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Self-Assembly of an Amphiphilic Siloxane Graft Copolymer in Water
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Department of Chemical Engineering, Warsity at Buffalo, The State Urersity of New York,
Buffalo, New York 14260-4200
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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 methodsDPH solubilization, methyl orange hypsochromic shift, and pyrene fluorescence
[1/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 Cle (Tﬁs Cria Cris

_ Silicone-containing surfactants are use(_j in numerous a_lppllca- H ,C—Si——O0——(Si —O)—-Si—O0)—— Si
tions such as polyurethane foams, cosmetics, textiles, agricultural I \

adjuvants, coatings, and inks, because of (i) the low surface N CH, R H,

Fepsmns (26-30 mN/m) that they exhibit, (ii) their |nco.r.1'1pat-. Figure 1. The structure of the poly(dimethylsiloxane)-graft-polyether
ibility with both aqueous and hydrocarbon solvents, (iii) their - ¢opolymer considered here.

ability to form various aggregates in water, and (iv) their

relatively low toxicity!~® Despite the many applications, from probe molecules are well established for investigating
research publications on the self-assembly behavior of silicone-cpmc in various surfactant solution&however, the suitability
containing surfactants in water are scarce. Ove_r thg past decadeyf hydrocarbon molecules to probe the siloxane-rich micelle
a few reports on the lyotropic phase behavior in water of interior is not yet established. We then address the structure of
trisiloxane-ethoxylate surfactants or poly(dimethylsiloxane)- the micelles formed. The micelle core radius and structure
graft-polyether copolymers have appeafett At the time that  eyolution were investigated by small-angle neutron scattering
we initiated our study on this subje€twe were aware of only  (SANS). The micelle hydrodynamic radius and size distribution
two reports on the micellization of silicone-containing surfac- \yere obtained by dynamic light scattering (DLS). Finally, we
tants'***Our interest in poly(dimethylsiloxane)-graft-polyether - consider temperature effects on the CMC, micelle size, and
copolymers has been motivated by their potential in improving micelle structure.

properties of waterborne coatings and ink-jet i&&’In such
formulations, as the system evolves from a high water content y;oterials
dispersion to a coated film (with decreasing amounts of water),
siloxanes play different roles at different stages and interactto  The poly(dimethylsiloxane)-graft-polyether copolymer ex-
varying degrees with colloidal particles and with components amined here was provided by Goldschmidt AG, Essen, Ger-
of the surface on which the coating is applied. An understanding many, and has the chemical formula (shown in Figure 1)
of such complex interactions passes necessarily through fun-MD7oD'M (M: Me3SiOyo—, D: —Me,SiO—, D': Me(R)SiO-,
damental studies on surfactant self-assembly in aqueous soluR: poly(ethylene oxide}poly(propylene oxide) (PEGPPO)
tions (such as the study reported here) and on surfactantpolyether) with MW = 12000. The molecular weight per
adsorption on colloidal particlés. polyether group in the siloxane copolymer is 1200 and the
In this report, we first determine using spectrophotometry Polyether composition is 75% PEO and 25% PPO (this
the CMC in aqueous solution of a poly(dimethylsiloxane)-graft- corresponds to approximately 19 EO segments and 6 PO
polyether copolymer, with the polyether consisting of both Segments). In this copolymer 11% free polyether was present
ethylene oxide (EO) and propylene oxide (PO). Furthermore, due to an excess polyether used in the synthesis; the presence
we assess the local environment (micropolarity and micro- of free polyether in solution is not expected to affect the siloxane
viscosity) in the interior of the micelles. Spectroscopic tech- copolymer micelle formation and structure since the polyether
niques based either on optical absorption or on emission of light has sufficiently low molecular weight and sufficiently high PEO
content to be completely water-soluBfemoreover, the poly-

* Author to whom correspondence should be addressed. Fax: (716) 645- ther is not expected to interact with the siloxane copolymer.
3822. E-mail: palexand@eng.buffalo.edu. 1,6-Diphenyl-1,3,5-hexatriene (DPH, the structure is shown in

10.1021/jp014220g CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/01/2002

CH;




10846 J. Phys. Chem. B, Vol.

O~

106, No. 42, 2002

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

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 §fDs¢-
EOs7, CMC = 0.3% at 25°C) and Pluronic F127 (EQJPOss
EOiop00 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 M2 cm). D,O (used in SANS) was obtained
by Cambridge Isotope Laboratories Inc. (Andover, MA).

Methods

1,6-Diphenyl-1,3,5-hexatriene (DPH) UW-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 PEGPPO-PEO aqueous solution8.
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 24C within a couple days of solution preparation.
Sample preparation was as follows: a stock solution of 0.4 mM
DPH in methanol was prepared; 2& 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 formatio#?° The solutions were left in
the dark to equilibrate for at leg8 h before the spectroscopic
measurement. U¥vis absorption spectra of the copolymer/
DPH/water samples were recorded in the 3200 nm range
using a Beckman DU-70 U¥vis spectrophotometer. The CMC
value at 40°C was measured using a Spectra Max 340
instrument.

Methyl Orange Hypsochromic Shift. Methyl orange is a

Lin and Alexandridis

0'2 AL I LA LA BN LA IR Ll
= L
2 015
7] L
c
Q
§c)
£ -
[l 0.1
K] i
=
e
o]
2 005
< +
o Les X L e
320 330 340 350 360 370 380 390 400
wavelength (nm)
=
n
c
0]
2
£
c
xe]
=
Q.
S
]
[72]
el
<
0'.‘...‘LL.| P TTEE r ]
350 400 450 500
wavelength (nm)
200 T T T T T T
[ i ]
— r water
=
‘c T N It 0.01% siloxane
35 150 | |
Py
£
£ 100 |
©
N
=
2
e O
2
£
0 L (l 1 1 L

360 380 400 420

wavelength (nm)

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 A3s4 Will increase. (middle) Typical UVvis 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 agueous solution. The value of
thel4/15 ratio is used to indicate the polarity of the microenvironment

solvatochromic dye molecule that has been used to investigatewhere the pyrene is located. As the concentration of siloxane increases,

the formation of surfactant micell@s The noncovalent incor-
poration of methyl orange in the micelles is reflected by a
hypsochromic shift of the long-wavelength absorption band of
methyl orangé! 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-Wi¢

the 14/l ratio will decrease as pyrene is solubilized in the micelles.

spectrophotometer. The concentration of the dye §2.50-2
mM) was kept constant.

Pyrene FluorescencePyrene 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 rédity of the intensities



Self-Assembly of an Amphiphilic Siloxane Graft Copolymer J. Phys. Chem. B, Vol. 106, No. 42, 20020847

of the first and third vibronic peak is a sensitive indicator of mission as described in ref 24. The resulting corrected intensities

the polarity of the pyrene microenvironmeéafTypical pyrene- were normalized to absolute cross section units.

fluorescence emission spectra are shown in Figure 3c. Fluo- SANS Data Analysis.The absolute SANS intensity can be

rescence spectra were recorded with a Perkin-Elmer LS50expressed as a product Bfq), related to the form factor, and

luminescence spectrometer. The excitation wavelength was 335the structure factoB(q)2*

nm and the emission spectra were recorded from 360 to 500

nm. Pyrene was recrystallized 3 times from ethanol. A stock I(q) = NP(q)S(q) (3)

solution of 5 mM pyrene in acetone was prepared, from which

5 uL were added to 4 mL of the siloxane aqueous sample. The whereN is the number density of the scattering particles, in

final pyrene concentration was 6.2510-2 mM and the acetone  our case micelles, which depends on the copolymer concentra-

concentration was 17 mM (too low to have an effect on CMC). tion and the association number of micelles. The particle form
DPH Anisotropy Measurements.The viscosity/mobility in factorf(q) is related toP(q) by the following expression:

the interior of surfactant assemblies can be assessed from

measurements of the molecular anisotropy which results from p(q):[\/p(pp_ Y f(q)]2 (4)

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 anisotropyr)( can be related to the friction

coefficient for molecule rotation according to the following

whereV, is the micelle particle volume, ang, and ps are the
mean scattering length density (SLD) of the micelle particles
and solvent, respectively. The form fact(y), which takes into
account the intramicelle structure, depends on the shape of the

equatior?? colloidal particle. The hard sphere form factor that describes a
11 . KT " dense spherical particle with radigsis given by
SRR A f(@)=3[sin@R — aRcosGRI/(aR’ (5)
wherery is the anisotropy in rigid medid is the Boltzmann | fitting the hard sphere model into the scattering data, we

constant; is the lifetime of the fluorescence probe in its view the micelle particles as consisting of a “dry” core
environmentn is the micrOViSCOSityV is the effective volume (Composed of siloxane and PPO Segments with little or no
of the probe, and is the absolute temperature. This equation splvent present) and a hydrated corona consisting of solvated
predicts a linear relationship betweer Bnd Tz/. Micro- PEO segments. When the siloxane solutions are prepared in
viscosity values often decrease as the temperature increases.p,0, the contrast between the micelle core, with low SLD
The fluorescence anisotropy of samples (4 mL) containing (pg;oxane= 6.58 x 108 A=2 andpppo= 3.25x 107 A~?), and
40uL of 0.4 mM DPH was measured by a Perkin-Elmer LS50 the solvent, with high SLDdp,0 = 6.33x 1076 A~2), is good,
instrument using a L-format detection geometry. The advantageput the contrast between the hydrated corona and the solvent
of using DPH lies in its high extinction coefficient, allowing  (water) is poor. ThereforeP(q) mainly depends on the
dilute solutions to be examined. The limiting anisotropy is hydrophobic core, and the radil® obtained from the hard
constant from 320 to 380 nm, allowing a choice of excitation sphere form factor fit corresponds to the micelle core radius.
wavelength$? The fluorescence anisotropy was calculated from For a dilute solution, the structure factor is close to unity. With

the following relationship: an increase in the copolymer concentration, a correlation peak
will arise due to the intermicellar structure factor. In our data,
= lw — Glyy @ we did not observe the peak and therefore we asssge=
lyy + 2Glyy 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 Ig).

Dynamic Light Scattering. Dynamic light scattering meas-
ures the time-dependent scattering intensity emanating from the
sample which leads to the correlation funct®®)(I") obtained
by means of a multichannel digital correlatér.

whereG (= luy/lnn) is an instrument correction factor, ahg),

v, Inv, and Iyy 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 GO(T) = AL + blg™(@) ) (6)

performed at the National Institute of Standards and Technology

(NIST) Center for Neutron Research, beam guide NG3. The WhereA, b, 7, T, and|g\%)(z)| are the baseline measured by the

neutron wavelength used was= 0.6 nm. The sample-to-  counter, coherence factor, delay time, decay rate, and normalized

detector distance was 260.0 and 1300.0 cm. The resolutigh (  €lectric field correlation function, respectively. In our study

) was about 0.15. The angular distribution of the scattered 19)(zr)| was analyzed by the exponential sampling (EXPSAM)

neutrons was recorded in a two-dimensional detector; the radialmethod, yielding information on the distribution functionIgf

average was subsequently obtained and used for data analysi$3(I'). G(I') is used to determine an average (translational)

0.01%, 0.2%, 1%, and 5% siloxane copolymer solutions were diffusion coefficientDap, = I'/q? whereq = (4zn/4) sin(6/2) is

prepared in BO, which provides good contrast between the the scattering wave vector. The apparent hydrodynamic radius

micelle and the solvent. The samples were placed in 1 mm pathRn is related toDapp via the Stokes Einstein equation:

length stopped “banjo” quartz cells, and scattering data were

recorded at different temperatures in the range. Adequate time Dapg=KT/67nR, (7)

was allotted for thermal and kinetic equilibration. Scattering

intensities from the copolymer solution were corrected for wherekis the Boltzmann constant,is the absolute temperature,

detector background, empty cell scattering, and sample trans-andy is the viscosity of the solvent.
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We used a Brookhaven BI-200SM goniometer with a Lexel 0.6 [T —rrrrm
model 95 argon ion laser to obtain the micelle size distribution [ ]
from a plot of G(I') versusR, by the correlation data with the 05 F .
EXPSAM fitting routine, withG([;) being proportional to the [ ]
scattering intensity of particlé having an apparent hydro- 04 F .

dynamic radiusR,;. The copolymer concentrations studied at
24 °C were 1%, 2%, and 5%, all higher than the CMC (see

354nm

03 |
discussion below). - : ]
02 F 3
Results and Discussion ]
CMC Determination. UV —vis spectra of aqueous siloxane 0t b ]
solutions containing DPH with siloxane concentrations in the = . T .
range 0.0001 to 10% w/v were recorded at &2 At low %.0001  0.001 0.01 0.1 1 10 100
concentrations the siloxane did not associate in aqueous solution C (%)
and DPH was not solubilized in a hydrophobic environment, 470 P R
therefore, the UVvis intensities of DPH were very low. At L e t———
higher concentrations, the siloxanes formed micelles and DPH 460 [ . ]
were solubilized in the hydrophobic micelle interior, giving a , ]
characteristic spectrum (Figure 3a). The CMC values for 450 ]
siloxane copolymer in aqueous solution of various concentra- : ]
tions were obtained from the first inflection of the absorption © a0 f ]
intensity at 354 nm vs siloxane concentration plot for DPH probe ' ]
(Figure 4a), as established in ref 19. The arrow on the plot 430 ]
indicates the evaluated CMC (0.05%). . ]
The UV—vis spectra of methyl orange in 0.00010% (w/ 420 * ]
V) siloxane copolymer solutions were used to construtha ST * . o "
versus siloxane concentration pIo_t (Figure 4b_). The spectra “30001 0.001 0.01 01 p 10 100
(Figure 3b) of methyl orange remain unaltered in the presence C (%)
of siloxane up to a certain siloxane concentration, but a 4.8 TP
progressive blue shift ifimaxWas observed at high concentration,
also up to a certain value. In Figure 4b, the absence of any 17 F—— E
change inkmaxin the dilute region indicates that the copolymer
remains fully dissolved in water and does not affect the spectrum 16 F .
of the dye. At higher concentrations, the siloxane forms
hydrophobic domains and the dye can be considered to par- :"’ 15 F :
tition from water to these domains resulting in decreasknin - '
The CMC value for siloxane copolymer of various concen- 14 F o :
trations was obtained from the first inflection of the concentra- _
tion plot (Figure 4b) with hypsochromic shift of the long- 13 F d So 4
wavelength absorption bands of methyl orange. The arrow on l
the plot of Figure 4b points out the evaluated CMC value that o b -
is equal to 0.05%, the same as that obtained by DPH as 0.0001  0.001 0.01 0.1 1 10 100
discussed above. C (%)

A characteristic property of pyrene, which indicates the Figure 4. (top) UV—vis intensity at 354 nm (due to DPH) of aqueous
polarity of the environment in which it is solubilized, is the siloxane solutions with concentrations in the range 0.0001 to 10%. At
ratio of the intensity of its fluorescence peaks at 373 g ( low concentrations, the__siloxane did not ass_ociatg in aqueous solution
and 383 nm ). The change in théy/I; ratio of pyrene in the and DPH was not sqlpblhzed in a hydrophobic environment. Thgrefore,
copolymer solution over the 0.0001 to 20% (w/v) concentration the UV-vis intensities due to DPH were very low. At higher

. ) . ) . . concentrations, the siloxanes formed micelles and DPH was solubilized
range is shown in Figure 4c. As pyrene binds to hydrophobic i, the hydrophobic micelle interior. We choose the inflection point as
sites, thely/13 ratio is reduced by a factor characteristic of the the CMC (0.05%). (middle) The U¥vis spectra of methyl orange at
particular microenvironment where the pyrene molecules are a concentration 2.5 10°° M for siloxane copolymer solution over
located. Taking into account (i) the CMC value from the DPH the 0.000+10% were used to constructnax versus surfactant
and methyl orange experiments reported here, and (i) our concentratl?n '?Iots. The spectrum pf the dye rer_nami unaltered in t_he

. . ot ; presence of siloxane up to a certain concentration, but a progressive
previous studies on the micellization of Plu_romc PEEPO— lue shift inAmax is observed at high concentration also up to a certain
PEO block copolymers where several techniques were calibrated,ajye, The CMC value for siloxane copolymer at various concentrations
to determine the CM; the second inflection of the concentra-  was obtained from the first inflection of the plot of the hypsochromic
tion plot for pyrene /I3 was assigned to the CMC as detected shift of the long-wavelength absorption bands of methyl orange vs the
by pyrene. Note that thia/l; ratio started decreasing already at siloxane concentration. The arrow on the plot points out the CMC value
a siloxane concentration of 0.002%. A similar behavior has been (0-05%). (bottom) Changes in thels ratio of pyrene plotted vs the
observed in Pluronic block copolymer aqueous solutirsd siloxane concentrations in the range 0.0001 to 10% (w/v). As pyrene

. - binds to hydrophobic binding sites in surfactant aggregateslithe
may be due to pyrene molecules sensing/reporting the hydro'ratio is reduced by a factor characteristic of the particular microenvi-

phobic environment generated by single (nonassociated) co-ronment where the pyrene molecules are located. The CMC value was
polymer molecule that are in a coiled conformation. As alluded obtained from the second inflection of the concentration plot for pyrene
to in the Introduction, the use of dye molecules as such reported!/Is ratio (indicated by the arrow).
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here, while well established in hydrocarbon surfactants, is new 0.16 T T T T T
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 * F127

for the characterization of silicone-containing surfactants and 012 F -
polymers.

CMC values for trisiloxane ethoxylate surfactants have been
reported around 0.08-3% (at 28) and the CMC values were )
usually smaller when the EO block was smalleEMC values . siloxane
of graft copolymers with long siloxane backbones reported in 0.08 E
ref 14 are in the range & 107 to 0.5%. One rake-type siloxane
with a structure similar to ours but with lower molecular weight 1 ) l . .
(MD1gD'sM, R = (CH,)sEO;:0H) has CMC equal to & 104 0.06 1 2 3 " s p
%, much smaller than the CMC value determined here. These C (%)

CMC values, however, were estimated by surface tension

measurements, which can be very sensitive to hydrophobic Figure 5. DPH anisotropy values for micelles formed by different
impurities often present in siloxanes. In fact, a very recent Cozo'é";ﬂ %F:]eiio"’t‘rr‘gp‘;or\‘/;%‘gst'g:‘: (?nedeeﬁg;;gm Cgfpcigg‘ecror;)‘gf‘;r'ﬁg'
study’® on the micellization Of_MQSD'5M with R = (CHp)s- concentration (above CMC) within the experimental error.

EO;20H and of MDyD'sM with R = (CHy)3sEO1;PO,OH

reports CMCs in the range 0.6D.05%, very similar to the

o014 F 0 = P105 |

01 N

Anisotropy

CMC value reported here for MigD'sM with R = (CH2)sEO.o- DPH anisotropy values for poly(dimethylsiloxane)-graft-
PGOsOH, with much higher siloxane molecular weight but also polyether copolymer aqueous solutions (above the CMC), as
a higher number of EO segments. well as for Pluronic P105 and Pluronic F127 aqueous solutions

Local Polarity. The changes in the/ls ratio of pyrene in  (obtained for comparison purposes) are shown in Figure 5. The
the aqueous siloxane solutions also indicate the micropolarity DPH anisotropy values are independent of the copolymer
of the copolymer assembly. The plateau valudfif; in the concentration (above CMC) within the experimental error. The
siloxane solution at concentrations above the CMC is higher anisotropy value is 0.085 for the siloxane copolymer. The
than in conventional ionic surfactant micelles, indicating that anisotropy values are 0.14 for Pluronic P105 and 0.13 for
the pyrene is possibly solubilized near the hydrophobic/ Pluronic F127. The lower value of the anisotropy for the
hydrophilic boundary in the micelles (and/or some pyrene siloxane micelles indicated that the siloxane copolymers do not
remains outside the micelles). The concentration range betweerpack as tightly as Pluronic copolymers and the DPH molecules
the twol4/I5 ratio plateaus is 0.05%0.3% for sodium dodecyl are more mobile in siloxane micelles. The more loosely packed
sulfate (SDS) aqueous solutioffshut 0.002%-0.5% for the siloxane micelles compared to Pluronic micelles are also
siloxane copolymer examined here. The broader transition regionreflected in the differences ia/l3 ratio between the two plateaus
at the siloxandy/I3 curve compared to that of SDS indicates as discussed previously in the local polarity section.
the lower capacity of siloxane copolymer aggregates to solu-  Micelle Structure and Association Number.Figure 6, parts
bilize pyrené® (recall that the CMC reported by DPH solu- a and b, show the SANS data obtained from aqueou®)D
bilization coincided with the second, higher concentration, siloxane copolymer solutions and the model fits. We fitted the
transition reported by the pyreng|s ratio). In studies where  data for 0.01%, 0.2%, 1%, and 5% siloxane solutions using the
pyrene was solubilized in micelles formed by Pluronic PEO  hard sphere form factor. As shown in Figure 6, the model curve
PPO-PEO block copolymer (Pluronics P104 and F108, with fits well the scattering data in thgrange 0.01 A to 0.1 A1
PPO segments in the hydrophobic micelle core), the pytgne  (the fit could have been better if we had used a more
I3 ratio was found about 1.4 at #8222 Thel/Izratio inthe  complicated model for the form factor; however, we felt that
siloxane micelle core is about 1.3 at room temperature, the simple hard sphere form factor is adequate for the system
suggesting that the siloxane micelle core is more hydrophobic considered here). The micelle core radius obtained from the fit
than the PPO core, especially at room temperature (PPOis 75(-1) A at all siloxane copolymer concentrations considered
becomes more hydrophobic when temperature increases). Note(see also Table 1). Thel A error reported above for the micelle
however, that the difference of/15 ratio values between the  core radius is based on the variationRthat would result in
two plateaus is about 0.6 for Pluronics P104 and F108 and thata noticeable worsening of the fit (and not by repeat experiments
of siloxane copolymer is about 0.4. Again, this indicates the at the same concentration). The increase in the scattering
lower capacity of siloxane micelles (compared to the Pluronic intensity observed with increasing siloxane concentration is due
P104 and F108 micelles) to solubilize pyrene. to the increase in the number density of micelles. At 0.01%

Microviscosity. At a given temperature, the anisotropy shift, siloxane solution, which is below the CMC detected by the
according to the Perrin equation (eq 1), can originate from either spectroscopic methods discussed earlier, we expected to obtain
a change in the rotational correlation time, due to a viscosity the unimer structure information. However, it was not possible
change of the local environment, or a change in the fluorescenceto fit the scattering data with the form factor for Gaussian coils.
lifetime. The anisotropy data alone do not allow a quantitative Instead, the data were fitted by the hard sphere form factor
separation of two effects. However, a change in the anisotropy (Figure 6a). The radius we calculated from the fit was the same
will be observed only if the local environment in the vicinity as the micelle size (obtained at higher concentrations), a fact
of the probe molecule inside the micelle is altered. Therefore, indicative of the presence of micelles. Obviously there is an
the observed anisotropy change is a clear indication of solventinconsistency between the information provided by the SANS
partitioning into the micelle phase and very possibly lowering pattern at 0.01% siloxane and the CMC value obtained from
the microviscosity of the local environment. the DPH and methyl orange spectrophotometic measurements;
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04 [T T T ] oxide segments in one copolymer molecule= 12450 &).
E o ] The Nassociationthus calculated is about 142 plus/minus 6 (this
035 F 0.01% at 20°C E error is estimated from the plus/misil A error inR). The
03 F 3 assumption invoked in this estimation is that of strong segrega-
. ] tion between the PEO segments and the siloxane plus PPO
0.25 E segments, and between the siloxane segments and the solvent.
- o2 _ _ Micelle Hydrodynamic Radius and Size Distribution. Figure
3 7a—c shows the size distributions exhibited by 1%, 2%, and
0.15 | ] 5% siloxane copolymer solutions in water. The size distribution
o1 E data are obtained by the exponential sampling algorithm and
' t show two well-distinguished peaks that are fitted by Gaussian
0.05 | . curves in all conditiong® The lower size distribution, centered
09000000 ool around 125150 A, corresponds to the radius of the siloxane

0.06 0.08 R copolymer micelles. The copolymer concentration does not show
q(A-1) strong effect on the micelle radius, suggesting a closed-
association process.
200 . . . ——r The higher size distribution, centered around 500 A (radius)

[ with a standard deviation of about 100 A, 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

o

150 |,

50 I
n=,R°PKR) (9)

o = . 553588600000 | wheren; is relative number distributionl; relative intensiy-

0.01 . 0.1 weighted distributionR; radius corresponding to ead¢h and
Q(A'1) P(KR) particle structure factor (assumed to be 1), then the

Figure 6. SANS patterns of siloxane copolymers in aqueous solution number of particles corresponding to the higher radius peak is

at different concentration. As the concentration increases, the scattering<0.01% of the total particles. The weight fraction of the large

intensity increases. The fitted curves for (top) 0.01%, and (bottom) particles will be higher than the number fraction, but still less
0.2%, 1%, and 5% siloxane were obtained from the hard sphere form than 1%

factor. Micelle Degree of SolvationAs discussed in the SANS data
TABLE 1: The Micelle Core Radius (R) Estimated by SANS analysis section, water is present in the hydrat_ed micelle corona,
and the Hydrodynamic Radius Rh) and Standard Deviation but the hard Sphere model that we used to fit the SANS data
(o) of the R, Estimated by DLS at Different Siloxane does not account for this. However, the hydrodynamic radius
Concentrations and Temperatures of the micelles measured by DLS depends on the movement
concentration  temperaturéQ) R(A) Ri(R) oA (diffusion) of the micelles, therefore the size (hydrodynamic
0.01% 20 75 radius) we measure in DLS should be that of the micelle core
0.2% 25 75 plus the solvated corona. If we consider the hydrodynamic
1% 25 75 128 28 radius,R,, to reflect the extension into the solution of the PEO
2% 20 132 30 blocks of the copolymers that participate in a given micelle,
% 20 76 13 22 we can then calculate the volume of the micelle corona as that
gojg 28 R.= 160 21255 755? between two concentric spheres., one defined&fbjobtained
R,= 61 from DLS) and the other by the micelle core radiRgpbtained

by SANS). From the volume of the micelle corona we can then

24°C. estimate the average number of water molecules per PEO

we plan to carry out further SANS experiments in order to S€9MeNtNsoivation,PES
elucidate this.

From the micelle core radius value obtained from the SANS 3
data analysis, and under the assumptions that the micelle core [47(Ry"— RS)/ 3 — MN;ssociatiohEal/ (YwateMassociatio)  (10)
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 associatio
number (average number of copolymers per miceNedsociation
as follows:

Nsolvation, PEC

wherem is the number of total EO monomem & 100) in
one siloxane moleculego is the molecular volume of one PEO
segment geo = 73 A3), and vwaer is the molecular volume of
MWwater @uaer = 30 A3). In addition to theNsowaton pE WE CaN
estimate the volume fraction of PEO in the corofgso,corona

¢PEO,cor0na: (mUEONas:sociatio)/[A]'ﬂ(Rh3 - Rg)/3] (11)

Nsolvation,pE0@NAUPED coronavere calculated using thdassociation
wherev is the volume of the dimethylsiloxane plus propylene value obtained above (142 6) and theR, and R values

N = 47R%I3v (8)

association
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[T T e e U A0 T S Figure 8. The dependence of CMC (detected from DPH solubilization)

on temperature.
2% siloxane p

polyether group can be estimated by the following equatfon:
m2H2=a (nC) Y2 (12)

where 232 is the root-mean-square end-to-end distance of a
polymer coil in a random coil conformation,is the number
of bonds along the polymer backbomeis the chain expansion
factor, Cy is a parameter characteristic of the polymer ability
to swell, and is bond length (1.54 A for €C bond and 1.43
i ] A for C—0 bond). If we assum€y to be 4 andx to be 1.5%
P S T then the calculated polyether chdi?¥2 is ~56 A, which is
radius (A) close to thgR, — R) = 50 A. Therefore, the corona thickness
estimated by SANS and DLS can be indeed reached by the
120 [rtormepem (et ey polyether chains, even if they are in a random coil conformation
' 5% siloxane ] (they are more likely stretched).
100 F . ] Temperature Effects on Micelle Formation and Structure.
[ ] The dependence of CMC on temperature was examined by the
80 k- ] DPH solubilization technique (data are shown in Figure 8). As
i ] the temperature increases from 24 to°@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
i reported to decrease from 0.034% at°®5to 0.016 at 45C.
i Similarly to the case of the poly(dimethylsiloxane)-graft-
2 polyether copolymers, the decrease of the hydrophilicity of the
! N - - PEO blocks with increasing temperature has comparatively little
0 250 500 750 1000 effect on the CMC as in the casereflkyl poly(ethylene glycol)
radius (A) ethers (CIEO]j$* However, a pronounced dependence of the
) ) ) ) o ] CMC on temperature has been observed in Pluronic PEO
Figure 7. The intensity-fraction distribution of micelle hydro- PPO-PEO block copolymer solutiori8:25

dynamic radius from (top) 1%, (middle) 2%, and (bottom) 5% - . P .
si)I/oxane copolymers in(wgtzsr. The(data p())ints are fitte(d by Ga)lussian F!g_ure 9 shows f[he size distribution (_obtalned by DLS)
curves. exhibited by a 5% siloxane aqueous solution at 50 an@@0
As temperature increases from 2€ to 60 °C, the micelle
hydrodynamic radius increases from 132 to 229 A and the
obtained from the light scattering and SANS fits, respectively standard deviation (SD) of the micelle radius increases from
(125 and 75 A)Nsowation pecequals 12.6+ 0.6 and@peocorona 23 to 75 A (shown in Figure 9b). The hydrodynamic radius of
is 0.16 + 0.01 (the errors are estimated from the error in the large aggregates increases from 501 to 1268 A and the
Nassociatiop- These values are in agreement with values obtained standard deviation increases from 88 to 326 A. Because the
for the PEO corona of PEGPPO-PEO block copolymer  solubility of the PPO and PEO segments depends strongly on
micelles?2:26:33 temperature, the hydrophobicity of the surfactants is expected
The intermicellar interactions are weak (as judged by the fact to increase at higher temperatdPecausing a decrease in
thatS(g)= 1), suggesting that the micelle corona thickness is interfacial tension between the micelle and water. The micelle
low. We now compare the chain length of fully extended radius therefore increases.
polyether with the differences betwe&y andR (equal to the We also studied the temperature effects on micelle structure
micelle corona thickness) in order to assess if the corona isby SANS. As seen in Figure 10a, the scattering intensity at 40
indeed formed by polyether chains. The chain length of the °C coincides with the data obtained at 20. As discussed
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T(C) Figure 10. (top) Temperature dependence of the siloxane block

Figure 9. (top) Size distributions of 5% siloxane copolymer aqueous COPOlymer structure at ZOOC' 40 °C, and 60°C. The scattering
solutions at 50°C and 60°C. (bottom) As the temperature increases Intensities at 20C and 40°C coincide. As the temperature increases
from 24°C to 60°C, the micelle radius increases from 131 to 229 A 0 60 °C, the scattering intensity at low increases, indicating a

and the standard deviation of the micelle radius increases from 22 to transition of the micelle structure from sphere to ellipsoid. (bottom)
75 A. The scattering intensity data at 60 were fitted by two models- the

hard sphere form factor (dashed curve) and the ellipsoid form factor
above, the data were fitted by a hard sphere model and the(solid curve). The ellipsoid form factor fits the data noticeably better
obtained micelle core radius is about 75 A. However, as the at lowa.
temperature increases to 80, the scattering intensity increases ) o )
at low q and the hard sphere form factor no longer fits well the Molecules could form both spherical and ellipsoid micelles.
data points (see the dashed curve in Figure 10b). Because of-OPOlymers with structure MID'RM (with R = CH,EO.0H),
the low hydration and higher hydrophobicity of the PEO blocks N = 13 or 18,m = 5) have been found to fit the spherical
at higher temperature, and also because of the inherent tendencjnodels;* but the authors suggested that the micelles of these
of the comblike macromolecules to favor assemblies of low Siloxane copolymers have ellipsoidal shape with an axial ratio
curvature, the micelles may grow. Under the restrictions that close to 1 and that the experimental accuracy was not sufficient
(i) all the headgroups are exposed to water and (i) there is no 0 distinguish betwe_en such aggregates and exact spheres. SANS
space that is not filled with the hydrophobic chains in the data on MRsD'M with R = (CH;)sEO1.0H and on MBGD'M
micellar core, micelles will grow along one dimension (to form  With R = (CH2)sEO10PO,OH, reported recently in ref 28, were
rods), and further to two dimensions (to form disks). We thus fitted well to a monodisperse oblate ellipsoid model, in good
fitted the data at 60C by the monodisperse ellipsoid form factor ~&greement Wlth the o_bser_ved transition of the micelle structure
(eq 13) with the semimajor axR, and semiminor axi&, (the from spherical to ellipsoid at higher temperature discussed
ellipsoid shape was selected as intermediate between sphere an@P0Ve. In fact, the structural dimensions obtained in ref 28 are
cylinder). As shown in Figure 10D, the curve fits very well the @bout 2 times lower than the ones reported here, which is

data points at lovg. The calculatedR, is 160 A andR, is 61 reasonable given that the copolymer examined here has mo-
A lecular weight twice that of ref 28.

1[(sin@ — zcos@)|?

Conclusions
fa) = f; [

dx;
z ) y CMC detection in aqueous solution of poly(dimethyl-
,= qu[l-i- xz((;:) _ ) Z] (13) siloxane)-graft-polyether copolymer with structure MD'M

(M: MesSiOy—, D: —Me,SiO—, D': Me(R)SiO—, R: poly-
Note that the semiminor axi®, is smaller tharR obtained

ether copolymer with approximately 19 ethylene oxide and 6
propylene oxide segments) in aqueous solution has been
by hard spheres (76 A), which suggests that &t@¢the siloxane

accomplished by three methods: DPH YWs spectra, hypso-
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chromic shift of methyl orange, and pyremgls ratios. The

J. Phys. Chem. B, Vol. 106, No. 42, 2000853

Behavior of A-B-Type Silicone Surfactants in Watef. Phys. Chem. B

CMC value thus obtained equals 0.05% (although SANS data 2001 105 5419-5426.

obtained at 0.01% siloxane copolymer provide some conflicting
evidence). The microenvironment of siloxane copolymer mi-
celles was studied by pyrene fluorescence measurengnts

and DPH fluorescence anisotropy measurements. The micro-

viscosity in siloxane micelles is lower than that in Pluronic
PEO-PPG-PEO block copolymer micelles.
SANS experiments show that spherical micelles with as-

sociation number value of about 142 are present in 5% siloxaneg

copolymer solution at 20C. The micelle core has a radius of

75 A. 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 A corresponds to the micelle

hydrodynamic radius. The hydrodynamic radius takes into
account the core plus the corona radius, while the radius obtaine
from the hard sphere form factor used in fitting SANS data

(12) Rodriguez, C.; Uddin, Md. H.; Watanabe, K.; Furukawa, H.;
Harashima, A.; Kunieda, H. Self-Organization, Phase Behavior, and
Microstructure of Poly(oxyethylene) Poly(dimethylsiloxane) Surfactants in
Nonpolar Oil.J. Phys. Chem. B002 106, 22—29.

(13) Lin, Y.; Alexandridis, P. Microenvironment and Structure of
Micelles Formed by a Polymeric Siloxane Surfactant in Aqueous Solutions.
Polym. Prepr. (Am. Chem. Soc.,:DiPolym. Chem.p001, 42 (1), 229-
230.

(14) Gradzielski, M.; Hoffmann, H.; Robisch, P.; Ulbricht, W.; Gruening,
Aggregation Behavior of Silicone Surfactants in Aqueous Solutions.
Tenside, Surfactants, Detergert89Q 27, 366—-379.

(15) Lin, Z.; Hill, R. M.; Davis, H. T.; Scriven, L. E.; Talmon, Y. Cryo
Transmission Electron Microscopy Study of Vesicles and Micelles in
Siloxane Surfactant Aqueous Solutiohsingmuir1994 10, 1008-1011.

(16) Lin, Y.; Smith, T. W.; Alexandridis, P. Adsorption of an Am-
phiphilic Siloxane Graft Copolymer on Hydrophobic Particleslym. Prepr.

cfAm. Chem. Soc., bi Polym. Chem.p001, 42 (1), 246-247.

(17) Lin, Y.; Smith, T. W.; Alexandridis, P. Adsorption of Amphiphilic
Copolymers on Hydrophobic Particles in Aqueous MediaDisp. Sci.

equals the micelle core radius; thus we can estimate the degre&@echnol, in press.

of solvation by relating these two radii and the micelle

(18) Grieser, F.; Drummond, C. J. The Physical Properties of Self-

association number. The number of water molecules per EQAssembled Surfactant Aggregates As Determined by Some Molecule
segment equals 12.6 and the volume fraction of the EO segmentg>PEctroscopic Probe TechniqudsPhys. Chemi1998 92, 5580-5593.

in the micelle corona equals 0.16. The increase in temperatur
from 24°C to 40°C does not have a strong effect on the CMC

e (19) Alexandridis, P.; Holzwarth, J. F.; Hatton, T. A. Micellization of

Poly(Ethylene Oxide)Poly(Propylene Oxide)Poly(Ethylene Oxide) Tri-
block Copolymers in Aqueous Solutions: Thermodynamics of Copolymer

of the siloxane surfactants. However, the micelle radius increasesAssociation,Macromolecules1994 27, 2414-2424.

with further increase in temperature, and the SANS data indicate

a structural evolution of the siloxane copolymer micelles, from
spheres at 20 and 4T to ellipsoids at 60°C.
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