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ABSTRACT: The micellar state of Pluronic P123, which is a poly- N =
(ethylene oxide)-b-poly(propylene oxide)-b- poly(ethylene oxide) block »g g
polymer (EO,0PO-0EO,), has been investigated using SANS, SAXS, z ) 2
and differential scanning calorimetry under the conditions utilized in the @ [Core | shell | Solvent Core| Shell | Solvent
synthesis of ordered mesoporous materials, such as SBA-15. The absolute PEO
intensity measurements, both with SANS and SAXS, have provided a
detailed quantitative description of the P123 micelles in the framework of 5 — | 300 e
asimple core—shell spherical model. The model developed has been used solvent b T B N s
to establish the structure of the copolymer micelles, including their size, PPOD:D+PE0 L
shape, aggregation number and detailed composition, as well as the 0 .
structural changes induced by varying reaction conditions. The effects of S —
temperature, pH, acidic source and the addition of swelling agents Fore P Reore  Ruor
SANS SAXS

(toluene and TMB) are reported and discussed.

B INTRODUCTION

Block copolymers of poly(ethylene oxide) and poly(propylene
oxide) are commercial nonionic surfactants that are widely used
in many research areas and industrial applications. One of these is
the preparation of mesoporous materials, including the SBA
family discovered in 1998." During the synthesis of mesoporous
materials, a silica precursor is added to an acidic copolymer
solution and is hydrolyzed, forming cationic silicate species
which condense around micellar aggregates in solution. This
initial step is crucial in the formation mechanism of ordered
mesostructured materials. The final mesoporous material is
obtained by removing the copolymer via calcination or chemical
treatment. In the case of SBA-15 materials made using Pluronic
P123 triblock copolymer, the initial micelle size and shape are
strongly modified during the synthesis process: the P123 spherical
micelles in the reaction mixture grow and pack forming a 2-D
hexagonal array within the structure of the final SBA-15 product.” >

The first step in the investigation of the formation mechanism of
these mesoporous materials> " is to determine the structure of the
micelles before the addition of the silica source. This structure may
depend on a number of synthesis parameters: temperature, acidity,
nature of the acid counterion, addition of a salt, an alcohol, or a

v ACS Publications ©2011 American chemical Society

hydrophobic swelling agent. Although several recent publications
have already reported the morphological changes of the micelles,®®
the effect of these different parameters is still not fully understood.

The aim of the present work is 2-fold: (i) to develop a model to
ascertain how the preparation parameters can influence the size,
shape, and composition of the micelles in the initial stages of SBA-
15 synthesis and (ii) to use this model to establish the structure of
the initial copolymer micelles and the hybrid organic—inorganic
micellar species formed in the reaction mixture. This first paper is
devoted to the structure of the micelles in absence of inorganic
precursors. The second paper’ focuses on the influence of the
synthesis conditions on the formation mechanism of the hybrid
organic—inorganic material after the addition of an inorganic
precursor, and on the correlation between the final structure of
the material and that of the micelles in the initial state.

In the present study, we focus on the micellar state of the
Pluronic P123 poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO-PPO-PEO) block polymer with the
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Table 1. Composition in Molar Ratios of the P123 Solutions”

D,0 H,0
HCI HCI HCI TMB TMB TMB toluene toluene toluene HCl
sample D,O 2.5 M 1.6 M 02 M C1 (@) C3 Cl1 C2 C3 H,0 1.6 M
HCI 8.9 5.9 0.8 6 6 6 6 6 6 6
H,0 30.8 20.5 2.7 20.7 20.7 20.7 20.7 20.7 20.7 197 197
D,O 194.3 158.9 173.8 199.2 176 176 176 176 176 176
H,0 + D,O 194.3 189.8 194.3 201.8 196.7 196.7 196.7 196.7 196.7 196.7 197
P123 0.017 0.0176 0.017 0.0175 0.017 0.017 0.017 0.017 0.017 0.017 0.017 0.017
swelling agent (S.A.) 0.302 0.604 0.907 0.352 0.70S 1.057
Rsa 17.8 35.5 534 20.7 41.5 62.2
pH 7 <0.1 <0.1 0.7 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 7 <0.1
o1z (10 mol/mL)  4.72 474 456 465 445 441 436 446 441 437 465 449

“ Two different swelling agents (SA) have been used, toluene (C,Hg: TOL) and trimethylbenzene (CoH;,: TMB), at three increasing concentrations
(C1, C2,and C3) in 1.6 M aqueous solution of HC and R, is the molar ratio of SA over P123. The composition of the solutions containing (HNO3,

HBr, H,SO,, and H;3PO,) are given in Table SL

composition EO,oPO-(EQO, at a fixed concentration in water of
2.5 wt % (molar ratio water: P123 = 200:0.017). This copolymer
is widely used to synthesize mesoporous materials, including
SBA-1S5, and the concentration is within the optimum range for
the formation of a well-organized material.

The structure of the micelles is investigated by small-angle
scattering techniques, using both neutrons (SANS) and X-rays
(SAXS), which are well-known powerful tools for the character-
ization of micelles in solution.'” "> Contrary to the case of light
scattering,16 SANS and SAXS are sensitive to the internal
structure of the scattering objects. The scattering curves are
governed by the shape, size, and polydispersity of the scattering
objects and their contrast with respect to the solvent. Using
SAXS and SANS data, micelles can be described in a detailed way,
including the properties of the hydrophobic core and the
peripheral hydrophilic shell regions. The combination of SANS
and SAXS data is helpful in this case, as it provides two different
contrasts of the same micellar object. Although micelles of
different Pluronic copolymers in water have been widely studied
using such scattering techniques,'®”>'” in this work we aim to
provide a quite complete data set for Pluronic P123 investigated
in situ during the synthesis of SBA-15 materials.

The modeling of the scattering by micelles of nonionic
surfactants has been reported in the literature.'® The theoretical
basis of the scattering data analysis is well established and is
recalled in details in this communication, including in the
Supporting Information (SI) section. We choose to simulate
the micelles using a simple core—shell two density levels model,
mainly because this type of core—shell model will be applied
throughout the modeling of the kinetic experiments,” allowing
one to locate as a function of reaction time the silica species
interactions with the micelles. More refined models for nonionic
micelles have been already introduced in the literature, especially
to better describe the density distribution inside the hydrophilic
part, using for example individual grafted PEO chains on an
homogeneous hydrophobic core,' but this later model is more
suited to the case of nonionic copolymer with long hydrophilic
segments (typically more than one hundred EO units).”® As the
P123 copolymer has hydrophilic chains with only 20 EO groups,
the simpler core—shell model is still adequate, and has the
advantage of introducing a relatively low number of seven
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independent parameters in the fitting procedure. We take
advantage of the absolute intensity measurements, performed
both with SANS and SAXS, to derive a quantitative description of
the micelles in terms of the aggregation number N,,, and of the
absolute values of the density levels, p.ore and Pgep. This
description is based not only on the fit parameter values of the
core—shell model, but on some other physicochemical data of
the system: The known concentration of P123, cpj,3, and the
apparent partial specific densities (g/cm’), estimated from
literature values, of the different components of the solutions:
The solvent, the PPO and PEO blocks and the swelling agents.

Our work demonstrates that this model is sufficient to
establish the influence of the synthesis parameters on the micelle
structure. Following the description of the experimental methods
(DSC, SANS, and SAXS) and the theoretical basis of the
scattering data analysis, the role of reaction temperature
(SANS and SAXS), the acid concentration (DSC, SANS, and
SAXS) and the addition of a swelling agent (SANS) are
investigated and discussed.

B EXPERIMENTAL METHODS

Sample Preparation. Pluronic P123 (Aldrich) was used as
received to make aqueous solutions containing a range of organic
and inorganic constituents. Deuterated water (D,0) instead of
H,O was used as a solvent for the SANS measurements. The
molar ratio water: P123 was kept close to 200:0.017 for all the
samples corresponding to a molar concentration close to 4.5 X
10~° mol/cm?. Four series of samples were prepared (Table 1
and Table SI): (i) P123 solutions with different concentration of
HCl for variable temperature SANS and DSC experiments, (ii)
P123 solutions containing two different swelling agents (SA),
toluene (C,Hg: TOL) and trimethylbenzene (CoH;,: TMB) at
three increasing concentrations (C1, C2, and C3) prepared in
1.6 M aqueous solution of HCI for SANS, (iii) P123 solutions
prepared in H,O and D,O for SAXS, and (iv) P123 solutions
with different acids (HNO5, HBr, HCl, H,SO,, and H;PO,) at
the same proton concentration ([H*]=1.6 M, except in the case
of the weak acid H3PO, for which only the counterion concen-
tration was kept constant) investigated at 40 °C with SAXS
(Table SI).
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For the samples prepared for SANS in D,O in acidic condi-
tions (i) and (ii), concentrated acidic solutions in H,O were used
as acidic source, and then the samples contained a mixture of
D,0 and H,O (Table 1).

DSC. Differential scanning calorimetry (DSC) measurements
were carried out with a Micro DSC III apparatus from SETAR-
AM which allows high sensitivity with dilute solutions. Samples
of about 0.6 g were investigated at heating/cooling rates of 0.1,
0.4, and 0.6 °C/min to ensure the reversibility of the transition at
temperatures ranging from 10 to 80 °C. The samples were placed
in hastelloy cells and D,O was used as reference.

SANS (Small Angle Neutron Scattering). SANS experiments
were performed on the D22 spectrometer of the Institute Laue-
Langevin, Grenoble, France. The neutron wavelength was
0.6 nm, with a wavelength spread (fwhm) of AA = 10%, and
the beam size was 0.7 cm” at the sample position. The data were
recorded at two different sample—detector distances of 5 m
(beam intensity = 5.6 x 10° neutrons/s for a range of scattering
vector moduli g from 1 X 10 %to2 x 100" A ) and 17 m
(beam intensity =1.5 x 10° neutrons/s for a g range from 3 x
10 to 6 x 107> A™"). Note that the scattering vector modulus
q = 47 sin 6/4, where 26 is the scattering angle and A is the
wavelength. Absolute scale intensities (cm ™ ') were obtained by
calibration using the incoherent scattering signal from a 1-mm
thick water sample.

SAXS (Small Angle X-ray Scattering). SAXS measurements
were carried out at the D2AM ESRF beamline (energy 11 keV)
and at the SWING SOLEIL beamline (energy 12 keV). At
D2AM, the sample—detector distance was 1.623 m, and the g
range was 1.0 X 10°—1.57 x 107" A~". At SWING, the
sample—detector distance was 3.28 m, and the g range was 3.3 X
107 *—1.57 x 10~ " A™". In both cases, the q range calibration was
made using a silver behenate standard sample (di.f = 58.38 A).

For the absolute intensity calibration, scattering patterns of the
empty capillary and the capillary filled with deionized water were
always recorded before the introduction of the Pluronic solu-
tions. The value of the constant intensity contribution of water is
equal to 0.016 cm ™" on absolute scale.”’ In addition, both the
signal of the capillary filled with the solvent solution and with the
micellar solution were recorded for subtraction purposes. During
these measurements, the capillaries were kept fixed inside the
beam using a capillary holder, so that all patterns were recorded
at the same position.

For SAXS, the scattering length density is the product of the
classical radius of the electron r, = 2.81794 x 10 "> m and the
electron density (number of electrons per unit volume). In the
tables, we give the electron density (ED) values in e/ nm?® rather
than the scattering length density (SLD), but the coefficient r, is
taken into account for the absolute scaling (in cm™') in the
intensity expression.

Values of the SLD and ED. The values of the coherent
neutron scattering lengths were taken from the NIST database.*”
For the different solvents (H,O, D,O, and acidic solutions)
(Table 2), the electron densities and scattering length densities
were determined from the density values in function of tempera-
ture using literature data.?® In the case of the acidic solutions, the
SLD values were calculated, assuming the same specific volumes
as in pure H,O, and taking into account the relative proportions
of H,0 and D0 in each sample (Table 1). For PPO and PEO,
the SLD and ED values were derived from the experimental
values of their apparent specific volume in the micellar state
(Table 2).>*
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ED,
e/nm°®
34
339
3

HCl 1.6 M
SLD,
—2
m
5.54 x 10'°
5.50 x 10'°
5.46 x 10'°

density,
g/em®
1.027
1.020
1.011

]

E
e/nm’
334
332
329

H,0/D,0

A3
29.97

30.15
30.43

SLD,
6.39 x 10'°
6.36 x 10"°
629 x 10%°

D,O

1.110
1.104
1.093

density,
g/em®

SLD,
—2
cm
—5.59 x 10°
—5.56 x 10°
—5.50 x 10°

H,0

0.998
0.992

density,
0.983

g/cm®

ED
394
387

79

e/nm°®

EO
SLD,
-2
cm
6.80 x 10’
6.67 x 10°
6.54 % 10’

\4
A3
6
6
6.

density,

g/cm®
1.20
1.18
1.16

’

ED
e/nm®
334
3
330

PO
SLD,
-2
cm
3.43 x 10°
3.42 % 10°
3.41 x 10°

v,
A3
9
9
9

density,

g/cm®
1.01
1.00
0.99

Tr
©
20
40
60

Table 2. Values of the Density, Molecular Volumes V, Coherent Neutron Scattering Length Density (SLD), and Electron Density (ED) versus Temperature
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Figure 1. Core—shell density model for SANS and SAXS.

For the swelling agents, the values of the scattering length
densities are for toluene, per-deuterated toluene and trimethylben-
zene pPror, = 9.3 X 10° em ™2 Paror = 56.15 X 10” cm ™2, and
orMs = 6.7 X 10° cm ™2 and have been derived from the bulk
densities at room temperature. The scattering length density of the
solvent is the same for all the samples containing swelling agents:
Po=5.54x 10" cm ™ *at20°Cand py = 5.50 x 10" cm™*at 40 °C.

B THEORETICAL MODEL

As already mentioned, the micelles are described by a core—
shell model where the core and the shell have uniform densities
(Figure 1). The contrast of the experimental patterns can be
rather different for the same objects for SANS and SAXS. For SANS,
the contrast depends on the values of the nuclear scattering length
densities (SLD, in cm ™~ 2), and for SAXS, it depends on the values of
the electron densities (ED, in e/nm?; Table 2).

The scattered intensity I(q) as a function of the scattering
vector g can be taken as a product of a form factor term and a
structure factor term

I(q) - AP(q) Rcore; Rtot; a, O)S(q) RHS) q)py) (1)
with
P(q; Rcore) Rtot; a) 0) = <F2 (qr Rcore; Rtot; a)>poly

= / f(R, Reore ) [F(, R, RRiot / Reore, @) dR (2)

where F(g, Reores Reopy @) is the amplitude of the form factor for
the core—shell model of spherical objects

F(q; Rcore; Rtotr a) = (1 - a)V(Rcore)FS(q; Rcore)
+ aV(Rtot)FS(q; Rtot) (3)

with FS(%, R) = 3(sin(qR) — gR cos(qR)/(qR)* and V(R) =
(47/3)R°.

(R, Reorey 0) = fsz(R, Reorey 1/0” — 1) is the polydispersity
distribution, taken as a Schulz—Zimm distribution, of the
micelles radii and S(q,Rys, $ris) is the structure factor contribu-
tion, taken as the Percus—Yevick (PY) expression for hard-
spheres.

For SANS there is a significant instrumental smearing of the
scattering intensity and the expression used for the scattered
intensity has to be described by the convolution product of I(g)
with an experimental resolution function.”® Further details are
given in the S. L

In the current model, the core and the shell are assumed to
have uniform scattering length densities, pcore and Pgnen. The
value of the solvent scattering length density o, is a known
quantity for each temperature and composition and is given in
Table 2. A relatively low number of seven independent param-
eters (Reore) Riov Oy 0y A, Rygs, dpy) are included in the fitting
procedure: The two sizes, R . and Ry, the density levels ratio,
0 = (Pshel — P0)/(Peore — Po), the polydispersity factor o, the
two PY-structure factor parameters (Rys, ¢pis) and the overall
scaling factor, A, which below is related to the aggregation
number and the core contrast.

The variations of the intensity are essentially governed by the
polydisperse form factor contribution which depends on the four
parameters (R oy Ry @, 0). The structure factor term S(q,Rys,
¢py) is mainly equal to 1, except in the low-q region with q less
than 0.02 A", In the case of SANS, the values found for the fit
parameter o (see Figure 1 and Table 3) are close to 0.1. It means
that the contribution of the shell region is much less compared to
the one of the core region. However, it was checked that a pure
core model (imposing a = 0) gives poor fits, with significantly
larger chi-squared j values. This justifies the use of a complete
core—shell model for SANS.

After the optimization of the fit parameter values, we take
advantage of the absolute intensity measurements, performed
both with SANS and SAXS, to derive a quantitative description of
the micelles, in terms of the aggregation number N,g, and of the
absolute values of the density levels, p o and pgnep. This allows
us to provide the two values of P oe and Pgpen, and not only the
relative contrast with respect to the solvent using the parameter
A = (Pshel — P0)/(Peore — Po)- More precisely, absolute scale
provides a value of the scaling factor A in cm ™’ and not in arbitrary
scale. The expression of the scaling factor is A = n(0core — p0)2
where 7 is the micelle number density. It is then possible to derive
values of Nygo Pcore and Pghen, based on some of the fit parameters
values (Rcore) Rtot! a= (pshell - pO)/(pcore - PO): A= n(locore -

2 2 ..
Po) = (CP123NA/NAgg)(pc0re - pO) ) but it is also necessary to
include some simple additional assumptions about the structure

of the micelles that are detailed below. These additional assump-
tions are needed in order to separate in the scale factor A the
contributions of the micelle number density n and the contrast
term (Ocore — p0)2 that appear as a product.

First, the concentration in P123, cp1a3, (4—5 X 10~ mol/ cm3)
is fixed. It is related to the micelle number density n =
p123NA/Nage where Ny is the Avogadro’s number and Ny, is
the aggregation number. The accurate value of cpjy3 for the
different samples is calculated from the molar composition and is
reported in Table 1. One can neglect the fact that a small fraction
of the P123 molecules is in the monomer form, as the value of the
CMC (10~ ® to 10~ mol/cm?)*® is much smaller than cp,; in
the temperature range we investigated. Second, the densities
(g/ cm®) values in function of temperature of the different
components (solvent, PPO, PEO blocks and the swelling agents)
of the solutions are introduced (Table 2). Obviously, the
precision on the obtained values of Ny, Pcores a0d s depends
strongly on the accuracy of the concentration cp;,3, the density
values, especially in the case of SAXS, where the contrasts are
weak. Then, the following assumptions about the repartition of the
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Table 3. SANS Results: Effect of the Temperature and HCI Concentration on the Structure and Composition of P123 Micelles”

SANS D,0 HCI 02 M HCl 1.6 M HCl2.5 M

parameters 20 °C 40 °C 40 °C 20 °C 40 °C 60 °C 40 °C
A (107 em™7) 5.08 4 0.02 5.03 %+ 0.02 5.04 4 0.02 3.91 4 0.03 4.05 4 0.02 2.89 & 0.01 3.79 & 0.02
AP(0) (em™) 85.5 =+ 0.4 118.5 £ 0.3 118.3 + 0.4 £2.6+03 83.6 + 0.3 150.5 + 0.4 652 +03
Reore(nm) 6.1 +0.05 6.5 % 0.05 6.5 + 0.05 5.7 +0.05 6.4+ 0.05 7.2 4 0.0 6.1 %+ 0.05
R (nm) 9.1 + 0.05 9.3+ 0.05 9.3 + 0.05 8.8 4 0.1 9.1 £ 0.05 9.8 4 0.05 9.0 & 0.05
a 0.097 £ 0.002  0.119 = 0.002 0.113£0.002  0.05840.003  0.118+0.002  0.162 = 0.003 0.108 = 0.003
o (%) 126 £ 0.1 10.8 £ 0.1 10.8 + 0.1 134402 10.7 £ 0.1 151+ 0.1 113+ 0.1
dns 0.066 £ 0.001  0.063 & 0.001 0.063 £0.001  0.060 4 0.002  0.06540.001  0.0095 = 0.001 0.069 & 0.001
Rys (nm) 9.5+ 0.1 9.6+ 0.1 9.6+ 0.1 88+ 0.3 9.6 +0.1 127 £ 0.5 934 0.1
P 2.7 1.6 2.1 2.1 1.8 2.0 19
¢ (10° mol/mL) 472 £0.1 465+ 0.1 456 £ 0.1 474 £ 0.1
00 (10*° cm™?) 6.39 6.36 625 5.54 5.50 5.46 5.07
Nogq 81+ 4 117+6 12246 5443 113+ 6 180 £ 9 101£S
n (10" cm™3) 3.5 2.4 23 48 2.3 14 26
Grot 0.11 0.08 0.08 0.14 0.07 0.06 0.08
Peore (10*° cm™2) 2.57 1.81 1.57 2.78 141 1.10 141
Pshet (10" cm™2) 6.02 5.82 572 5.38 5.02 475 4.67
x (%) 94 90 91 97 90 85 91
PEO shell (%) 72 73 70 52 75 77 75
Yrocore (%) 57 69 72 46 73 79 72
YEOcore (%) 6 7 8 8 7 7 7
Ywater core (%) 37 24 20 46 20 14 21
Rpo (nm) 5.1 5.7 5.8 4.4 5.7 6.7 5.5

“ Notations are given in the theoretical model section.

P123 copolymer in the micelles are made. We assume that all is
included in the core+shell region with the ratio PPO:PEO =
70:40 imposed by the copolymer sequence (EO,,PO-oEQ,y).
Then, it is assumed that the shell contains only EO groups and
solvent as the core is composed of all of the PO groups, of water,
and of the remaining EO groups. In the case of SANS, the
hypothesis of a core containing only PO groups appears to be
incompatible with the fit results, mainly because it imposes a too
small value of p ., that is not consistent with the values of A and
cp123 and a satisfactory model of the PPO/PEO repartition
within the micelles. On the contrary, in the case of SAXS, the
hypothesis of a core corresponding to the PPO groups provides a
good description. As detailed after in the paper, this is related to
the difference of contrasts between SAXS and SANS (figure 1).
Especially, as the ED of PO and water are very close to each other,
it is not possible to quantify the core hydration level using SAXS.

Then, enough independent relations between all of the
different parameters are provided within this model and all of
the parameters values can be determined. These relations are
given in the SI. When a swelling agent (SA) is present, two closely
related hypotheses (see the SI for details) are compared to check
if all the swelling agent molecules are incorporated inside the
micelles or not: One assumes that the SA is completely included
in the core region, or that no EO groups are present inside the
core. Finally, the fit results are interpreted using the following
quantities: Nogo, Pcores Pshely %, the volume fraction of solvent
inside the shell, pgo, the proportion of the EO groups of a P123
molecule inside the shell, and the different volume fractions in
the core: ypo, yeo (and ysa for a swelling agent). The total
micellar volume fraction defined as ¢ = 1 V(Ryo) is also given in
the Tables. In addition, for SANS, the equivalent radius Rpo

11322

of the sphere containing only the PO groups (V(Rpo) =
Nagg70vpo) is given (Table 3) to allow comparison with the
core radius derived from the SAXS measurements (Table 4). Rga

is the molar ratio of swelling agent over P123 (Tables 1 and S).

B RESULTS

Effect of Temperature (SANS). The structure of the P123
micelles has been investigated at three different temperatures: 20,
40, and 60 °C covering their range of stability'® (Figure 2A and
Table 3). On increasing temperature, the core radius R.o,. of the
micelles is increasing, and, accordingly, the aggregation number
Nagg is increasing. The polydispersity of the size of the micelles is
between 10 and 15%. Interestingly, it shows a minimum at 40 °C
for HCI 1.6 M: 0 = 13.4% (20 °C), 10.7% (40 °C), and 15.1%
(58 °C). This effect may be related to the vicinity of the CMT at
20 °C and to the stability limit at 60 °C, and 40 °C appears to be
an optimal temperature for the formation of P123 micelles.
Complementary SAXS results (Table 4) performed at 40 °C
give a polydispersity of o = 10%, in good agreement with the
SANS value.

The composition of the core and shell derived from the model
for the SANS results (Table 3) allows us to quantify a progressive
dehydration of the micelles on increasing temperature. The shell
is always highly hydrated, with a solvent volume fraction x close
to 90%. This hydration level of the shell decreases slightly upon
temperature. The proportion pgo of the EO groups located
inside the shell do not evolve much with temperature, and its
value is about 75%. The remaining EO groups correspond to only
a small volume fraction of the core yg, close to 7%. Then, in this
model, the core is mainly composed by the PO groups and by

dx.doi.org/10.1021/jp200212g |J. Phys. Chem. B 2011, 115, 11318-11329
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Table 4. SAXS Results for P123 Solutions (2.5% w/w) in 1.6 M HCI at 40°C with Different Acids (HNO;, HBr, HCI, H,SO,, and

H;PO,) Recorded at the SOLEIL Synchrotron (Figure 4)*

parameters HNO; HBr
A (10% ecm™’) 2.02 £ 0.03 507 £ 0.5
AP(0) (em™) 0.16 + 0.002 0.0062 = 0.0006
Reore (nm) 4.5+ 0.05 534005
Reor (nm) 6.5 4 0.05 7.4 4005
a —1.45 +0.03 —0.68 % 0.02
o (%) 182 402 14.0 & 02
dus 0.064
Ry (nm) 7.6 +03
I 5.8 15
¢ (107° mol/mL) 438+ 0.1 445+ 0.1
Nogg 5743 945
n (10" cm™3) 4.7 2.9
Brot 0.05 0.05
|Pcore — po|* (¢/nm -3) 742 15+3
0o (e/nm™3) 348 +2 354 +2
Peore (¢/nm %) 33343 333+3
(Pcore — o) (e/nm ) 15£5 21+5
x (%) 82 78
Psher (¢/nm ~3) 370+ S 368 + 4
Pshell sor (€/nm ) 366+ 5 363+ 4

HCl HCI (D2AM) H,S0, H;PO,
091 & 0.02 1.17 £ 0.01 49402 73 +02
0.193 & 0.003 0.152 & 0.002 0.0068 & 0.0002 0.067 % 0.01
54 4 0.05 5.6 4 0.05 5.6 4 0.05 5.8 & 0.05
8.4 4 0.05 8.0 & 0.05 9.1 4 0.05 9.6 + 0.05
—1.08 =+ 0.02 —127 4 0.03 —0.26 =+ 0.01 —0.18 =+ 0.01
10 £ 02 9.9 4+ 0.2 94402 82403
0.052
8.5+ 0.5
6.7 42 8.7 17
448 +0.1 448 +0.1 445 +0.1 428 +£0.1
97+£5 109+ 6 109 + 6 12246
2.8 2.5 2.5 2.1
0.07 0.0 0.08 0.08
6+1 8+2 16+3 21+ 4
339+£2 339£2 346 £ 2 345+ 2
333+3 333+3 333+3 333+ 3
6+5 6+5 13+5 1245
87 81 89 90
345+ 4 347+ 5 34943 347 +3
339+ 4 337§ 34543 343+3

? For HC, the results obtained at the ESRF (D2AM) are given for comparison (see Figure 2B). Notations are given in the main text and the SI section.

water. The volume fraction of water in the core y,, ., is quite high
at 20 °C (40%) and decreases to a value of 20% or less at higher
temperatures. These values are in good agreement with previous
results obtained for a similar triblock copolymer (EO,5PO40-
EO,s) by modeling SANS data.'” As expected, the micelles are
much more hydrated at 20 °C, close to their micellization
temperature14 (see below the DSC results) than at higher
temperatures. On increasing temperature, the driving phenom-
enon is the progressive dehydration of the PO groups.

The temperature of 60 °C is very close to the stability limit of
the spherical micelles.'® This is in agreement with the comple-
mentary SAXS measurements (Figure SI) showing considerable
changes in the scattering curves at 60 °C, which can no longer be
described using a model based on the spherical shag)e of the
micelles, and possibly, cylindrical micelles are formed.

Effect of HCl Acid Concentration (DSC and SANS). DSC
measurements for an acidified solution of Pluronic in 2.5 M HCI
and for an equivalent solution without the acid in pure D,0O are
compared in Figure 3. Values for the transition temperature
Tonsey Which defines the CMT (critical micellization temper-
ature)”” and enthalpy changes are given. DSC traces for both
samples show an endothermic transition peak corresponding to
the formation of micelles around 20 °C. The addition of HCI]
induces the shift of micellization toward higher temperatures
with the CMT increasing by 6 °C. The micellization enthalpy
decreases with the addition of HCL

The effect of the HCI concentration (0.2 M, 1.6 and 2.5 M) on
the structure of the micelles has been investigated by SANS at
40 °C (Table 3). The dimensions of the micelles do not evolve
much on increasing HCl concentration, with a value of Ry
always close to 9.1 nm and a value of R, slightly decreasing
(from 6.5 to 6.1 nm). No significant evolution of the hydration
levels is observed on the HCI concentration, with values always
close to those in pure water at the same temperature. The main

evolution is a decrease of the aggregation number Ny, from 117
without HCI to 101 in 2.5 M HCI.

Figure 2B presents a comparison of the absolute intensity
profiles in cm” ', obtained from SANS and SAXS measurements,
for the same sample (P123 in HCI 1.6 M at 40 °C) showing both
the experimental data and the curves fitted using the core—shell
model. This comparison demonstrates that the SANS contrast
gives rise to higher scattering intensities with good statistics,
whereas the SAXS data show a much lower signal-to-noise ratio.
This sample has been characterized by SAXS at two different
synchrotron beamlines, D2AM (ESRF) and SWING (SOLEIL),
and the results of absolute scaling are very close, thus validating
the calibration method for SAXS using water (Table 4). The
number density of scattering objects obtained for SAXS (n =
2.5 x 10" em ™ (D2AM) and 2.8 x 10"¢ cm > (SOLEIL)) is in
good agreement with the one obtained from the SANS result (n =
2.3 x 10" cm ). A reasonable agreement is also obtained for
the aggregation numbers between SAXS (N, = 109 £ 6
(D2AM) and 97 + § (SOLEIL)) and SANS (N, = 113 =+ 6).
The SAXS data are modeled making the assumption that the core
is occupied by the PO groups and, in this case, the value of R.y, =
5.5 nm deduced from SAXS compares well with the equivalent
radius Rpg = 5.7 nm deduced from the SANS model. This result
shows that the two types of scattering techniques converge giving
an adequate description of the micellar solution. Interestingly,
the values of R .. and Ry, are always significantly smaller for the
SAXS data analysis as compared to that from SANS; this is
considered in more details in the discussion section.

Opverall, a simple core—shell model, developed in this work,
with the core and the shell having uniform densities, provides a
detailed description of the Pluronic micelles in P123: H,O: HCI
systems, including their shape, size, polydispersity and composi-
tion of the core and shell regions, as well as the micelle
concentration and aggregation numbers. Our results help to

11323 dx.doi.org/10.1021/jp200212g |J. Phys. Chem. B 2011, 115, 11318-11329
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Figure 2. (a) Effect of the temperature: SANS scattering curves
obtained at 20, 40, and 60 °C for P123 in 1.6 M HCL. (b) Comparison
of SAN'S and SAXS results in absolute scale (cm ™) for P123 solutions in
1.6 M HCl at 40 °C: SANS with D, 0O as the solvent (a), SAXS with H,O
as the solvent recorded at ESRF (b), and at the SOLEIL synchrotron (c).
Symbols are used for the experimental data points and curves for the fit
results (Tables 3 and 4).

rationalize the optimum reaction conditions for the preparation
of SBA-15. At 40 °C, spherically shaped Pluronic micelles are
characterized by a very narrow size distribution having a well-
defined almost dehydrated core and a hydrophilic corona. At
temperatures below 15—20 °C, the micelles are not formed in
the acidic solutions, whereas above 60 °C, a different phase is
formed. The addition of HCl up to 2.5 M does not significantly
change the structure of the micelles, with only a slight decrease of
the core size. At the acid concentration over 6 M no micelles
are detected, which is in agreement with the literature data
indicating chemical instability of Pluronic P123 at very low pH
(degradation of the PEO blocks).?® It should be noted that from
both the literature data and our results, no formation of SBA-15
materials is observed at HCI concentration above 4 M. Although
well-defined micelles of Pluronic are present at low concentra-
tions of acid, corresponding to pH > 2, the SBA-1S structure also
is not formed owing to the very low rate of hydrolysis of the silica
precursor such as TEOS.

Effect of the Nature of the Acidic Source (SAXS). The SAXS
results for P123 solutions at 40 °C with different acids (HNOs5,
HBr, HCI, H,SO,, and H3PO,) at the same concentration
(Table SI) are given in Figure 4 and Table 4. A noticeable
influence of the nature of the anion on the experimental curves is
observed, as the positions of the form factor minima are strongly

200

=

o

o
s

kJ.mol'.K-

sample | Tonser (°C) | AH (kJ.mol™)
D,0 16.0 425.8
HCI25M | 220 316.9

Figure 3. Effect of HCI on the P123 micellization temperature. The
DSC traces are obtained for two samples: 2.5 wt % P123 in D,O
(bottom curve) and 2.5 wt % P123 in 2.5 M HCI (upper curve). The
values of T, pser and of the micellization enthalpy are given, where Tyget
is defined as the temperature at the intersection of the tangent drawn
through the first inflection point of the heat capacity peak with the
baseline.

shifted depending on the anions, with only H,SO, and H;PO,
giving similar curves (Figure 4). Note that only g values greater
than 2.0 x 107> A™' are taken into account in the fitting
procedure, as the intensity measurements in the lower g range
may be not entirely reliable because of the low signal intensity
compared to the background ones. The overall size of the
micelles is increasing, following the Hofmeister anions series:*®
(NO;~, Br, Cl, SO,*, and H,PO, ) (Table 4). The smallest
size is obtained for the more salting-in/chaotropic anion NO3 ™
(Reore =4.5 nm and R, = 6.5 nm), as the largest ones is obtained
for the more salting-out/kosmotropic anion H;PO, (Reore =
5.8 nm and R, = 9.6 nm). Making the assumption for SAXS that
the core region contains only the PPO groups, increasing
aggregation numbers are found accordingly, with N, = 57 +
3 for HNOj and N, = 122 =+ 6 for H3PO,.

The contrast parameter « is always negative for SAXS and it
has a large variation depending on the acid (between —1.4 and
—0.2). To interpret these variations, one has first to take into
account the fact that, because the acidic solutions are concen-
trated, the bulk electron densities are significantly different from
one acid to another and it is always greater than for pure water.
The bulk electron density p, of the different acidic solutions
(Table 4) have been calculated using literature data at 40 °C.>
Moreover, because the counterions concentration in the shell
region may be different to that of the bulk, the possibility to have
a different value for the solvent electron density pgper 501 in the
shell region is assumed in the model (see SI section for details).
For the more salting-out/kosmotropic anions (HCl, H,SO,, and
H3PO, as acidic sources), the values of Py so1 and pg are very
close, indicating that these anions have no tendency to confine
specifically within the micelles. In the case of HNOj; and HBr,
Pshell sol 18 significantly greater than p,, indicating that the salting-
in/chaotropic anions NO; ™ and Br~ have a tendency to con-
fine inside the micelles, as it is expected for these type of anions.>

11325 dx.doi.org/10.1021/jp200212g |J. Phys. Chem. B 2011, 115, 11318-11329
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Figure 4. Effect of the nature of the acid source. SAXS results (SOLEIL synchrotron) in 1.6 M HCl at 40 °C with different acids: (a) HNO; (b) HBr,
(c) HCI (d) H,S04, and H3PO,. The corresponding electron density profiles are given in the insets in e/nm? units using the same radii range 0—10 nm.

Detailed compositions are given in Table SI and fit results in Table 4.

[TMB]
>

TMB 1 TMB 2 TMB 3

‘b

D,0 MW PEO

-« >
10 nm

PPO HH TMB

Figure 5. Effect of the addition of TMB on the P123 micelle size and
composition in 1.6 M HClI at 20 °C. Values are given in Table 5.

For all the different acids, the estimated hydration level of the
shell are similar, with solvent volume fractions x ranging from
80 to 90%. In Figure 4, the obtained electron density profiles in
e/nm > are given in the insets (see more details in the S.I. section
about the derivation of the electron density levels). From these
profiles, one can see that the contrast between the shell region
and the solvent is less and less pronounced following the
Hofmeister anions series.

Effect of the Addition of Swelling Agent (SANS). The effect
of different swelling agents on the structure of P123 micelles
has been investigated at 20 and 40 °C using two different

113

compounds: toluene (C;Hg: TOL) and trimethylbenzene
(CoHy,: TMB) (Table S). Samples with increasing concentrations
(C1, C2, and C3) of the swelling agent have been prepared
(Table 1) using 1.6 M aqueous solution of HCI. A considerable
effect of the swelling agents on the structure of P123 micelles upon
the addition of both toluene and TMB has been observed. The
micelle dimensions (R and Ry.¢) and the polydispersity increase
with the concentration of the swelling agent (Table 5). Compared
to the sample in the same solvent, 1.6 M HCI, containing no
swelling agent (Table 3), the overall size of P123 micelle increases
from ~18 to ~25 nm, depending on the quantity of swelling agent
added. Interestingly, no strong influence of the temperature
between 20 and 40 °C (Table S) is observed for any of the samples.
Lastly, the polydispersity increases by a few percents with the
concentration of the swelling agent for all samples (Table S).

For TMB, the size of micelles increases significantly for TMB
C1 and TMB C2 samples as compared to the P123 sample in
1.6 M HCI; however, a further increase in TMB concentration does
not lead to micellar growth, micelles in TMB C3 sample have almost
the same size as those in TMB C2. This indicates that the maximum
swelling of the micelles by adding TMB is reached. In the case of
toluene, the size of the micelles is still significantly increasing from
concentration C2 to C3, indicating that larger quantities of toluene
may be incorporated within the micelles.

From the absolute scaling (value of A in cm~’) obtained from
the fit, it is possible to determine the volume fraction of each

26 dx.doi.org/10.1021/jp200212g |J. Phys. Chem. B 2011, 115, 11318-11329
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Figure 6. Radial distributions inside the micelles of water (a) and of
PEO (b) (volume fractions) as derived from the core—shell model
(solid lines). The distributions are obtained from the experiments at
40 °C in 1.6 M HCI, using SANS for water and SAXS for PEO. More
realistic smooth distributions are depicted using dashed curves.

species in the shell and core region (Table S and Figure S)
assuming a model for the repartition of the different components
inside the micelles (see the SI for more details). As for micelles
containing no swelling agent, the shell region is assumed to
contain only EO groups and the solvent, which allows the
determination of the hydration level inside the shell. The core
is assumed to contain the remaining EO groups if any, all the PO
groups, toluene or TMB, and D, 0. The proportions of these four
components in the core are determined assuming that both all
the P123 copolymers and all the added swelling agent are inside
the core of the micelles.

A macroscopic phase separation of the swelling agent may
have occurred for the more concentrated samples, as seen by
visual observation of the samples. To take this effect into account,
we assumed in the case of TMB (at 20 °C, concentrations C2 and
C3) that no EO groups are inside the core so that the proportion
of the swelling agent inside the core is a free parameter. Then, we
find that a maximum amount of TMB can be incorporated at
20 °C within the micelles corresponding to a TMB to P123 ratio
R, of about 35 (Table S and Figure 5). As the temperature of the
TMB-containing system is increased from 20 to 40 °C, all the
TMB could be incorporated into the micelles.

In the case of TOL, it is always possible to derive an aggregation
number and a composition of the micelles (Table S) that are
compatible with the hypothesis that all of the P123 copolymers and
all TOL are incorporated within the micelles. But again, as a
macroscopic phase separation of TOL may have happened in the
more concentrated samples, the amount of incorporated TOL
within the micelles derived from the model may be overestimated.

B DISCUSSION

There are only very few combined SANS and SAXS studies of
“Pluronic” triblock-copolymers in the micellar state (Pluronic
P85 (EO,sPO4EO,s),"""® and several studies using either
SANS only*® or SAXS only (Pluronic P123)."” By combining
both SANS and SAXS data, in the framework of a simple
core—shell model, reliable values of the concentration and
aggregation numbers of the micelles can be obtained. For the
systems containing D20 as a solvent, SANS provide a very good
contrast, and the core—shell model allows one to determine the
distribution of the solvent inside the micelle with a high degree of
precision. Since the contrast is very weak for SAXS, it is more
difficult to derive a comparable quantitative description as in the
case of SANS. The choice of the values used for the electron
density levels (Tables 2 and 4) for the interpretation of the SAXS
results is crucial because of the low contrast. For SAXS, the
contrast is essentially a “shell” type one,"* and in pure water at 20
and 40 °C, only EO chains contribute to the shell contrast,
because the electron density of PO is very close to that of water
(Table 2). In Figure 6, the structure of the micelles at 40 °C in
1.6 M HC], is illustrated. The distributions of water and EO
groups within the P123 micelles according to the core—shell
model are drawn in solid lines. The main limitation of the
core—shell model is the imposed constant densities inside the
core and shell region; more realistic smooth distributions of
water and EO are also shown in dashed lines. From Figure 6,
useful information about the distribution of the PO and EO
chains can be derived. The PO chains are located inside a 5.6 nm
radius spherical region. The hydrophobic core (determined by
SANS) has a radius of 6.3 nm and its hydration is about 20% vol.
Fraction. The overall hydration level of the EO chain is high
(80—90% vol fraction of water), but there is a gradient of
hydration of the EO groups. The EO groups are probably less
hydrated in the region located between 5.6 and 6.3 nm. The
smooth distributions are drawn in order to illustrate this gradient
of hydration, as it is not included in the core/shell model.
Interestingly, the repartition of the PO and EO groups we obtain
for the P123 micelles is in good agreement with the results for a
similar triblock copolymer (EO,5sPO,4,EO,s) by modeling SANS
data using a model based on Monte Carlo simulations."

In acidic solutions, the counterion concentration in the shell
may be different to that of the bulk, and this is taken into account
in the model for SAXS. At the acidic pH, EO groups are
protonated which induce a gradient of the counterion concen-
tration within the shell. Indeed, this effect plays an important role
in the reaction mechanism (S° H")(X™ I") of the SBA-1S
synthesis."”***" Even if it is not possible to quantify precisely
the confinement of the anions in the shell in the framework of the
simple model adopted here, our results show that the salting-in/
chaotropic anions NO; ™ and Br~ have a tendency to confine
inside the micelles, as it is expected for these type of anions.”
The addition of HCI does affect the position of the micellization
peak in DSC which is shifting toward higher temperatures. At the
same time, the structure of the micelles does not change much
with the HCI concentration at 40 °C as only a slight decrease of
the core size is observed and micellization of the P123 molecules
is almost complete at this temperature. This is in contrast with ref
28 where a much stronger influence of the addition of HCI on the
micellar state has been proposed, although for a higher HCI
concentration (3 M rather than 2.5 M). The addition of HCI (up
to 2.5 M concentration) does not significantly change the
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structure of the micelles, with only a slight decrease of the
core size.

In the presence of toluene and TMB, the behavior of micelles is
noticeably different demonstrating a significant increase in the
micelle size, attributed to the swelling of the core of the micelles
by the incorporation of the swelling agent. Saturation of the micellar
growth beyond a certain concentration of the hydrophobic molecule
is observed, which is related to the macroscopic phase separation
detected for the more concentrated samples. For TMB, the results
are in agreement with a previous SANS investigation.”® The
maximum relative amount of TMB that could be incorporated at
20 °C within the micelles is determined as Rgp = 35.

Bl CONCLUSION

By combining both SANS and SAXS data, a detailed quanti-
tative description of the micelles of P123 has been successfully
obtained using a simple core—shell spherical model. The size,
concentration and scattering contrast of the micelles have been
measured in absolute scale both for SANS and SAXS. Making use
of the known densities, the aggregation number of the micelles
and their detailed composition are determined.

Our results show that the P123 micelles are always spherical
before the addition of the inorganic precursor. In pure water, 40 °C
is the optimum temperature to obtain well formed micelles. The
addition of HCl up to 2.5 M concentration has very little effect on
the structure of the micelles (the presence of HCl is of course
essential for the synthesis of SBA materials following the addition of
the inorganic precursor such as TEOS). However, a chemical
degradation of the copolymer in stronger acidic conditions has
been observed. The increase in size of the micelles upon the addition
of the swelling agents (toluene and TMB) has been quantified in
details. Finally, the structure of the micelles is influenced by the
nature of the anions coming from the acidic source. Following the
Hoffmeister serie, the micelles are smaller and more polydisperse
with salting-in anions than with salting-out anions.

An important consequence of the fact that the P123 micelles
are found to be always spherical is that the transition from
spherical to cylindrical micelles observed during the SBA-15
synthesis” > is most probably driven by the presence of inorganic
species around the micelles. The formation of these mixed
organic—inorganic cylindrical micelles has been recently con-
firmed by an in situ SAXS study of the SBA-1S5 synthesis
performed at room temperature and pH close to 3.

In a following paper,” we utilize the core—shell model to
establish the structure of the hybrid organic—inorganic micellar
species formed in the reaction mixture, focusing on the influence
of the synthesis conditions on the formation mechanism of
composite organic—inorganic materials after the addition of an
inorganic precursor, and relating the structure of the final
material to that of the micelles in the initial state.

B ASSOCIATED CONTENT

© Supporting Information.  Further details of the modeling
procedures and additional figure SI and Table SI. This material is
available free of charge via the Internet at http://pubs.acs.org.
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