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Abstract The micellar behavior of a polyethylene oxide
block—polypropylene oxide block—polyethylene oxide co-
polymer Pluronic L64 in aqueous urea solutions (urea
concentrations 0, 1, 2, 3, 4, and 6 M) by physical methods,
viz. cloud point and viscosity, spectral techniques (Fourier
transform infrared, fluorescence, and nuclear magnetic
resonance), differential scanning calorimetry, and dynamic
light scattering is reported. The presence of urea causes an
increase in the clouding temperature, critical micellization
temperature, and the structural transition (spherical micelles
to ellipsoid/rod) temperature; different methods showed
good agreement. Urea induces demicellization of L64,
enhancing accumulation of water molecules surrounding
micelles. L64 micelles show growth at high temperatures,
but this micellar transition is suppressed by urea, as proven
by calorimetric and viscometric methods. The results are
discussed in terms of the molecular mechanism underlying
the effects of urea.
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Introduction

Hydrophobic interactions are primarily responsible for
micellization of surfactants and tertiary structure of proteins
in aqueous solutions. In fact, clouding and aggregation
behaviors of surfactants and the protein denaturation are
closely related phenomena. However, the effect of urea on
proteins or supramolecular aggregates such as micelles is
yet a debated issue. It is known that the presence of urea
(known as protein denaturant) shifts micelle formation and
micellar transitions to higher concentrations, decreases
counter ion binding in ionic micelles, and hence decreases
aggregation number. The effect of urea has been found to
raise the critical micelle concentration (CMC) [1, 2], but a
decrease in CMC at low urea concentrations was also
evident [3-5].

polyethylene oxide block—polypropylene oxide block—
polyethylene oxide (PEO—PPO-PEO) triblock copolymers,
known as Pluronics, are commercially available in a variety
of molecular weights and PEO/PPO ratios [6]. These
copolymers form micelles with the hydrophobic core
consisting of PPO blocks and an outer shell of the hydrated
PEO above CMC in water and salt solutions [7—12]. The
formation of triblock copolymer micelles is temperature-
dependent, resulting in a dramatic decrease of the CMC
upon a small increase in temperature. This arises because
the temperature induced dehydration of the constituting
blocks. The hydrophobic/hydrophilic character of the
copolymer in aqueous solution can be altered by varying
the solution temperature or modifying the properties of
aqueous solvent. As a result, amphiphilic copolymers have
found widespread applications in emulsification, solubiliza-
tion and controlled release, as well as product formulation in
industries ranging from agriculture to pharmaceuticals
[9, 13-15].
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Two different mechanisms have been proposed to
explain the action of urea in aqueous solutions: (1) an
indirect mechanism, according to which urea acts as a
“structure breaker” and thus facilitates the hydration of non-
polar solutes [16, 17] and (2) a direct mechanism,
consistent with urea has almost no effect on the water
structure, replaces some of the water molecules in the
hydration shell of the solute, and self-associates [18].
However, a fundamental understanding of these effects
remains a challenging unsolved problem. Addition of urea
increased the CMC of nonionic [2, 19] and ionic surfactants
[20], decreased the hydrodynamic radius of nonionic [19]
and ionic micelles [21], and raised the cloud point temper-
atures of nonionic surfactant solution [19, 22].

We noticed through literature that a great deal of
research work is already completed to understand effect of
various additives, e.g., electrolytes, alcohols, hydrotropes,
etc. on Pluronic solutions [16-21]. Though a complete
study describing an effect of urea on triblock copolymer is
still lacking to the best of our knowledge, in this paper, the
effect of urea on a triblock copolymer L64 (EO{3PO30EO;3,
total molecular weight 2,900, % PEO 40) has been studied
by various techniques, viz. cloud point, viscosity, fluores-
cence, Fourier transform infrared (FTIR), nuclear magnetic
resonance (NMR), dynamic light scattering (DLS), and
differential scanning calorimetry (DSC) measurements.
Solution (2%) of nonionic surfactant L64 exists as micelles
at 30 °C with hydrodynamic diameter of about 18 nm. Our
aim was to examine how these micelles disintegrate in the
presence of urea. The demicellization of any nonionic
surfactant in the presence of any additive has been tried
before. An attempt is made to understand molecular
mechanism underlying urea-induced L64 demicellization
making use of some analytical techniques.

Materials and methods

Pluronics L64 was obtained from BASF, Mount Olive, NJ,
USA and used as received. Analytical grade (BDH,
England) urea was used. Fresh solutions of L64 (2 wt.%
unless stated otherwise) at different urea concentrations in
double distilled water were used. For DLS measurement,
Milli-Q water having specific resistance 18.2 M{2 cm and
for NMR experiments D,O was used.

Cloud point

Cloud point measurement is an effective study to understand
the phase separation and structural transition in block
copolymer systems. For PEO-PPO-PEO block copolymers,
the dehydration of polyethylene oxide moiety at higher
temperature results in a complete phase separation, known as
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the cloud point. The clouding phenomenon shows that the
interactions between the PEO chains become increasingly
attractive with increasing temperature in aqueous solution or,
in other words, water becomes a less good solvent.

Measurements were carried out at fixed concentrations
of the copolymer (1-10 wt.%) in the absence and presence
of various amount of added urea by gently heating solution
in thin 20-ml glass tubes immersed in a water bath well
stirred with a magnetic bar while being heated. The heating
rate was controlled to 1 °C/min. The first appearance of
turbidity was taken as the cloud point. The cloud point of
copolymer in water agrees with that reported in the
literature [23], and the cloud point (CP) values were
reproducible up to 0.5 °C.

Viscosity measurement

Viscometry has been used extensively to provide information
on the hydrodynamic properties of Pluronic solutions. Flow
time is measured for the solvent and the copolymer solution
using a capillary viscometer. The ratio of the flow time of
solution to that of the solvent is taken as the relative viscosity
for the copolymer solution. The drastic increase in the relative
viscosity of Pluronic block copolymer reveals the possibility
of phase transition. A sudden rise in the viscosity for a
polymer is indicative of sphere-to-rod transition [24, 25].

The viscosity measurements were carried out using an
Ubbelhode suspended level capillary viscometer [26]. The
viscometer was always suspended vertically in a thermostat
with a temperature stability of £0.1 °C in the investigated
region. The viscometer was cleaned and dried every time
before each measurement. The flow time for constant
volume of solution through the capillary was measured
with a calibrated stopwatch.

Differential scanning calorimetry

A conventional DSC involves measuring the differential
power necessary to maintain a given temperature for two
pans containing the polymer and the reference sample. In
DSC, the phase transition is indicated by sharp endotherm
or exotherm which causes change in the differential power
supplied to the sample. The technique provides the enthalpy
of the micellization, CMC, and the critical micellization
temperature (CMT). The micellar transition temperature can
also be calculated. The technique is discussed in detail
elsewhere [27].

DSC measurements were performed with a Microcal
MC-2 instrument (Microcal, Amherst, MA, USA). The
MC-2 high sensitivity scanning calorimeter contains a fixed
pair of matched tantalum cells (cell volume ~1.2 ml) which
are filled with the sample and the reference solution,
respectively. The solutions of copolymer samples, with
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and without urea, were prepared at room temperature using
doubly distilled deionized water. The sample solution was
then injected into the sample cell and the reference cell filled
with water. A nitrogen cylinder is normally set at one
atmosphere-maintained pressure in the cells to suppress the
formation of air bubbles during scanning. Temperature scans
were performed at a rate of 1 °C/min and in the range of 10—
90 °C. All samples show three endothermic transition peaks
on heating. The baseline was drawn with the help of ORIGIN
software supplied by Micro cal Inc. The points before and
after a thermal transition were selected manually (and set to
zero), and a baseline was fitted to pass through these points.

Dynamic light scattering

Dynamic light scattering measurement generates particle—
particle correlation decay as a function of time (in microsecond)
from scattered intensity fluctuation, which is called the
normalized autocorrelation function of the light intensity,
29(#), which is related to the electric field normalized
correlation function, g'")(), through the Siegert relation [28]:

g0 =1+ (1)
where /3 is the coherence factor (0<3<1), g"(#) can be
written as the Laplace transform of the distribution of the
relaxation rates, G(I'):

o0

J G(T)exp(—Tt)d¢ (2)
0

gV =

where I' is the relaxation rate and the diffusion coefficient,

D=T/Q" (3)

The micellar hydrodynamic diameter (d},) was obtained using
the Stokes—Einstein equation:

kT
" 3and,

(4)

DLS measurements were performed using a Malvern 4800
Autosizer employing 7132 digital correlator. The light source
was argon ion laser operated at 514.5 nm with a maximum
output power of 2 W. The average decay rate (I') of the
electric field autocorrelation function, g'(7), was estimated
using the method of cumulants. The apparent diffusion
coefficients (D) of the micelles were obtained from the
relation T'=Dg” (¢ is the magnitude of the scattering vector
given by g=[47nSin(A/2)]/A\, n being the refractive index of
the solvent, A\, the wavelength of laser light, and 6 is the
scattering angle), and the corresponding apparent hydrody-
namic diameters (D) were calculated using the Stokes—
Einstein relationship. For all the solutions, I' varies linearly
with ‘¢, indicating translational diffusion of the scatterers.

Fluorescence spectroscopy

This method relies on changes in the fluorescence of the free
probe molecules or probe tagged to copolymer chain. For the
commonly used probe pyrene, the intensity of the first and
the third vibronic peak changes depending on the local
polarity. Pyrene is used due to its low solubility in water,
long fluorescence lifetime, and sensitivity to the polarity of
its environment. The technique provides the CMT for
copolymer system by intersection of the two lines in the
spectra, as will be discussed later. An excellent review
provides more detailed information on all aspects of
fluorescence experiments on block copolymer solution [29].

The micropolarity in copolymer solutions in urea/water
was probed as a function of temperature using the I;/I3
intensity ratio of the pyrene vibronic fine structure in
fluorescence emission spectra. The fluorescence emission
spectra of excited state monomeric pyrene solubilized in the
investigated solutions were recorded with a Jasco FP-6500
spectrofluorometer in the range 350-500 nm using an
excitation wavelength of 330 nm. The fluorescence intensity
ratio of the first and third vibronic bands (I;/15) was used as a
spectroscopic tool to qualitatively measure the polarity of the
probe microenvironment in micelles/unimers.

Fourier transform infrared

Infrared spectroscopy gives information on molecular vibra-
tions or more precisely on transitions between vibrational and
rotational energy levels in the molecule. The spectrum is
obtained when the frequency of the molecular vibrations
corresponds to the frequency of the infrared radiation
absorbed. The stretching vibrations in the PPO and PEO
blocks of the copolymer can be monitored using this technique.
The plot of wavenumber vs. temperature can provide CMT for
a copolymer solution, as will be discussed later.

The FTIR spectra were recorded on a Bruker Vector 22
FTIR spectrometer with a resolution of 2 cm ' using a
deuteriotriglycine sulfate detector. The temperature of the
sample was measured by a thermocouple inserted into a
stainless steel block containing the sample cell. This system
comprised a Graseby—Specac temperature cell (P/N 21525),
and the temperature measurement is accurate to 0.1 °C. The
equilibration time for each measurement was 1 min. FTIR
spectra of all samples were recorded using a BaF, cell from
5 °C to 60 °C by scanning 64 times. The OPUS
spectroscopic software was used for the data handling.

Nuclear magnetic resonance
NMR has been widely used to probe micelle structure.

Proton NMR on copolymer solution in D,O is employed to
monitor the presence or absence of micellization. NMR
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provides distinct evidence about the micellar changes in the
Pluronic solution based on the changes in the local environ-
ment of the PO —CH, and the PO —CHj; groups. The change
in chemical shift and line shape of the PO —CHj protons will
provide the molecular evidence of aggregation or de-
aggregation of Pluronic polymer in water. This technique is
also used for calculating the CMT for block copolymer
solution. Wanka et al. [30] have used this technique to locate
the critical micellization temperature where the fine structure
associated with PO units present for molecularly dissolved
unimers disappear above the CMT.

AllNMR experiments were conducted on a Bruker Avance
600 spectrometer at Larmor frequency of 600.13 MHz for
proton, equipped with a microprocessor-controlled gradient
unit and an inverse-detection multinuclear BBI probe with
an actively shielded z-gradient coil. The sample temper-
ature was kept constant within £0.1 °C by the use of a
Bruker BCU-05 temperature control unit. For all experi-
ments, the samples were allowed to equilibrate at the desired
temperature for at least 15 min prior to measurement;
experiments that were repeated at the same temperature,
but reached by a temperature change in the opposite
direction, yielded identical results. Chemical shifts () are
relative to internal DSS standard (§=0.000 ppm in '"H NMR
spectra for all temperatures and concentrations according to
the TUPAC recommendations).

Results and discussion

The clouding behavior of nonionic surfactants in water is
an interesting feature involving their practical usefulness.
The CP of nonionic surfactant can be conveniently
decreased or increased by adding various additives. Cloud
points of copolymer L64 (1%, 2%, 5%, and 10%) in urea
solutions (0—6 M) are shown in Fig. 1. The CP values for
copolymer in the absence of urea agree well with the
reported values [23]. The clouding phenomenon of PEO-
based nonionic surfactants has been much debated, and
different interpretations based on the conventional dehy-
dration of PEO moiety, hydrogen bonding between ethereal
oxygen of PEO and water molecules, and polar/non-polar
conformations of PEO are provided. Addition of urea to
L64 solutions increases the CP, which can be interpreted in
terms of the interaction between the ethylene oxide head
groups and the water [31]. The addition of urea will
increase the dielectric constant of water and thus results in
greater van der Waals interaction at a constant temperature
[32], which will enhance the hydration of the EO segments
and cause higher cloud point values.

The relative viscosity of 2% L64 in water and in the
presence of urea (0—6 M) as a function of temperature was
measured and presented in Fig. 2. According to the direct
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Fig. 1 Cloud point of L64 as a function of urea concentration. (filled
square) 1%, (circle) 2%, (ttriangle) 5%, (open square) 10%

mechanism proposed earlier by Alexandridis et al. [2], urea
would affect the micellization process by replacing some
water molecules and self-associating in the micellar system
without affecting the water structure. It is observed that the
onset temperature corresponding to the sharp increase in
relative viscosity increases with increasing urea concentra-
tion. It can be clearly seen that the viscosity of copolymer
solution experiences a sudden rise at a certain temperature.
This elevation in the viscosity may be the cause of sphere
to rod transitions in L64 solution. On addition of urea, this
onset of transition shifts to higher temperature and almost
diminished at very high concentration of urea (6 M) in the
temperature range 20—70 °C. The viscosity then remains
almost constant even at 70 °C. With increase in urea
concentration, the onset of the sudden rise in relative
viscosity curve shifts to higher temperature side. The onset
temperature for this micellar transition increases in the
order of 0>1>2>3>4>6 M. The increase in onset
temperature could be attributed to the hydration of PEO
moiety with increasing urea concentration, leading to more
elongated structure. In other words, urea plays a non-
cooperative role in micellization, causes the demicellization
and reduces the aggregation number [19, 21]. Earlier reports
by Kumar et al. [33] presented similar observations on
interaction of urea family with surfactant micellar system.

DSC technique is found to be a good tool in determining
the CMT of Pluronic solutions. The presence of endothermic
peaks associated with the micelles formation and clouding in
the DSC scans were previously reported for several
Pluronics [34, 35]. DSC curves for Pluronic L64 (2%) in
presence of different concentrations of urea (0-4 M) were
shown in Fig. 3. In addition to the main endothermal peak
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Fig. 2 Relative viscosity of 2% L64 as a function of temperature in
presence of urea. (open square) 0 M, (filled square) 1 M, (circle) 2 M,
(triangle) 3 M, (o) 4 M, (left triangle) 6 M

associated to the micellization, the other peak at higher
temperature is associated to the clouding of solution.
Another small peak indicated in the figure as transition
region may be attributed to the presence of bigger micelles,
perhaps due to change in the shape of spherical micelles to
ellipsoid/rod. The low-temperature micellar transition is
large, endothermic, and broad. The broadness is due to the
temperature dependence of the amount of unimers in
equilibrium with the micelles. The large endothermic nature
of the micellization enthalpy and the negative free energy
(because of the spontaneous temperature induced micelliza-
tion) suggest the positive entropy contribution in micelle
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Fig. 3 DSC thermograms for 2% L64 in the absence and presence of
urea at different concentrations: After base line correction. (open
square) 0 M, (filled square) 1 M, (filled circle) 2 M, (triangle) 3 M,
(open circle) 4 M

formation, which actually originates from the entropy gain
by water when the copolymers associated and also from the
decrease in the polarity of EO and PO segments as
temperature increases. In this figure, all peaks, including
the peak representing precipitation, shifted to higher
temperatures when the urea concentration was increased.
The onset of these transitions is denoted in Fig. 3. Here, the
lower temperature peak has the largest amplitude and
corresponds to the formation of micelles. The explanations
for the change of CMT or CP by varying urea concentration
are already given as salting-in effect, and hence, demi-
cellization occurs. It can be observed that the value of CMT
rises to 38.8 °C from initial (in absence of urea) value of
33.5 °C on addition of 4 M urea to 2% L64 solution.
According to earlier report [2] based on thermodynamic
study on block copolymer, it was concluded that hydro-
phobic interaction increases entropy of the system. On
addition of urea, the amplitude of enthalpy changes, but it
does not affect the mechanism of micellar aggregation
which is stated to be entropy-driven. DSC shows the
precipitation at higher temperature; some workers consid-
ered it as CP, but it is the complete phase separation region
[36]. The sphere-to-rod micellar transition temperature
(MTR) obtained from DSC shows that addition of urea
retards the sphere-to-rod transition and moves rod forma-
tion to higher temperatures. The CMTs and MTR are
reported in Table 1.

IR spectroscopy can be taken as signature to obtain
information on change in the micellar behavior of Pluronic.
The position of the C—O—C stretching band in the IR spectrum
of block copolymers is sensitive to the aggregation process.
Thus, the changes in the wavenumbers of C—O—C stretching
band of PEO chains can be used as an indication of micelle
formation/deformation in copolymer solution. Earlier studies
[37-38] have used this technique to monitor the conforma-
tion of hydrocarbon chains in the normal low-molecular-
weight surfactant micelles in aqueous solutions, which can
be accordingly employed for Pluronic block copolymers.
The FTIR scans for the 2% L64 in different urea concen-
trations (0—4 M) at different temperatures were measured,

Table 1 CMTs (°C) for 2% L64 in different urea concentrations
obtained from fluorescence, IR spectroscopy, and DSC

Urea (M) Fluorescence FTIR DSC MTR? (°C)
0 325 325 335 55

0.5 33.0 - - -

1 335 33.0 35.0 56

2 35.0 36.0 37.5 57

3 36.5 38.0 38.0 59

4 38.5 40.0 38.8 61

6 41.0 — - -

 Sphere-to-rod transition temperatures obtained using DSC
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and the wavenumber of C—O—C stretching vibration bands
were presented in the Fig. 4.

The wavenumber of C—O-C stretching vibration bands
moves towards higher values with increasing temperature,
indicating that the dehydration of PPO block occurred as
the temperature elevates. As a result, the C—O—C region of
the PPO moiety will experience a hydrophobic microenvi-
ronment [25]. The CMT of aqueous solutions of 2% L64 in
the presence of various concentrations of urea increased with
increasing urea concentration. The obtained CMT values
were found to increase in the order H,O0<1<2<3<4 M. On
addition of 4 M urea to the L64 solution, the CMT showed
considerable increase to settle at 40 °C from initial 32.5 °C.
The shift in the CMT value was successfully correlated
with change in CP of copolymer solution. A common
mechanism involving weakening of hydrophobic interac-
tion by urea causing the demicellization of block copolymer
may exist.

The NMR spectroscopy can provide useful information
on the change in the micellar environment of the block
copolymer. To investigate the demicellization induced by
urea, the H' NMR spectra for 2% L64 in water in the
absence and presence of urea were measured at various
temperatures. The local expanded regions of the PO —CH,—
and the PO —CHj3 signals with increasing urea concentration
and temperatures were presented in Fig. 5a,b, respectively.
Here, the broad peaks from 3.45 to 3.65 ppm belong to the
PO —CH,— groups. Distinct signals were obtained here in
the absence of urea at lower temperatures in Fig. Sb. It is
clear that the hyperfine structure of the PO —CH,— signals
and the triplet of the PO —CHj; signal disappear and both
the PO —CH,— and —CHj; signals broaden at higher
temperature. An increase in temperature will drive the

1105 T T v T v T v T v T
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1085

Wavenumber (cm™)
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1075 . I . I A | . I . |
10 20 30 40 50 60

Temperature, °C

Fig. 4 Wave-number shift of the C-O—C stretching vibration band of
2% L64 in water vs. temperature. (open square) 0 M, (filled square)
1 M, (filled circle) 2 M, (triangle) 3 M, (open circle) 4 M
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0f 2% L64 as a function of urea concentration recorded at 35 °C. b NMR
signals for the PO (methyl) and PO (methylene) groups of 2% L64 in
the absence of urea as a function of temperature

chemical shift of the PO —CHj; protons towards lower ppm
values. The change in the line shape of the PO group is the
result of conformational change in the PPO chain [39],
whereas the broadening of the peaks indicates the reduction
in the mobility of the PPO segments [40]. Here, with the
addition of urea, chemical shift exhibits large downfield
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shift. We found that urea behaves opposite to the
temperature. Urea acts as water structure maker and
facilitates the H bonding between the water molecules.
The addition of urea enhances both the hydration layer of
PEO and PPO segments and thus shifts all the NMR signals
to higher ppm values. The spectral profiles associated with
the micelle formation for L64 solution are moved to higher
temperature by the addition of urea, which means that the
addition of urea can shift L64 from micellar state to unimer
state, that is, a demicellization process of block copolymer
can be induced by adding urea [41].

The fluorescence spectroscopy provides important
details on the micellar characteristics of the copolymer
solution. Photoluminescence probes, e.g., pyrene, are
capable of providing microscopic information concerning
the nature of micellar aggregates in aqueous solution. The
change in the (I;/I5) ratio in pyrene spectra provides better
insight about the micropolar changes in the micellar core. A
change in the microenvironment of the probe molecule can
give an idea about the structural changes in molecular
assemblies. Being very less soluble in water, pyrene gets
partitioned in the hydrophobic core region of the molecular
aggregate [42]. Now, it is a well-known fact that the ratio of
the first and third vibronic peak (I1/I5) of the fluorescence
emission spectra of pyrene is very sensitive to polarity of
the solvent employed [43]. We have measured the polarity
ratio (I1/I5) for pyrene spectra in 2% L64 solutions in water
and urea solutions (0—6 M), shown in Fig. 6. The I,/1; ratios
are reported in the temperature range 10-55 °C. The CMT
was obtained for each of these systems by intersection
between the two lines, when the I,/I; ratio starts to remain
almost constant. It was observed that with the addition of
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Fig. 6 Fluorescence vibronic peak ratio (I;/13) vs. temperature for 2%
L64 in different urea concentrations. (open square) 0 M, (diamond)
0.5 M, (filled square) 1 M, (filled circle) 2 M, (triangle) 3 M, (open
circle) 4 M, (left triangle) 6 M

urea, the temperature correlated with the micelle aggrega-
tion shifts to higher temperature. Urea clearly decreases the
thermodynamic driving force for the hydrophobic interac-
tion and is thus a potent destabilizer of copolymer structure.
Hydrophobic interaction is the driving force for the
micellization [44]; thus, it should be anticipated that
increasing the urea concentration will increase both the
CMT and CMC of block copolymer. Earlier studies have
shown that surfactants stabilize in the aqueous urea solution
which shifts the micellization to higher temperature [45].
Urea acts here as a salting-in agent facilitating more and
more hydration of the PEO segment in the region.
Micellization is a phenomenon due to the occurrence of
hydrophobic forces. The weakness of this force (due to
presence of urea) requires more heat for the increase of the
hydrophobicity, which results in the elevation of the CMT.
The higher the urea concentration, the greater the CMT of
Pluronic solution. The CMTs obtained for 2% L64 in the
absence of urea and in 4 M urea by FTIR and fluorescence
were shown in Fig. 7a,b. The CMTs measured as a function
of urea, in agreement with the earlier studies, showed an
increase on addition of urea. The CMT rises to 41 °C on
addition of 6 M urea from initial (in absence of urea) value
of 32.5 °C.

The DLS measurements provide useful information on
the dimension of micellar aggregates based on the scattered
intensity as a function of scattering wave vector “g”. The
diffusion coefficient was calculated with the help of decay
rate (~Dg?). Finally, the Stokes—Einstein equation was used
to evaluate the hydrodynamic diameters of the micelles.
The hydrodynamic diameter of the micelles formed by 10%
L64 in urea—water solutions (0—4 M) was measured at two
temperatures (40 °C and 50 °C) using DLS (Fig. 8). The
exponential decay of the correlation of the intensity
fluctuations, originating from the Brownian motion of the
micelles, was measured during the DLS experiment. It is
considered that the copolymer micelles exist as a hydrated
sphere, and hence, the size (hydrodynamic diameter, Dy) is
calculated using Stock—Einstein equation. Single mode of
field intensity was observed in this regime for even 4 M
concentration of added urea. At 40 °C in 10% solution in
water, L64 exists as micelles with apparent hydrodynamic
diameter of about 18 nm, which agrees well with earlier
studies by Mata et al. [25]. We observed unimodal
distribution in spherical regime at this temperature. The
presence of urea shows only a slight increase in the micellar
size particularly at high urea concentrations above 2 M.
Though addition of urea is expected to decrease the
aggregation number and should reflect in the hydrodynamic
size, an opposite effect of urea that makes the water
containing urea a better solvent for the PEO was observed
(that would increase the shell thickness); this behavior is
not unusual. At 50 °C, L64 in water shows micelles of
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Fig. 7 a FTIR and fluorescence spectral changes for 2% L64 in the
absence of urea in the temperature range 10-60 °C. b FTIR and
fluorescence spectral changes for 2% L64 in presence of 4 M urea in
the temperature range 10-60 °C

hydrodynamic size 50 nm diameter which can be expected
at higher temperature. The presence of urea reverses this
trend, and large L64 micelles gradually transform to smaller
spherical micelles showing a decrease in size. Such
decrease in micelles size is due to the presence of salting-
in additive which influences the CP and CMT in the same
way. Unimodal distribution of intensity was observed in
this region as well. Our earlier report [25] had mentioned
ellipsoidal micelles in 2 wt.% L64 solution at 40 °C. Here,
we expect dimensionally higher micelles at experimental
concentration and temperature. The D, values were found
to decrease with gradual increase in urea concentration. At
4 M urea concentration in the solution, Dy, reached as low
as 22 nm. The decrease in size is attributed to decrease in
aggregation number. Due to bigger size of urea molecule in
comparison to that of water’s, we would expect the average
cross-sectional area of the PEO molecule to increase with
the addition of urea at a fixed temperature, thus effectively
increasing steric repulsions between the PEO blocks; this
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would then lead to a decrease in the micellar size. Earlier
studies [2, 19-22] on the interaction of urea with
surfactants have shown that urea acts as structure maker
for water molecule, and its presence is likely to increase
dipole moment of water. As a result, faster hydration of the
PEO moiety outside the micelle aggregate takes place. Urea
replaces some of the water molecules from the hydration
layer of the PEO segment. Urea molecules, being larger in
size (approximately 2.5 times) than water molecules, would
increase the steric repulsion between the PEO groups and
thus contribute to the reduction in aggregation number
[2, 19, 21] (Fig. 8).

Conclusion

The effect of urea on the demicellization of PEO/PPO/PEO
block copolymers in aqueous solution was studied by
different techniques. The extensive studied were carried out
on L64—urea system. It is found that urea increases the
CMT, CP, and micellar transition temperature of L64,
which was confirmed by viscosity and DSC. Here, urea,
working as salting-in additives, enhances the demicellization
and tries to accumulate water molecules surrounding
copolymer micelles. Urea was found to affect the micelles
stability and decrease their size, which is supported by DLS
measurements. The micelles show growth near the cloud
point, but this transition is suppressed by urea, which is
proven by DSC and viscometry. The present study is
expected to offer useful information about the effect of urea
on solution behavior of polymeric surfactant L64. Strong
temperature-dependent micellization and micellar transitions
in L64 solutions shift to higher temperature in the presence
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Fig. 8 Hydrodynamic diameter (Dy,) obtained for 10% L64 in various
concentrations of urea (0—4 M) at two different temperatures: 40 °C
(filled square) and 50 °C (open square)
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of urea, which can be tuned to obtain desired properties in
copolymer solutions used for certain applications.
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