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Small-Angle Neutron Scattering Characterization of Micelles Formed by
Poly(dimethylsiloxane)-graft-polyether Copolymers in Mixed Polar Solvents

Introduction

Amphiphilic molecules containing poly(dimethylsiloxane)
(silicone) are used as wetting and foaming/defoaming agents
in numerous applications ranging from the production of
polyurethane foam to that of cosmetics, agricultural adjuvants
textiles, and coatings:® Recently, the self-assembly behavior
in water of a number of low molecular weight trisiloxane
ethoxylate surfactants and higher molecular weight block and
graft poly(dimethylsiloxane)-containing copolymers has been
reported.~12 Rake-type siloxane surfactants, such asNIHM
(where, M= Me3SiOy,—, D = —Me,SiO—, D' = Me(R)SiO—,

R = —(CH,)3—0—(EO)>—H, and EO= ethylene oxide), can
form at low concentrations (e.g., 5%) in water an unusual
diversity of spheroidal and elongated micelles, as well as
tubelike, unilamellar and mutilamellar vesiclésAt high
concentrations (e.gz50%) in water, silicone-containing sur-
factant81° and block copolymets can form various ordered
lyotropic liquid crystalline structures.

An important factor controlling the structure of micelles and
ordered structures formed by amphiphilic block or graft
copolymer is the solvent qualiy. This has been exemplified
by work carried out recently in our group on poly(ethylene
oxide)-poly(propylene oxide)poly(ethylene oxide) (PE©S
PPG-PEO) block copolymers (commercially known as Polox-
amers or Pluronics) where water is typically used as a solvent
(being selective for PEO). In such systems, the addition to water
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The self-assembled structure of an amphiphilic poly(dimethylsiloxane)-graft-polyether copolymer has been
investigated in binary solvents consisting of water and one of the following polar organic solvents: 2-propanol,
ethanol, formamide, or glycerol. Micelle structural parameters were obtained by fitting theamymna form

factor and hard-sphere interaction structure factor to small-angle neutron scattering (SANS) data obtained at
contrast conditions where the solvents were fully deuterated and the copolymer was not. The siloxane copolymer
forms in water at 20C micelles that consist of a “dry” core with a radius of about 6 nm and a solvated
(about 40% polymer) corona with a thickness of 2 nm; the relatively thin corona may be due to the comb-
type architecture of the siloxane copolymer. The micelle radii, micelle core radii, micelle association numbers,
and polymer volume fractions in the micelle core and corona decreased with increasing cosolvent/water ratio
in the mixed solvents containing 2-propanol, ethanol, or formamide. On the contrary, the addition of glycerol
led to an increase of the micelle association number. The above findings are discussed in terms of the relative
location of the polar organic solvents in the interior or exterior of the siloxane copolymer micelles. In particular,
the micelle association numbers observed for different watesolvent mixtures can be correlated to the
octanol-water partition coefficients of the respective cosolvents. A transition from spherical to ellipsoid
micelles was observed upon an increase in the temperature: this is attributed to the desolvation of the polyether
chains. This structural transition correlates with the solvent quality in the mixed solvents: ethanol and
2-propanol, which solvate the interior of the micelles, tending to keep the micelles spherical, while increased
glycerol content in the mixed solvent leads to the formation of ellipsoids at a fixed temperature.

of common salt$ or polar organic solvent$1° such as
glycerol, ethanol, and formamide, provides extra degrees of
freedom in tailoring the solution properties for specific applica-
tions. The addition of polar organic solvents also causes
pronounced effects on the concentration range of stability of
' the various lyotropic liquid crystals formed by PEGPO-
PEO block copolymers in water and on the characteristic length
scales of the ordered structuf@s?? It is notable that the same
trends that are observed in the PEPPO-PEO block copoly-
mer micelle structural parameters (obtained by fitting a model
for the micelle structure to small angle neutron scattering data)
upon the replacement of part of the water by a certain polar
organic solverf are also observed in the variation of the spacing
in lyotropic liquid crystalline structures (obtained directly from
small-angle X-ray scatteringy.Another case-study of morpho-
logical control of block copolymer self-assembly by means of
mixed solvents has been presented by Eisenberg and co-
workers?324 They found that an increase of the water content
in mixtures with N,N-dimethylformamide transforms the en-
thalpy-driven (typical of block copolymers in apolar organic
solvents) micellization of polystyrene-poly(acrylic acid) diblock
copolymers to an entropy-driven process (typical of amphiphiles
in water)2® With increasing water content in a water-dioxane
mixture, a sequence of structures formed by polystyrgrady-
(acrylic acid) was observed, that followed the order of single
chains, spheres, sphere and rod mixtures, rods, rod and vesicle
mixtures, and finally pure vesicl&$.
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of water-soluble amphiphilic copolymers, such as the subject ficiently high PEO content to be completely water-solu¥le;
of this study, is still limited. Such lack of fundamental however, the free polyether is expected to contribute to the
knowledge is in contrast with the current trend of increased use background scattering. For the neutron scattering experiments
of functional polymers as pharmaceutical excipients, in personal we used deuterated water ), deuterated 2-propanol (GD
care products, detergents, and foods. Another emerging ap-CDODCD;), deuterated ethanol (GDD,OD), deuterated for-
plication where such knowledge is useful is the synthesis of mamide (DCOND), and deuterated glycerol (GDDCDODCDL-
nanostructured materials templated by amphiphiles. For ex- OD) purchased from Cambridge Isotope Laboratories Inc.
ample, the type and amount of alkanol added have been shown(Andover, MA). Care was taken to avoid exposure of the organic
to affect both the pore diameter and the pore wall thickness in solvents to atmospheric humidity prior to their addition to water.
mesoporous silica templated by PEBPO-PEO block co- The solvents were mixed on a volume basis while the siloxane
polymer lyotropic liquid crystal8® Further study is required in ~ copolymer was added on a weight basis.
order to obtain detailed information on the solvent partitioning ~ Small-Angle Neutron Scattering Experiments. SANS
in the self-assembled structure and on the solvation of the measurements were performed at the National Institute of
hydrophobic and hydrophilic segments when polar organic Standards and Technology (NIST) Center for Neutron Research,
solvents are present in aqueous solutions. To this end, we havebeam guide NG3° The neutron wavelength used was= 0.6
initiated an investigation of the self-assembly of an amphiphilic nm. The sample to detector distance used was 260.0 and 1300.0
poly(dimethylsiloxane)-graft-polyether copolymer in mixed cm. The resolution Ag/q) was about 0.15. The angular
solvents consisting of water and water-miscible polar organic distribution of the scattered neutrons was recorded in a two-
solvent3® (selected on the basis of fundamental considerations dimensional detector; the radial average was subsequently
and/or in terms of their usage in pharmaceutics, inks, or obtained and used for data analysis. Siloxane copolymer
coatings). The type of organic solvent present in the mixed solutions (5 wt %) were used to investigate the micelle structure.
solvent affected greatly the siloxane copolymer concentration The compositions of the D-solveAnD,O mixed solvents
where micelles start forming (CMC), thus providing indirect examined here were 0, 20, 40, and 60 vol % formamide; 0, 10,
evidence on the solvent effects. and 20 vol % ethanol, 2-propanol, or glycerol. The samples
To obtain direct information on the solvent effects on the were placed in 1 mm path length stoppered “banjo” quartz cells
micelle structure, we carried out small-angle neutron scattering and scattering data were recorded at temperatures ranging from
(SANS) experiments on this poly(dimethylsiloxane)-graft- 20 to 60°C. Adequate time was allotted for thermal and kinetic
polyether copolymer in binary solvents consisting of water and equilibration. Scattering intensities from the siloxane copolymer
one of the following: ethanol, 2-propanol, formamide, or solution were corrected for detector background, empty cell
glycerol. SANS has been shown very useful in probing solvent scattering, and sample transmission. The resulting corrected
effects on the structure of micelles formed by PEHFPO-PEO intensities were normalized to absolute cross section thits.
block copolymer¥19 and by nonionic ethoxylated surfac- This way we can obtain intensities on an absolute scale.
tants2’-28 The variables that we examined include the content SANS Data Analysis: Micelle Structure. The absolute
of the polar organic solvent in the mixed solvent and the SANS intensity can be expressed as a product of the form
temperature; the siloxane copolymer concentration was keptfactoP(q) and the structure factd¥(q):
constant at a value well above the concentration where micelle
start forming. By fitting appropriate form and structure factors 1(a) = NP(q)S(a) 1)
to the scattering data, micelle structural parameters, such as core ] ) . . )
radii, micelle radii, micelle association number, and polymer WhereN is the number density of the scattering particles: in
volume fraction in the core and corona are obtained. From these,0ur case, micelles. The form factd¥(q) accounts for the
the role of the polar organic solvent on the siloxane copolymer intramicelle structure. Several modells have been proposed for
self-assembly is deduced. A sphere-to-ellipsoid shape evolutionthe form factor of block copolymer micelles; the ones relevant
of micelles observed at elevated temperatures and/or undert© this study are summarized here. Note that the references cited
certain solvent conditions is also connected to the solvent effects.Pelow are representative of work performed on PEPO-
The study reported here adds to the very small number of studiesPEO block copolymer micelles in aqueous solution, and they
that have employed SANS to study the self-assembly of siloxane do not constitute a complete list. The simplest form factor that

surfactants or copolymefd? or have addressed the structure describes a micelle with a well-defined core devoid of (deu-
of micelles in mixed solventt819.27.28 terated) solvent is that of a hard sph&réHowever, most block

copolymer micelles are recognized as having a €cmona
structure. A way to account for this is to have a form factor
consisting of a spherical core and a corona layer of a given
Materials. The poly(dimethylsiloxane)-graft-polyether co- thickness, with the polymer/solvent content across the corona
polymer examined here was provided by Goldschmidt AG, thickness to be constant (but adjustable); in this model there is
Essen, Germany, and has the nominal chemical formula a step change in the solvent concentration at the-eooeona
MD7oD'sM (where M= Me3SiOy,—, D = —Me,SiO—, D' = and at the corona-solution interfacés# A variation of this
Me(R)SiO—, and R= PPO-PEO polyether) with MW= theme is a form factor that considers a hard sphere to describe
11500. The molecular weight per polyether side chain is 1200 the micelle core and Gaussian chains to describe the micelle
and its composition is 75% PEO and 25% PPO. The polyether corona® A recent improvement is the so-called cap-gown form
side chains are distributed randomly along the poly(dimethyl- factor where the micelle core is again a hard sphere but the
siloxane) backbone. In this siloxane copolymer 11% free corona consists of a Gaussian distribution of polymer segments
polyether was present due to an excess polyether used in thewvith no abrupt boundary between the micelle core and the
synthesis; this is common for such siloxane-polyether copoly- solvent3 Perhaps the best approach would be to use no model
mers!3 The presence of the free polyether in solution is not for the micelle structure at all, but to extract the scattering
expected to affect the siloxane copolymer micelle structure sincedensity correlation function using the generalized indirect
the polyether has sufficiently low molecular weight and suf- Fourier transformation (GIFT) method developed by Glakter.

Materials and Methods
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However, the GIFT method is computationally involved com- of cosolvent/water to exist in each of the three regions (again,
pared to form factors for which analytical expressions are because the SLD values of the deuterated solvents are similar
available. Note that when the GIFT method was applied to to each other relative to the SLD of the polymer); in fact, we
PEO-PPG-PEO block copolymer micelles, the results were have reasons to believe that for some cosolvents there is
indicative of spherical micelles, relatively monodisperse in partitioning of the cosolvent inside the micelfe.
size¥’ The volume fraction of polymer in the coreigr and the

In this work we use the corecorona form factor model to  volume fraction of polymer in the coronaxdyrond can be
describe the structure of the micelles formed by the poly- expressed in terms of the core and micelle rdlis{andRmicele)
(dimethylsiloxane)-graft-polyether copolymer in mixed sol- and the micelle association numb8kssee i.€., the number of
vents3334 Our selection is based on the premise that, for a copolymer molecules which (on the average) participate in one
relatively unknown system, such as the one we consider here,micellel® R.ore Rmicelle: @aNdNassocare the parameters used to fit
one is on solid ground when using a well-tested form factor the core-corona form factor for the SANS data. THRre
that is expressed by explicit analytical equations and that Rnmicelie, Nassoe Ocore @Nd 0lcorona Parameters extracted from the
captures the salient features (i.e., cecerona structure) of the ~ model fits to our data, while accurate for the model used here
micelle structure. In recent work, we have found the eore (a variation of more thag-1 in the values oRcore Rmicelle, @nd
corona form factor very useful for describing mixed solvent Nassocwould result in a discernible worsening of the model fit
effects on the micelle structure of PE@PO-PEO block to the experimental data), are dependent on the choice of model
copolymerst®19the core-corona form factor has also been used used to fit the data, as different models use different physical
to fit data from ethoxylated surfactant micelles in mixed descriptions for the fitting parameters. However, the physical
solvents?”28|n particular, the corecorona form factor is based  picture that emerges for the micelle (when one considers the
on the contrast (i) between the polymer-rich micelle core and parameters obtained from fitting in the context of the specific
the micelle corona of intermediate polymer concentration and model) ought to be independent of the model used. This has
(ii) between the micelle corona and the solvent-rich surround- been indeed the case for micelles formed by PE®O-PEO
ings, thus allowing for different solvent contents in the micelle block copolymers in wate®—37

core and corona: In addition to the form factor that describes the intramicelle
structure as discussed above, the structure factor must be
P(q) = { (47R.,e13)(0core — Peorond[391(AR0rd (ARrd] + accounted for in order to describe intermicellar interactions.

Interactions between the micelles are manifested in a correlation

(47[anice||63/3)(pcorona_ psolven)[3‘]l(quceIIe)/(qRnicelle)]} (2) peak that appears in the quvrange of the neutron scattering
patterns generated from the 5 wt % siloxane copolymer solutions
(Figure 1). To describe such intermicellar interactions, we
utilized the structure factor, S(q), for hard spheres, that has been
described in detail in several publicatioli$?-3437 Representa-
tive fits of the core-corona form factor and hard sphere structure
factor model to SANS patterns in the range= 0.01-0.1 A2
are shown in Figure 2. In Figure 2, the intensity is plotted in a
finear scale to focus on the q range below 0.08.AVhen the
intensity is plotted on a log scale, then the range above 0.05
A-1is better observed, and it can be seen that the model we
used can capture the shoulder observegta.1 A-1in Figure
1 where log(intensity) is plotted.

At conditions of high temperature, and for certain mixed
solvents, the form factor for monodisperse cecerona sphere

HereRcore andRnicele @re the radii of the micelle core and whole
micelle, respectivelypcore Pcorona @Ndpsoventare the scattering
length densities (SLD) of the core, corona, and solvent (assum-
ing a homogeneous solvent distribution in each of the domains);
Ji(y) is the first-order spherical Bessel function. In fitting the
core—corona model to the scattering data, we view the micelles
as consisting of a core composed of siloxane and PPO segment:
(with little or no solvent present) and a relatively solvated corona
where the PEO segments reside. The SLD of the g

and that of the coronacerona are then a function of the average
(over the core radius and over the corona thickness) volume
fraction of siloxane and PPO segments in the corg.d and

of the average volume fraction of PEO in the corona, respec-

tively: described above can no longer fit well the scattering data. The
=0 (- 0y f_orm factor for another _shape, i.e_.,_ellipsoid,_ has_ been used to

Peore ™ CcorePhydrophobic core/Psolvent fit the data at these conditions. In fitting the ellipsoid form factor,

Peorona= %corondpe0 T (1~ CeorondPsoivent 3) we consider the micelle to be composed of a “dry” ellipsoid

core with low SLD (containing mainly siloxane plus PPO) that
where phyarophobic (=0.1 x 10 cm~2) is the SLD of siloxane s surrounded by a homogeneous solution of high SLD (mainly
plus PPO (whersioxane=0.0658x 10'° cm~2 andpppo=0.325 deuterated solvent with some PEO), and the structure factor is
x 101 cm?), ppeo (=0.547 x 1019 cm™2) is the SLD of PEO,  to equal 1. The ellipsoid form factor is given by the following
and psonent is the SLD of the waterpolar organic solvent  expressiort®
mixture (opzo0 = 6.33x 10°°cm™2, pp—2 propano= 6.22 x 100

Cmizy PDethanol = 5.95 x 10 Cm72, PDformamide = 6.34 x 10 1 (sin(z) - ZCOSQ))

cm2, and pogiycerol = 7.48 x 100 cm 2.3 Our use of the P = J; 3 dx;

siloxane and PPO SLDs to determine the SLD of the micelle ) 1/

core and of the PEO SLD to determine the SLD of the micelle 7= qu[l +2 ((Ba) o 1) 1 (4)
corona does not preclude the presence of small amounts of PEO

in the core and/or of small amount of siloxane and PPO in the

corona region; this is because the SLDs of the hydrogenatedwhereR; is the dimension of the semimajor axis aRglis that
polymer species (siloxane, PPO, and PEQ) are very different of the semiminor axis. Note that, under some conditions, a form
than those of the deuterated solvents. Also, our use of the initial factor model of polydisperse spheres provides equally good fit
(fixed) waterpolar organic solvent composition in determining to the SANS data as a form factor model of monodisperse
the SLD of the solvent in the micelle core, micelle corona, and ellipsoids2® However, for the system under consideration here,
micelle-free solvent regions, does not preclude different ratios we see no physical basis for an increase in micelle polydispersity
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Figure 2. Representative examples of fits of the monodisperse-core
corona form factor and hard sphere structure factor model to the SANS
scattering intensities, used to extract information of the micelle core
and micelle radii and the micelle association numid&e). Data are
shown for 5 wt % siloxane copolymer in 2-propanefater and in
glycerol-water mixed solvents at 10 and 20 vol % organic solvent
contents at 20C.

with temperature; after all, micelle formation in aqueous
solutions is typically entropy driven and is promoted by an
increase in temperatufBut we do see a physical basis for a
sphere-to-cylinder transition when the PEO segments forming
the corona become desolvatédiue to an increase in the
temperature (the inverse temperature solubility of PEO in water
is well documentetf) and/or due to the presence of a specific
cosolvent (this is discussed later in the paper). For these reasons,
we set aside the issue of polydispersity and focused instead on
the shape of the micelles as reflected in the form factor.

Results and Discussion

SANS Patterns Obtained from Siloxane Copolymers at
Various Mixed Solvent Conditions. The siloxane copolymer
concentration examined here is 5 wt %, which is well above
the CMC in the various mixed solvert&When the solvent is
deuterated, the presence of micelles causes a strong scattering
of neutrons due to the contrast between the solvent-poor micelle
core (low SLD) and the solvent-rich corona (intermediate SLD),
or/and the solvent phase (high SLD), as well as from intermi-
cellar interactions that give rise to a correlation peak. The
evolution of the scattering patterns as a function of the polar

Figure 1. SANS scattering patterns obtained from 5 wt % siloxane organic solvent content in different mixed solvents is shown in

copolymer solutions in mixtures of water with different polar organic
solvents at various cosolvent contents (the type and concentration of
the polar organic solvent is indicated in each graph). The addition of

Figure 1. The scattering intensity and the shape of the scattering
pattern change with an increase of the cosolvent concentration,

2-propanol, ethanol, or formamide causes an intensity decrease at low/€flécting a change of the micelle structure. The scattering
g; on the contrary, the addition of glycerol leads to an increase in the intensities exhibit a decrease with increasing cosolvent concen-
scattering intensity at low.

tration atq <0.03 A1 for water mixed with ethanol, 2-propanol,
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Figure 3. Structural information obtained from SANS in 5 wt % siloxane copolymer solution 8C2@lotted as a function of the polar organic
solvent content in the mixed solvent. The micelle core radii, micelle radii, micelle association number, and polymer volume fraction in the micelle
core and corona decrease with added organic solvent in the-v2f@opanol, waterethanol, and waterformamide mixed solvents. In water-
glycerol mixed solvents, the micelle core radii, micelle association number, and polymer volume fraction in the corona increase.
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or formamide. On the contrary, the addition of glycerol leads 90 Ty e
to an increase in the scattering intensity. A side peak (“shoul- Nosaoc
der”) that is observed in some scattering patterng at 0.1 80 [
A-1 indicates the formation of dense micelles with sharp '
interfaces. At these conditions the hard sphere structure factor
is taken into account when fitting the scattering intensity data
(see Figure 2 for representative fits). While some trends on the
effects of cosolvents on the micelle structure can already emerge
from a simple inspection of the scattering patterns shown in
Figure 1, a quantitative analysis of the scattering patterns (given
below) can provide us with detailed information on the structure
of the micelles under conditions of various solvent types and 20 L B
compositions, and different temperatures. 3 25 2 15 4 05 0 05

Effect of Solvents on the Siloxane Copolymer Micelle log(P)
Structure. The micelle core and micelle radR{ore andRmicelle) Figure 4. Correlation of the physicochemical characteristics of the
and the micelle association numbéh{s,) values obtained by  polar organic solvents (expressed here in terms of the octanol/water
fitting the core-corona form factor and hard sphere structure partition coefficient, logf)) to their effects on the core radius and
factor (used in some conditions) to the scattering patterns of 5 association number of siloxane copolymer micelles formed in mixtures

o o . . . o of 80 vol % water-20 vol % polar organic solvent (at 2TC). The
wt % siloxane copolymer in various mixed solvents at"ZD micelle core radii and association numbers decrease as tHe) lof(

are presented in Figure 3; also shown are the volume fraction ihe solvent increases. The lines drawn are used as a guide to the eye.
of polymer in the coredo9 and the volume fraction of polymer
in the corona corong- L€t us first consider the case of plain  sojyation than in water) of both the core and corona, but the
water as the solvent. The poly(dimethylsiloxane)-graft-polyether offact of formamide is smaller than that of ethanol. The
copolymer forms in water spherical micelles with a core radius gecreasing polymer volume fractions in the micelle core and
of 60 A and a micelle radius of 80 A. This leads to a corona ¢orona with increasing cosolvent content indicate that both
thickness of 20 A. The relatively thin corona, and its relatively gjjoxane and polyether are solvated to a higher degree in the
high polymer content (0.4 in the case of the siloxane copolymer \yater-2-propanol and waterethanol mixtures than in the
considered here, compared to 0.2 in the case of -PERO- water-formamide mixed solvents. The presence in water of
PEO block copolymers examined with the cem®rona form 5 propanol and ethanol reduces the solvophobicity and increases
factor®333) are most likely reflections of the comblike  the solubility of the siloxane parts, and lowers the interfacial
architecture of the siloxane copolymer with the short PEQ side tensjon between the micelle core and the solvent. These effects
chains. In turn, the thin corona may be the reason for the weak|eaq to a micelle size smaller than that in plain water.
correlation peak observed in the scattering patterns from the oy carq) affects the micelle structure to the opposite direction
siloxane cc_Jponmer micellar solutions. At the same cc_)polymer than ethanol and 2-propanol. As indicated in Figure 3, when
concentration, PEGPPO-PEO block copolymer micelles o oy cerol content increases from 0 to 20 vol %, the micelle
exhibit a stronger correlation pefkas the hydrated (and  asgociation number increases by about 10%: at the same time,
extended) PEO chains repel each offfer. the micelle radius remains constant. This is a result of how
The addition of 2-propanol, ethanol, or formamide to the glycerol affects the presence of solvent in the micelle core and
aqueous siloxane copolymer solution has very similar effects corona. With an increase of glycerol content in the mixed
on the micelle structure: the micelle core radii and the micelle solvent, the polymer volume fraction in the core remains 1, i.e.,
association numbers decrease with increasing cosolvent contenthe micelle core remains “dry”. However, the polymer volume
2-Propanol has a more pronounced impact on the micelle fraction in the corona changes from 0.46 in pure water to 0.53
structure than ethanol and formamide; for example, in the 20/ in 20 vol % glycerol. This increase of the polymer volume
80 vol % 2-propanol/water mixed solvemMassqocis about half  fraction in the corona suggests that some of the water initially
than that observed in pure water. This decreas&lifdocis swelling the corona is withdrawn upon the addition of glycerol
accompanied by a smaller{5%) decrease of the micelle core into water. The addition of glycerol to water has been reported
and micelle radii. At 40 vol %, ethanol causes a 50% reduction to result in a higher micelle association number and in a decrease
in NassoccOmpared with the case of pure water, and a 20% in the PEO headgroup hydration also in low molecular weight
decrease in the core and micelle radii. At 60 vol % formamide, nonionic ethoxylated surfactants such asEDs?” and in the
the micelle association number is about 20% smaller than thathigher molecular weight Pluronic P105 (E0ssEQs7) block
in plain water, and the radii of the micelle core and micelle are copolymer!® The higher association number observed in the
close to those in plain water. presence of glycerol may result from the attempt to reduce the
The polymer volume fraction values in the core and corona unfavorable interactions between the hydrophobic blocks and
can shed light on the effects of 2-propanol, ethanol, and the glycerot-water mixed solvent.
formamide on the micelle structure. At 20 vol % 2-propanol in The information on the effects of cosolvents on the micelle
the mixed solvent, the polymer volume fraction in the core structure (and in particular on the solvent content in the micelle
(ocord) decreases from 1 (i.e., dry micelle core) in pure water to core and corona) presented above provides indirect evidence

assoc.

[ core radii
60 [

50

core radii & N

Il L Il " Il L 1 Il Il

0.93, and the polymer volume fraction in the coron@ofng on the preference of the polar organic solvents to be located
decreases from 0.46 in pure water to 0.41. At 20 vol % ethanol, either in the interior (2-propanol and ethanol) or in the exterior
Ocore decreases from 1 to 0.96 awngorona from 0.46 to 0.42. (glycerol) of the micelles. To test this “partitioning” hypothesis,

When the ethanol content increases to 40 vob%..decreases  we plot in Figure 4 the micelle core radii and association
to 0.92 (leaving a relatively high 8 vol % solvent content in the numbers (that have been observed in water mixed with 20 vol
micelle core), whileReorona becomes 0.39. The addition of % cosolvent) versus the octanol/water partition coefficient (log-
formamide also results in a “swelling” (higher degree of (P)) of the respective cosolvent. |dg)is a useful parameter
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Figure 5. SANS scattering patterns from 5 wt % siloxane copolymer solutions in different solvents shown as a function of temperature in the
range 26-60 °C (the temperature values are indicated in each graph). In the mixed solvent cases, the polar organic solvent concentration is 20 vol
%. The scattering intensity increases at low q for plain water and for wgtgcerol mixed solvent. In waterethanol and water2-propanol

mixed solvents, the scattering intensity remains almost independent of the temperature.

that can capture physicochemical properties of a given mol- at 60°C. For these micelles the cershell form factor no longer
eculel®20As seen in Figure 4, as ldg) increases, the micelle  fits well the data (as attested by the dashed curve in Figure 6).
core radius and association number decrease. Note that eéBecause of the lower solvation and higher hydrophobicity of
negative octanol/water partition coefficient value for a certain the PEO blocks at the higher temperature, the micelles will tend
molecule indicates that this molecule, given a choice betweento grow. Under the restrictions that all the polar PEO segments
water and octanol, prefers to partition in water. The R)gfalue are exposed to the solvent and there is no space that is not filled
of 2-propanol is 0.05, of ethanol is0.32 and of formamide is  with the hydrophobic chains in the micelle core, micelles will
—1.50; thus, these cosolvents are all more hydrophobic thangrow along one dimension (to form rods), and further to two
PEO, for which we assume the same Bpgy¢alue,—1.93, as dimensions (to form disksf
for ethylene glycol. As a result, the solvent contents in the e fitted the data for the siloxane copolymer micelles in plain
micelle core and corona increase with increasing amount of water and in the 80/20 vol % wateglycerol mixture at 60C
2-propanol, ethanol, or formamide in the mixed solvent. Note by the monodisperse ellipsoid form factor (eq 4) with the
that logf) for glycerol is—2.55, which is more negative than  semimajor axisR, and semiminor axisR, (we selected an
that of ethylene glycol£—1.93) (the compound resembling ellipsoid shape as an intermediate stage between a sphere and
PEO) and indicates a very strong affinity to water. The decreasea cylinder). As shown in Figure 6, the ellipsoid form factor
of the micelle radius is thus associated with the dehydration of gives a much better fit than the cershell form factor for the
the PEO blocks that counteracts the increase in the micellewater—glycerol mixture at lowr. The calculated?, is 160 A
association number. andRy is 61 A in plain water, wher® is the axis of symmetry.
Effect of Temperature on Siloxane Copolymer Micelle Ra is 450 A andR, is 65 A for the waterglycerol mixture.
Structure. A common way to modulate the solvent quality, Note that the semiminor axiR, has the same value as the
other than mixing solvents, is to change the temperature. We (spherical) micelle core radius at 2€. This confirms the
therefore examined the temperature effects on the siloxanestructural length scale imposed by the siloxane copolymer
copolymer micelle structure by SANS. As seen in Figure 5, molecules as the micelles undergo a sphere to cylinder transition.
the scattering intensities obtained for 5 wt % siloxane copolymer Note also thaR, has a similar value in plain water and in the
at 40 and at 60C coincide with the data obtained at 20 in water-glycerol mixture, whereaR, increases from 160 A in
the cases of 80/20 vol % wateR-propanol and waterethanol plain water to 450 A in water-glycerol solution. This is the result
mixtures. As discussed above, these scattering patterns can bef a “double-punch” effect, where the dehydrating effect of
adequately fitted by the corecorona form factor. However, for ~ temperature on PEO is compounded by presence of glycerol
the cases of plain water and 80/20 vol % watglycerol (which as discussed in the previous section tends to desolvate
mixture, the scattering intensity at log( <0.01 A-1) increases the corona of the micelle). Because of the higher hydrophobicity
at 40°C (compared to that in 2TC), and increases even further of the PEO chains at 60C, the siloxane copolymer micelles
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250 [ " : — Comparison of Solvent Effects and Temperature Effects.
PR fitted by ellipsoid model From a comparison of the cosolvent effects with the temperature
200 F X — — fitted by core-corona form factor | effects on the siloxane copolymer structure, we can see that

the addition to water of 2-propanol or ethanol causes a micelle
structure change similar to that caused by a reduction in
temperature. The solvent conditions in the micelle core and
corona improve with a decrease in temperature or with the
addition of 2-propanol, ethanol, or formamide; correspondingly,
the radii of the micelle core and micelle, as well as the micelle
association numbers, decrease and thus the siloxane copolymer
molecules form spherical micelles. On the contrary, the addition
of glycerol into water leads to a micelle structure change
comparable to that caused by an increase of temperature: upon

100 [

50

aA™") addition of glycerol, the solvent conditions in the micelle corona

become worse, the micelle association number increases, the
800 F i " ] micelles grow and become ellipsoids, trends which are also
700 E 3 observed in plain water with an increase of the temperature. It

should be noted that a temperature increase from 20 460
results in a stronger effect on the formation of ellipsoid micelles

3 in plain water than the addition of 20% glycerol at 20 as
judged by the scattering patterns. 20% ethanol or 2-propanol
] present in solution at 60C have stronger effects in reducing

] the micelle size than in 20C. From the above it becomes

E evident that temperature and cosolvents can act in tandem or
] in opposition. Such information is very useful in waterborne
formulations.

600 ellipsoid form factor
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. . ) The effects of polar organic solvents such as 2-propanol,
Figure 6. Representative examples of fits of the coo®rona form . .
fagtor model p(dashed line) andpellipsoid (solid line) to the SANS ethanolz formamide and g'Yce,f_O' on thg Strucn,”e of micelles
scattering intensities. The ellipsoid form factor gives a better fit to the formed in water by an amphiphilic poly(dimethylsiloxane)-graft-
scattering data. Data are shown for 5 wt % siloxane copolymer in plain polyether copolymer have been investigated as a function of
water (top part) and in wateiglycerol mixed solvent (bottom part) at  the cosolvent content in the mixed solvent and the solution
60 °C. R and R, information can be extracted from the fits and is  temperature using SANS. Such fundamental information on
reported in the text. cosolvent and temperature effects on the solution structure of

tend to increase their size and change their shape in plain waterpolymeric amphiphiles is beneficial in the context of the

If we further add glycerol to the solution, we expect to have a increased use of functional polymers in a variety of products,
longer micelle than in plain water to better reduce the unfavor- €.9., pharmaceutics, personal care products, detergents, coatings,
able contact between the hydrophobic chains and solvents. and inks.

Though the PEO chains become more solvophobic 4050 A core—corona form factor was used to extract information
the increase in the scattering intensity in watethanol and  about the micelle sizeR{ore andRmicelie) and micelle association
water—2-propanol mixtures is much smaller compared to that number Nassod. The polymer volume fractions in the core and
observed in water and water-glycerol solution as shown in the corona gcore and cicorond Were calculated on the basis of
Figure 5. As discussed earlier, the effect of 2-propanol and the above fitting parameters. The siloxane copolymer forms in
ethanol is to reduce the core radii, micelle radii, and association water at 20°C micelles that consist of a “dry” core with a radius
numbers by means of increasing the solvation of both the of about 6 nm and a solvated (about 40% polymer) corona with
polyether and siloxane chains. This cosolvent effect thus a thickness of 2 nm; the relatively thin corona may be due to
counteracts the temperature effect, and the micelles remainthe comb-type architecture of the siloxane copolymer. The

Conclusions

spherical. addition of 2-propanol, ethanol, or formamide into water has
Micelles formed by siloxane copolymers with structure similar similar effects on the micelle structure, but the effect of

to ours, MDD',RM (with R = CH,—(EQ);,—OH), n = 13 or 2-propanol is more pronounced. The micelle core and micelle

18, m = 5), have been found to fit the spherical modelsjt radii and the micelle association number decrease progressively

the authors suggested that these micelles have ellipsoidal shapgpon the addition of 2-propanol or ethanol, accompanying a
with an axial ratio close to 1 and the experimental accuracy is decrease of the polymer volume fraction in the micelle core
not sufficient to distinguish between such ellipsoids and exact and corona. These cosolvents offer better solvent condition for
spheres. SANS data on MED'sM with R = (CH,)3EO;,OH this siloxane copolymer and lead to higher solvation of siloxane
and on MDQoD'sM with R = (CH,)3EO)POOH, reported very and polyether segments than water. The addition of glycerol,
recently in ref 12, were fitted well to a monodisperse oblate however, increases the micelle association number. At the same
ellipsoid model, in good agreement with the observed transition time, the polymer volume fraction in the micelle corona
of the micelle structure from spherical to ellipsoid at higher increases when the glycerol content increases from 0 to 20 vol
temperature discussed above. The structural dimensions obtaine&o.

in ref 12 are lower than the ones reported here, which is  Judging from their octanol/water partition coefficients, log-
reasonable given that the siloxane copolymers examined in ref(P), 2-propanol, ethanol, and formamide, although all completely
12 have lower molecular weight than that examined here. miscible with water, are hydrophobic compared with the PEO,
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and they have a higher affinity than water for the hydrophobic

siloxane blocks. Glycerol has the most negative R)gimong

Lin and Alexandridis

(9) Li, X.; Washenberger, R. M.; Scriven, L. E.; Davis, H. T.; Hill, R.
M. Langmuir1999 15, 2267-2277.
(10) Ahn, S.; Alexandridis, PPolym. Prepr. (Am. Chem. Soc., Di

the cosolvents examined here. In the presence of glycerol, thepgjym. chem.pooy, 42, 169-170.

amount of water hydrating the polyether corona decreases.
An increase of temperature from 20 to 8C results in a

transition from spherical to ellipsoid micelles as revealed by .

the increase in the scattering intensity at lgwalues. Because

(11) Kunieda, H. K.; Uddin, M. H.; Horii, M.; Furukawa, H.; Harashima,
A. J. Phys. Chem. B001, 105 5419-5426.
(12) Soni, S. S.; Sastry, N. V.; Aswal, V. K.; Goyal, P.JSPhys. Chem.
2002 106, 2606-2617.
(13) Lin, Z.; Hill, R. M.; Davis, H. T.; Scriven, L. E.; Talmon, Y.

water at high-temperature becomes worse solvent for the Langmuir1994 10, 1008-1011.

siloxane copolymer, larger micelles tend to form in order to
reduce contact between hydrophobic segments and the solven
The addition of glycerol compounds the dehydrating effect of
temperature and therefore longer ellipsoids are formed. The
presence in water of 2-propanol or ethanol can counteract the’-

temperature effect, and the micelles remain spherical.
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