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ABSTRACT: We investigated the structures of normal (type I)
bicontinuous cubic phases in hexa-, hepta-, and octaethylene glycol
dodecyl ether/water mixtures by small-angle X-ray crystallography of
single-crystal domains. Reconstructed electron densities showed that the
hydrophilic chains with high electron density are confined to a film
centered on the surface of the Gyroid (a triply periodic minimal
surface), while hydrophobic chains with low electron density are
distributed within the pair of interwoven labyrinths carved out by the
Gyroid. Further, the local minimum within the high electron density
region, due to bulk water, coincides precisely with the Gyroid. This
minimum is less pronounced in mixtures with longer ethylene glycol
chains, consistent with their decreased water content. Our analysis clearly shows that the polar−nonpolar interfaces are parallel to
the Gyroid surface in all mixtures. The repulsive hydration or overlapping force between the pair of facing monolayers of ethylene
glycol chains on either side of the Gyroid surface is the likely origin of the parallel interfaces.

■ INTRODUCTION

Triply periodic minimal surfaces (TPMSs) extend infinitely in
all directions and separate space into two interwoven
labyrinths1 (Figure 1). At any point on a TPMS, the mean
curvature (H) is zero while its Gaussian curvature (K) is
negative, except at isolated “flat points” (where K = 0). TPMSs
describe the structures of many different materials both in vivo
and in vitro1 including bicontinuous cubic (Q) phases of
lyotropic liquid crystals. These consist of amphiphiles and
solvents, such as water and oil, and can adopt various
mesophases2 including two classes of the bicontinuous cubic
phases: normal (“type I”, QI) phases and inverse (“type II”,
QII) phase. In the QII phase, a bilayer of amphiphilic molecules
such as lipids is assembled into a curved film following the
TPMS.3,4 Therefore, the TPMS is located within the nonpolar
region, and the two interwoven labyrinths are located in the
polar region. On the other hand the QI is built by an inverse
bilayer, folded onto the TPMS. The TPMS is therefore located
in the polar region and the labyrinth in the pair of disjoining
nonpolar regions.2 Most studies of the QI phase report a
geometry related to just one of the TPMSs, Schoen’s Gyroid
surface.5 More generally, three distinct QII phases have been
found whose mesostructures are based on the three simplest
TPMSs: the P surface (QII

229), the D surface (QII
224), and the

Gyroid (QII
230). (Following Luzzati,6 these are labeled QII

N,
where N is the space group number in the International Tables
for Crystallography.7) X-ray diffraction studies by Luzzati et al.
confirmed earlier suggestions8 that the bilayer membranes of

amphiphilic molecules are located on TPMS in the QII
phases.9,10

Amphiphiles, such as lipids and surfactants, are tethered to
the polar−nonpolar interfaces, so the loci of those interfaces
are important. Among the many analyses of this interfacial
structure within the QII mesophases, two major models have
been proposed: one model assumes the interfaces form parallel
surfaces to the TPMS (PS model);1,11 the other model
assumes that they form constant mean curvature surfaces
(CMCS model).12,13 The PS model implies that the bilayer
film has a constant width, a local condition that would hold, for
example, if the energetics of the self-assembly are dominated
by the stretching energy of the hydrocarbon chains. On the
other hand, the CMCS model leads to stable fluid−fluid
interfaces, governed by surface tension and Laplace pressure,
since the CMCS model optimizes the interfacial area with
respect to arbitrary fluctuations and maintains equal pressure
over the interface.12,14 Our previous small-angle X-ray
crystallography analysis revealed that the interfaces within
phytantriol−water mixtures forming QII

224 and QII
230 meso-

phases are parallel to the TPMS, confirming the PS model.15
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In contrast to QII mesophases, there are few theoretical or
experimental studies on the interface structure of the QI phase.
In particular, to our knowledge, the interfacial geometry
remains unexplored, either theoretically by energy calculations
or by observations. Since QII mesophases are typically formed
by amphiphiles whose molecular bulk is dominated by their
hydrophobic chains, it is likely that their self-assembly is
dictated by the stretching energy of the hydrocarbon chains,
resulting in a parallel surface geometry. On the other hand, QI
mesostructures are adopted by amphiphiles with smaller
hydrophobic moieties relative to their hydrophilic volume.
Therefore, the free energy contributions of the hydrophilic
regions are likely significant. Also, the hydrophobic chains are
likely to vary in length, since their packing is dependent on the
distribution of distances between the TPMS, the interface, and
the related medial surface.16 The likely geometry of the
interfaces within QI mesostructures is therefore even more
speculative than those within QII mesostructures. To our
knowledge, three-dimensional reconstruction of the electron
density map of a lyotropic QI mesophase has been reported
only for the dodecyltrimethylammonium chloride/water
system using the powder X-ray diffraction method.17 That
electron density map revealed low-density domains (comprised
of hydrocarbon chains) forming a pair of intertwined
labyrinths and the high-density region (containing the polar
moiety of the surfactant and water) located in a film centered
on the Gyroid. However, the resolution of the structure was
low; consequently, many structural details of the QI phase
remain unknown. For example, the geometry of the polar−
nonpolar interfacea key structural feature governing the
mesophase stability compared with competing mesostruc-
turesremains unexplored. Here, we recover a more detailed
map of the three-dimensional electron density in a QI

230

mesophase formed by nonionic surfactant−water mixtures
via small-angle X-ray crystallography. Also, we demonstrate
that, as we found for the QII

224 and QII
230 mesophases, the

polar−nonpolar interface within this QI
230 mesophase is

parallel to the Gyroid, as expected from the PS model.

■ MATERIALS AND METHODS
Hexaethylene glycol monododecyl ether (C12EO6,), heptaethylene
glycol monododecyl ether (C12EO7), and octaethylene glycol dodecyl
ether (C12EO8) (purity > 97.0%, Tokyo Chemical Industry Co.,
Tokyo, Japan) were used without further purification. The QI-phase
single-crystallization method of C12EO6, C12EO7, and C12EO8
(C12EO6−8) is almost the same as that of phytantriol.15 About 5 μL
of distilled water was introduced into a soda glass capillary (Mark-
tube, Hilgenberg GmbH, Germany) with an inner diameter of 1.0
mm; then about 20 mg of C12EO6−8 was transferred into the capillary,
and it was centrifuged at an acceleration of 600 times of the Earth’s
gravity for 180 s. The open end of the capillary was sealed with a gas
torch. The capillary was incubated at 25 °C for 2−7 days. For small-
angle X-ray crystallography, samples with single-crystal regions of
more than 5 mm in length were used.

X-ray diffraction was measured at the small-angle X-ray scattering
beamline BL40B2 of the synchrotron facility SPring-8 (Hyogo,
Japan). The wavelength of the X-rays was set to 0.1000 nm. The full
width at half-maximum of the X-ray beam was 0.2 mm in the
horizontal direction and 0.2 mm in the vertical direction. Measure-
ments were conducted similarly to those described in previous
papers;18−20 diffraction data was collected from a rotating crystal at
room temperature (26 °C). X-ray diffraction from a capillary sample
was measured sequentially during a rotation of the sample from 0° to
180°. The exposure time and rotation angle per frame were 0.1 s and
0.1°, respectively. Since the storage ring was operated in the C mode
(11 bunch trains × 29), we assume the X-ray intensity was constant.
To limit the maximum intensity of the pixel to less than about 105

count/s, a copper plate of 40 μm thickness was used as an X-ray
attenuator. X-ray diffraction images were indexed and integrated with
the XDS program package.21 The space group of the QI

230 phase
(Ia3̅d) was already known and assumed for XDS processing.

Analysis of the X-ray data is similar to that described earlier.15 The
electron density in a crystal is obtained by Fourier transformation of
the structure factors F(h): r F h r hi( ) ( )exp( 2 )hρ π= ∑ − · , where r is a
vector in real space and h = (h k l) is a Miller index. The structure
factor can be expressed in terms of its amplitude F and phase α: F(h)
= |F(h)|exp (i α(h)) = F(h)exp(i α(h)). The diffraction intensity is
the square of the structure factor: I(h) = |F(h)|2 = (F(h))2. Electron
density distributions were calculated for the two model mesostruc-
tures introduced above. A pair of model mesostructures was built,
assuming the interfaces bonding hydrophobic and hydrophilic
domains assume the geometries derived from the PS and CMCS
models. Models for the electron densities were then reconstructed
from those candidate structures. Since the polar surfactant headgroups
are tethered closest to the TPMS, both models assume that the water
region forms a film centered on the Gyroid TPMS, partially mixed
with polar headgroups, and the hydrophobic chains are located away
from the TPMS, pointing into the channels. The PS model structure
is formed by imposing a constant film thickness for the polar film
containing the C12EO6−8 headgroups and bulk water. The CMCS
model structure contains a CMCS separating polar from hydrophobic
moieties, whose mean curvature was tuned by setting the hydrophobic
volume fraction to 0.28 (the same as the volume fraction of the
hydrophobic region in the final PS model). Both the zero mean
curvature Gyoird TPMS and its CMCS were created using Surface
Evolver;22 the CMCS were formed by the method of Shearman et
al.23 Electron densities were assumed to show a steep but continuous
change between different regions around interfaces, which are set by
the distance from TPMS or CMCS. The model electron density was
expressed as the convolution of the step function and a Gaussian to
express such distribution. The step functions were set by the distance
from the TPMS or CMCS, x. For the PS model, ρstep

PS(x) = ρ2U(x −

Figure 1. Gyroid TPMS. Colors on the TPMSs indicate Gaussian
curvature; red regions are close to zero (flat points), while blue
regions are close to minimum negative curvature (saddle points).
Colored straight lines are perpendicular to the TPMS at the point of
intersection. Black lines, which are parallel to the [111] direction
within the cubic lattice, intersect the TPMSs at its flat points, where
Gaussian curvatures are zero. Red lines, parallel to the [100] direction,
intersect at saddle points, with the most negative Gaussian curvature.
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w1) + (ρ3 − ρ2)U(x − w1 − w2); for the CMCS model, ρstep
CMCS(x) =

ρ2U(w2 + x) + (ρ3 − ρ2)U(x), where U(x) = 1 (x ≥ 0) or 0 (x < 0),
where ρ2 and ρ3 are the densities of the hydrophobic and hydrophilic
moieties of C12EO6−8 and w1 and w2 are the thicknesses of the water
and hydrophilic domains, respectively. To simplify the functions, the
electron density in the water region was set to 0. All locations in the
PS mesostructure have positive distance x. In the CMCS model, the
magnitude of x measures the shortest distance from a location to the
CMCS: x < 0 characterizes all polar locations within the volume
containing the TPMS, whereas x > 0 characterizes distances from
points in the nonpolar region to the CMCS. Since the diffraction is
essentially sensitive to electron density differences only, the density of
the bulk water regions was set to zero. The electron density in each of
the 64 × 64 × 64 voxels within a cubic unit cell was calculated
accordingly, extended to the liquid crystal mesostructures by aligning
the unit cell with sites on the cubic lattice. The resulting models for
the QI

230 mesostructure were Fourier transformed and multiplied in
reciprocal space with an isotropic three-dimensional Gaussian
function, f Gauss(h) = exp(− 2π2σ2|h|2).20 According to the convolution
theorem, a convolution of two functions in real space equals a
multiplication in reciprocal space. The Gaussian function represents
the structural disorder, imposing random deviation from the ideal
crystal lattice. The structural parameters ρ2, ρ3, w1, w2, and σ in the PS
model and ρ2, ρ3, w2, and σ in the CMCS model were optimized to
give best fits between expected and measured structure factors in the
diffraction patterns, |Fexp(h)|, by minimizing ΔF2 = Σh(|Fexp(h)| − |
Fmodel(h)|)2. We used the Nelder−Mead optimization method,24

which avoids the use of derivatives. So-called R factors are often used
in crystallography to quantify the congruence of a model structure
with experimental data: the smaller the R factor, the more accurate the
structural model. The R factor is defined as R = ∑h(||Fexp(h)| − kscale|
Fmodel(h)||)/|Fexp(h)|. We calculated R factors for the optimized PS
and CMCS mesostructures.
The calculation of the electron density, ρexp(r), was simplified

taking into account the space group symmetries20 (see section 4.7 of
International Tables for X-ray Crystallography25). Amplitudes of the
structure factors, |Fexp(h)|, are the same in the equivalent reflection.
Phases, α, of equivalent reflections have different signs in some
conditions of Ia3̅d symmetry.25 The phases α were determined from
the Fourier transformations of the model data as described in the
Results and Discussion section.

■ RESULTS AND DISCUSSION
Phase diagrams of C12EO6−8−water mixtures have been
reported by several groups.26−28 All phase diagrams report a
QI mesophase located in a narrow concentration window
between the hexagonal HI phase and the lamellar Lα phase at
25 °C. C12EO6−8 and water were placed adjacent to each other
in a capillary tube at room temperature. Since pure C12EO6−8 is
a L1 mesophase at ambient conditions, mutual diffusion
resulted in the formation of HI, QI, and Lα mesophases along
the length of the capillary (Figure 2b and 2c). These phases
were distinguished optically: the Lα and HI phases exhibit
birefringence, but the QI phase does not. Those phase
identifications were confirmed by X-ray diffraction. Remark-
ably, QI mesophases formed by this method were often single
crystals (Figure S1). Growth of single crystals of C12EO6 QI
phases in capillaries has been reported previously, though they
required a duration of several months to grow the single-crystal
domain in a capillary.29 Our diffusion method required no
more than 1 week. (We note that single crystals of a QII
mesophase were formed similarly in phytantriol−water
mixtures.15)
As described above, X-ray diffraction images of single-crystal

domains formed by our diffusion method were collected by the
rotating crystal method15,20 and processed with the XDS
program package.21 The resulting normalized amplitudes of

the structural factors are shown in Figures 3 and S2 and Table
S1: corresponding reflections in C12EO6, C12EO7, and C12EO8

had very similar amplitudes. Both mesostructures are therefore
very similar. Next, we built optimized PS and CMCS model
mesostructures that best recovered these structure factors. The
PS and CMCS models were created by a convolution of a
three-dimensional isotropic Gaussian function and discrete
electron densities depending on the distances from the polar−
nonpolar interfaces, as described in the Materials and Methods
section. Results are collected in Figure 3 (with further data in
Figure S2 and Table S2). Figure 3 shows the amplitudes of the
structure factors for both model mesostructures. The PS model
fits the experimental data well, with R factors of 0.046, 0.036,
and 0.032 for C12EO6−, C12EO7−, and C12EO8−water
mixtures, respectively. On the other hand, the CMCS model
has some deviations from the experimental data (e.g., an R
factor of 0.190 for C12EO6 water mixtures).
Recall from the discussion above that estimation of the

three-dimensional electron density distributions requires
knowledge of the phase factors, α(h). They cannot be

Figure 2. (a) Molecular structures of C12EO6, C12EO7, and C12EO8.
(b and c) Close-up of a capillary sample after 4 days. Sample placed
between two parallel (b) and orthogonal (c) polarizing plates.
Diameter of the capillary was about 1.0 mm.

Figure 3. Amplitudes of structure factors, |Fhkl|, of C12EO6. (h k l) are
Miller indices of a reflection; black circles are amplitudes determined
by X-ray diffraction measurements; orange pluses and sky-blue crosses
are amplitudes calculated from parallel surface (PS) and constant
mean curvature surface (CMCS) models, respectively.
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obtained directly from the X-ray intensity data; however, the
diffraction confirms the centrosymmetric space group for all
C12EO6−8 mesophases, so these phases must be either 0 or π.
They were inferred by generating electron density distributions
for the PS and CMCS models with phase factors that gave an
optimized fit to the experimental data of C12EO6. In fact, both
models were optimized by the same phase factors, since
differences between the mesostructures of the optimized PS
and CMCS models were small. Further, the phase factors for
optimized PS model mesostructures of C12EO7 and C12EO8
were the same (Table S1), also due to the small structural
differences between C12EO6−8 mesophases. The electron
density was then calculated using these phases along with
structure factor amplitudes obtained from the experiment
(Figure 4). The polar part of C12EO6−8 with high electron
density is located on the Gyroid, and the nonpolar region with
lower electron density is located toward the center of two
interwoven networks separated by the Gyroid (Figure 4d).
That narrow local minimum in the high-electron density
regions is consistent with the presence of a thin bulk water
region, sandwiched between opposing ethylene glycol (ethyl-
ene oxide, EO) chain monolayers of C12EO6−8 on the Gyroid.
C12EO6 has a short EO chain, and the water content of C12EO6
QI phase is high, so the minimum is more pronounced (Figure
4a). On the other hand, since C12EO8 has a long EO chain and
the water content is low, the minimum is less defined and
shallower (Figure 4c).
The PS and CMCS have been used as interface structure

models in the study of the Q phases of lyotropic liquid
crystals.12,30 Therefore, it is important to determine if the two
models can be distinguished experimentally via the electron
density distribution and, if so, which model better describes
the data. Figure 5 shows planar sections of the PS and CMCS
models of C12EO6. There are clear differences in the two
models, namely, the presence of the narrow local minimum of
the polar region mentioned in the previous paragraph and the
shapes of the (blue-colored) low-density regions. The PS
model agrees well with the electron density map obtained from
the experimental diffraction data, shown in Figure 4a. On the
other hand, the CMCS model is less faithful to the
experimental data. Since the phases of the structure factors
of the two models are the same, differences in the electron
density distributions are due to amplitudes only.
The electron density distributions along axes normal to the

Gyroid, passing through the flat and (most negatively curved)
saddle points, are shown in Figure 6. The distributions
estimated for the PS model mesostructure are in good
agreement with the experimental data. The CMCS models
give a polar region (with high electron density) which is
narrower at the flat point than the experimental data. That
discrepancy is not seen in the PS model. Further, the distinct
local minimum of density at the center of the polar region
reconstructed from the data and seen in the PS model is absent
in the CMCS model (Figure 6b). The water region is
particularly thin at the flat point, so the polar EO chains of the
opposing C12EO6 monolayers are very close to each other in
the CMCS model (Figure 7). The polar volume defined by the
CMCS model is thickest at the saddle points of the Gyroid,
where the Gaussian curvature of the TPMS is most negative (|
K| maximal), and thinnest at flat points (|K| minimal)31 as
shown in Figure 6. This dependence of the thickness of the
polar region on the Gaussian curvature and therefore the
location on the TPMS is inconsistent with the experimental

data. This inconsistency is not seen in the PS model. Similarly,
the PS models of the C12EO7 and C12EO8 electron density
distributions are also in good agreement with experimental
data (Figure S3).
Our analysis therefore supports the PS models within the QI

mesophase with strictly parallel interfaces equidistant from a
Gyroid midsurface. Previously, we showed that the interfaces

Figure 4. Two-dimensional electron density maps based on
experimental data of a single (conventional cubic) unit cell, sliced
at x = 0, and 0.125a (from left to right, where a is the lattice constant)
of (a) C12EO6, (b) C12EO7, and (c) C12EO8. (d) Three-dimensional
electron densities of C12EO6 within the unit cell. Intermediate
electron density regions (from −2 to 0) are transparent for visibility.
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within the QII-phase mesostructures in phytantriol/water
systems are also parallel to TPMS.15 In the QII phase, the
nonpolar molecular moieties are located within the single
continuous volume defined by the pair of interfaces containing
the TPMS and the polar moieties of the amphiphile occupy the
remaining volumes. Therefore, only hydrophobic chains of

phytantriol occupy the TPMS volume, and the midplane of the
bilayer is located on the TPMS. In that case, we concluded that
the stretching energy of the hydrocarbon chains dominated the
assembly, and parallel interfaces, with constant chain length,
resulted in minimizing that energy.14 Indeed, theoretical
calculations, which assume the hydrocarbon chain are ideal
Gaussian chains, showed that the constant chain length is
energetically favorable in the QII mesophase.32 In the QI phase,
the molecular environment is different: the polar moieties
(comprising the hydrophilic EO chains of the surfactant
molecules and water) are located within the film containing the
TPMS. The surfactant is tethered to the interfaces, but water
molecules have no positional restriction. The presence of water
would therefore be expected to increase the flexibility of the QI
mesostructure in the polar region. However, that flexibility may
be negated by a compensating repulsive force between the
monolayers of hydrophilic chains. Lyle and Tidy observed a
repulsive force between the EO chains of the opposing
monolayer of the C12EO4/water system,33 likely due to
hydration33 or overlap34 of the opposed EO chains. The
magnitude of the repulsive force can be estimated by the
Alexander−de Gennes theory

P
L

D
D
L

2
2

9/4 3/4

≈ −
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj

y
{
zzz

i
k
jjj

y
{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
for D < 2L, where D is the distance between the interfaces and
L is the length of the hydrophilic chain.34−36 That repulsive
overlap force is again due to the entropic behavior of
(Gaussian) molecular chains.35,36 The same repulsive force
likely acts between the opposing EO chain layers of C12EO6−8
in the systems under study here, since this repulsive force is
common in nonionic surfactant layers.37 The free energy
contribution from that repulsive force is minimized for
constant distances between opposed monolayers. As a result,
the PS model, whose distance between the opposing EO chain
layers is constant, is energetically favored over the CMCS
model, which requires variable distances. In summary, the

Figure 5. Two-dimensional electron density maps of a single
(conventional cubic) unit cell, sliced at x = 0, and 0.125a (from left
to right, where a is the lattice constant) in C12EO6 unit cells of the (a)
parallel surface model and (b) constant mean curvature surface
model.

Figure 6. One-dimensional electron density distributions along
straight lines corresponding to those in Figure 1 for C12EO6. Lines
follow the [100] direction in a and [111] in b. Distance from the
Gyroid is mapped on the horizontal axis. Black solid lines describe the
density distributions from experimental data, while orange dashed and
sky-blue dotted lines are parallel surface and constant mean curvature
surface models, respectively.

Figure 7. Cartoon explaining the origin of the parallel polar−nonpolar
interfaces in QI mesophases. PS model mesostructure is characterized
by equal spacings between facing headgroup chains everywhere, so
repulsive forces are constant regardless of positions. In contrast,
within the CMCS model mesostructure, at the umbilic on the CMCS
(corresponding to the flat point on the TPMS), the force is strongly
repulsive, since the spacing between facing headgroup chains is close.
CMCS model therefore forms a less stable mesostructure than that of
the PS model. Blue lines describe hydrophobic chains of the
amphiphile, orange lines hydrophilic headgroup chains, and gray
region the bulk water domain. (In QII mesostructres, the blue lines
describe polar headgroup moieties of the amphiphile, the orange lines
hydrophobic chains, and the gray area bulk oil area.)
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entropic requirements of molecular chains induce parallel
interfaces in both QI and QII mesophases. In the QI
mesophases of the C12EO6−8 case that induced an effective
repulsive interaction between the facing EO chain layers on
either side of the TPMS.33,34 For similar reasons, it is likely
that the polar−nonpolar interfaces are also parallel to the
Gyroid in QI mesophases containing many other nonionic
surfactants. Therefore, in both the QI and the QII mesophases,
an entropic repulsive force of the molecular chains on TPMS
determines the interfacial mesostrucutre. We predict that
whenever a repulsive interaction is strong in these Q
mesophases, the interface will be parallel to the TPMS,
regardless of the mesophase type.
The electron density maps of C12EO6−8 show differences in

the water regions (Figure 4). The shorter the EO chain, the
clearer the water region. Although the exact amount of water
cannot be determined from our experiments, in the phase
diagram of C12EO6−8 the QI phase appears in a more (water)
dilute region, as the EO chain is shorter.26,28 Since the polar−
nonpolar interface is a parallel surface, the volume fraction of
the polar (or nonpolar) region is determined from the interface
area per unit volume.38,39 The area per molecule at the polar−
nonpolar interface is likely to be similar, since the C12EO6−8
molecular structure differs only in the EO chain. The lattice
constants of C12EO6−8 QI phases are almost the same (Table
S1); therefore, the volume fractions in the polar regions of
C12EO6−8 are approximately equal, and differences in water
volumes compensate for the volume differences in EO chains.
On the other hand, the lattice constants depend somewhat on
the length of the EO chains: the lattice constant reduces as the
EO chain extends (Table S1). The longer the EO chain, the
greater the repulsive force between adjacent molecules and the
slightly larger interfacial area per molecule. Increasing the
interfacial area per molecule decreases the lattice constant and
lowers the volume fraction of the polar region.26,28

A striking feature of these QI mesophases is the absence of
the additional bicontinuous mesophases related to the P and D
TPMS, i.e., QI

229 and QI
224. (In type II systems, three distinct

mesophases, QII
230, QII

229, and QII
224 are typically formed.)

The formation of just one type I mesophase, QI
230, may be

explained as follows. In the QI mesostructure, nonpolar
hydrocarbon chains are assembled within the pair of
interwoven labyrinths with one end tethered to the (parallel)
interfaces. Assuming that the hydrocarbon chains extend, on
average, normally outward from the interfaces in the PS model,
the free polar chain end is ideally located on the medial surface,
giving void-free domains. The radial distance between the
hyperbolic interfaces and the medial surfaces necessarily varies
depending on the location on the interface and the particular
underlying TPMS describing the interfaces.16 Note that the
global geometry of the Gyroid TPMS enforces the total radial
distance from the TPMS to the medial surface. In contrast to
(for example) a spherical interface, total distances are not
constant but vary from point to point on the TPMS. That
variation is narrowest for the Gyroid, followed by the D and P
surfaces.16 Since the total distance is the sum of the polar and
nonpolar distances and the PS model imposes constant polar
width for type I systems, nonpolar radial distances must vary.
Also, those variations are minimized in the QI

230 mesophase,
based on the Gyroid TPMS. Those global geometric
differences between the P, the D, and the Gyroid therefore
affect the stability of the hydrocarbon chain packing, since a
single radial distance is preferred, corresponding to the relaxed

chain length of molten hydrocarbon chains. The Gyroid
mesostructure is therefore the most favored pattern, while the
D and (to a much larger degree) P structures incur a larger free
energy cost. This effect may explain the absence of known QI
mesophases adopting the P and D structures.
It is worth reiterating that the nonpolar volumes available to

each chain are necessarily globally inhomogeneous, since the
axial distances vary even in the Gyroid mesostructure in the PS
model. (Global homogeneity refers to the chain packing
variations due to differences between opposed interfaces rather
than local homogeneity, which is induced by curvature
variations.16) That source of energetic frustration disfavors
the PS model, since those inhomogeneities within the nonpolar
domains are induced to allow homogeneity of the polar volume
available to each polar domain per surfactant molecule,
comprising a (hydrophilic) chain and water. This paradox
suggests that the repulsive forces between opposed EO chains
are stronger than analogous repulsions between opposed
nonpolar hydrocarbon chains. Consequently, the nonpolar
hydrocarbon moieties are therefore predicted to be softer than
the polar moieties. The underlying physics for this remains
unclear, though this feature is not unreasonable, since (i) the
EO chains are longer than their nonpolar hydrocarbon
counterparts and (ii) the presence of bulk water may further
stiffen the polar domain.
In the phase diagrams of C12EO6−8−water mixtures the QI

phase appears in a narrow region between the (low water
fraction) Lα phase and the (high water) HI phase.

26−28 The
idealized HI mesostructure consists of a regular 2-periodic
array of cylindrical micelles packed with p6mm plane
symmetry. For a fixed water fraction, the minimum distance
between the interfaces across the polar regions is shorter in the
HI mesostructure than that of the QI mesostructure, assuming
the micelles in the HI mesostructure are cylinders with a
circular cross-section. In that case, the repulsive overlapping
force between EO chains within adjacent cylindrical micelles is
larger in this model HI mesostructure than the analogous
repulsion in the QI mesostructure. If the overlapping force
between cylindrical micelles is large in the HI phase and the
hydrocarbon chain region is soft, the interfacial geometry in
the HI mesostructure may deviate from an idealized circular
cross-section, so a better comparison of energies within these
competing mesophases should include that possibility.
Irrespective of the details of those deviations, as the water
content increases, the repulsive force is weakened and hence
the appearance of the HI mesophase under more dilute
conditions. Further, the QI phase is absent in the phase
diagrams of some surfactant/water systems.40,41 This absence
suggests that, in those systems, repulsive interactions between
opposed polar groups contribute less to the free energy of the
system than the hydrocarbon chain contributions, which
imposes a preferred chain length, and therefore a fixed
nonpolar radial distance, disfavoring the TPMS structures.

■ CONCLUSION
In summary, we determined the three-dimensional electron
density map within the QI mesophases of C12EO6−8−water
mixtures by small-angle X-ray crystallography of single-crystal
domains. The C12EO6−8 polar headgroup moieties, with high
electron density, were located adjacent to the Gyroid, and the
nonpolar chains, with low density, were localized within the
pair of interwoven labyrinths to either side of the Gyroid. A
local minimum of electron density was located in a film of
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constant thickness, centered precisely on the Gyroid, within
the high electron density region. Our analysis showed that this
minimum defines the bulk water domain. In addition, a model
mesostructure, whose polar−nonpolar interfaces are parallel to
the Gyroid (the PS model), was consistent with the data, in
contrast to a model assuming the CMCS. We showed
previously that the interfaces within the QII mesostructures
in phytantriol−water mixtures were also parallel to the
corresponding TPMS.15 Therefore, both the QI and the QII
mesophases are characterized by parallel interfaces, themselves
parallel to a TPMS. The likely cause of this parallel geometry
in all of these systems is the entropic behavior of hydrophilic
(QI) or hydrophobic (QII) chains.
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