
Self-Assembly of an Amphiphilic Siloxane Graft Copolymer in Water

Yining Lin and Paschalis Alexandridis*
Department of Chemical Engineering, UniVersity at Buffalo, The State UniVersity of New York,
Buffalo, New York 14260-4200

ReceiVed: NoVember 15, 2001; In Final Form: July 8, 2002

The micelle formation and micelle structure of an amphiphilic poly(dimethylsiloxane)-graft-polyether copolymer
in aqueous solution were investigated with a variety of experimental techniques. We measured the CMC by
three different methodssDPH solubilization, methyl orange hypsochromic shift, and pyrene fluorescence
I1/I3 ratio. The microviscosity was evaluated from DPH anisotropy values that were obtained by fluorescence
polarization measurements. The microviscosity in the siloxane copolymer micelles was found lower than that
in Pluronic block copolyether micelles. The micelle size and structure were obtained from small-angle neutron
scattering (SANS) using the hard sphere model. The micelle hydrodynamic radius and the micelle size
distribution were monitored by dynamic light scattering (DLS). The degree of hydration was estimated from
a combination of DLS and SANS results. The temperature effect on CMC was found to be small; however,
a structural transition of micelles from spheres to ellipsoids was observed by SANS at elevated temperature
(60 °C).

Introduction

Silicone-containing surfactants are used in numerous applica-
tions such as polyurethane foams, cosmetics, textiles, agricultural
adjuvants, coatings, and inks, because of (i) the low surface
tensions (20-30 mN/m) that they exhibit, (ii) their incompat-
ibility with both aqueous and hydrocarbon solvents, (iii) their
ability to form various aggregates in water, and (iv) their
relatively low toxicity.1-6 Despite the many applications,
research publications on the self-assembly behavior of silicone-
containing surfactants in water are scarce. Over the past decade,
a few reports on the lyotropic phase behavior in water of
trisiloxane-ethoxylate surfactants or poly(dimethylsiloxane)-
graft-polyether copolymers have appeared.7-12 At the time that
we initiated our study on this subject,13 we were aware of only
two reports on the micellization of silicone-containing surfac-
tants.14,15Our interest in poly(dimethylsiloxane)-graft-polyether
copolymers has been motivated by their potential in improving
properties of waterborne coatings and ink-jet inks.16,17 In such
formulations, as the system evolves from a high water content
dispersion to a coated film (with decreasing amounts of water),
siloxanes play different roles at different stages and interact to
varying degrees with colloidal particles and with components
of the surface on which the coating is applied. An understanding
of such complex interactions passes necessarily through fun-
damental studies on surfactant self-assembly in aqueous solu-
tions (such as the study reported here) and on surfactant
adsorption on colloidal particles.17

In this report, we first determine using spectrophotometry
the CMC in aqueous solution of a poly(dimethylsiloxane)-graft-
polyether copolymer, with the polyether consisting of both
ethylene oxide (EO) and propylene oxide (PO). Furthermore,
we assess the local environment (micropolarity and micro-
viscosity) in the interior of the micelles. Spectroscopic tech-
niques based either on optical absorption or on emission of light

from probe molecules are well established for investigating
CMC in various surfactant solutions;18 however, the suitability
of hydrocarbon molecules to probe the siloxane-rich micelle
interior is not yet established. We then address the structure of
the micelles formed. The micelle core radius and structure
evolution were investigated by small-angle neutron scattering
(SANS). The micelle hydrodynamic radius and size distribution
were obtained by dynamic light scattering (DLS). Finally, we
consider temperature effects on the CMC, micelle size, and
micelle structure.

Materials

The poly(dimethylsiloxane)-graft-polyether copolymer ex-
amined here was provided by Goldschmidt AG, Essen, Ger-
many, and has the chemical formula (shown in Figure 1)
MD70D′M (M: Me3SiO1/2-, D: -Me2SiO-, D′: Me(R)SiO-,
R: poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO)
polyether) with MW ) 12000. The molecular weight per
polyether group in the siloxane copolymer is 1200 and the
polyether composition is 75% PEO and 25% PPO (this
corresponds to approximately 19 EO segments and 6 PO
segments). In this copolymer 11% free polyether was present
due to an excess polyether used in the synthesis; the presence
of free polyether in solution is not expected to affect the siloxane
copolymer micelle formation and structure since the polyether
has sufficiently low molecular weight and sufficiently high PEO
content to be completely water-soluble;19 moreover, the poly-
ether is not expected to interact with the siloxane copolymer.
1,6-Diphenyl-1,3,5-hexatriene (DPH, the structure is shown in
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Figure 1. The structure of the poly(dimethylsiloxane)-graft-polyether
copolymer considered here.

10845J. Phys. Chem. B2002,106,10845-10853

10.1021/jp014220q CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/01/2002



Figure 2a) was obtained from Molecular Probes Inc., Eugene,
OR. Methyl orange 99.5% (Figure 2b) and pyrene 99% (Figure
2c) were purchased from Aldrich Co. Pluronic P105 (EO37PO56-
EO37, CMC ) 0.3% at 25°C) and Pluronic F127 (EO100PO65-
EO100, CMC ) 0.7% at 25 °C) poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) block copolymers
were obtained from BASF Corp. All solutions (with the
exception of those used for SANS) were prepared with Milli-Q
filtered water (18 MΩ cm). D2O (used in SANS) was obtained
by Cambridge Isotope Laboratories Inc. (Andover, MA).

Methods

1,6-Diphenyl-1,3,5-hexatriene (DPH) UV-Vis Spectral
Measurements.The rod-shaped DPH dye that is used here for
the determination of the CMC is a well-known probe of lipid
membrane interiors and has also been used to determine micelle
formation in Pluronic PEO-PPO-PEO aqueous solutions.19

The fluorescence or absorption intensity of DPH in water is
minimal, but it is substantially enhanced when associated with
surfactants. A typical DPH absorption spectrum is shown in
Figure 3a. The main absorption intensity peak is at 354 nm.
Siloxane copolymer aqueous solutions with concentration rang-
ing from 0.0001% to 10% w/v were prepared by diluting a stock
solution to the desired concentration. The experiments were
performed at 24°C within a couple days of solution preparation.
Sample preparation was as follows: a stock solution of 0.4 mM
DPH in methanol was prepared; 25µL of the DPH/methanol
solution was added to 2.5 mL of copolymer solution, so that
the final solution contained 0.004 mM DPH and 250 mM
methanol. The amount of methanol is so low that is not expected
to affect the micelle formation.19,20 The solutions were left in
the dark to equilibrate for at least 3 h before the spectroscopic
measurement. UV-vis absorption spectra of the copolymer/
DPH/water samples were recorded in the 320-400 nm range
using a Beckman DU-70 UV-vis spectrophotometer. The CMC
value at 40 °C was measured using a Spectra Max 340
instrument.

Methyl Orange Hypsochromic Shift. Methyl orange is a
solvatochromic dye molecule that has been used to investigate
the formation of surfactant micelles.21 The noncovalent incor-
poration of methyl orange in the micelles is reflected by a
hypsochromic shift of the long-wavelength absorption band of
methyl orange.21 Typical methyl orange absorption spectra are
shown in Figure 3b. Note the blue shift when the poly(di-
methylsiloxane)-graft-polyether copolymer concentration in-
creases from 0.01% (below CMC) to 3% (above CMC).
Measurements were carried out on Beckman DU-70 UV-vis

spectrophotometer. The concentration of the dye (2.5× 10-2

mM) was kept constant.
Pyrene Fluorescence.Pyrene has been extensively used as

a fluorescence probe to investigate the formation of hydrophobic
microdomains by surfactants. In particular, the pyrene spectrum
shows several vibronic peaks, and the ratioI1/I3 of the intensities

Figure 2. The structure of (top) 1,6-diphenyl-1,3,5-hexatriene; (middle)
methyl orange; and (bottom) pyrene.

Figure 3. (top) Typical UV-vis absorption spectrum of DPH in
aqueous siloxane solution (1%, above CMC). As the concentration of
the siloxane copolymer (and that of micelles) increases, the intensity
at λ354 will increase. (middle) Typical UV-vis absorption spectra of
methyl orange in aqueous siloxane solution. At 0.01% siloxane (below
CMC), the wavelength at which the maximum intensity is observed is
462 nm. As the siloxane copolymer concentration increases to 3%, the
wavelength of the maximum will decrease, indicating the formation of
micelles. (bottom) Typical fluorescence emission spectra of pyrene in
distilled water and in 0.01% siloxane aqueous solution. The value of
the I1/I3 ratio is used to indicate the polarity of the microenvironment
where the pyrene is located. As the concentration of siloxane increases,
the I1/I3 ratio will decrease as pyrene is solubilized in the micelles.
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of the first and third vibronic peak is a sensitive indicator of
the polarity of the pyrene microenvironment.22 Typical pyrene-
fluorescence emission spectra are shown in Figure 3c. Fluo-
rescence spectra were recorded with a Perkin-Elmer LS50
luminescence spectrometer. The excitation wavelength was 335
nm and the emission spectra were recorded from 360 to 500
nm. Pyrene was recrystallized 3 times from ethanol. A stock
solution of 5 mM pyrene in acetone was prepared, from which
5 µL were added to 4 mL of the siloxane aqueous sample. The
final pyrene concentration was 6.25× 10-3 mM and the acetone
concentration was 17 mM (too low to have an effect on CMC).

DPH Anisotropy Measurements.The viscosity/mobility in
the interior of surfactant assemblies can be assessed from
measurements of the molecular anisotropy which results from
molecular rotational diffusion. Because of the restricted rota-
tional motion of DPH, the anisotropy increases with increasing
viscosity of the microenvironment where DPH lies. The
fluorescence anisotropy (r) can be related to the friction
coefficient for molecule rotation according to the following
equation:23

wherer0 is the anisotropy in rigid media,k is the Boltzmann
constant,τ is the lifetime of the fluorescence probe in its
environment,η is the microviscosity,V is the effective volume
of the probe, andT is the absolute temperature. This equation
predicts a linear relationship between 1/r and Tτ/η. Micro-
viscosity values often decrease as the temperature increases.

The fluorescence anisotropy of samples (4 mL) containing
40 µL of 0.4 mM DPH was measured by a Perkin-Elmer LS50
instrument using a L-format detection geometry. The advantage
of using DPH lies in its high extinction coefficient, allowing
dilute solutions to be examined. The limiting anisotropy is
constant from 320 to 380 nm, allowing a choice of excitation
wavelengths.23 The fluorescence anisotropy was calculated from
the following relationship:

whereG () IHV/IHH) is an instrument correction factor, andIVV,
IVH, IHV, and IHH refer to the resultant emission intensity
polarized in the vertical or the horizontal detection planes
(second sub index) when excited with vertically or horizontally
polarized light (first sub index). The excitation wavelength was
360 nm and the emission was measured at 428 nm.

Small-Angle Neutron Scattering.SANS measurements were
performed at the National Institute of Standards and Technology
(NIST) Center for Neutron Research, beam guide NG3. The
neutron wavelength used wasλ ) 0.6 nm. The sample-to-
detector distance was 260.0 and 1300.0 cm. The resolution (∆q/
q) was about 0.15. The angular distribution of the scattered
neutrons was recorded in a two-dimensional detector; the radial
average was subsequently obtained and used for data analysis.
0.01%, 0.2%, 1%, and 5% siloxane copolymer solutions were
prepared in D2O, which provides good contrast between the
micelle and the solvent. The samples were placed in 1 mm path
length stopped “banjo” quartz cells, and scattering data were
recorded at different temperatures in the range. Adequate time
was allotted for thermal and kinetic equilibration. Scattering
intensities from the copolymer solution were corrected for
detector background, empty cell scattering, and sample trans-

mission as described in ref 24. The resulting corrected intensities
were normalized to absolute cross section units.

SANS Data Analysis.The absolute SANS intensity can be
expressed as a product ofP(q), related to the form factor, and
the structure factorS(q):24

whereN is the number density of the scattering particles, in
our case micelles, which depends on the copolymer concentra-
tion and the association number of micelles. The particle form
factor f(q) is related toP(q) by the following expression:

whereVp is the micelle particle volume, andFp andFs are the
mean scattering length density (SLD) of the micelle particles
and solvent, respectively. The form factorf(q), which takes into
account the intramicelle structure, depends on the shape of the
colloidal particle. The hard sphere form factor that describes a
dense spherical particle with radiusR is given by

In fitting the hard sphere model into the scattering data, we
view the micelle particles as consisting of a “dry” core
(composed of siloxane and PPO segments with little or no
solvent present) and a hydrated corona consisting of solvated
PEO segments. When the siloxane solutions are prepared in
D2O, the contrast between the micelle core, with low SLD
(Fsiloxane) 6.58× 10-8 Å-2 andFPPO) 3.25× 10-7 Å-2), and
the solvent, with high SLD (FD2O ) 6.33× 10-6 Å-2), is good,
but the contrast between the hydrated corona and the solvent
(water) is poor. Therefore,P(q) mainly depends on the
hydrophobic core, and the radiusR obtained from the hard
sphere form factor fit corresponds to the micelle core radius.
For a dilute solution, the structure factor is close to unity. With
an increase in the copolymer concentration, a correlation peak
will arise due to the intermicellar structure factor. In our data,
we did not observe the peak and therefore we assumeS(q))
1. We thus fitted the scattering data obtained from 0.01% to
5% solutions using the hard sphere form factor, with only one
fitting parameter (R).

Dynamic Light Scattering. Dynamic light scattering meas-
ures the time-dependent scattering intensity emanating from the
sample which leads to the correlation functionG(2)(Γ) obtained
by means of a multichannel digital correlator.25

whereA, b,τ, Γ, and|g(1)(τ)| are the baseline measured by the
counter, coherence factor, delay time, decay rate, and normalized
electric field correlation function, respectively. In our study
|g(1)(τ)| was analyzed by the exponential sampling (EXPSAM)
method, yielding information on the distribution function ofΓ,
G(Γ). G(Γ) is used to determine an average (translational)
diffusion coefficientDapp) Γ/q2 whereq ) (4πn/λ) sin(θ/2) is
the scattering wave vector. The apparent hydrodynamic radius
Rh is related toDapp via the Stokes-Einstein equation:

wherek is the Boltzmann constant,T is the absolute temperature,
andη is the viscosity of the solvent.

1
r

) 1
r0

+ kTτ
ηVr0

(1)

r )
IVV - GIVH

IVV + 2GIVH
(2)

I(q) ) NP(q)S(q) (3)

P(q))[Vp(Fp- Fs) f(q)]2 (4)

f(q)) 3[sin(qR) - qRcos(qR)]/(qR)3 (5)

G(2)(Γ) ) A(1 + b|g(1)(τ)|2) (6)

Dapp)kT/6πηRh (7)
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We used a Brookhaven BI-200SM goniometer with a Lexel
model 95 argon ion laser to obtain the micelle size distribution
from a plot ofG(Γ) versusRh by the correlation data with the
EXPSAM fitting routine, withG(Γi) being proportional to the
scattering intensity of particleI having an apparent hydro-
dynamic radiusRh,i. The copolymer concentrations studied at
24 °C were 1%, 2%, and 5%, all higher than the CMC (see
discussion below).

Results and Discussion

CMC Determination. UV-vis spectra of aqueous siloxane
solutions containing DPH with siloxane concentrations in the
range 0.0001 to 10% w/v were recorded at 24°C. At low
concentrations the siloxane did not associate in aqueous solution
and DPH was not solubilized in a hydrophobic environment,
therefore, the UV-vis intensities of DPH were very low. At
higher concentrations, the siloxanes formed micelles and DPH
were solubilized in the hydrophobic micelle interior, giving a
characteristic spectrum (Figure 3a). The CMC values for
siloxane copolymer in aqueous solution of various concentra-
tions were obtained from the first inflection of the absorption
intensity at 354 nm vs siloxane concentration plot for DPH probe
(Figure 4a), as established in ref 19. The arrow on the plot
indicates the evaluated CMC (0.05%).

The UV-vis spectra of methyl orange in 0.0001-10% (w/
v) siloxane copolymer solutions were used to construct aλmax

versus siloxane concentration plot (Figure 4b). The spectra
(Figure 3b) of methyl orange remain unaltered in the presence
of siloxane up to a certain siloxane concentration, but a
progressive blue shift inλmaxwas observed at high concentration,
also up to a certain value. In Figure 4b, the absence of any
change inλmax in the dilute region indicates that the copolymer
remains fully dissolved in water and does not affect the spectrum
of the dye. At higher concentrations, the siloxane forms
hydrophobic domains and the dye can be considered to par-
tition from water to these domains resulting in decrease inλmax.
The CMC value for siloxane copolymer of various concen-
trations was obtained from the first inflection of the concentra-
tion plot (Figure 4b) with hypsochromic shift of the long-
wavelength absorption bands of methyl orange. The arrow on
the plot of Figure 4b points out the evaluated CMC value that
is equal to 0.05%, the same as that obtained by DPH as
discussed above.

A characteristic property of pyrene, which indicates the
polarity of the environment in which it is solubilized, is the
ratio of the intensity of its fluorescence peaks at 373 nm (I1)
and 383 nm (I3). The change in theI1/I3 ratio of pyrene in the
copolymer solution over the 0.0001 to 20% (w/v) concentration
range is shown in Figure 4c. As pyrene binds to hydrophobic
sites, theI1/I3 ratio is reduced by a factor characteristic of the
particular microenvironment where the pyrene molecules are
located. Taking into account (i) the CMC value from the DPH
and methyl orange experiments reported here, and (ii) our
previous studies on the micellization of Pluronic PEO-PPO-
PEO block copolymers where several techniques were calibrated
to determine the CMC,26 the second inflection of the concentra-
tion plot for pyreneI1/I3 was assigned to the CMC as detected
by pyrene. Note that theI1/I3 ratio started decreasing already at
a siloxane concentration of 0.002%. A similar behavior has been
observed in Pluronic block copolymer aqueous solutions,26 and
may be due to pyrene molecules sensing/reporting the hydro-
phobic environment generated by single (nonassociated) co-
polymer molecule that are in a coiled conformation. As alluded
to in the Introduction, the use of dye molecules as such reported

Figure 4. (top) UV-vis intensity at 354 nm (due to DPH) of aqueous
siloxane solutions with concentrations in the range 0.0001 to 10%. At
low concentrations, the siloxane did not associate in aqueous solution
and DPH was not solubilized in a hydrophobic environment. Therefore,
the UV-vis intensities due to DPH were very low. At higher
concentrations, the siloxanes formed micelles and DPH was solubilized
in the hydrophobic micelle interior. We choose the inflection point as
the CMC (0.05%). (middle) The UV-vis spectra of methyl orange at
a concentration 2.5× 10-5 M for siloxane copolymer solution over
the 0.0001-10% were used to constructλmax versus surfactant
concentration plots. The spectrum of the dye remains unaltered in the
presence of siloxane up to a certain concentration, but a progressive
blue shift inλmax is observed at high concentration also up to a certain
value. The CMC value for siloxane copolymer at various concentrations
was obtained from the first inflection of the plot of the hypsochromic
shift of the long-wavelength absorption bands of methyl orange vs the
siloxane concentration. The arrow on the plot points out the CMC value
(0.05%). (bottom) Changes in theI1/I3 ratio of pyrene plotted vs the
siloxane concentrations in the range 0.0001 to 10% (w/v). As pyrene
binds to hydrophobic binding sites in surfactant aggregates, theI1/I3

ratio is reduced by a factor characteristic of the particular microenvi-
ronment where the pyrene molecules are located. The CMC value was
obtained from the second inflection of the concentration plot for pyrene
I1/I3 ratio (indicated by the arrow).
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here, while well established in hydrocarbon surfactants, is new
for the case of silicone surfactants, and it is potentially
problematic given that hydrocarbon and silicone are immiscible.
The observations reported here point to the need for further
studies on the suitability of various hydrocarbon probe molecules
for the characterization of silicone-containing surfactants and
polymers.

CMC values for trisiloxane-ethoxylate surfactants have been
reported around 0.08-3% (at 25°C) and the CMC values were
usually smaller when the EO block was smaller.27 CMC values
of graft copolymers with long siloxane backbones reported in
ref 14 are in the range 5× 10-4 to 0.5%. One rake-type siloxane
with a structure similar to ours but with lower molecular weight
(MD18D′5M, R ) (CH2)3EO12OH) has CMC equal to 5× 10-4

%, much smaller than the CMC value determined here. These
CMC values, however, were estimated by surface tension
measurements, which can be very sensitive to hydrophobic
impurities often present in siloxanes. In fact, a very recent
study28 on the micellization of MD13D′5M with R ) (CH2)3-
EO12OH and of MD20D′5M with R ) (CH2)3EO10PO4OH
reports CMCs in the range 0.02-0.05%, very similar to the
CMC value reported here for MD70D′5M with R ) (CH2)3EO19-
PO6OH, with much higher siloxane molecular weight but also
a higher number of EO segments.

Local Polarity. The changes in theI1/I3 ratio of pyrene in
the aqueous siloxane solutions also indicate the micropolarity
of the copolymer assembly. The plateau value ofI1/I3 in the
siloxane solution at concentrations above the CMC is higher
than in conventional ionic surfactant micelles, indicating that
the pyrene is possibly solubilized near the hydrophobic/
hydrophilic boundary in the micelles (and/or some pyrene
remains outside the micelles). The concentration range between
the twoI1/I3 ratio plateaus is 0.05%-0.3% for sodium dodecyl
sulfate (SDS) aqueous solutions,28 but 0.002%-0.5% for the
siloxane copolymer examined here. The broader transition region
at the siloxaneI1/I3 curve compared to that of SDS indicates
the lower capacity of siloxane copolymer aggregates to solu-
bilize pyrene30 (recall that the CMC reported by DPH solu-
bilization coincided with the second, higher concentration,
transition reported by the pyreneI1/I3 ratio). In studies where
pyrene was solubilized in micelles formed by Pluronic PEO-
PPO-PEO block copolymer (Pluronics P104 and F108, with
PPO segments in the hydrophobic micelle core), the pyreneI1/
I3 ratio was found about 1.4 at 45°C.22,26 The I1/I3 ratio in the
siloxane micelle core is about 1.3 at room temperature,
suggesting that the siloxane micelle core is more hydrophobic
than the PPO core, especially at room temperature (PPO
becomes more hydrophobic when temperature increases). Note,
however, that the difference ofI1/I3 ratio values between the
two plateaus is about 0.6 for Pluronics P104 and F108 and that
of siloxane copolymer is about 0.4. Again, this indicates the
lower capacity of siloxane micelles (compared to the Pluronic
P104 and F108 micelles) to solubilize pyrene.

Microviscosity. At a given temperature, the anisotropy shift,
according to the Perrin equation (eq 1), can originate from either
a change in the rotational correlation time, due to a viscosity
change of the local environment, or a change in the fluorescence
lifetime. The anisotropy data alone do not allow a quantitative
separation of two effects. However, a change in the anisotropy
will be observed only if the local environment in the vicinity
of the probe molecule inside the micelle is altered. Therefore,
the observed anisotropy change is a clear indication of solvent
partitioning into the micelle phase and very possibly lowering
the microviscosity of the local environment.

DPH anisotropy values for poly(dimethylsiloxane)-graft-
polyether copolymer aqueous solutions (above the CMC), as
well as for Pluronic P105 and Pluronic F127 aqueous solutions
(obtained for comparison purposes) are shown in Figure 5. The
DPH anisotropy values are independent of the copolymer
concentration (above CMC) within the experimental error. The
anisotropy value is 0.085 for the siloxane copolymer. The
anisotropy values are 0.14 for Pluronic P105 and 0.13 for
Pluronic F127. The lower value of the anisotropy for the
siloxane micelles indicated that the siloxane copolymers do not
pack as tightly as Pluronic copolymers and the DPH molecules
are more mobile in siloxane micelles. The more loosely packed
siloxane micelles compared to Pluronic micelles are also
reflected in the differences inI1/I3 ratio between the two plateaus
as discussed previously in the local polarity section.

Micelle Structure and Association Number.Figure 6, parts
a and b, show the SANS data obtained from aqueous (D2O)
siloxane copolymer solutions and the model fits. We fitted the
data for 0.01%, 0.2%, 1%, and 5% siloxane solutions using the
hard sphere form factor. As shown in Figure 6, the model curve
fits well the scattering data in theq range 0.01 Å-1 to 0.1 Å-1

(the fit could have been better if we had used a more
complicated model for the form factor; however, we felt that
the simple hard sphere form factor is adequate for the system
considered here). The micelle core radius obtained from the fit
is 75((1) Å at all siloxane copolymer concentrations considered
(see also Table 1). The(1 Å error reported above for the micelle
core radius is based on the variation ofR that would result in
a noticeable worsening of the fit (and not by repeat experiments
at the same concentration). The increase in the scattering
intensity observed with increasing siloxane concentration is due
to the increase in the number density of micelles. At 0.01%
siloxane solution, which is below the CMC detected by the
spectroscopic methods discussed earlier, we expected to obtain
the unimer structure information. However, it was not possible
to fit the scattering data with the form factor for Gaussian coils.
Instead, the data were fitted by the hard sphere form factor
(Figure 6a). The radius we calculated from the fit was the same
as the micelle size (obtained at higher concentrations), a fact
indicative of the presence of micelles. Obviously there is an
inconsistency between the information provided by the SANS
pattern at 0.01% siloxane and the CMC value obtained from
the DPH and methyl orange spectrophotometic measurements;

Figure 5. DPH anisotropy values for micelles formed by different
copolymer types and concentrations (see text form copolymer notation).
The DPH anisotropy values are independent of the copolymer
concentration (above CMC) within the experimental error.
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we plan to carry out further SANS experiments in order to
elucidate this.

From the micelle core radius value obtained from the SANS
data analysis, and under the assumptions that the micelle core
consists (i) of all the siloxane and PPO segments of the
copolymer molecules which participate in one micelle, and (ii)
of only the siloxane and PPO blocks (i.e., there is no solvent or
PEO present in the core), we can estimate the association
number (average number of copolymers per micelle),Nassociation,
as follows:

whereV is the volume of the dimethylsiloxane plus propylene

oxide segments in one copolymer molecule (V ) 12450 Å3).
The Nassociationthus calculated is about 142 plus/minus 6 (this
error is estimated from the plus/minus 1 Å error inR). The
assumption invoked in this estimation is that of strong segrega-
tion between the PEO segments and the siloxane plus PPO
segments, and between the siloxane segments and the solvent.

Micelle Hydrodynamic Radius and Size Distribution. Figure
7a-c shows the size distributions exhibited by 1%, 2%, and
5% siloxane copolymer solutions in water. The size distribution
data are obtained by the exponential sampling algorithm and
show two well-distinguished peaks that are fitted by Gaussian
curves in all conditions.20 The lower size distribution, centered
around 125-150 Å, corresponds to the radius of the siloxane
copolymer micelles. The copolymer concentration does not show
strong effect on the micelle radius, suggesting a closed-
association process.31

The higher size distribution, centered around 500 Å (radius)
with a standard deviation of about 100 Å, results from
aggregates with size larger than that of micelles (possibly formed
by copolymers more hydrophobic and/or of higher molecular
weight than the main component). While these large aggregates
contribute about 25 to 30% of the total scattered intensity, their
concentration is extremely low (as we show next) and thus we
did not study them further. If we convert the intensity weighted
distribution to number weighted distribution via the equa-
tion:32

where ni is relative number distribution,Ii relative intensiy-
weighted distribution,Ri radius corresponding to eachIi, and
P(KRi) particle structure factor (assumed to be 1), then the
number of particles corresponding to the higher radius peak is
<0.01% of the total particles. The weight fraction of the large
particles will be higher than the number fraction, but still less
than 1%

Micelle Degree of Solvation.As discussed in the SANS data
analysis section, water is present in the hydrated micelle corona,
but the hard sphere model that we used to fit the SANS data
does not account for this. However, the hydrodynamic radius
of the micelles measured by DLS depends on the movement
(diffusion) of the micelles, therefore the size (hydrodynamic
radius) we measure in DLS should be that of the micelle core
plus the solvated corona. If we consider the hydrodynamic
radius,Rh, to reflect the extension into the solution of the PEO
blocks of the copolymers that participate in a given micelle,
we can then calculate the volume of the micelle corona as that
between two concentric spheres, one defined byRh (obtained
from DLS) and the other by the micelle core radius,R (obtained
by SANS). From the volume of the micelle corona we can then
estimate the average number of water molecules per PEO
segment,Nsolvation,PEO:

wherem is the number of total EO monomers (m ) 100) in
one siloxane molecule,VEO is the molecular volume of one PEO
segment (VEO ) 73 Å3), andVwater is the molecular volume of
water (Vwater ) 30 Å3). In addition to theNsolvation,PEO, we can
estimate the volume fraction of PEO in the corona,φPEO,corona:

Nsolvation,PEOandVPEO,coronawere calculated using theNassociation

value obtained above (142( 6) and theRh and R values

Figure 6. SANS patterns of siloxane copolymers in aqueous solution
at different concentration. As the concentration increases, the scattering
intensity increases. The fitted curves for (top) 0.01%, and (bottom)
0.2%, 1%, and 5% siloxane were obtained from the hard sphere form
factor.

TABLE 1: The Micelle Core Radius (R) Estimated by SANS
and the Hydrodynamic Radius (Rh) and Standard Deviation
(σ) of the Rh Estimated by DLS at Different Siloxane
Concentrations and Temperatures

concentration temperature (°C) R (Å) Rh (Å) σ (Å)

0.01% 20 75
0.2% 25 75
1% 25 75 121a 28a

2% 20 132a 30a

5% 20 76 131a 22a

5% 50 152 58
5% 60 Ra) 160,

Rb ) 61
229 75

a 24 °C.

Nassociation) 4πR3/3V (8)

ni ) IiRi
6P(KRi) (9)

Nsolvation, PEO)

[4π(Rh
3 - R3)/3 - mNassociationVEO]/(VwaterNassociationm) (10)

φPEO,corona) (mVEONassociation)/[4π(Rh
3 - R3)/3] (11)
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obtained from the light scattering and SANS fits, respectively
(125 and 75 Å).Nsolvation,PEOequals 12.6( 0.6 andφPEO,corona

is 0.16 ( 0.01 (the errors are estimated from the error in
Nassociation). These values are in agreement with values obtained
for the PEO corona of PEO-PPO-PEO block copolymer
micelles.22,26,33

The intermicellar interactions are weak (as judged by the fact
that S(q)) 1), suggesting that the micelle corona thickness is
low. We now compare the chain length of fully extended
polyether with the differences betweenRh andR (equal to the
micelle corona thickness) in order to assess if the corona is
indeed formed by polyether chains. The chain length of the

polyether group can be estimated by the following equation:34

where〈r2〉1/2 is the root-mean-square end-to-end distance of a
polymer coil in a random coil conformation,n is the number
of bonds along the polymer backbone,R is the chain expansion
factor, CN is a parameter characteristic of the polymer ability
to swell, andl is bond length (1.54 Å for C-C bond and 1.43
Å for C-O bond). If we assumeCN to be 4 andR to be 1.5,34

then the calculated polyether chain〈r2〉1/2 is ∼56 Å, which is
close to the(Rh - R) ) 50 Å. Therefore, the corona thickness
estimated by SANS and DLS can be indeed reached by the
polyether chains, even if they are in a random coil conformation
(they are more likely stretched).

Temperature Effects on Micelle Formation and Structure.
The dependence of CMC on temperature was examined by the
DPH solubilization technique (data are shown in Figure 8). As
the temperature increases from 24 to 40°C the CMC value of
the siloxane surfactant decreases slightly from 0.05% to 0.04%.
In ref 28, where a siloxane copolymer of similar structure but
lower molecular weight than ours is studied, the CMC is
reported to decrease from 0.034% at 25°C to 0.016 at 45°C.
Similarly to the case of the poly(dimethylsiloxane)-graft-
polyether copolymers, the decrease of the hydrophilicity of the
PEO blocks with increasing temperature has comparatively little
effect on the CMC as in the case ofn-alkyl poly(ethylene glycol)
ethers (CiEOj).34 However, a pronounced dependence of the
CMC on temperature has been observed in Pluronic PEO-
PPO-PEO block copolymer solutions.19,35

Figure 9 shows the size distribution (obtained by DLS)
exhibited by a 5% siloxane aqueous solution at 50 and 60°C.
As temperature increases from 24°C to 60 °C, the micelle
hydrodynamic radius increases from 132 to 229 Å and the
standard deviation (SD) of the micelle radius increases from
23 to 75 Å (shown in Figure 9b). The hydrodynamic radius of
the large aggregates increases from 501 to 1268 Å and the
standard deviation increases from 88 to 326 Å. Because the
solubility of the PPO and PEO segments depends strongly on
temperature, the hydrophobicity of the surfactants is expected
to increase at higher temperature,35 causing a decrease in
interfacial tension between the micelle and water. The micelle
radius therefore increases.

We also studied the temperature effects on micelle structure
by SANS. As seen in Figure 10a, the scattering intensity at 40
°C coincides with the data obtained at 20oC. As discussed

Figure 7. The intensity-fraction distribution of micelle hydro-
dynamic radius from (top) 1%, (middle) 2%, and (bottom) 5%
siloxane copolymers in water. The data points are fitted by Gaussian
curves.

Figure 8. The dependence of CMC (detected from DPH solubilization)
on temperature.

〈r2〉1/2)R (nCN)1/2 l (12)
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above, the data were fitted by a hard sphere model and the
obtained micelle core radius is about 75 Å. However, as the
temperature increases to 60°C, the scattering intensity increases
at low q and the hard sphere form factor no longer fits well the
data points (see the dashed curve in Figure 10b). Because of
the low hydration and higher hydrophobicity of the PEO blocks
at higher temperature, and also because of the inherent tendency
of the comblike macromolecules to favor assemblies of low
curvature, the micelles may grow. Under the restrictions that
(i) all the headgroups are exposed to water and (ii) there is no
space that is not filled with the hydrophobic chains in the
micellar core, micelles will grow along one dimension (to form
rods), and further to two dimensions (to form disks). We thus
fitted the data at 60°C by the monodisperse ellipsoid form factor
(eq 13) with the semimajor axisRa and semiminor axisRb (the
ellipsoid shape was selected as intermediate between sphere and
cylinder). As shown in Figure 10b, the curve fits very well the
data points at lowq. The calculatedRa is 160 Å andRb is 61
Å.

Note that the semiminor axisRb is smaller thanR obtained
by hard spheres (76 Å), which suggests that at 20°C the siloxane

molecules could form both spherical and ellipsoid micelles.
Copolymers with structure MDnD′RM (with R ) CH2EO12OH),
n ) 13 or 18,m ) 5) have been found to fit the spherical
models,14 but the authors suggested that the micelles of these
siloxane copolymers have ellipsoidal shape with an axial ratio
close to 1 and that the experimental accuracy was not sufficient
to distinguish between such aggregates and exact spheres. SANS
data on MD13D′M with R ) (CH2)3EO12OH and on MD20D′M
with R ) (CH2)3EO10PO4OH, reported recently in ref 28, were
fitted well to a monodisperse oblate ellipsoid model, in good
agreement with the observed transition of the micelle structure
from spherical to ellipsoid at higher temperature discussed
above. In fact, the structural dimensions obtained in ref 28 are
about 2 times lower than the ones reported here, which is
reasonable given that the copolymer examined here has mo-
lecular weight twice that of ref 28.

Conclusions

CMC detection in aqueous solution of poly(dimethyl-
siloxane)-graft-polyether copolymer with structure MD70D′M
(M: Me3SiO1/2-, D: -Me2SiO-, D′: Me(R)SiO-, R: poly-
ether copolymer with approximately 19 ethylene oxide and 6
propylene oxide segments) in aqueous solution has been
accomplished by three methods: DPH UV-vis spectra, hypso-

Figure 9. (top) Size distributions of 5% siloxane copolymer aqueous
solutions at 50°C and 60°C. (bottom) As the temperature increases
from 24 °C to 60°C, the micelle radius increases from 131 to 229 Å
and the standard deviation of the micelle radius increases from 22 to
75 Å.

f(q) ) ∫0

1 [(sin(z) - z cos(z))

z3 ]2

dx;

z ) qRb[1 + x2((Ra

Rb
)2

- 1)1/2] (13)

Figure 10. (top) Temperature dependence of the siloxane block
copolymer structure at 20°C, 40 °C, and 60°C. The scattering
intensities at 20°C and 40°C coincide. As the temperature increases
to 60 °C, the scattering intensity at lowq increases, indicating a
transition of the micelle structure from sphere to ellipsoid. (bottom)
The scattering intensity data at 60°C were fitted by two modelss the
hard sphere form factor (dashed curve) and the ellipsoid form factor
(solid curve). The ellipsoid form factor fits the data noticeably better
at low q.
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chromic shift of methyl orange, and pyreneI1/I3 ratios. The
CMC value thus obtained equals 0.05% (although SANS data
obtained at 0.01% siloxane copolymer provide some conflicting
evidence). The microenvironment of siloxane copolymer mi-
celles was studied by pyrene fluorescence measurementsI1/I3

and DPH fluorescence anisotropy measurements. The micro-
viscosity in siloxane micelles is lower than that in Pluronic
PEO-PPO-PEO block copolymer micelles.

SANS experiments show that spherical micelles with as-
sociation number value of about 142 are present in 5% siloxane
copolymer solution at 20°C. The micelle core has a radius of
75 Å. Dynamic light scattering data show two size distributions
for the siloxane copolymer solutions, but the higher size
distribution is due to only 0.01% of the particles present in
solution. The peak centered at 125 Å corresponds to the micelle
hydrodynamic radius. The hydrodynamic radius takes into
account the core plus the corona radius, while the radius obtained
from the hard sphere form factor used in fitting SANS data
equals the micelle core radius; thus we can estimate the degree
of solvation by relating these two radii and the micelle
association number. The number of water molecules per EO
segment equals 12.6 and the volume fraction of the EO segments
in the micelle corona equals 0.16. The increase in temperature
from 24°C to 40°C does not have a strong effect on the CMC
of the siloxane surfactants. However, the micelle radius increases
with further increase in temperature, and the SANS data indicate
a structural evolution of the siloxane copolymer micelles, from
spheres at 20 and 40°C to ellipsoids at 60°C.
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