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ABSTRACT: The subdomain structures of lamellar and reverse hexagonal phases of P84/water/p-xylene ternary
system have been investigated by contrast varied small angle neutron scattering (SANS) measurements. As the
neutron scattering length density of either polar or apolar domain was varied, the scattering intensities of the first
Bragg peaks changed as expected, but the intensities of the second Bragg peaks did not change significantly.
This variation of the relative peak intensities can not be explained by the typical simple models where the polar
and apolar domains are regarded as homogeneous mixtures of PEO + water and PPO + oil, respectively, in
which case the relative intensities of Bragg peaks do not change. For both lamellar and reverse hexagonal Pluronic
ternary systems, the analysis of the contrast varied SANS intensities with subdomain structure models reproduce
the experimental data very successfully, showing that a water-rich layer exists in the middle of the polar domain
and water- and oil-depleted layers exist at the polar/apolar interfaces.

Introduction

Poly(ethylene oxide)—poly(propylene oxide)—poly(ethylene
oxide) (PEO—PPO—PEO) triblock copolymers in water and oil
mixture exist in various phases such as micellar, lamellar, and
hexagonal phases' * and have been of great interest to research-
ers for their wide range of applications including templates for
various nanostructures® ’ and nanoparticles® '* to pharmaceu-
tics.'*'® The isothermal phase behavior of various PEO—
PPO—PEO block copolymers in water and oil solvents, which
depends on the PEO/PPO block ratio, molecular weight, solvent
type, and the compositions of mixtures, has been studied
extensively' 72 where small-angle neutron scattering (SANS)
and small-angle X-ray scattering (SAXS) techniques have been
generally used. In most studies, the PEO and PPO blocks are
assumed to be homogeneously distributed within water and
0il,>"*? respectively, forming polar and apolar regions. This
works quite well assigning the peak positions of scattering
intensities corresponding to relevant structures. However, the
detailed local structures of polar and apolar domains of the
PEO—PPO—PEO block copolymer ternary systems, which,
together with the scattering contrasts, determine the relative
intensities of scattering peaks, have not been fully explored yet.
It is expected that the detailed local structures of polar and apolar
domains will not only provide better understanding of the ternary
systems but also provide critical information for the size- and
shape-controlled fabrication of various nanoparticles and nano-
structures where the PEO—PPO—PEO block copolymer ternary
systems are used as templates.

In this study, we have investigated the local domain structures
of lamellar and reverse hexagonal phases formed by a Pluronic
P84 ((EO)19(PO)43(EO);9) block copolymer/water/p-xylene ter-
nary system® by contrast varied small angle neutron scattering
(SANS) measurements. Simultaneous analysis of a series of
contrast varied scattering intensities of the ternary systems at
lamellar and reverse hexagonal phases, respectively will allow
us to determine the detailed local structures of polar and apolar
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domains. To our knowledge, this is the first experimental study
to elucidate the detailed local structures of polar and apolar
domains of ternary Pluronic systems.

Experimental Section

Materials. The Pluronic P84, (EO);o(PO)4;(EO)9, block co-
polymer was provided by BASF as a gift and was used as received.
Deionized water (Milli-Q, Millipore) was used for hydrogenated
water (H,O). Hydrogenated p-xylene of purity >99% was purchased
from Sigma-Aldrich. Deuterated water (D,0, 99.9 atom % D) and
deuterated p-xylene (CsD4(CD3),, > 98 atom % D) were purchased
from Cambridge Isotope Laboratories. Samples were prepared using
the previously known phase diagram at 25 °C.> Lamellar phase
samples were prepared at a composition of P84/water/p-xylene of
40/40/20 ratio by mass. For reverse hexagonal phase samples, the
P84/water/p-xylene mass ratio was 46/18/36. The samples were
centrifuged repeatedly in alternating directions for several days to
facilitate homogeneous mixing, and kept at room temperature.

Contrast Varied Small-Angle Neutron Scattering Measure-
ments. SANS measurements were performed on the NG7 30m
SANS instrument at the National Institute of Standards and
Technology (NIST) in Gaithersburg, MD.?* Neutrons of wavelength
A =6 A with full width half-maximum AA/A = 11% were used.
The sample to detector distance of 4 m was used to cover the overall
q range of 0.012 A™' < ¢ < 0.152 A™! where ¢ = (47/4) sin(6/2)
is the magnitude of the scattering vector and 6 is the scattering
angle. Sample scattering was corrected for background and empty
cell scattering, and the sensitivity of individual detector pixels. The
corrected data sets were placed on an absolute scale using the data
reduction software provided by NIST** through the direct beam
flux method. All the SANS measurements were carried out at 25
°C using quartz cells of 1 mm path length. The mixing ratio of
hydrogenated and deuterated solvents (water and p-xylene) was
varied to control the neutron scattering contrasts of either the polar
or apolar domains. The scattering length densities (SLD) of PEO,*
PPO,* H,0, D,0, p-xylene, and p-xylene-d,, are 0.57, 0.35, —0.57,
6.33, 0.77, and 5.84 x 10" cm™2, respectively.

For lamellar phase samples, while the SLD of oil was kept
constant by using deuterated p-xylene, the SLD of water was varied
by using mixtures of H,O and D,O with different H,O weight
fractions (0, 10, 20, 30, 40, 50, and 60 wt %). If we assume that
the polar and apolar regions are homogeneous mixtures of PEO +
water and PPO + oil, respectively, the averaged apolar domain
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Table 1. SLDs of solvents (water p, and oil p,), averaged polar
domain (p,,,), and average apolar domain (p4p..,) at given
weight fractions of hydrogenated solvents.

The unit of SLD is x 10" cm™2

lamellar phase

reverse hexagonal phase

HOwt % pw  Ppotar  Papolar  P-XYylene wt % P, Ppolar  Papolar

0 6.33 4.63 3.00 0 5.84 334 3.6l
10 558 4.11 3.00 3 5.67 334 351
20 4.84 359 3.00 6 550 334 341
30 412 3.09 3.00 9 535 334 332
40 341 259 3.00 12 5.17 334 323
50 272 210 3.00 15 5.02 334 3.14

60 2.03 1.62 3.00

SLD is calculated t0 be Puporr = 3.00 x 10%m™ while the
averaged polar domain SLD (pp1,) varies from 4.63 x 10'® cm™
to 1.62 x 10'° cm™2 as the weight fraction of the hydrogenated
water changes from (0 to 60) wt % (Table 1). The lowest scattering
intensity is expected when the weight fraction of H,O is 30 wt %.

For reverse hexagonal phase samples, the SLD of water was kept
constant by using D,O and the SLD of oil was varied by using
mixtures of hydrogenated and deuterated p-xylene with different
hydrogenated p-xylene weight fractions (0, 3, 6, 9, 12, 15 wt %).
Here, if we assume homogeneous mixtures of PEO + water and
PPO + oil for the polar and apolar regions, respectively, the
averaged polar domain SLD is calculated to be Py = 3.34 x
10"%cm™2 and the averaged apolar domain SLD (Papoiar) varies from
3.61 x 10" cm 2 to 3.14 x 10" cm™2 as the weight fraction of
the hydrogenated p-xylene changes from (0 to 15) wt % (Table 1).
The lowest scattering intensity is expected when the weight fraction
of hydrogenated p-xylene is 9 wt %.

Results and Discussion

Definition of “Polar” and ‘“Apolar” Domains. The P84/
water/p-xylene ternary system at 25 °C can be divided into polar
and apolar domains where the polar domain consists of PEO
and water, and the apolar domain consists of PPO and p-xylene
due to the difference in polarity between PEO and PPO blocks
at room temperature.'*® From the block compositions of P84
and the known monomer unit volumes of PPO (95.4 A3) and
PEO (72.4 A3),25 the volume fraction of PPO blocks is estimated
to be ~0.60. The apolar volume fraction, f, containing PPO and
p-xylene and the polar volume fraction, (1 — f), containing PEO
and water can be then defined as

F=®,+ 060,
1 —f=®, + 04D, 0

where ®,, ®,, and ®,, are the volume fractions of polymer, oil
(p-xylene), and water, respectively. To calculate the volume
fraction of each component, we used mass densities of 1.00,
1.10, 0.86, 0.94, and 1.05 g/mL for H,O, D,0O, p-xylene,
p-Xylene-d,, and P84, respectively.??

Subdomain Structures of Lamellar Phase. The SANS
intensities of the P84/water/p-xylene (40/40/20 wt %) ternary
system at the lamellar phase with varying neutron scattering
contrasts are shown in Figure 1. While the scattering intensity
varies with H,O content in water, the positions of the first and
the second peaks (with a ratio of 1:2) do not change, which
indicates that the structure of the lamellar phase remains the
same even as the neutron scattering contrast changes, as
expected. The invariance of the structure due to the neutron
contrast variation was also confirmed by X-ray scattering
measurements (Supporting Information). As the H,O fraction
in water increases from 0 to 60 wt %, the SANS intensity of
the first Bragg peak initially decreases and, after becoming
vanishingly small at 30 wt % H,O, it increases again. However,
the intensity of the second Bragg peak does not change
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Figure 1. SANS intensities of P84/water/p-xylene-d, (40/40/20 wt %)
in the lamellar phase with different H,O weight fractions in water as
indicated in the graph. The solid lines are theoretical calculations. The
curves are shifted vertically for visual clarity.

significantly nor vanish even when the first Bragg peak has
almost disappeared (at 30 wt % H,O in water). This clearly
indicates that the polar and apolar domains are not homogeneous
mixtures of PEO + water and PPO + oil, respectively, because
if they were homogeneous mixtures, the relative intensities of
scattering peaks would not change with the scattering contrast.
In other words, the change of relative peak intensities with the
scattering contrast indicates that the polar and apolar domains
have subdomain structures.

To account for the change of relative peak intensities, we
modeled the SLD profile as in Figure 2 by introducing three
different types of subdomain layers depending on the distribution
of solvents: solvent-rich layers, solvent-depleted layers, and
homogeneous mixture layers. First, the water-rich layers are
assumed in the middle of the polar domains because the PEO
blocks protrude from the both sides of the polar/apolar interfaces
and terminate near the middle of the polar domains. The oil-
rich layers, however, are not considered because some fraction
of central PPO blocks is expected to span the whole apolar
domain and form a monolayer structure, making fairly homo-
geneous apolar layers."?” Second, the solvent-depleted layers
at the polar/apolar interfaces are included, because the direct
contact of water and p-xylene at the polar/apolar interfaces is
unfavorable due to the high interfacial tension.'® Lastly, the rest
of the subdomains are approximated as homogeneous mix-
tures of PEO + water and PPO + oil, respectively. The
thicknesses of the water-rich layer, water-depleted PEO layer,
and oil-depleted PPO layer are denoted as ft,, fzo, and tpq,
respectively.

The scattered intensity of a stack of layers is given by?®

I(q) = S@F(@)VIq" + b )

where 1/g*term is the Lorentz correction factor for randomly
oriented stacks and b is the incoherent background. S(g)is the
structure factor which describes the one-dimensional crystalline
order of the lamellae stack, and can be written as follows
according to the paracrystalline theory:**-*°

k=N—1
S(@)=N+2 z (N — k) cos(kqd) exp(—k*q*A*2) (3)
=1
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Figure 2. Subdomain structures of the P84/water/p-xylene ternary system at lamellar phase. d and 0 are the lamellar periodicity and apolar domain

thickness, respectively.

where A denotes the mean square fluctuations of the layer
spacing d. The scattering amplitude F(q) is the Fourier transform
of the scattering length density modulation p(z) across a single
layer spacing d. By taking the center of the apolar layer as the
origin, the SLD profile with multiple sublayers as depicted in
Figure 2 can be expressed as:

p(z) =

Ppo+o when 0 = lzl <tpy,/2,
Pro  when Ipoi,/2 = 12l <tppy /2 + tpp,

Pro  when Iro+o2 T tpo = 12l <tppy /2 +
tpo t lgos 4)

Prorw When Tro+o/2 T tpo T 1po = 12l <tpp /2 +
o T tzo + troru/2,

Py when froid/2 Tty F tpp F tpon/2 < 12l

where p,, Py, Pro, and pgp are the SLDs of oil, water, PPO and
PEO. ppo+os tro+o and Pgo+w, tro+o, represent the SLDs and thick-
nesses of homogeneously mixed layers of PPO + oil and PEO
+ water, respectively. The interfaces between the layers may
be diffusive but for simplicity it is not included. In this SLD
profile, for simplicity it is assumed that the water-rich layer
consists of just water and the water- and oil-depleted layers
consist of PEO blocks and PPO blocks only, respectively. This
may result in a slight underestimation of the thickness of the
water-rich layer and the solvent depleted layer, but as will be
shown, this model provides an accurate representation of the
data. Since 0 = tPo+o + 2[130 andd — 0 = tEO+w + 2tE0 + ty,
the scattering amplitude can be written as:

F(g) = (Ppoto — Ppo) SINGppy,/2) +
(Ppo — PEo) sinlq(tpo /2 t+ 1po)] +
(Pro — Pro+y) Sin[q(0/2 + 15)] +
(Pposw — Py sinlg(d/2 — t,/2)] )

The SLDs ppo+oand pgo+, are related to the averaged SLDs of
the apolar and polar domains P and Pporer as follows:

Papotar = [tpo+oPpoto T 21poProl/0
ppolur = [tEOerpE0+w + 2Z‘EOiOEO + twpw]/(d - 6) (6)

Therefore, the lamellar periodicity (d) and its mean square
fluctuations (A), and the thicknesses of water-rich layer (z,) and

solvent-free layers (fpo, t£0) can be obtained by simultaneous
fitting of the scattering intensities of seven samples with different
neutron contrast using eq 2.

The scattering intensities of the P84/water/p-xylene (40/40/
20 wt %) ternary systems with different neutron contrast were
simultaneously fitted using the model for lamellar phase with
subdomain structures (Figure 1). The instrument resolution
function was incorporated in the fitting and the incoherent
background was fitted individually for the samples with different
neutron contrast. It should be noted that the simultaneous model
fitting reproduces all the intensity variations (including the
relative intensity variations even up to the third order peak)
depending on the neutron contrast, remarkably well, resulting
in a single set of fitting parameters: a lamellar periodicity (d)
of (137.8 & 2.3) A with a mean square fluctuation (A) of (2.4
£ 0.02) A, a water-rich layer thickness () of (5.7 £ 0.06) A,
a water-depleted PEO layer thickness (tzo) of (2.2 £ 0.01) A,
and an oil-depleted PPO layer thickness (7pp) of (4.5 = 0.01)
A, respectively. The apolar and polar domain thicknesses (0 =
63.4 A and d — 0 = 74.4 A, respectively) are calculated from
the lamellar periodicity and the apolar volume fraction (f ~ 0.46)
using the relation 6 = df, which is consistent with a previous
study.® Without the subdomain structures in the polar and apolar
domains of lamellar phase, the relative scattering intensity
variations with neutron contrast cannot be reproduced at all.
Furthermore, if either of the water-rich layer or the water- and
oil-depleted layers are not included, the simultaneous fitting
could not reproduce all the intensity variations, which strongly
indicates the existence of the subdomain structures described
in Figure 2.

From the water-rich layer and the polar domain thicknesses,
the average end-to-end distance of PEO chains in the lamellar
phase is estimated to be 34 A. Considering that the stretched
length of PEO chains for a zigzag conformation is about 67 A,
the PEO chains are not highly stretched as it has been previously
reported for different types of Pluronic block copolymers.” The
thickness of the oil-depleted layer in the polar/apolar interfaces
is larger than that of the water-depleted layer. This is consistent
with the fact that p-xylene, a very hydrophobic oil, is a bad
solvent for PEO'® while water is known to be able to dissolve
PPO slightly at room temperature.'*® Therefore, it is likely that
water can exist closer to the apolar/polar interface than p-xylene,
which, in our simplified model, can be indicated by smaller 7zo
than tpo.
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Figure 3. SANS intensities of P84/D,0O/p-xylene (46/18/36 wt %) in a
reverse hexagonal phase with different hydrogenated p-xylene weight
fractions in oil as indicated in the graph. The scattering intensities are
shifted vertically for visual clarity.

Subdomain Structures of Reverse Hexagonal Phase. The
SANS intensities of the P84/water/p-xylene (46/18/36 wt %)
system in the reverse hexagonal phase with different neutron
contrasts show similar behavior as that of the lamellar samples
(Figure 3). As the fraction of hydrogenated p-xylene in oil
increases from O to 15 wt %, the intensity of the first Bragg
peak initially decreases and, after reaching the minimum at 3
wt % hydrogenated p-xylene, it increases again. Again, the
intensity of the second Bragg peak does not change significantly
nor vanish even when the first Bragg peak has almost disap-
peared (at 3 wt % hydrogenated p-xylene). This, again, clearly
indicates that the polar and apolar domains are not homogeneous
mixtures of PEO + water and PPO + oil, respectively, but have
subdomain structures.

To account for the change of relative peak intensities, we
modeled the subdomain structures in a similar way as for the
lamellar phase analysis (Figure 4). First, we included a water-
rich cylinder core of radius r,, within the polar domain defined
by a radius (R), given by the following expression using the
lattice parameter a and the apolar volume fraction f,

7y 12
R= a(;/—ft(l —f)) )

Second, oil-rich domains are not considered for similar
reasons we described for the lamellar structure analysis. Lastly,
water- and oil-depleted layers at the polar/apolar interface are
included in the model as cylindrical shells with thicknesses of
tro and tpo, respectively.

It is well-known that the powder scattering pattern of an
ordered particulate system is described as a multiplication of a
form factor and a structure factor (eq 2) and the relative
amplitude of scattering peaks is directly dependent on the form
factor. Since the peak intensities of the structure factor are the
same for the first and second Bragg reflection of a hexagonal
packing, the relative intensities of the first and second Bragg
peaks of hexagonally packed multishell cylinders are solely
described by the form factor of a multishell cylinder. Therefore,
we compared the calculated relative intensities of the first and
second Bragg peaks determined by the form factor with those
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Figure 4. Subdomain structures of the P84/water/p-xylene ternary
system in a reverse hexagonal phase.
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Figure 5. Relative intensity ratios of the first Bragg peaks to the second
Bragg peaks determined from contrast varied SANS intensities (solid
circles). The fitted curve (solid line) is calculated from the form factor
of a multishell cylinder.

observed rather than fitting the entire scattering intensities.*'-*
Since the form factor intensity distribution of a multishell
cylinder varies with neutron contrast, the observed ratios of the
first and the second order peak intensities, A(ql)/A(\/ 3qy), are
plotted as a function of the hydrogenated p-xylene weight
fraction in the oil (Figure 5) where ¢; is the first order Bragg
peak position. The theoretical curve is obtained from the
calculated form factor ratios of a multishell cylinder at the
positions of the first and second Bragg peaks, which will be
described below.

We modeled the form factor such that the water-rich core is
surrounded by shells of a homogeneous mixture of PEO +
water, water-depleted PEO, and oil-depleted PPO, successively,
in a homogeneous mixture of PPO + oil (Figure 4). For an
anisotropic particle (multishell cylinder), the form factor is
calculated by averaging the scattering amplitude over all possible
orientations such that:

P@ = [ Viiigaa, 0)P27 sin 0 d0 ®)

where ¢, v, and f,ishen are the volume fraction, volume, and
scattering amplitude of the particle, respectively. The scattering
amplitude of a multishell cylinder, as depicted in Figure 4, is
given as:
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) J(gr,, sin 0)
Soaiisne(@> 0) = 2(0,, = Lot VeordolgL cos O/ Z)W +
2(Ppo 1w — PEo)VEonold(LI2 + 1, + fpoy,,) cos O] X
Jilg(r,, + tgoy,,) sin 0]
q(r,, + tgpy,) sin 0
[q(L/2 + 1, + tgoy,, T tgo) cos O] x
Jilg(r, + tpoy, T tgo) sin 0]
q(r, + tgor, T tgo)sin 0
2ppo = Pro+o)Vpalold(LI2 + R+ 1p0) cos 0] x
J[g(R + tpo) sin 0]
q(R + tpy) sin 6

+ 2(ppo — Pro)VEdo *

where P, PEo+ws PEOs Pro» and ppo+, are the SLDs of the water-
rich core, homogeneous shell of PEO + water, water-depleted
PEO shell, oil-depleted PPO shell, and homogeneous domain
of PPO + oil, respectively. In this SLD profile, for simplicity
it is assumed that the water-rich core consists of just water and
the water- and oil-depleted shells consist of PEO blocks and
PPO blocks only, respectively. The thickness of the homoge-
neous PEO + water shell is given by tzo+,, such that R = r,, +
teo+w T tgo. The volumes of the water-rich core and shells of
PEO + water, water-depleted PEO, and oil-depleted PPO are
represented by Vo, Veo+w, Vo, and Vpg, respectively. jo(x) =
sin(x)/x and J;(x) is the first order Bessel function. The cylinder
length (L) is considered to be very long (practically infinite)
throughout the calculation since the scattering peaks represent
a 2D hexagonal lattice structure.’'*? The SLDs ppo-+, and pgo-y
are related to the average SLDs of the apolar and polar domains
Papoiar and Pporar as follows:

papolar = [JT((R + tPO)z - Rz)pPO +
(F3d%4 — (AR ~+ tpp)* — TRDI2)ppos,)I(3a*4)
= [2(R = (R = 130))pso +
(@R — 1y = A )Psor, + Arp AR (10)

ppolar

The relative intensity ratios of the first Bragg peaks to the
second Bragg peaks, then, can be calculated using eqs 8—10.
Here, the form factors (eq 8) should be divided by ¢ to take
into account for the Lorenz correction factor, which leads to a
multiplication factor of 3. Therefore, the theoretical curve for
the relative intensity ratio is obtained by calculating 3P(q;)/
PV 3g;)which depends on three parameters: the radius of water-
rich core (r,,), thicknesses of the water-depleted PEO shell (#z0),
and thickness of the p-xylene-depleted PPO shell (zp0), respec-
tively. This fitted ratio is plotted as the solid line in Figure 5.

The model calculation agrees well with the experimentally
observed ratios of Bragg peak intensities showing a minimum
intensity ratio near 3 wt % of hydrogenated p-xylene fraction.
The radius of the water-rich core and the thicknesses of water-
depleted PEO shell and oil-depleted PPO shell are obtained as
(44+39) A, (3.6+0.9) A, and (2.6 + 0.15) A, respectively.
The polar domain radius (R) is calculated to be 42.3 A from
Eq. 7 using the lattice parameter (a = 137.2 A) and the apolar
volume fraction (f ~ 0.66), which is consistent with a previous
study.’

Without the subdomain structures in the polar and apolar
domains of reverse hexagonal phase, the variations of Bragg
peak intensity ratio with neutron contrast as in Figure 5 cannot
be reproduced at all. Furthermore, if either of the water-rich
core or the water- and oil-depleted shells are not included, the
theoretical curve as in Figure 5 cannot be reproduced, which
strongly indicates the existence of the subdomain structures
described in Figure 4.
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From the water-rich core and the polar domain radii, the
average end-to-end distance of PEO chains is estimated to be
38 A, which is close to the value obtained from modeling of
the lamellar structure (34 A). The nonzero solvent-depleted
layers at the apolar/polar interface have slightly different
thickness from the ones obtained in the lamellar sample analysis.
This difference may be attributed to the different curvatures at
the interface or to the different methods of data analysis for the
two systems.

Conclusion

We have investigated the subdomain structures of lamellar
and reverse hexagonal phases of the P84/water/p-xylene ternary
system by contrast varied SANS measurements. In both systems,
the observed relative intensities of Bragg peaks changed as the
scattering contrast of the samples was varied. While the scattered
intensities of the first Bragg peaks were strongly dependent on
the weight fraction of the hydrogenated solvent with minima
close to predicted contrast match points, the intensities of the
second Bragg peaks did not change significantly at any contrast.
This variation of the relative peak intensities cannot be explained
by simple models where the polar and apolar domains are
regarded as homogeneous mixtures of PEO + water and PPO
+ oil, respectively, in which case the relative intensities of Bragg
peaks do not change. The variation of peak intensities observed
clearly indicates the existence of subdomain structures in the
polar and apolar regions. For both lamellar and reverse
hexagonal Pluronic ternary systems, the analysis of the contrast
varied SANS intensities with subdomain structure models
reproduced the experimental data very successfully, showing
that a water-rich layer exists in the middle of the polar domain
and water- and oil- depleted layers exist at the polar/apolar
interfaces. To our knowledge, this is the first experimental study
to identify the subdomain structures of Pluronic ternary systems.
We expect that the results obtained here may provide very useful
information for the fabrication of various nanoparticles and
nanostructured materials where Pluronic ternary systems are
used as templates.® %1333
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