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ABSTRACT: Evaluation of the physical–chemical pro-
perties of aqueous solutions of nonionic surfactants based
on polyoxides can be performed by different methods.
Depending on the technique used, there can be a signifi-
cant variation in the critical micelle concentration (CMC)
found. This is related to the sensitivity of the technique
regarding the unimers and micelles present in the solution
as well as the structure of the surfactant evaluated. In this
work, the CMC values of aqueous solutions of linear and
branched poly(ethylene oxide-polypropylene oxide) (PEO-
PPO) block copolymers were determined by tensiometry,
fluorescence, and particle size analysis, using copolymers
having adjacent structures (that is, hydrophilic and hydro-
phobic segments located adjacently in the copolymer) and
alternating structures. Tensiometry was used to measure

the surface tension as a function of the copolymer concen-
tration in aqueous solution. Fluorescence was used to
determine the fluorescence intensity of pyrene to plot the
graphs of the I1/I3 and IE/IM relations according to the
surfactant concentration. Finally, particle size analysis was
used to determine the diffusion coefficient of the partic-
les. The results showed that the fluorescence and particle
size techniques provide lower (and mutually concordant)
CMC values and can be considered more precise because
these methods directly analyze the bulk of the solution.
VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 113: 392–399,
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INTRODUCTION

The properties of aqueous solutions of PEO-PPO
block copolymers can be studied using various physi-
cal methods.1 The classic techniques to study micelle
systems use measures of their macroscopic properties,
such as surface tension and viscosity, or thermody-
namic properties, determined by differential scanning
calorimetry. Besides this, spectroscopic and light scat-
tering techniques can also be used to study these
aqueous solutions.2

In this work, we evaluated and compared the criti-
cal micelle concentration (CMC) values of aqueous
solutions of linear and branched poly(ethylene oxide-
polypropylene oxide) (PEO-PPO) block copolymers,
determined by three different techniques: tensiome-
try, fluorescence, and light scattering.

To study the activities of PEO-PPO block copolymers
at the water/air interface and determine the CMC val-
ues, measures of surface tension can be plotted as a
function of the concentration of the aqueous copolymer

solution. In general, the resulting curves have a discon-
tinuity. The behavior of the first segment shows that
the solution’s surface tension decreases as the surfac-
tant concentration increases, representing its adsorp-
tion at the surface. The second segment is in general
straight and parallel to the x-axis, where the variation
in surface tension is minimal in relation to increasing
concentration. At this stage, the surfactant is no longer
adsorbed at the surface. The intersection of the exten-
sion of these two segments is the average point of the
discontinuity and is related to the start of the surfac-
tant’s aggregation in solution. The concentration where
this point occurs corresponds to the CMC.3–7

The fluorescence method using pyrene as a marker
has been employed to study aqueous PEO-PPO block
copolymer solutions, due to the fact that this compound
presents well resolved emission and absorption spectra.
Besides this, the spectra are sensitive to the polarity of
the medium where the pyrene is found, making this
technique very useful in the study of the micellization
of these copolymers in aqueous solution.8–13

The fluorescence spectrum of polynuclear aromatic
compounds, such as pyrene, changes as a function of
extreme concentration conditions. At low concentrations
(~10�5M), the pyrene spectrum presents five narrow
bands in the region of 350–420 nm, which are differ-
entiated by the medium’s polarity. The higher the
medium’s polarity, the greater will be the I1/I3 ratio
(the ratio between the intensity of band 1 and that of
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band 3, numbered from the smallest to the greatest
wavelength). Generally, the I1/I3 ratios are monitored
as a function of the surfactant concentration. At con-
centrations above 10�5M, a broad band also is
observed at the longest wavelengths (�460 nm). This
band is attributed to the pyrene excimer, a denomina-
tion used to designate molecular complexes involving
two molecules of the same type, which forms only in
the excited electronic state. Usually, these complexes
are formed with the molecules oriented in a configu-
ration where their planes are parallel, forming a sand-
wich structure.14,15

These processes show that the formation of these
species depends on concentration, and that the exci-
mer emission is always different than the emission of
isolated molecules. Besides this, their emission spectra
do not present a vibrational structure and have very

broadened bands at lower energy levels than those of
the emissions corresponding to the isolated species.16

Dynamic light scattering is a technique used for
particle sizing of samples, typically in the submicron
range. The technique measures the time-dependent
fluctuations in the intensity of scattered light from a
suspension of particles undergoing random Brown-
ian motion. Analysis of these intensity fluctuations
allows the determination of the diffusion coefficients,
which in turn yield the particle size through the
Stokes-Einstein equation.17

EXPERIMENTAL

Materials

The linear and branched poly(ethylene oxide-poly-
propylene oxide) (PEO-PPO) block copolymers were
donated by Dow Quı́mica, São Paulo, Brazil. Figure
1 shows the structure of the copolymers used in this
work.

Characterization of the copolymers

The copolymers used in this work were character-
ized in a previous study,18 as shown in Table I.

Methods

Tensiometry

The tensiometry analyses were carried out with a
Krüss model K10ST digital tensiometer, coupled to

Figure 1 Structures of PEO-PPO block copolymers.

TABLE I
Characterization Data of PEO-PPO Block Copolymers18

Copolymers Mn
a Mw

a Mw/Mn
a EO/PO ratiob Copolymer structure

R1 6800 7100 1.04 0.32

R2 7900 8200 1.03 0.53

R3 7800 8000 1.02 0.54

R4 9100 9400 1.03 0.47

L1 2900 3300 1.14 0.36 CH3-(PO)39-(EO)14-OH
L2 3300 3700 1.13 0.56 CH3-(PO)39-(EO)22-OH
L3 2600 2700 1.05 0.38 CH3-(EO)13-(PO)34-OH
L4 3300 3400 1.05 0.56 CH3-(EO)22-(PO)39-OH

a By 1H-NMR.
b By SEC.
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an OpTherm circulating water bath. All surface ten-
sion measurements were performed in triplicate,
with the copolymers dissolved in water at 25�C. For
each copolymer, a graph of the mean tension value
(in mN/m) versus the logarithm of the concentration
(in % p/v) was plotted. This graph was then used to
determine the CMC.

Fluorescence

The analyses were carried out with a Varian Cary
Eclipse spectrofluorimeter. The fluorescence emis-
sion spectra of the aqueous PEO-PPO copolymer sol-
utions at different concentrations were obtained
using pyrene as a marker, at an excitation wave-
length of 335 nm and temperature of 25�C.

The copolymer samples were prepared in an aque-
ous solution, at a concentration interval from 0.0001
to 0.3% p/v. When all the copolymer was solubi-
lized, the pyrene compound was added to each solu-
tion, at a concentration of 10�4M. Because the
solubilization of pyrene is slow, the solutions were
left at rest for 24 h, and before the start of the mea-
surements, the solutions were placed for about 2 h in
a thermostated bath with constant stirring at 25�C.

Light scattering

The aqueous solutions of nonionic surfactants were
evaluated in a Zetasizer Nano ZS particle size ana-
lyzer (Malvern). This apparatus works on the typical
dynamic light scattering principle, with four main
components. The first is a laser, which provides the
light source to illuminate the particles within the
cell. The largest part of the laser beam passes
straight through the sample, but another part is scat-
tered by the particles present in the medium. A detec-
tor is used to measure the intensity of the scattered

light. Because a particle scatters light in all direc-
tions, it is possible to place a detector in any posi-
tion and still detect the scattering.
In DLS, the placement of the detector at 90� from

the incident beam is the traditional setup, but
presents a smaller detectable band and hence can
only be used for very high sample concentrations.
In the apparatus used in this work, the detector
was placed at 173� from the incident beam. The in-
tensity of the scattered light must be within a spe-
cific band for the detector to be able to measure it
successfully. When the quantity of detectable light
was outside this band, attenuators were used to
reduce the intensity of the laser light and thus the
intensity of the scattered light.19

The intensity of the scattered signal to the detec-
tor is passed through a digital signal detector called
a correlator. The correlator compares the scattering
intensity in successive time intervals to derive the
rate at which the intensity is varying. The detection
optic of this device measures the scattering informa-
tion near 180�. This technique is known as detection
by backscattering, a patented technology called non-
invasive backscattering (NIBS).
The analyses carried out in this work were done

from two automatic readings from the device, in
which the best attenuator, the ideal number of runs,
and the analysis time were selected. Five sequential
analyses were performed.

RESULTS AND DISCUSSION

Surface tension analysis of the aqueous solutions
of PEO-PPO block copolymers

To study the behavior of the PEO-PPO block copoly-
mers at the water/air interface and to determine the
CMC values, we measured the surface tension as a

Figure 2 Surface tension of linear PEO-PPO block copoly-
mers in aqueous solutions.

Figure 3 Surface tension of branched PEO-PPO block
copolymers in aqueous solutions.
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function of the copolymer’s concentration in the
aqueous solutions.

Figures 2 and 3 show the curves of surface tension
(c) as a function of the logarithm of the concentration
of the linear and branched copolymers in aqueous so-
lution (log C), respectively. For the linear copolymers,
L1 and L2 (Fig. 2), the surfactants behaved convention-
ally, that is, the surface tension decreased as the con-
centration increased until the tension remained
constant. This discontinuity indicates the CMC of the
surfactant. Copolymers L3 and L4 showed a linear
decline in the tension with increasing concentration,
and no discontinuity was detected, making it impossi-
ble to determine the CMC.

For branched copolymers, R1 and R2 (Fig. 3), it
can be seen that at low copolymer solutions, the sur-
face tension dropped sharply with increasing con-
centration until values near 10�3% p/v were
attained, where the curves show a discontinuity.

After this point, the solution’s surface tension con-
tinued to decline until reaching a concentration where
the variation in surface tension was minimal (second
discontinuity). Since after the CMC, the solution’s sur-
face tension should remain constant, we attributed
the CMC values to the concentration where the sec-
ond discontinuity occurred in these curves.

Some authors have studied the occurrence of the
first discontinuity observed in surface tension
curves,20,21 and the most recent hypothesis attributes
this behavior to the change of conformation of the co-
polymer chains at the surface of the aqueous solution.

In contrast, branched copolymers, B3 and B4 (Fig.
3), showed only the first discontinuity, without any
phase observed in which the surface tension remained
constant, even at the highest copolymer concentra-
tions (up to 3% p/v).

Table II shows the CMC results obtained for each
aqueous copolymer solution analyzed.

The results show that the copolymers with alter-
nating structure, that is, alternating hydrophilic (EO
and OH) and hydrophobic segments (R and PO;

Samples B3, B4, L3, and L4) did not present a defined
CMC when evaluated up to a concentration of 3%
p/v. For the copolymers that have adjacent hydro-
philic–hydrophobic segments, the curves obtained
showed well-defined inflections in the CMC region.
This behavior can be attributed to a more suitable
molecular structure of these copolymers for the
occurrence of molecular association, as shown in the
model presented in the literature, based on the
results obtained in previous works.5

The CMC values obtained for the branched copoly-
mers R1 and R2 and linear copolymers L1 and L2

agreed with the observations of a solubility analysis
carried out in a previous work18: the fact that the EO/
PO ratio of copolymer R2 is greater than that of copol-
ymer R1, and the EO/PO ratio of copolymer L2 is
greater than that of copolymer L1 (Table I), explains
why these copolymers are more soluble in water,
causing their CMC values to be higher as well.
Using this technique, the linear copolymers showed

higher CMC values than the branched copolymers.
This may be due to a better chain packing of the linear
copolymers at the surface of the aqueous solution, so
that this surface becomes saturated at higher
concentrations.
To confirm that there was no micelle formation for

alternating copolymers or that this formation was
not detected by tensiometry, we also used the fluo-
rescence technique. The results are shown in the
next section.

Fluorescence analysis of the aqueous solutions of
PEO-PPO block copolymers

The fluorescence emission spectrum of the aqueous
solutions of the PEO-PPO block copolymers at differ-
ent concentrations was analyzed using pyrene as the
fluorescent marker (conc. ¼ 10�4M) to evaluate the
micelle formation of the linear and branched PEO-
PPO block copolymers, whose structures contain
either alternating or adjacent hydrophobic and hydro-
philic segments. Figures 4 and 5 show the emission
spectra obtained for the aqueous solutions of two of
the linear and branched copolymers containing
pyrene, respectively. These spectra give the I1 and I3
intensities, measured from the wavelengths corre-
sponding to the first and third pyrene vibrational
bands, located near 172 and 183 nm. Besides this, for
concentrations above the CMC, a band located at a
wavelength of 60 nm can be observed, corresponding
to the formation of a pyrene excimer. Excimer is the
name given to designate complex molecules involving
two molecules of the same type, which forms only in
the excited electronic state. The formation of the exci-
mer depends on the number of pyrene molecules
solubilized in the micelles, which is a function of the
aggregation number and surfactant concentration.

TABLE II
Critical Micelle Concentration Values of the PEO-PPO
Block Copolymers Obtained by Different Methods

Copolymer
Tensiometry

(wt %)

Fluorescence

Light
scattering
(wt %)

I1/I3
ratio
(wt %)

IE/IM
ratio
(wt %)

R1 0.04 0.02 0.02 0.03
R2 0.05 0.04 0.05 0.05
R3 – 0.03 0.01 0.05
R4 – 0.03 0.03 0.05
L1 0.50 0.03 0.07 0.05
L2 0.70 0.07 0.07 0.10
L3 – 0.03 0.04 0.05
L4 – – – –
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The emission spectra for the aqueous solutions of
alternating copolymers containing pyrene [Figs. 4(b)
and 5(b)] show a lower intensity at a wavelength of
460 nm, corresponding to the excimer formation.
This behavior can be attributed to a more suitable
molecular structure of copolymers with adjacent
structures for molecular association to occur in com-
parison with copolymers having alternating struc-
tures, as already proposed from the tensiometry
analysis. Therefore, adjacent copolymers may be
forming more stable micelles in the bulk of the solu-
tion, which favors the solubilization of the pyrene
molecules in the solution’s interior, leading to
greater excimer formation. On the other hand, the
alternating copolymers can be forming relatively
unstable micelles or fewer of them in the bulk of the
solution in comparison with the adjacent copoly-
mers, leading to less intense excimer formation.

The CMC values were determined by two spectro-
photometric methods, and in each the intersection of
the lines obtained was calculated. In the first
method, a graph was plotted of the I1/I3 ratio of

pyrene as a function of the copolymer concentration.
This is one of the most popular procedures utilized
to determine this parameter in micelle systems. The
other method evaluates the IE/IM, ratio, where IE is
the intensity of the excimer (obtained at an excita-
tion wavelength of 460 nm) and IM is the intensity of
the monomer, corresponding to the third vibrational
band (obtained at 183 nm). We also plotted a graph
of this ratio as a function of the copolymer solution.
In the graphs of copolymers R1 and L3 shown in

Figure 6, it can be seen that below the CMC, both
the pyrene and copolymer molecules are solubilized
in the solution, but the values of I1/I3 and IE/IM do
not vary with increasing copolymer concentration.
However, after the CMC and with the increasing
copolymer concentration in the solution, the pyrene,
because of its low solubility in water, migrates
within the micelles, now finding a more hydropho-
bic environment. This behavior can be observed in
the graphs of all the copolymers, as shown in Figure
6, from the fall in the I1/I3 ratios and increase in the
IE/IM ratios. The exception is linear copolymer L4,

Figure 5 Emission spectra for the aqueous solutions of
branched copolymers containing pyrene. Copolymer con-
centration: 0.0001–0.3 wt %. (a) R1 copolymer and (b) R4

copolymer.

Figure 4 Emission spectra for the aqueous solutions of
linear copolymers containing pyrene. Copolymer concen-
tration: 0.0001–0.3 wt %. (a) L2 copolymer and (b) L3

copolymer.
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for which the curves obtained once again do not
intersect, indicating that no micelles may be formed
in this copolymer. This graph shows that there was
a small increase in the IE/IM ratio at a concentration
of 0.03 wt %, and then this ratio remained practically
constant until the highest concentration analyzed
(1 wt %). This behavior can be attributed to the
increasing copolymer concentration in solution.

Table II shows that the CMC values obtained by
the two methods agree for all the copolymers ana-

lyzed. The small variations observed in these results
can be due to the fact that the excimer formation
depends on the number of micelles formed and also
on the number of pyrene molecules captured by
these micelles, whereas the other method (the I1/I3
ratio) depends only on the formation of these
micelles. Hence, the IE/IM method may result in a
greater error in determining the CMC values.
Although there was no discontinuity in the surface

tension curves of copolymers B3, B4, L3, and L4

through tensiometry, these copolymers presented
CMC values by the fluorescence technique, except
for copolymer L4. This behavior can be due to the
alternate position of the EO and PO groups in its
chains, besides this copolymer’s high molar mass.
An analysis of the CMC results obtained by the

fluorescence technique, using the I1/I3 method,
shows the same behavior discussed previously:
copolymers R2 and L2, because they have a greater
quantity of EO in their chains than do copolymers
R1 and R4 and L1 and L3, respectively, have higher
CMC values.
Among the branched copolymers, it can be seen

that R2 also had higher CMC values than R3, even
though the EO/PO ratio and molar masses are simi-
lar (Table I). For this reason, these samples might
have been expected to show similar solubilities, but
the chemical structure of copolymer R2, with hydro-
philic segments (PEO and OH) arranged adjacently
and more to the outside of the molecules, facilitates
interaction with the water molecules.5,12,18,22 Besides
this, once again this can be attributed to the fact that
adjacent copolymers have a more suitable molecular
structure for molecular association to occur.5

The behavior shown by the branched copolymers
can be confirmed with the results obtained for the
linear copolymers L1 and L3. The latter has a slightly
higher molar mass than the former and also has a
higher EO/PO ratio. Therefore, one would expect L1

to have a higher CMC value because of its greater
solubility in water. However, by the I1/I3 method,
these values were equal, and by the IE/IM method,
copolymer L1 had a higher CMC value (Table II). In
this case, the alternating structure of L3 appears also
to be affecting its behavior in aqueous solution.
The CMC values obtained by the two techniques

(fluorescence and tensiometry) for the branched
copolymers were in agreement, whereas for the linear
copolymers, the values obtained by the fluorescence
technique were lower than those by tensiometry. This
behavior can be attributed to the type of measurement
done in each technique. Through tensiometry, the
CMC is determined by observing the saturation of the
surface of the aqueous solution, whereas in the fluo-
rescence technique, the CMC is determined by the po-
larity variation that occurs in the bulk of the solution.
Therefore, tensiometry indirectly measures the

Figure 6 I1/I3 and IE/IM ratios of pyrene versus copoly-
mer concentrations in aqueous solution: (a) R1; (b) L3; and
(c) L4 copolymer.
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molecular aggregates in the aqueous solution, which
can lead to bigger errors in the CMC values. Besides
this, because the fluorescence technique directly
observes the solution, the CMC values are more reli-
able and can be determined earlier than through
tensiometry.

In the case of linear copolymers, the better pack-
ing of their chains at the aqueous solution’s sur-
face might be hindering observation of the start of
molecular aggregate formation within the solution,
so that the surface saturation is observed at higher
concentrations.

Light scattering analysis of the aqueous solutions
of PEO-PPO block copolymers

Dynamic light scattering is based on photon correla-
tion spectrometry (PCS), which consists of determin-
ing the velocity distribution of the particle movement
by the dynamic measurement of the fluctuations in
the intensity of the scattered light. The particles or
macromolecules dispersed in a liquid medium
undergo Brownian motion, which causes oscillations
in the concentration of the particles. This, in turn,
results in the variations in the intensity of the scat-
tered light. The width of the peak related to the inten-
sity of scattered light C (defined as the half-width at
half-height) is proportional to the diffusion coefficient
of the D particles [eqs. (1) and (2)] and k is the wave
scattering vector17,23:

C ¼ Dk2 (1)

where

k ¼ ð4pn=kÞsinðh=2Þ (2)

where n is the medium’s refraction index, k is the
laser’s wavelength, and y is the scattering angle.

Assuming that the particles are spherical and do not
interact, the measurement of radius is obtained from
the Stokes-Einstein equation17 as follows:

R ¼ kbT=6pgD (3)

where kb is the Boltzmann constant, T is the temper-
ature, and g is the solvent’s viscosity.
We determined the CMC values by dynamic light

scattering from the diffusion coefficient of the par-
ticles obtained for each solution of known copolymer
concentration. To do this, we analyzed a copolymer
concentration interval between 0.001 and 3% p/v. The
diffusion coefficient values used to plot the graphs in
function of the copolymer concentration were the me-
dian values of the five replications for each solution.
Figures 7 and 8 show the graphs obtained for the

linear and branched copolymers, respectively.
It can be observed that in all cases there was ini-

tially an increase in the diffusion coefficient of the
particles with increasing copolymer concentration in
the aqueous solution, because the higher number of
molecules in this solution was promoting greater
structural contraction. The peak diffusion coefficient
shown in the curve means that the molecules have
attained their maximum concentration and have
started to form aggregates (CMC, Table II). After the
CMC, due to the interactions of the surfactant mole-
cules that reduce the mobility of these molecules in
the solution, the diffusion coefficient declines.
Through the light scattering technique it was not

possible to observe a significant variation in the CMC
values (Table II), except for copolymers R1 and L2.
Nevertheless, the values obtained agreed with those
obtained by fluorescence. To obtain more precise
CMC values, a larger number of solutions should be
used at concentrations near the maximum observed
in the curves of the diffusion coefficient in function of

Figure 7 Diffusion coefficient as a function of aqueous
solutions of linear PEO-PPO block copolymers.

Figure 8 Diffusion coefficient as a function of aqueous
solutions of branched PEO-PPO block copolymers.
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the surfactant concentration. Still, the diffusion coeffi-
cient values obtained can provide information on the
formation of molecular aggregates.

It can be observed that linear copolymer L2, which
has the highest EO/PO ratio, had the highest CMC
value (Table II) and the highest diffusion coefficient
(Figs. 7 and 8). This behavior indicates that the mol-
ecules of the copolymer with a linear and adjacent
structure (L2) are packed better at the water–air
interface, increasing the formation of micelles. The
increase in the diffusion coefficient can be attributed
to the formation of smaller micelles at the concentra-
tions evaluated, because their linear and adjacent
structure provides better organization of the surfac-
tant molecules in the molecular aggregates.

The diffusion coefficient values observed for the
other linear copolymers (L1 and L3) confirm the
behavior found previously by tensiometry and fluo-
rescence. Copolymer L1 has higher diffusion coeffi-
cient values than L3. This can be attributed to the
adjacent structure of copolymer L1, which promotes
the formation of micelles with more organized mo-
lecular structures, causing the CMC value of L1 to
be higher than that of L3.

An analysis of the diffusion coefficients obtained
for the branched copolymers initially shows the
same behavior as for the linear copolymers: those
with adjacent structures (R1 and R2) have higher
numbers. However, starting at the CMC, the solubil-
ity of the copolymers starts to govern, and copoly-
mer R2, which is more soluble, has the highest
diffusion coefficient values, and copolymer R1,
which is less soluble (lower EO/PO ratio, Table I),
has the lowest diffusion coefficient values. In this
case, the lower quantity of EO present in the chains
favors the interaction among the surfactant mole-
cules, quickly increasing the size of the molecular
aggregates in solution.

In the case of copolymers R3 and R4, the branched
and alternating structures promote the formation of
larger and less organized molecular aggregates. Still,
although the EO/PO ratio of copolymer R4 is higher
than that of R1, the diffusion coefficient values are
similar for both.

CONCLUSIONS

Measurement of the CMC of branched polyoxide-
based copolymers can be done by tensiometry, fluo-
rescence, and dynamic light scattering. The results
agree although these techniques evaluate different
points of the solution (the surface through tensiometry
and the inside of the solution through the other two).

In the case of linear copolymers, the results
obtained by tensiometry can be misleading because
the better packing of these copolymers at the surface

of the aqueous solution retards their saturation,
causing higher CMC values to be obtained.
More precise CMC values of polymer solutions are

obtained through the fluorescence technique, based
on the I1/I3 ratio of pyrene than by tensiometry.
Furthermore, the solubility of copolymers is

affected along with their behavior in aqueous solu-
tion, depending on the position of their hydrophilic
(EO and OH) and hydrophobic groups (PO and the
hydrocarbon chain). All the techniques used in this
study allowed evaluating this change of behavior.

The authors thank Dow Quı́mica for donating the polyoxide
samples.
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