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The aim of this study is to determine the effects of oil solutes and alcohol cosolvents on the structure
of oil-in-water microemulsions stabilized by poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene
oxide) (PEO—PPO—PEO) triblock copolymers. The systems investigated involved the solubilization of
1,3,5-trimethylbenzene or 1,2-dichlorobenzene by P123 (EO2,—PO70—EO2) pluronic surfactant micelles
in water and water + ethanol solvents. The structures of these swollen micelles were determined by
small-angle neutron scattering (SANS). A thermodynamic model was employed to interpret the
characterization data. The results of the thermodynamic model for micellization agreed well with the
SANS data from samples of micelles swollen by both oils. The model predicted the size of the micelles
within 5% accuracy using only one fitting parameter, the micelle polydispersity. Ethanol had significantly
different effects on the polymer micelles that contained solubilized oil compared to pure polymer micelles.
For pure polymer micelles, the addition of ethanol increased the solubility of the polymer and, therefore,
decreased the total volume fraction of micelles, while for polymer—oil aggregates, ethanol tended to have
a positive effect on the volume fraction of micelles. SANS results showed that the greatest divergence from
pure aqueous solvent results occurred at oil concentrations above the microemulsion stability limit.

Introduction

Poly(ethylene oxide)—poly(propylene oxide)—poly(eth-
ylene oxide) (PEO—PPO—PEO) triblock copolymers have
found application in a wide variety of fields' from water
remediation? to cosmetics® and drug delivery.*> Many of
these applications depend on the copolymer amphiphile’s
ability to solubilize hydrophobic compounds, thus, forming
polymer aggregates “swollen” by the hydrophobic solute.
Alexandridis and co-workers have noted the rich micellar
phase behavior of Pluronic (the commercial name for
BASF’s PEO—PPO—-PEO surfactants)—oil—water mix-
tures.%” Recently, researchers have utilized the phase
behavior of PEO—PPO—PEO aggregates to template the
formation of inorganic mesostructures® and have found
that the addition of swelling agents (such as trimethyl-
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benzene) to the polymer micelles results in the formation
of a unique inorganic mesophase known as a siliceous
mesocellular foam.%1° Alcohols play an important role in
many of these applications from their presence in self-
assembling silica structures due to the hydrolysis of silicon
alkoxide precursors to their presence in waste streams
and their use in pharmaceutical and cosmetic formula-
tions.

Numerous researchers have tested the macroscopic
properties of swollen micellar systems, such as their cloud
point,>11-12 rheological behavior,’® and stability in the
presence of various cosolvents.!>4 Other experimentalists
have performed detailed studies of the microscopic struc-
ture of PEO—PPO—PEO micelles in water using tech-
niques such as dynamic and static light scattering and
small-angle X-ray scattering (SAXS), as well as small-
angle neutron scattering (SANS).1>~17 Theorists have also
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turned their attention to Pluronic micelles and oil-swollen
micelles, developing models capable of predicting the bulk
properties as well as the microscopic structures of the
complex fluids.'>1® However, most experimental studies
of oil-swollen Pluronic micelles, even those utilizing
powerful scattering techniques such as SAXS and SANS,
have taken simplified views of the oil—polymer aggregates
by treating them as homogeneous hard spheres or
cylinders and have not attempted to confirm the detailed
structural predictions of available models.%1°

We have compared the results of neutron scattering
experiments on Pluronic micelles swollen by two different
oils to the predictions of a thermodynamic model for
Pluronic—oil aggregate formation first developed by
Nagarajan and Ganesh.!? These experiments achieved
three goals: first, they confirmed the accuracy of the model,;
second, they reduced the neutron scattering fit parameters
to a reasonable number, thus, simplifying interpretation
of the data; and finally, they result in a more detailed
understanding of the major factors contributing to the
formation and stability of these important self-assembled
mesostructures.

Experimental Procedures

The SANS experiments were performed at the National
Institute of Standards and Technology, Gaithersburg, MD, on
the 30-m SANS spectrometer, neutron guide NG3. We used
neutrons of wavelength 1 = 6 A with AM/A = 15% at sample-to-
detector distances of 2 and 13 m. This instrument configuration
allowed us to cover a range in the magnitude of the wave vector
transfer (|q| = |k — ks| = (47/A) sin 0) from 0.005 to 0.3 A~1. The
neutron intensity was corrected for instrument dark current,
empty cell scattering, and beam transmission to obtain an
absolute neutron intensity. For all experiments, 1-mm-spaced
flat quartz cells were used. The samples were injected into
the sample cells at room temperature, and the cells were then
placed in the instrument sample chamber and heated to 35 °C.
Samples were allowed to equilibrate for several hours before
data were taken, and the temperature was controlled within
+0.5 °C.

A typical microemulsion sample was made by first dissolving
0.1 g of PEO—PPO—PEO triblock copolymer (Pluronic P123,
EO3—PO79-EOq), molecular weight ~ 5800, BASF) in 10 g of
distilled water. To the aqueous polymer solution was slowly added
0—0.1gof1,3,5-trimethylbenzene (TMB) or 1,2-dichlorobenzene
(DCB; Aldrich). The resulting microemulsion was stirred for
several hours and then allowed to equilibrate at room temper-
ature for at least 48 h.

The samples were made at relatively low micelle volume
fractions (0.01—-0.02) to avoid intermicellar interactions that
would complicate the SANS pattern. In addition, two samples
were made for each oil concentration: one used a mixture of HoO
and D20 in the solvent such that the neutron scattering length
density (SLD) of the solvent matched that of the polymer (~5 x
10-7 A=2) and one in which both the solvent and the oil were
mixed with deuterated compounds to increase the contrast
between oil, polymer, and solvent.

Model of Microemulsion Structure

The basic structure of a PEO—PPO—-PEO triblock
copolymer micelle consists of a well-hydrated corona of
PEO and a core that contains PPO. Previous SANS studies
by Goldmints et al.!” and Liu et al.'® have taken slightly
different approaches to this “core—shell” model. Although
PPO and PEO chains are indistinguishable in neutron
scattering due to their nearly identical neutron SLDs, the
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(19) Schmidt-Winkel, P.; Glinka, C. J.; Stucky, G. D. Langmuir 2000,
16, 356.

Langmuir, Vol. 21, No. 13, 2005 5739

A. __PEO

water
oil
PPO
B ¢ = constant

¢, = constant

Figure 1. Swollen micelle structure: (A)location of components
and (B) important parameters. R is the core radius, D is the
corona (or shell) thickness, @ppo is the volume fraction of PPO
in the core that is assumed to be constant, and @pgro is the
volume fraction of PEO in the corona that is also assumed to
be constant. Note that, including a micelle polydispersity
parameter, there are five variables necessary for describing
this simplified swollen micelle model.

greater hydration of the PEO chains means that the corona
and core regions of PEO—PPO—PEO micelles in water
can be clearly identified. Determining the distributions
of polymer within these regions, however, is less straight-
forward. Both Goldmints et al. and Liu et al. have obtained
the most accurate fits to neutron scattering data when
they included small amounts of water in the PPO core.
Both groups used a homogeneous distribution of PPO and
water in the micelle core with PPO volume fractions of
80—97%. The PEO corona, on the other hand, contains a
significant amount of water, and some researchers have
estimated that three water molecules are hydrogen-bonded
to each ethylene oxide (EO) unit,?° and other investigations
indicated a total hydration of approximately 20 water
molecules per EO unit due to mechanical entrapment.?!
Therefore, the total PEO volume fraction in the corona is
10—40%, assuming a homogeneous distribution of PEO
as was assumed by Goldmints et al. Liu et al., however,
described the concentration of PEO from the core interface
into the solvent with a Gaussian distribution and have
obtained accurate fits to neutron scattering data using
this model without the need for a micelle polydispersity
fitting parameter.®

To these descriptions of the PEO—PPO—PEO micelles,
we now desire to add an oil solubilized in the PPO core.
Even if we make the simplifying assumptions that the
PPO core contains no water, because it now contains oil,
and that PPO and PEO are homogeneously distributed in
the core and corona, respectively, we are still left with at
least five fitting parameters as shown in Figure 1. We
have, therefore, employed a thermodynamic model for the
solubilization of hydrocarbons in triblock copolymers
developed by Nagarajan and Ganesh to predict the

(20) Liu, K.-J.; Parsons, J. L. Macromolecules 1969, 2, 529.
(21) Nolan, S. L.; Phillips, R. J.; Cotts, P. M.; Dungan, S. R. J. Colloid
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5740 Langmuir, Vol. 21, No. 13, 2005

microemulsion droplet size and composition, thereby
reducing the number of parameters necessary to fit the
SANS data.'>?2 The model is based on the “pseudophase”
approximation for micelle aggregation in which the swollen
micellar aggregates are assumed to be a separate “phase”
in thermodynamic equilibrium with singly dispersed
polymer and oil molecules in aqueous solution. Prior
theoretical work has shown that the formation of a pure
oil core at the center of the aggregate is less thermo-
dynamically stable than a micelle core consisting of
thoroughly mixed polymer and oil;?® therefore, only
aggregates of the latter type are considered in this model.
Furthermore, intermicellar interactions are neglected and
so the model is only strictly applicable to dilute solutions
of swollen micelles. The mole fraction, X,;, of aggregates
containing g polymer molecules and j oil molecules is,
therefore,

ng = Xngljj exp(— %A,ugjo) (1)

Aﬂgjo = gl,ﬂgjo - P‘lo _é“ljo (2)

where X; and X;j; are the mole fractions of singly dis-
persed polymer and oil molecules, respectively, Au,° is
the change in chemical potential due to the addition
of one polymer molecule to the aggregate, u:° is the
standard state chemical potential of a singly dispersed
polymer molecule, u;,° is the chemical potential of the oil
in water, k is Boltzman’s constant, and 7' is the temper-
ature.

To simplify calculations, it has been assumed that
the aggregates are monodisperse and so the character-
istics of the swollen micelle at equilibrium may be ob-
tained by minimizing the chemical potential with respect
to the number of polymer and oil molecules in the

aggregate

Au,? Au,?

i(ﬁ):()’ Q( /“tg’):() (3)
g\ kT y\ kT

According to the theory of Nagarajan and Ganesh, the
change in chemical potential due to aggregation is
determined by seven components

Aﬂgjo = (Aﬂgjo)PPO,dﬂ + (A:ugjO)PPO,def + (AﬂgjO)PEo,dﬂ +
(AﬂgjO)PEo,def + (Aﬂgjo)loc + (A#gjo)int + (Alugjo)loop (4)

in which (Aug®)ppo gi is the change in chemical potential
due to dilution of the PPO block with oil in the micelle
core, (Aug")ppo der is due to the deformation of the PPO
block in the core to meet the uniform concentration
constraint, (Aug)pro,ai is due to the dilution of PEO with
water in the micelle corona, (Aug)pro.der is due to the
deformation of PEO in the corona, (Aug).e is due to
the localization of the PPO—PEO junction at the core—
corona interface, (Aug"in¢ is the change in chemical
potential caused by the formation of the core—corona
interface at which oil and water come into contact, and
(Augoop is due to the formation of a loop in the PPO
block so that both PPO—PEO junctions of the triblock
copolymer can be at the core surface. The expressions for
each of these chemical potential terms have been derived

(22) Nagarajan, R.; Ganesh, K. Macromolecules 1989, 22, 4312.
(23) Nagarajan, R.; Ganesh, K. J. Chem. Phys. 1993, 98, 7440.
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in refs 12 and 22, thus, only the results are summarized
below.

(Aﬂg,'o)PPo dil Vppo 1 — ¢ppo
—_— = — ——— In(1 — ¢ppy) +
BT PPO v, boro PPO

UppPo
n 1 - ¢PPO)XPPOJI -

J

Uppo 1 — ¢ppo1

PPO
Vyw  Pppo1

VUppo (UPPO,WLPPOZ\ 6 I

In(1 — ¢ppoy) +

o (1 - ¢Ppo1)XPPo,w T /0 oV V2
PP PPO
W (5)

where Nppo is the number of propylene oxide segments in
the block, vppo, vj, and vy are the molecular volumes of
a PO segment, oil, and water, ¢ppo and ¢ppo1 are the volume
fractions of PPO in the micelle core and in the singly
dispersed state, respectively, yppo; and yppow are the
Flory—Huggins interaction parameters between PPO/oil
and PPO/water, oppow is the interfacial surface tension
of PPO and water, Lppo is the length of a propylene oxide
segment, and appo = (6/7)Y3Nppo Yepppo~ V2 is the chain
expansion parameter of PPO (i.e., the difference between
the unperturbed end-to-end PPO chain length and the
length of the swollen PPO chain). The first two terms of
eq 5 account for the enthalpy and entropy of mixing PPO
and oil in the micelle core. The third and fourth terms
represent the enthalpy and entropy of the PPO chain in
the singly dispersed state that the chain leaves tojoin the
aggregate, and the final term accounts for the disappear-
ance of the PPO—water interface present in the singly
dispersed state.

The change in chemical potential due to deformation of
the PPO block is given by

(AﬂgjO)PPO,def _
kT
3n2) R? 3 5
— | — | 3(o —1)—Inao (6)
(40 (IVPPC/zlLPPOQ 2 PPO PPO

where R is the radius of the micelle core and all other
variables are defined as in eq 5. This expression represents
the difference in the configurational free energy of a single
PPO chain confined to the micelle core and that of the
PPO chain in aqueous solution. The first term of eq 6
accounts for the nonuniform deformation of the PPO
necessary to achieve the homogeneous concentration of
the core assumed in the model, and the second term
represents the deformation of a singly dispersed polymer
chain.

(A/ugjo)PEO,dil Vpgo 1 — Ppro
— 7~ Nero ow b0 In(1 — ¢pgp) +
UpEO
v_(l - ¢PE0)XPE0,W] -
W
v 1-
Nero Ueeo 2~ demor In(1 = ¢pgoy) +
Vw  $pro1

UpEO

v_(l - ¢PE01)XPE0,W] (7
W

Equation 7 takes into account the change in hydration of
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Figure 2. Neutron scattering geometery used in all SANS
experiments. Iy is the intensity of the incident neutron beam,
I, is the intensity of the transmitted neutron beam, k; is the
incident neutron wave vector, ks is the scattered neutron wave
vector, 0 is the scattering angle, and Q is the detector solid
angle.

the PEO blocks of the polymer upon entering the micelle
corona (first two terms) from its singly dispersed state
(terms three and four).

(AﬂgjO)PEo,def _ 3LpgoR D/R _
kT (@/2)ppgo 1 + (D/R)

[3(0pgo” — 1) — 2 1In apgo’] (8)

in which a is the area of the core surface occupied by each
PEO block and D is the thickness of the micelle corona.
The first term in eq 8 denotes the free energy of
deformation of the PEO blocks in the micelle corona, while
the second term represents the corresponding free energy
of the PEO blocks in the singly dispersed state.

3L PEO

(Alugjo)loc
R(1 + D/R)®

BT 9

= —zln

Equation 9 accounts for the entropic penalty paid by
forming a micelle due to the localization of the PPO—PEO
junction at the core—corona interface.

(Aﬂgjo)int . a

RT k_T[OPPO,W¢PP0 + 0wl = ¢ppo)]l (10)

In eq 10, oppo and o;w are the surface tensions of PPO—
water and oil—water, respectively. It is assumed that the
volume fraction of PEO in the corona is very small and,
therefore, that all oil and PPO at the core surface are
exposed to water (leading to the oppo and ojw terms).

(At oo
e B 1 (Nppo) (11)

The final term in the model accounts for the backfolding
in the central PPO block that is required so that both
terminal PEO blocks can be in the corona. In this
expression,  is an excluded volume parameter that is
assumed to be unity.

Neutron Scattering Model

The neutron scattering configuration used for our
experiments is shown in Figure 2. The neutron scattering
intensity is reported as the neutron scattering cross
section, o, per unit solid angle, Q, divided by the total
sample volume, V.

1 00 0=

I(q):‘_la_Q_B_Q (12)

The overall neutron scattering cross section comprises
two terms, the coherent (o.) and the incoherent (o)
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scattering, so that ¢ = 0cn + 0Ome. The change in the
incoherent scattering of neutrons with the unit solid angle
is constant, therefore, 00;,/0Q = Cj,. and

I _ 82coh Cinc 13
@)=—5"+ (13)

The differential coherent scattering cross section per
unit volume for particulate samples can be expressed as
the product of the number density of particles, an
intraparticle form factor that accounts for the scattering
from the atoms in a single micelle, P(q¢), and an inter-
particle structure factor, S(q), which accounts for the
interactions between micelles.?* Thus

B _ Ny,
w50 VP(Q) (@) (14)

where N, is the total number of particles. Because we are
working with very dilute solutions of swollen micelles,
~1-3 vol %, we assume that interparticle interactions
are negligible and, therefore, that S(q) ~ 1. The intra-
particle form factor may be expressed as the square of the
Fourier transform of the neutron SLD spatial distribution.

P@=F@P=|f

. 3.2
palrticle[p(r) — pJ exp(igr) d°r|> (15)
where p(r) is the neutron SLD at position r and p; is the
SLD of the solvent.

Because the thermodynamic model for microemulsion
formation assumes that the volume fractions of PEO in
the corona and PPO in the core are homogeneous, the
neutron SLD is, therefore, assumed to be constant within
the core and the corona, such that

pr) =
{P1 = pppoPrro T Poil(1 — ¢ppg)  for 0 <r <R,
P2 = PpEOPPEO T Pwater(l — #pro) for Ry =7 <R,
(16)

in which p; and p are the SLDs of the core and the corona,
respectively, and pppo, PPEO, Poil, a0 Pwater are the SLDs
of PPO, PEO, oil, and water, respectively. As above, ¢ppo
is the volume fraction of PPO in the core and ¢pgo is the
volume fraction of PEO in the corona. R is the core radius,
and R, is the corona radius (i.e., Ry = R; + D, where D
is the thickness of the corona).

Substituting eq 16 into eq 15, multiplying by the overall
particle number density, and integrating, we obtain

Icoh(q) =
Ny[4 3,(qR)) 4 3j1(qRy)|?
_pETp 3 VIV AT 3 (12T
Vis R1°(p1 — po) 4R, + 3 Ry (py — p5) qR,
e%))

where j; is a spherical Bessel function given by

i@ = sin(x) — 2x cos(x) (18)
x

Thus, eq 17 expresses the relation between the neutron
intensity and the wave vector transfer for a suspension
of noninteracting particles with cores of radius R; and
uniform SLDs of p; and coronas of radius R, and SLD ps.
To fit the neutron scattering data with the neutron

(24) Chen, S.-H. Annu. Rev. Phys. Chem. 1986, 37, 351.
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Table 1.
molecular molecular component ;—water solubility polymer—water
volume, length, interfacial tension, parameter, interaction
component, i v (A3) L=0v13(A) Oiw (J/A2) 0; (MPal?2) parameter, yiw
PPO 96.5 4.6 2.6 x 10722 19 2.1
PEO 64.6 4.0 8.0 x 1072 20.2 0.2
TMB 232.0 6.1 3.6 x 10722 184
DCB 187.0 5.7 3.2 x 10722 20.5
water 30.0 3.1

scattering model, we used a nonlinear least-squares fitting
algorithm that was developed at NIST.? The fitting
parameters used in this algorithm are the volume fraction
of particles, ¢, which is used to determine N,/V, the average
core radius, R, the corona thickness, D, the core SLD, p;,
the corona SLD, ps, the solvent SLD, ps, the incoherent
background, and the core dispersity, p. The polydispersity
of the micelle cores was expressed using the normalized
continuous Schultz distribution, f{r).26-28

fr) =z + 1% exp[—(z + 1)x)/fT(z + 1) (19)

in which 7 is the mean core radius, x = r/r, and z = (1 —
p?/p?, where the polydispersity is defined as p = o/F and
0? is the variance of the distribution. Including a poly-
disperse core in the model alters the form factor such that
the size average form factor is given by?’

P(q) F(q) = [fir) F*(gr) dr (20)

Results and Discussion

The overall SANS fitting procedure described in eqs
12—20 utilizes eight fitting parameters: the core diameter,
the corona thickness, the SLD of the core, the SLD of the
corona, the SLD of the solvent, the total volume fraction
of particles, the core polydispersity, and the incoherent
scattering background. To ensure the physical significance
of our data fits, we have employed the thermodynamic
model (equations 1—11) to predict a priori as many
variables as possible.

The micellar core radius, corona thickness, volume
fraction of PPO in the core (leading to the core SLD), and
volume fraction of PEO in the corona (leading to the SLD
ofthe corona) were all calculated from the thermodynamic
model using an iterative process to minimize the free
energy of the system according to eqs 1—11 and the
molecular parameters provided in Table 1. Because each
of our samples was made with a fixed oil-to-polymer mass
ratio, the number of oil molecules per molecule of polymer
in the aggregate was fixed. We then chose an aggregation
number (g) and a corona thickness (D). From the ag-
gregation number, the number of 0il molecules in the core
(/) could be calculated using the fixed ratio assumption.
The total volume of oil and PPO in the aggregate could
then be used to calculate the volume of the micellar core,
and the core volume was in turn used to calculate the core
radius. The core radius and the corona thickness were
then used to determine the volume of the corona and,
from that, the volume fraction of PEO in the corona. The
choices of aggregation number and corona thickness were

(25) Klein, S. Wavemetrics Igor Pro Macro; National Institute of
Standards and Technology: Gaithersburg, MD, 1998.

(26) Schultz, G. V. Z. Phys. Chem. 1935, 43, 25.

(27) Hayter, J. B. In Physics of Amphiphiles — Micelles, Vesicles, and
Microemulsions; DeGiorgio, V., Corti, M., Eds.; North-Holland: Am-
sterdam, 1983.

(28) Bartlett, P.; Ottewill, R. H. J. Chem. Phys. 1992, 96, 3306.

Table 2. SLDs for Contrast-Enhanced and
Contrast-Matched Samples

water SLD polymer SLD  oil SLD
sample type (A-2) (A-2) (A2

contrast-matched TMB 4.7 x 1077 4.7 x 1077 6.0 x 107¢
contrast-enhanced TMB 5.9 x 1076 4.7 x 1077 6.0 x 1077
contrast-matched DCB 4.7 x 1077 4.7 x 1077 4.8 x 1076
contrast-enhanced DCB 4.7 x 1076 4.7 x 1077 4.8 x 107¢

varied until the minimum free energy was found for the
given oil type and concentration.

The SLD of the solvent was controlled in our experi-
ments by mixing H,O and D,0O in known ratios. A SLD
of 4.7 x 1077 A2 was used for both PEO and PPO blocks
ofthe polymer, and this information along with the known
SLD of water and oil and the volume fractions of polymer
in the core and corona calculated by the thermodynamic
model was used to determine the SLD of the core and
corona. Thus, the SLD of the solvent, corona, and core
were determined a priori and were not used as fit
parameters for the neutron scattering data.

The total volume fraction of micelles was calculated as
the total volume of polymer and oil added to the solution
(accounting for the concentration of singly dispersed
polymer and oil molecules determined from the known
solubilities of the compounds) divided by the total volume
of the sample. The incoherent scattering background was
fitted to the constant neutron scattering intensity at high
g, and did not contain any structural information.
Therefore, its presence as a fitting parameter did not
detract from the interpretation of the structural data. The
core polydispersity was the only remaining fitting pa-
rameter.

The results of the thermodynamic model were applied
to the neutron scattering model, and these curves were
used to fit the neutron scattering data, initially with the
core polydispersity as the only fitting parameter. These
initial “model” fits to the neutron scattering data gave
excellent results, and, subsequently, the core diameter
and the corona thickness of the micelle were varied slightly
to improve the accuracy of the fit and to obtain the
“experimental” micellar dimensions. This procedure was
used to fit scattering data from samples with the contrast
increased between water and polymer through the addition
of deuterated compounds to enhance the “core—shell”
structure of the swollen micelles and also for samples in
which the solvent had been contrast-matched to the
polymer, in effect making the scattering from the corona
negligible and reducing the “core—shell” structure of the
micelles to that of a simple sphere consisting of a mixture
of polymer and oil. The SLDs of the water, polymer, and
oil components for contrast-enhanced and contrast-
matched samples using TMB and DCB as the swelling
agents are shown in Table 2. The model predictions of the
most important parameters and the results of the most
accurate “experimental” fits are summarized in Table 3.

The fits to both contrast-matched and contrast-enhanced
samples using TMB and DCB as the swelling agents are
shown in Figure 3. The accuracy of the fits to data from
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Table 3.

oil type, Rexpeoriment Rmﬂudel Rmatocheda Dequ’riment Dmoodel C}d
mass ratio (A) (A) (A) (A) polydispersity ¢ppo? ¢pEOY g° (A2)
TMB 0.10 70 71 60 20 23 0.15 0.86 0.25 190 333
TMB 0.20 76 77 67 20 22 0.15 0.75 0.25 211 351
TMB 0.34 85 85 73 20 22 0.15 0.64 0.25 247 371
TMB 0.53 100 95 93 18 22 0.15 0.53 0.24 287 399
TMB 1.05 100 115 95 18 20 0.18 0.37 0.23 347 481
DCB 0.22 65 69 68 20 22 0.15 0.86 0.26 177 340
DCB 0.55 82 84 85 20 22 0.15 0.64 0.24 232 380
DCB 1.06 110 98 103 18 21 0.17 0.47 0.23 277 436

@ Rmatched 18 the radius of the micelle core experimentally determined from samples in which the SLD of the water has been matched
to that of the polymer, rendering the corona undetectable. ® Values for the volume fraction of PPO in the micelle core and PEO in the micelle
corona were obtained from the thermodynamic model and used unchanged in the fitting of the SANS data. ¢ g represents the polymer
“aggregation number”, that is, the total number of polymer molecules in one micelle. The polymer aggregation number was determined
using the model. ¢ a is the core surface area per polymer molecule, and the values listed were obtained from the model.
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Figure 3. Neutron scattering data (symbols) and most accurate data fits (solid curves) for (a) samples containing TMB in which
the neutron SLD of the water has been matched to that of the polymer, TMB-to-polymer mass ratios of (O) 0.34, (H) 0.20, and (x)
0.10; (b) samples containing TMB in which the contrast between water and polymer has been enhanced to clarify the “core—shell”
micelle structure, TMB-to-polymer mass ratios of (O) 1.05, (W) 0.53, and (x) 0.20; (c) contrast-matched samples containing DCB
with DCB-to-polymer mass ratios of (O) 1.06, (W) 0.55, and (x) 0.22; and (d) contrast-enhanced samples containing DCB with

DCB-to-polymer mass ratios of (O) 1.06, (W) 0.55, and (x) 0.22.

both contrast-matched samples (Figures 3a,c) and contrast-
enhanced samples (Figure 3b,d) indicates that the ap-
proximations of a homogeneous mixture of oil and polymer
in the core and of a homogeneous volume fraction of PEO
in the corona are reasonable ones.

The accuracy of the thermodynamic model in predicting
the micelle structure can be seen in Figure 4, in which the
overall micelle diameter from the most accurate fits to
the SANS data and the initial predictions from the model
are plotted against the volume of oil added. Figure 4 and
Table 3 show that the model provides a very good starting
point for the data fit, predicting the micelle diameter to
within 5% accuracy for oil-to-polymer mass ratios below
0.5. The thermodynamic model correctly predicts the
monotonic increase in micelle diameter with increasing
oil content, although the micelle diameter predicted by
the model tends to increase slightly less rapidly with

increasing oil content than is experimentally observed.
Furthermore, dynamic light scattering (DLS) studies of
the oil-swollen micellar solutions have been performed to
provide an independent confirmation of the micelle
polydispersities obtained from our fits to the neutron
scattering data. DLS experiments showed that the poly-
dispersities of our oil—polymer aggregates ranged from
10 to 19%, in good agreement with the neutron scattering
polydispersities of 15—18% shown in Table 3. Thus, all of
the structural fit parameters from the neutron scattering
model have been either theoretically predicted or con-
firmed by an independent technique.

As seen in Table 3 for both TMB and DCB mass ratios
of ~1.0, the model predictions become less accurate at
high oil concentrations. This is expected for two reasons:
first, polymer chains behave differently at high extensions,
and second, oil-to-polymer ratios greater than 0.4 for TMB
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Figure 4. Micelle diameter determined from SANS experi-
ments for samples containing TMB (a) and DCB (W) and the
micelle diameter from thermodynamic model predictions for
TMB (2) and DCB (O) plotted against total volume of oil added
per mole of polymer added. The lines are guides for the eye.

and 0.5 for DCB are above the microemulsion stability
limit. The PPO blocks in the core become considerably
extended as the core swells with oil. At the maximum
oil/polymer ratio used in this study (TMB ~ 1), the
experimentally determined core diameter is 100 A. It is
assumed that the extended PPO block length is roughly
equivalent to the core diameter because the PPO block
must double over to ensure that both PEO blocks are in
the corona. The contour length or end-to-end distance of
the fully extended PPO block (VL) is ~160 A, and that of
the unperturbed PPO block (INV2L) is ~38 A. Thus, the
maximum observed extension is roughly 2/3 of the
maximum extension and 3 times the unperturbed distance.
It is noted by Kuhn and Griin? and by James and Guth?°
that the simple model of a freely jointed Gaussian chain
must be modified at extensions beyond approximately 1/2
of the maximum. Furthermore, the PPO and PEO block
deformation expressions given in eqs 6 and 8 do not limit
the length of the blocks to their contour length and are,
therefore, highly suspect at large extensions.

While the treatment of polymer chains at high exten-
sions is one source of error at high oil contents, the
transcendence of the microemulsion stability limit or cloud
point is undoubtedly another. Above the cloud point, P123
solutions containing the oil phase segregate into a Windsor
type I microemulsion (i.e., an oil-rich phase and an aqueous
phase containing microemulsion droplets). The thermo-
dynamic model was not intended to accurately predict
the structure of swollen micelles beyond the phase
separation point; however, it can offer important insight
into the factors leading to the formation of a separate
oil-rich phase. It has been shown in previous theoretical
work that the oil solubilized by Pluronic surfactants does
not form a separate oil core, and, therefore, the Pluronic—
oil aggregates are most accurately described as swollen
micelles rather than microemulsion droplets.?? This trait
means that the assumption of a homogeneous polymer—
oil mixture in the core of the micelle is reasonable up to
the phase separation point, but it also means that the size
of the micelle core is limited by the contour length of the
hydrophobic PPO block. Stretching the PPO block to reach
the center of the micelle and, thus, preventing the
formation of a pure oil core significantly decreases the
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entropy of the aggregate and, therefore, destabilizes the
micelle. One way to solubilize more oil without further
stretching the PPO block is to form smaller but more
numerous micelles. The formation of more micelles,
however, increases the overall core surface area and,
hence, increases the core surface area per polymer
molecule, a, listed in the last column of Table 3. The
increase in a leads to increased oil—water interactions
that also destabilize the swollen micelle and eventually
lead to formation of a separate oil phase. As shown in
Table 3, the model predicts that a steadily increases with
increasing oil content and that the cloud point seems to
bereached at a surface area per polymer molecule of ~400
A?, The position of the microemulsion stability limit also
explains why the neutron scattering data for samples with
TMB/P123 0f 0.53 and 1.05 shown in Figure 3b are nearly
identical. The swollen micelles apparently do not grow
after the cloud point has been reached with all of the
additional oil going into the oil-rich phase.

The high solubilization capacity and selectivity of
Pluronic surfactants for aromatic over aliphatic hydro-
carbons has been noted.3! This preference for aromatics
islikely due to stronger dipole/induced dipole interactions
between the permanent dipole of PPO and the more easily
induced dipole of an aromatic relative to an aliphatic
molecule. However, the greater polarity of DCB relative
to TMB appears to have little effect on the volumetric
solubility of the two compounds. As seen in Figure 4, the
micelle diameters of DCB- and TMB-swollen samples are
nearly identical at the same oil volumes. Small differences
arenoted in the aggregation number and surface area per
polymer molecule of DCB- and TMB-swollen samples. The
DCB-swollen samples have lower aggregation numbers
and higher surface areas per polymer molecules than
TMB-containing samples due to the more favorable
interactions between DCB and water. A difference between
DCB and TMB solutes is also present in the agreement
between the core radii of contrast-matched samples
(Rmatchea) and the radii of contrast-enhanced samples
(Rexperiment). For DCB-containing samples, the agreement
between Ruatched and Rexperiment in Table 3 is relatively good
with Roatchea tending to have the slightly higher value. In
the case of TMB-containing samples, Rmatched iS consistently
~10 A lower than Rexperiment- This may be an indication
that the TMB is not perfectly homogeneously distributed
in the core and that the TMB concentration decreases
close to the core—corona interface, again indicative of the
poorer interactions of TMB and water compared to those
between DCB and water.

In addition to studying the structure of the swollen
micelles, we also investigated the effects of alcohols on
the size and structure of the swollen micelles. In the first
set of experiments, small amounts of ethanol were added
to a solution of polymer in water. The addition of ethanol
to the polymer solution immediately decreased the volume
fraction of micelles in the solution, as seen in Figure 5,
indicating that very small amounts of ethanol can act to
increase the solubility of the singly dispersed polymer
and, hence, reduce the micelle volume fraction. However,
when the size of the pure polymer micelles is compared
with the ethanol content, as in Figure 6, there is very
little change in micelle diameter for the range of ethanol
concentrations studied.

Neutron scattering data were also collected for micellar
solutions containing TMB or DCB to which various
amounts of ethanol had been added (see Figures 5 and 6).

(29) Kuhn, W.; Griin, F. Kolloid Z. 1942, 101, 248.
(30) James, H. M.; Guth, E. J. Chem. Phys. 1943, 11, 470.

(31) Nagarajan, R.; Barry, M.; Ruckenstein, E. Langmuir 1986, 1,
210.
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Figure 5. Volume fraction of micelles relative to the volume
fraction at 0 ethanol content (6mo) plotted against the ethanol/
polymer mass ratio for (O) TMB/polymer = 0.5, () DCB/polymer
= 0.5, and (x) pure polymer. The relative volume fraction of
micelles was determined from the absolute neutron scattering
intensity at ¢ ~ 0, VI(0)/I5(0) O Opi/Orio. The Guinier method
was used to correct I(0) with respect to the radius of the micelles
and for changes in contrast. The value of I(0) for samples above
the phase separation point was calculated by excluding the
data below ¢ = 0.009 from the Guinier plots, so that the second
phase did not skew the 1(0) calculation.

The data in Figure 5 indicate that ethanol has a very
different effect on oil-swollen micelles than on pure
polymer micelles. Instead of decreasing the total volume
fraction of micelles in the solution, as was seen for the
pure polymer micelles, ethanol appears to increase the
total volume fraction of oil-swollen micelles. It can be seen
from Figure 6a that ethanol has very little effect on the
size of the swollen micelles until phase segregation occurs
at an oil-to-polymer mass ratio of ~0.4. After phase
separation, the presence of ethanol appears to allow
slightly larger micelles to form in the aqueous phase of
type I microemulsion. As mentioned previously, one cause
of swollen micelle destabilization is an increase in the
surface area per polymer molecule with increasing oil
content, which allows for a greater number of unfavorable
oil—water interactions. Addition of ethanol to the solution
decreases the oil—water surface tension and allows stable
swollen micelles to form with slightly lower polymer
surface concentrations. The effects of ethanol on the
structure of DCB-swollen micelles were slight. It should
be noted, however, that none of the DCB samples to which
ethanol was added was significantly beyond the phase
segregation limit.

Conclusions

There have been numerous studies exploring the
structure of pure Pluronic micelles through the use of
SANS, and there have been several theoretical attempts
to describe the internal structure of Pluronic micelles
swollen with oil. However, most of the theoretical models
have been confirmed by comparing their predictions to
experiments involving macroscopically observed phenom-
ena, such as phase separation, while the models them-
selves can provide more rich and detailed information.
We have compared the structural predictions of a ther-
modynamic model for the formation of Pluronic—oil
aggregates, developed by Nagarajan and Ganesh,!? to
SANS data. We have found that the thermodynamic model
accurately predicts the volume fraction of oil inside the
micelle core and the volume fraction of water in the micelle
corona and that the model estimates the size of the core
and corona to within 5% of the experimental values. The
success of the thermodynamic model in predicting the
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Figure 6. Micelle diameter determined from SANS experi-
ments versus the volume of oil added per mole of polymer for
samples with varying ethanol contents. (a) TMB as the solute
and (b) DCB as the solute. Ethanol/polymer mass ratio = 2 (O),
1 (M), and 0 (x). Note that there is little change in the micelle
diameter with changing ethanol concentration for samples that
contain no oil.

internal structure of the swollen micelles is especially
important, given the large number of parameters that
would otherwise be required to fit the SANS data for this
complex system. The good agreement between theory and
experiment found in this work gives us a reliable structure
for the swollen micelles. Knowledge of this structure will
allow for more detailed understanding of important
swollen micellar properties such as oil solubility, rheology,
and inorganic material templating behavior.

The investigation of swollen micelles also included a
study of the effects of alcohol on these systems. It was
found that ethanol had little effect on the structure of the
swollen micelles below the phase segregation limit, but
that ethanol did appear to increase oil solubility, resulting
in larger micelles above the phase segregation point. The
thermodynamic model also gives us insight into the effects
of ethanol on swollen micelles, and it is hypothesized that
the greater oil solubility is a result of larger surface areas
per polymer molecule made possible by the presence of
ethanol.
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