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Abstract The phase transition be-
tween unimer and micellar phases
of poly(ethylene oxide)—poly(pro-
pylene oxide)-poly(ethylene oxide)
(PEO-PPO-PEOQ) triblock copoly-
mer Pluronic P105 in aqueous
solution has been investigated as
a function of temperature using
Fourier transform infrared spec-
troscopy. The transition of 8 wt%
Pluronic P105 in aqueous solution
was found to occur at 25 °C. As
temperature increases, PO blocks
appear to be stretched conformers
with strong interchain interaction,

and the formation of a hydrophobic
core in the micellar phase. The EO
chains are found to change to a
more disordered structure with low-
chain packing density from the
unimer phase to the micellar phase.
Both the EO and PO blocks exhibit
dehydration during the phase tran-
sition.
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Introduction

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethyl-
ene oxide) (PEO-PPO-PEO) triblock copolymers are
high-molecular-weight nonionic surfactants com-
mercially known as Poloxamers and Pluronics. The
hydrophilic-lipophilic property of these copolymers can
be readily altered by varying their molecular weight and
chemical composition. Thus, the PEO-PPO-PEO block
copolymers can meet the specific requirements of
different applications such as detergency, dispersion
stabilization, foaming, emulsification, and lubrication
[1, 2]. In the past decade, considerable efforts [3—7] have
been made to understand the properties of PEO-PPO—
PEO block copolymers.

The most characteristic property of PEO-PPO-PEO
block copolymers is the inverse temperature dependence
of micellization and gelation. In dilute solutions and
at low temperatures, the block copolymers dissolve in
aqueous solution as unimers (molecular copolymers) [8].
With increasing block copolymer concentration or

temperature, the critical micelle concentration (cmc) or
critical micelle temperature (cmt) can be observed where
the aggregation of PEO-PPO-PEO block copolymers
occurs and leads to the formation of intermolecular
micelles. Within a certain concentration and temperature
range, the block copolymers form spherical micelles
consisting of a relatively compact core of hydrophobic
PO blocks surrounded by a corona or shell of EO
segments with strong hydration. The micellization of
PEO-PPO-PEO block copolymers is very similar to the
behavior of conventional surfactants, which follow a
closed association mechanism with equilibrium between
unimers and micelles. A theoretical model based on
mean-field lattice theory has been developed for aqueous
solutions of block copolymers. This model can be used to
predict the regions for the unimer solution, spherical
micelles, and elongated rods as well as the two-phase
region as a function of temperature and concentration [9,
10]. The effects of temperature on the properties of PEO—
PPO-PEO block copolymer solutions have been studied
extensively; however, there are only a few reports of
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studies on PEO-PPO-PEO block copolymers by Fourier
transform infrared (FTIR) spectroscopy [4, 11].

In the present work, the effects of temperature on
structural features of the wunimer-to-micelle phase
transition in the PEO-PPO-PEO block copolymer-
water system have been investigated by FTIR spec-
troscopy.

Experimental

Materials

The Pluronic P105 PEO-PPO-PEO triblock copolymer is manu-
factured by BASF, and was used as received. The P105 polymer has
a nominal molecular weight of 6500, and a PEO content of 50 wt%.
On the basis of molecular weight and chemical composition, P105
can be represented by the formula (EO);7(PO)ss(EO)s;. The
Pluronic P105 aqueous solutions were prepared by dissolving the
copolymer in distilled water with gentle agitation.

FTIR measurements

FTIR spectra with a resolution of 2 cm™ were recorded on a
Bruker Vecter 22 FTIR spectrometer; deuterotriglycine sulfate
detector was used. The temperature study of the anhydrous PEO—
PPO-PEO block copolymer samples was carried out in the range
5-70 °C, and that of the aqueous samples was in the range 2-50 °C.
The temperature of the sample was measured by a thermocouple
inserted into a stainless steel block containing the sample cell. The
system comprised a Graseby-Specac temperature cell (P/N 21525).
The temperature measurement was accurate to +0.1 °C. The
equilibration time for each temperature was 2 min. A BaF, cell was
used for the liquid samples and a KBr cell was employed for the
anhydrous samples. The OPUS spectroscopic software was used for
data handling. The frequency and half linewidth of the bands were
determined using the OPUS peak pick function. For the 1200-
1000 cm™' region, the deconvolution of spectra was performed
using the OPUS deconvolution function; then the deconvoluted
spectra were curve-fitted with Gaussian bands, and the frequency
and half linewidth of the subbands were obtained.

Results and discussion
Characteristic infrared spectral features

The IR spectra of the anhydrous PEO-PPO-PEO block
copolymer Pluronic P105 and the 8 wt% Pluronic P105
in aqueous solution were recorded at various tempera-
tures. Large differences among the infrared spectra of the
Pluronic P105 PEO-PPO-PEO block copolymer can be
observed in Fig. 1 when the copolymer is in a crystalline
(5 °C) or in a molten state (70 °C) as an anhydrous
sample, and in aqueous solution at 2 °C (unimer phase)
and at 50 °C (micelle phase). The band intensity of the
block copolymer in aqueous solution is much weaker
than that of the anhydrous sample. In order to compare
the spectra of samples in aqueous solution with those of
anhydrous samples, the spectra were normalized to have
the same intensity scale. The spectra were shifted so that
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Fig. 1a,b Infrared spectra of the poly(ethylene oxide)-poly(propylene
oxide)—poly(ethylene oxide) (PEO-PPO-PEO) block copolymer
Pluronic P105 in crystalline and molten states as an anhydrous
sample, and in aqueous solution at a concentration of 8 wt% at 2 °C
and 50 °C. 1500-1000 cm™', 30002800 cm™"

the minimum y-value is set to zero and they are expanded
in the y-direction so that the maximum y-value is placed
at 2 absorbance units. The important bands appearing in
the C—H stretching region contain symmetrical and
asymmetrical C—H stretching of methyl groups and
methylene groups. The bending motion of hydrogen in a
C—H bond gives bands in the region 1300-1500 cm™'
[12, 13]. The methyl group exhibits two types of bending
vibrations while the methylene groups produce four
types of bending vibrations, viz., scissoring, rocking,
wagging, and twisting. The band due to the C—O
stretching mode for aliphatic ethers has been observed
in the region 1200-1000 cm™' [14]. The infrared spectra
of the anhydrous sample and the sample in aqueous
solution underwent dramatic changes in the region of
C—H stretching, C—H bending and C—O stretching
modes not only in the frequencies but also in the
intensities and widths of the infrared bands.

In the crystalline state, there are three coupled C—O
stretching and C—C stretching bands. The strongest
band in this spectral region is at 1114 cm™', and the
other two bands are at 1146 and 1063 cm™", respectively.
It should be emphasized that there are only small shifts
in wavenumber between the crystalline and the molten
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states; however, for the molten state, the 1063 cm™

band is weak and all the bands are in general broader
than the corresponding bands for the crystalline state.
When Pluronic P105 dissolves in water, the 1063 cm™!
band disappears, and the other two bands are much
broader and are accompanied by a shift of wavenumber
(1114 cm™") to lower frequencies. The unique feature of
the 1063 cm™' band for the crystalline state is the
characteristic band of the helical structure of PEO [15].
The disappearance of the 1063 cm™' band and the
broadening of the bandwidth for the molten state or in
aqueous solution indicate that, as expected, the PEO-
PPO-PEO block copolymer molecules under these two
conditions have higher mobility and are more disordered
in packing. The 1114 cm™" band is sensitive to hydrogen
bonding between the oxygens of the Pluronic polymer
and the hydrogens of water molecules [16]. When
Pluronic P105 dissolves in aqueous solution, the low-
frequency shift of the 1114 cm™' band is attributed to
hydrogen bonding between the block copolymer and
water.

The strongest band for the crystalline state in the
C—H stretching region is the CH; symmetric stretching
band at 2884 cm™'. The CH, symmetric and asymmetric
bands are two weak shoulders at each side of the
2884 cm™! band around 2860 and 2929 cm™'. In the
disordering process caused by heating the samples, the
2860 and 2884 cm™' bands shift to higher frequencies,
and the strongest band for the molten state is the CH,
symmetric mode at 2868 cm™'. The infrared spectra of
Pluronic P105 in aqueous solution show different spectral
features in the C—H stretching region. The CH, sym-
metric and asymmetric bands shift to higher frequencies
with increase of temperature, while the CH; symmetric
and asymmetric bands shift to lower frequencies.

The spectrum of crystalline Pluronic P105 shows two
bands in the CH, twisting region: they are assigned to
the helix structure at 1238 cm™' and to the trans
structure at 1280 cm™'. In the CH, wagging region, the
crystalline Pluronic P105 exhibits two bands at 1344 and
1358 cm™!, which are assigned to the trans structure and
the helix structure, respectively [15]. When heating the
anhydrous sample or when dissolving Pluronic P105 in
water, the broadening of bandwidth, decreasing of band
intensity, and shifting of wavenumber to high frequency
are shown in the CH, twisting and wagging region. This
indicates that a more disordered structure and higher
mobility are observed for the PEO-PPO-PEO block
copolymer at high temperature and when dissolved in
aqueous solution.

Temperature-dependent phase transition

It is well documented that temperature can induce the
phase transition for copolymers in aqueous solution

from an unimer phase to a micellar phase [6]. As shown
in Fig. 1, the infrared spectra of the unimer and the
temperature-induced micellar phases of Pluronic P105
are considerably different. It is therefore expected that
drastic changes in the infrared spectra of the Pluronic
P105 aqueous solution occur at the cmt with the unimer
phase transforming into a micellar solution. Such
changes in the infrared spectra of Pluronic P105 in
aqueous solution with a concentration of 8 wt% are
indeed observed at 25 °C. Abrupt changes at the cmt can
be visualized from the spectra shown in Fig. 2 which
illustrate infrared spectra as a function of temperature
for Pluronic P105 in the 1500-1200 cm™' region. The
spectra in the 3000-2800 cm™', 1500-1200 cm™', and
12001000 cm ™" regions are discussed in the following
sections.

3000-2800 cm™' region

The infrared spectral parameters normally used to
characterize the lipid transition are frequencies and
bandwidths of the C—H stretching mode. Each of these
parameters is sensitive to various aspects of lipid
conformation and mobility [17, 18]. Because the CH,
and CH; symmetric stretching bands are more sensitive
to the conformational change of the anhydrous sample
(Fig. 1), these two bands are naturally chosen to study
the thermal transition of the PEO-PPO-PEO block
copolymer Pluronic P105. The changes in the CHj
symmetric stretching band are quantitatively monitored
by determining the temperature dependencies of fre-
quency and bandwidth. (Fig. 3). In the temperature
range 2-25 °C, a slight increase in bandwidth and a
slight decrease in wavenumber are observed. It is found
that there are drastic decreases in wavenumber and
bandwidth centered at about 25 °C. These changes may
correspond to the unimer-to-micelle transition for the
concentration of 8 wt% copolymer in aqueous solution.
The decrease in wavenumber of the symmetric CHj
stretching band is quite possibly due to the decrease in
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Fig. 2 Infrared spectra of the 1500-1200 cm™' region of the PEO—
PPO-PEO block copolymer Pluronic P105 in aqueous solution at a
concentration of 8 wt% in the temperature range 2-50 °C
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Fig. 3 The temperature dependence of the frequency and the width of
the CH; symmetric stretching band in the infrared spectra of the
PEO-PPO-PEO block copolymer Pluronic P105 in aqueous solution
at a concentration of 8 wt%

the gauche conformer of the PO chains (which contain
CH; group) from the unimer phase to the micellar
phase. The bandwidth indicates that at higher temper-
ature in the unimer phase, the PO block has higher
mobility. When micelles are formed, the methyl groups
exist in a more fixed position; therefore, there is an
abrupt decrease in bandwidth with increase of temper-
ature above 25 °C. The CH, symmetric and asymmetric
modes show different temperature-dependent changes
compared with the CHj; stretching modes of the PO
blocks. As Pluronic P105 has more EO fragments than
PO fragments and EO fragments have more methylene
groups than PO fragments, the different temperature-
dependent changes of methylene symmetric and asym-
metric modes may reflect the conformation and mobility
of EO blocks. The temperature dependence of the
frequency and width of the CH, symmetric stretching
band at 2850 cm™! is illustrated in Fig. 4. The effects at
the transition temperature result in a sharp increase in

18

e
2860 - __e— Wavenumber o°
—O0— Bandwidth o’
~ 2858+ X et by
‘E ' ” o —"A
g s/
S 2856} o p g
_"E /. /o 116 =
E 2854t pp 3
g o /. /o E
z 2852+%00, ¢ :
g “op oo f 127
2850 0.9.0-0 9L 0
~0-0-0-0
2848 : ‘ ' ' o
0 10 20 30 40 50

Temperature (°C)

frequency and an abrupt broadening of this band.
Similar effects on the frequency and the bandwidth are
observed on the melting of n-alkanes and can be
correlated with a higher population of gauche conform-
ers in the liquid hydrocarbon phase [13]. The same
results can also be found in disorder processes of
Pluronic P105 by heating the anhydrous sample
(Fig. 1). Thus, the CH, stretching vibrations shift to
higher frequencies, suggesting that the molecular ther-
mal motion increases the population of gauche con-
formers in the EO chains, which results in a decrease in
chain packing density and leads to weaker screening and
stabilization of the hydrophobic PO blocks from water.
Therefore the unimers aggregate to micelles to stabilize
the block copolymer-water system.

1200-1000 cm ™' region

To probe the temperature effect on the hydration of PO
and EO blocks, the deconvolution method was used to
obtain independent information about the possible
components under a complex band profile in the C—O
stretching region. In the deconvoluted spectra, the
strong band in the 1200-1000 cm™' region can be
separated into two components, one around 1071 cm™’
and the other around 1091 cm™". The frequencies of the
two bands are plotted in Fig. 5 versus temperature.
From an inspection of Fig. 5, it is clear that an increase
in temperature leads to drastic changes in the frequen-
cies of the 1071 and 1091 cm™" bands in C—O stretching
region, but the 1091 cm™' band exhibits a big change,
while the 1071 cm™! band shows a small change. The
two bands broaden, and shift to higher frequencies at
the cmt, which can be identified to be at 25 °C.

The PO block is the hydrophobic part of the block

copolymer, while the EO block is the hydrophilic one.
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Fig. 5 The temperature dependence of the frequency of the C—O
stretching mode of the PO and EO blocks in the infrared spectra of
the PEO-PPO-PEO block copolymer Pluronic P105 in aqueous
solution at a concentration of 8 wt%

Fig. 4 The temperature dependence of the frequency and the width of
the CH, symmetric stretching band in the infrared spectra of the
PEO-PPO-PEO block copolymer Pluronic P105 in aqueous solution
at a concentration of 8 wt%
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The C—O stretching band shifts to lower frequency
when the water molecules bind to the block copolymer.
The band around 1071 cm™! is assigned to the C—O
stretching mode of the EO block, and the band around
1091 cm™' to that of the PO block. By probing the
frequency shift of the C—O stretching modes of the EO
and PO blocks given in Fig. 5, we could deduce the
dehydration of the EO and PO chains associated with
the transition from the unimer phase to the micellar
phase. In the unimer phase, the copolymer dissolves in
water as a molecular copolymer, which forms a PPO
hydrophobic core surrounded by the hydrophilic PEO
blocks [8]. The water molecules could bind to the
hydrophilic EO blocks and could also penetrate into the
hydrophobic PPO core. Therefore, at low temperature,
the wavenumbers of the C—O stretching modes of the
PO and EO blocks are both low. The result that the core
contains water was also found by Goldmints et al. [19]
using small-angle neutron scattering. When the temper-
ature increases to the cmt, the PO block undergoes a
large degree of dehydration, as is evident from Fig. 5.
The water molecules are removed from the C—O groups
of the PO block, so the repulsion between PO blocks is
minimized. This creates a proper nonpolar environment
in the micellar core region for the PO blocks in the
micellar phase. With increasing temperature, the EO
blocks undergo a small degree of dehydration. The EO
block-water interaction is somewhat decreased while the
interaction between EO blocks is increased, so the EO
blocks aggregate to form a hydrophilic micellar corona.

15001200 cm™" region

The bending modes of CH, and CH; in the 1500—
1200 cm™" region are shown in Fig. 2. The most
important signals belonging to this region are the bands
near 1350 cm™! assigned to the out-of-phase CH,
wagging mode in a gauche conformation, the bands
near 1300 cm™' assigned to the out-of-phase CH,
bending motions of gauche conformers, and the bands
near 1284 cm™! assigned to out-of-phase CH, bending
motions of trans conformers.

As shown in Fig. 2, the out-of-phase CH, bending
modes show a band at 1300 cm™" and a shoulder at
1284 cm™! at low temperature, which suggests the
existence of trans defects in disordered EO chains. The
two bands merge to a single band at 1300 cm™' with
increasing temperature. The disappearance of the
1284 cm™! band is an indication of the disappearance
of trans conformers in EO blocks in the micellar phase.
Another important infrared-active mode, in the 1500—
1200 cm™" region, is the CH; umbrella deformation

mode near 1376 cm™!, which is sensitive to the environ-

ment and to the intermolecular interaction [20]. The
temperature dependency of frequency and bandwidth
exhibits a similar trend as for CH3 asymmetric stretching
modes versus temperature. In the temperature range
2-25 °C, the bandwidth of the 1376 cm™' band increases
and the wavenumber decreases slightly with increase of
temperature. There are drastic changes centered at about
25 °C: the band shifts abruptly to lower frequencies
accompanied by a decrease of the bandwidth. This
means an increase in the intermolecular interaction and
a decrease in the rotational motion of the PO chains in
the micellar phase. The increase of the bandwidth with
the increase of temperature below 25 °C is due to the
increase in mobility of the PO blocks in the unimer
phase.

Conclusions

The conformational changes and dehydration of both
EO and PO blocks in Pluronic P105 from the unimer
phase to the micellar phase can be seen by FTIR
spectroscopy. The deconvoluted spectra can be used
satisfactorily to provide microenvironmental informa-
tion on PEO and PPO blocks in triblock copolymers.
Both PEO and PPO chains undergo dehydration with
increasing temperature; however, the degree of dehy-
dration of PEO chains is lower than that of PPO
chains.

In the unimer phase, the PPO blocks exhibit disor-
dered structure and the intermolecular interaction is
weak. The rotation of the methyl groups increases with
increasing temperature. The PEO blocks shows trans
defects in polymer chains. The presence of bound water
is evident in both the PO block and the EO block.

In the micellar phase, PPO blocks show extended
structure and strong intermolecular interaction. The
methyl groups are restricted. The trans defects disappear
and the gauche conformers increase in the PEO blocks
with low-chain packing density. With increasing tem-
perature, water is gradually replaced by polymer. Above
the transition region the PO core is nearly anhydrous.
Although the EO blocks undergo a little dehydration as
the temperature is increased, there is water in the
corona.
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