4110; Calorimetry Sciences Corp.) 

was used to measure cmt of EO100PO65EO100 copolymer 
solution in a temperature range between 0°C and 80°C. 
This DSC has high sensitivity to detect a tiny amount of 
heat flow even up to µcal g- 1. The concentration of the 
triblock copolymer solution was fixed at 0.3 wt% and the 
heating rate was fixed at 1 °C min -l_ Samples were 
sealed in steel cylinders and an empty cylinder was used 
as reference. All solutions were filtered with 0.45 µm 
pore size filters to avoid effects of impurity. 

RESULTS AND DISCUSSION 

The effects of alcohol addition to the aqueous solutions 
of EO100PO65EO100 (Pluronic F127) were investigated at 
various volume ratios of alcohol to water (5-40 v%) for 
methanol, ethanol, propanol, and butanol. Figure 1 
shows the phase diagram of the triblock copolymer in 
pure water and schematic structures of sol, soft gel, and 
hard gel are illustrated. The EO100PO65EO100 triblock co
polymer exists as a unimer6 below cmc or cmt. Above 
cmc or cmt the triblock copolymer forms spherical mi
celles consisting of PPO as core and PEO as corona.6•17 

The number of micelles increases with solution tempera
ture or concentration of EO100PO65EO100 triblock copoly
mer. Further increase of temperature or concentration 
makes micelles overlap.3 Weak entanglement among co
rona PEO chains generally forms soft gels10•22 while 

100 .. .. 
Sol • 80 .. • E 

60 
.a 
Q) 

40 C. 
E 
Q) 

Sol I-

20 l,_ _, 
,..,...-

0 
0 5 10 15 20 25 30 35 40 

Concentration (wt%) 

Figure 1. Phase diagram of EO100PO65EO100 in water made with 
the tube inversion method (TIM). Closed circles Ce) are the hard 
gel boundaries and open circles (0) show the soft gel boundaries. 
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strong entanglements yield hard gels.22 At even high 
temperature gel-to-sol transition occurs because water 
acts as a poor solvent of corona PEO chains, shrinking to 
the core.3 Hard gels are observed for copolymer concen
trations above 16 wt% within a temperature between 
l0°C and 90°C in agreement with previously reported re
sults.17•18•28 For copolymer concentrations from 15 to 19 
wt% soft gels are also observed around the hard gel 
boundary, as detected by the tube inversion method 
(TIM). 

In the addition of ethanol to EO100PO65EO10o aqueous 
solution, hard gel boundaries shift toward higher poly
mer concentrations with increase in ethanol volume 
fraction, as shown in Figure 2. Because the boiling point 
of ethanol is 78.5°C, the phase diagram in Figure 2 is 
limited to the temperature of 78.5°C. The addition of 
ethanol suppresses the formation of hard gels and this is 
even more pronounced with a larger amount of ethanol. 
As the hard gel boundaries shift toward higher polymer 
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Figure 2. Phase diagram of EO100PO65EO,00 in a mixed solvent 
of ethanol and water made with the tube inversion method (TIM). 
Closed circles (e) are hard gel boundaries and open circles (0) 

show soft gel boundaries. Measuring temperature is limited to 
78.5 °C due to the boiling point of ethanol. 
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concentrations with the addition of ethanol, the soft gel 
boundaries move to higher polymer concentrations. The 
soft gel boundary shifts less in comparison with the shift 
of the hard gel boundary. As a result, the soft gel region 
expands with increase in ethanol volume ratio (Figure 
2). We believe that a region in which a hard gel initially 
forms and is converted to a soft gel region due to ethanol 
addition, presumably hindering the close packing of the 
block copolymer micelles. 

For a 20 wt% aqueous solution of the EO100PO55EO100 
triblock copolymer, Figure 3 shows rheological proper
ties such as storage modulus (G'), loss modulus (G"), 
complex viscosity ( T/ * ), and tan o measured as a func
tion of temperature with a heating rate of l 0C min -I. At 
that concentration, aqueous solution of the EO100PO65-
EO100 triblock copolymer undergoes sol-to-hard gel and 
hard gel-to-sol transition as temperature is increased, as 
previously shown in Figure 1. The crossover point, de
fined as G' = G ", has been proposed as a criterion for the 
sol-to-gel transition29 and this criterion has been dis
cussed in previous studies.10·30 In our work, abrupt 
changes in moduli were defined as sol-to-hard gel transi
tion22 and this criterion was in excellent agreement with 
the results obtained with TIM. 

Rheological properties of the 20 wt% EO100PO65EO100 
copolymer solution were measured at different volume 
ratios of alcohol to water (0-40 v%) for various alcohols. 
The effect of alcohol addition can be more clearly ob
served with 20 wt% solution since only the hard gel, 
whose storage modulus (G') reaches 104 Pa, was formed 
with this concentration in pure water. The hard gel tran
sition can be easily detected by abrupt changes in stor
age modulus (G') but the soft gel transition cannot be 
unequivocally detected because G' gradually increases 
with temperature in the coni-cylinder geometry before 
abrupt jump to a hard gel. For alcohols with shorter al
kyl chains such as methanol and ethanol, the hard gel 
transition temperature initially shifted to a higher tem
perature with the addition ofa small amount of the alco
hol as shown in Figures 4a and 4b. The degree of shift of 
the hard gel boundary was small within a temperature 
range of 5°C for methanol (5, 10, 15 v%) and for ethanol 
(5, 10, 15, 20 v%). When more methanol or ethanol, the 
hard gel transition temperature significantly shifted to a 
higher temperature; for 25 v% and 30 v% of methanol 
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Figure 3. Storage modulus (G'), loss modulus (G'), and tan 5 
plotted against temperature for a 20 wt% aqueous solution of 
EO100PO65EO100 copolymer. Heating rate isl 0C min-,. 
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Figure 4. Changes of storage modulus ( G ') as a function of tem
perature at different volume fractions of alcohol in water; for (a) 
methanol, (b) ethanol, and (c) propanol. The concentration of 
E0100P065E0100 copolymer solution is fixed at 20 wt% and the 
heating rate is 1 °C min -i_ 

the hard gel transitions shifted from 23.5°C to 33.5°C 
and 4 7°C, respectively and for 25 v% of ethanol the hard 
gel transition shifted from 23.5°C to 55°C. When more 
than 40 v% methanol and 30 v% ethanol were added to 
aqueous copolymer solution, there were no abrupt 
changes in G' as a function of temperature and G' re
mained relatively low (G' < 103 Pa). This implies that in 
the case of the addition of alcohols with shorter alkyl 
chain (C1 and C2) the formation of hard gels may be 
strongly affected by the addition of large amounts of al
cohols with short alkyl groups. 

In the case of propanol, the effect of alcohol addition 
on the gelation is unique because propanol is marginal 
in the alkyl chain length between ethanol and butanol. 
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Figure 5. Size distribution, determined by dynamic light scatter
ing, of unimers, micelles, and clusters of micelles for 20 wt% of 
E0100P065E0100 at 15°C in (a) pure water, (b) ethanol/water (v/v; 
25/75), and (c) propanol/water (v/v; 25/75). 

As shown in Figure 4c the onset temperature of the hard 
gel slightly shifted to a lower temperature for 5 v%, 10 
v%, and 15 v% propanol addition while the temperature 
of the hard gel transition was raised to 24 °C and 55 °C 
upon the addition of 20 v% and 22 v% propanol, respec
tively. When propanol was added above 25 v%, no hard 
gel transition was observed. 

The effect of the addition of a large amount of ethanol 
and propanol was investigated using dynamic light scat
tering (DLS) as shown Figure 5. For a 20 wt% aqueous 
solution of EO100PO65EO100 triblock copolymer at 15°C, 
unimers (1-3 nm), micelles (10-20 nm), and clusters of 
micelles ( 40-170 nm) were observed. When 25 v% etha
nol or propanol was added to the copolymer solution at 
15°C, only the motion of unimers and micelles was de
tected. This points toward the suppression of cluster for
mation of micelles, eventually related to the suppression 
of gelation. 

In contrast to alcohols with shorter alkyl chains, an al
cohol with a longer alkyl chain such as butanol has fa-
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vorable effect on gelation. VVhen butanol content in the 
water/butanol mixed solvent reaches 10 v%, the gel 
boundary moves to a lower block copolymer concentra
tion as well as to a lower temperature in the phase dia
gram expanding the hard gel region, as shown in Figure 
6a. This is more clearly seen in rheological behavior. For 
a 20 wt% E0100P065E0100 copolymer dissolved in mixed 
solvents containing 5 v% and 10 v% of butanol in water, 
the sol-to-hard gel transition changes from 23.5°C in 
pure water to 19.5°C and 11 t, respectively, as shown in 
Figure 6b. The sol-to-hard gel boundary eventually dis
appears when a large amount of butanol is added to 
aqueous solution of copolymer (30 v% butanol in Figure 
6b). 

These differences of the addition of alcohols in gela
tion behavior were found in the measurement of the 
critical miceUe temperature (cmt). With the addition of 
alcohols with shorter alkyl chains such as methanol and 
ethanol, cmt increases with volume fraction of alcohol in 
water, as shown in Figures 7a and 7b. Such shift in cmt 
indicates that the formation of micelles is suppressed 
upon the addition of shorter alcohols (i. e., methanol and 
ethanol) and decrease in the heat of endotherm with al
cohol content points to the fact that the number of mi
celles formed gradually decreases with the amount of 
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Figure 6. (a) Phase diagram of EO100PO65EO100 copolymer solu
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shorter chain alcohol added. These effects are inter
preted in terms of the disruption of water structure 
around micelles. 31 Methanol and ethanol normally act as 
water-structure-breakers prevent the self-hydration of 
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water, resulting in increased polymer solubility. These 
alcohols can be regarded as ligands which substitute 
water molecules in solvation.32 As a result, these alco
hols bind to copolymer molecules in the same way as in
organic ligands bind to metal ions in coordination com
pounds.31 Propanol has a unique effect on cmt so much 
like the results in rheological properties. As shown in 
Figure 7c, the slightly lower cmt implies favorable for
mation of micelles while a reduced endotherm indicates 
decreased number of micelles upon the addition of the 
propanol. These seemingly contradictory results may be 
due to marginal alkyl chain length of propanol. 

In the addition of longer chain alcohols such as bu
tanol, cmt decreases with the amount of butanol and, at 
the same time, the endotherms are almost constant with 
the addition of butanol, as shown in Figure 7d. This ef
fect of butanol addition on cmt is believed to occur be
cause butanol acts as a water-structure-maker promot
ing the self-hydration of water by favorable interactions 
between butanol and water resulting in the exclusion of 
the copolymer in the solvent region and/or because bu
tanol favors the aggregated form of the copolymer.31 Be
cause gelation of the EO100PO65EO100 (Pluronic F127) co
polymer in aqueous solution is mainly due to close pack
ing of spherical micelles, 1·15 the effects of different alco
hols on micellization can be applied to the gelation. 
Since methanol and ethanol prevent micellization as 
shown in microcalorimetry, these alcohols suppress the 
gelation of copolymer solution. In contrast, butanol en
hances micellization and gelation of the copolymer solu
tion. As noted from Figures Sa and Sb, cmt and onset 

Polym. J., Vol. 33, No. 5, 2001 

temperature of hard gels shift to higher values with in
crease in methanol or ethanol in the alcohol/water mix
ture while cmt and onset temperature of hard gels move 
to lower values in butanol/water mixed solvents. 

CONCLUSION 

TIM, rheometry, dynamic light scattering (DLS), and 
microcalorimetry were used to study the effects of alco
hol addition on sol-to-gel transition and micellization of 
EO100PO65EO100 triblock copolymer, Pluronic F127, in 
water. Alcohols with shorter alkyl chains such as metha
nol and ethanol increased hard gel temperature and 
cmt. These effects are believed to occur because metha
nol and ethanol act as water-structure-breakers resulting 
in increased polymer solubility. The micellization of the 
EO100PO65EO100 triblock copolymer solution is thus sup
pressed and these effects can be applied to hard gel tran
sition because hard gels form simply due to close pack
ing of spherical micelles. Butanol acts as a water
structure-maker resulting in exclusion of the copolymer 
or favors the aggregated form of the copolymer. Thus, 
the hard gel transition temperature as well as cmt are 
lowered by the addition ofbutanol. Since propanol has a 
marginal length of alkyl chain between ethanol and bu
tanol, its effect on gelation and micellization may also be 
marginal. 
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