
Rhombohedral Structure of Highly Ordered and Oriented
Self-Assembled Nanoporous Silica Thin Films

Brian W. Eggiman, Michael P. Tate, and Hugh W. Hillhouse*

School of Chemical Engineering, Purdue UniVersity, 480 Stadium Mall DriVe,
West Lafayette, Indiana 47907-2050

ReceiVed September 15, 2005. ReVised Manuscript ReceiVed December 2, 2005

Nanoporous silica films have been synthesized by self-assembly on substrates by dip-coating from a
combined solution of aged silica oligomers and poly(ethylene oxide)20-poly(propylene oxide)70-poly-
(ethylene oxides)20 triblock copolymer (Pluronic P123) in ethanol and water. The films are indexed with
the rhombohedral space groupR3hm and are oriented through the thickness of the film with the (111) axis
perpendicular to the substrate. Sixfold symmetry perpendicular to the substrate is directly observed by
high-resolution top-view field emission scanning electron microscopy over the entire substrate. The films
have domains that sample many orientations in the plane of the substrate resulting in a reciprocal space
composed of rings. These rings are directly observed by collecting small-angle X-ray scattering data at
many angles of incidence from transmission (beam perpendicular to the substrate) all the way down to
the grazing angle of incidence. At each rotation, the Bragg spot location in the two-dimensional pattern
is quantitatively predicted by anR3hm unit cell with lattice constantsa ) 112 Å andR ) 86°. On the
basis of these lattice constants, it is conjectured that the rhombohedral structure results from a uniaxial
contraction of a (111) oriented film of self-assembled aggregates ordered on a face-centered cubic lattice.
The film structure and orientation reported here differ from previous reports of cubic, or distorted cubic,
nanoporous films synthesized with P123 and F127 and are expected to be important steps in controlling
structure and accessibility in nanoporous films.

1. Introduction

Ordered nanoporous inorganic materials formed via self-
assembly of templating molecules1-4 are unique in that they
have very monodisperse pore size and well-defined pore
shape/connectivity in addition to their high surface area.
These materials have many exciting applications in nanoscale
casting, catalysis, and adsorption and have recently been
reviewed by several groups.5-11 Thin film morphologies have
potential applications as low dielectric constant films,12,13low

refractive index films,14-16 hydrogen sensors,17 nanostruc-
tured magnetic materials,18 photomodulated mass-transport
layers,19 nanostructured solar cells,20 and nanostructured
thermoelectrics.21 For most of these applications, pore
connectivity, mass transport, ion transport, and/or electron
transport are key factors to control in the engineering of new
devices. In addition, for applications such as thermoelectrics,
the small pores size afforded by this synthesis route (2-10
nm) make these films better candidates for generating
nanostructured materials that exhibit quantum confinement
when compared to other film synthesis methods22-24 that
typically yield larger pore sizes (>10 nm). Thus, one of the
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ongoing and grand challenges in the field of self-assembled
nanostructured thin films is to control phase topology, order,
orientation, and composition.

Our understanding of the molecular, colloidal, and self-
assembly processes that are involved in the coating and film
formation process has evolved25-27 significantly since the
first reports of well-ordered thin films.28-31 In an important
development, Zhao and co-workers showed32,33 that highly
ordered two-dimensional hexagonal phase and “cubic” phase
nanoporous thin films could be templated by nonionic
triblock copolymers composed of poly(ethylene oxide)-poly-
(propylene oxide)-poly(ethylene oxide) blocks (PEO-PPO-
PEO). Subsequently, it was shown34 by Alberius and co-
workers that the binary water/surfactant phase diagram could
be used to predict the phase of the nanostructured inorganic/
surfactant assembly. By using these calculations, the con-
centrations of the coating solution may be chosen rationally
to narrow down the range of the synthesis parameters.
However, it has been shown that the concentration of the
silica and surfactant in the coating solution does not
completely determine the ultimate nanostructure of the
resulting film. Soler-Illia and co-workers demonstrated that
the curvature of the hydrophilic/hydrophobic interface (and
consequently the final nanophase) is also affected by the
concentration of water in the initial coating solution.35 This
is a result of the fact that the rate of water evaporation from
the film may be on the same time scale as the rate of silica
condensation. This effect of the two competing processes
on the ultimate nanostructure has been demonstrated directly
by controlling the rate of evaporation (through control of
relative humidity, RH) during and after the dipping pro-
cess.36,37However, in addition to these kinetics effects, there
is an equilibrium quantity of water that remains in the film
that depends on the humidity (more specifically the chemical
potential of water in the vapor phase).38 This water content

will also affect the final nanostructure if the condensation
reaction is slower than the drying of the films. Further, the
humidity can also affect orientation and order in the film.
The systematic changes in order, orientation, and nanostruc-
ture in dip-coated films in response to humidity were recently
demonstrated39 by Tate and co-workers. In that paper it was
shown that while a given nanostructure (two-dimensional
hexagonal, rhombohedral, etc.) could be synthesized over a
range of Si/EO and humidity, the films at a higher Si/EO
ratio always produced more oriented films.

As a result of rationally formulated compositions based
on comparisons with binary solvent/surfactant phase dia-
grams, as well as a host of Edisonian experiments, many
different phases and orientations of self-assembled nano-
structured thin films have been synthesized by dip-coating
or spin-coating, including (1) a two-dimensional hexagonal
phase31,40with hexagonal plane groupp6mm(which distorts
to a rectangular plane groupc2mm upon drying),41 (2) a
three-dimensional hexagonal phase33,42,43with space group
P63/mmc, (3) a body-centered cubic (bcc) phase with space
groupIm3hm (which distorts to an orthorhombicFmmmspace
group upon drying),16,44 (4) a primitive cubic phase with
space groupPm3hn,33 (5) body-centered tetragonal phase45

with space groupI4/mmm, and (6) a distorted cubic phase46

based on space groupIa3hd.

Here we are interested in film morphologies that may be
able to yield good accessibility to the pore system and the
substrate. The two-dimensional hexagonal andIa3hd phases
are appealing because by symmetry they have continuous
pores. However, nanoporous films derived from two-
dimensional hexagonal self-assemblies typically form with
their pores oriented in the plane of the substrate. Ordered
disclinations may yield domains of pores that are directed
perpendicular to the substrate over limited regions,47 but they
are not open to the vapor phase. More recently, Rankin and
Koganti have shown48 that confining as-synthesized films
between two coated substrates may yield two-dimensional
hexagonal films with domains where the pores are perpen-
dicular to the substrate. Another promising approach to
forming nanoporous thin films with good accessibility to the
pore structure and underlying substrate is the use of bicon-
tinuous cubic phases (space groupIa3d) to yield films with
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an interconnected pore network.46 The benefit with this
approach is that orientation of the film is not an issue.
However, films of these phases have been challenging to
synthesize, typically exist over very extremely small ranges
of composition and temperature, and may coexist with other
phases.46

An alternative approach to synthesize films with good pore
accessibility is to form cagelike structures that are intercon-
nected by windows or microporosity. Self-assembly of
spherical or elliptical micelles typically yields structures with
spherical or elliptical voids. For powders it has been shown
through electron crystallography and adsorption studies that
in many cases these voids are connected by openings that
yield a continuous pore structure.49,50Note that, for powders
synthesized with PEO-PPO-PEO triblock copolymers
templates, the voids may be interconnected by microporos-
ity51 independent of any larger mesoscale openings between
voids. Matos and co-workers52 and Kleitz and co-workers53

later showed that the apertures could be controlled and
systematically expanded by hydrothermal treatment. For
structures templated by Pluronic F127 (PEO106-PPO70-
PEO106), it was later shown that the pore apertures could be
tuned by hydrothermal treatments from∼0.4 nm for treat-
ments at low temperatures or short times up to 5 nm for
treatments of 100°C for 3 days.

However, using these techniques to adjust the pore aperture
for thin films presents a challenge. Films are typically
synthesized at room temperature and thus are expected to
have poor connectivity between voids. However, despite the
growing body of work on powders, there are no detailed
structural studies on connectivity in films. After film
formation by dip-coating or spin-coating, the silica in the
film is quite poorly condensed. This may lead to problems
with dissolution, cracking, and adhesion if the films are
immersed in solution for hydrothermal treatment. Tailoring
these apertures or interconnections between voids then
becomes a key issue in engineering these films. One
challenge is that the cubic phase films are typically formed
with surfactants with large headgroups such as Pluronic F127
(PEO106-PPO70-PEO106). The high PEO/PPO ratio yields
high curvature at the PEO-PPO interface and thus forms
spherical micelles. However, this also makes forming
interconnections between cages more difficult at room
temperature because the cage to cage distance should scale
with PEO length. In this study, we investigate the synthesis
of high curvature phases with smaller PEO segments using
Pluronic P123 (PEO20-PPO70-PEO20). There is little in-
formation in the literature on P123 templated films with high
curvature mesophases (e.g., cubic structures), and the
structure reported here differs from that previously reported

by Alberius et al.34 Here, we report the synthesis and structure
of highly ordered and oriented self-assembled films with a
rhombohedral structure. Detailed studies of the phase diagram
including the effects of humidity on orientation and order39

and studies on the accessibility of the films by analyzing
carbon replicas54 are reported separately.

2. Experimental Section

Film Synthesis.Films were synthesized on a variety of substrates
(covering a wide range of hydrophilicity) including borosilicate
glass, quartz, gold-coated glass, silicon, and F-doped tin oxide, each
yielding similar results. Data presented in this report are from
borosilicate glass “cover slide” substrates (60 mm× 22 mm ×
0.18 mm) purchased from VWR Scientific and cleaned in a 1 wt
% Alconox solution at 65°C for 30 s. The substrates were then
rinsed with dionized ultrafiltrated water and air-dried thoroughly
prior to dip-coating. After cleaning, scotch tape was applied to one
side of the substrate to prevent film formation on that side. The
scotch tape was removed prior to X-ray scattering and calcination.
The presence of the tape had no effect on the film formation on
the opposite side as determined by X-ray scattering from films
prepared without using tape.

The dip-coating solution was prepared using a mixture of P123
obtained from BASF and ACS reagent grade tetraethyl orthosilicate
(TEOS), ethanol (EtOH), and hydrochloric acid (HCl) obtained from
Aldrich. All reagents were used as received. Twenty-four hours
prior to dip-coating, a surfactant precursor solution was prepared
and allowed to equilibrate by adding 2.99 g of P123 and 12.84 g
of EtOH to a sealed high-density polypropylene (HDPE) bottle and
stirred at room temperature (∼21 °C). The silica precursor solution
was prepared by adding 9.48 g of dilute HCl/water (pH) 1.78) to
19.19 g of EtOH in a HDPE bottle. Then, 18.22 g of TEOS was
added. The solution was sealed and stirred vigorously for exactly
20 min, at which time the surfactant precursor was added to the
silica precursor. The combined solution was resealed and stirred
in a water bath at 5°C for exactly 10 min. The final molar
composition of the dip-coating solution was 0.00595:1:0.002:6.01:
7.95 P123/TEOS/HCl/H2O/EtOH. The dip-coating solution was then
immediately poured into a small glass beaker and filled to within
1 mm of the top before being placed in a humidity-controlled dip-
coating chamber. The humidity inside the chamber was controlled
by a forced flow mixture of dry and saturated air streams to 60(
2% RH. The humid air inlet was directed away from the film
coating location so as to minimize the effects of forced convection
on the coating process. The beakers were filled to the rim so that
the humidity above the film during dipping is as close as possible
to the humidity of the bulk air in the chamber. After dipping at a
speed of 1 mm/s, films were left for 2 min in the dipping chamber
before being rapidly transferred to the second humidity-controlled
chamber (also at 60% RH) where they were aged for 12 h. Films
were then calcined at 400°C for 4 h with heating and cooling ramps
of 1 °C/min.

Electron Microscopy. Plan-view micrographs of calcined films
were recorded using a Hitachi S-4800 high-resolution field emission
scanning electron microscope (FESEM). The working distance was
8.1 mm, and the accelerating voltage was 3.0 kV. Each sample
received a layer of carbon paint around the edges of the substrate
to reduce charging effects of the mesoporous silica film.

X-ray Scattering. As-synthesized and calcined films were
characterized by grazing-incidence small-angle X-ray scattering
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(GISAXS) using a three-pinhole SAXS camera (Molecular Metrol-
ogy) with a microfocus X-ray source, an Osmic MaxFlux confocal
X-ray optic, and a gas-filled two-dimensional multiwire detector
at a camera length of 1424 mm. Samples were mounted on custom-
made two-axis goniometer in which samples are free to rotate 180°
about the vertical axis (see Figure 1a). The detector was calibrated
using a silver behenate powder standard. The specular beam
intensity was attenuated along thex axis with aluminum strips.
These strips block reciprocal space in a region from-0.002 Å-1

< sx < 0.002 Å-1 and from 0.0 Å-1 < sz < 0.020 Å-1. The
intensities in each two-dimensional scattering pattern are displayed
on a log scale for illustrative purposes.

X-ray Spot Pattern Simulation. The measured scattering
patterns were analyzed using NANOCELL.55 This code uses
kinematic theory and the distorted-wave Born approximation to
model the Bragg peak positions, peaks from the specular beam,
and artifacts arising from the refraction/reflection events in two-
dimensional GISAXS geometry for any given unit cell and model
of disorder. Simulated patterns were matched and overlaid on
measured data to elucidate the structure, orientation, and disorder
in the samples. Samples may have a single orientation with respect
to the substrate, freedom to rotate about the substrate normal, or
complete rotational freedom (powderlike pattern). Details about
NANOCELL may be found at http://www.ecn.purdue.edu/∼hugh.

3. Results and Discussion

The range of synthesis compositions investigated was
chosen by employing the method developed by Alberius et
al.34 In this method, the silica content of the dipping solution
is selected such that the volume fraction of the silica in the
nanostructure is roughly equal to the volume fraction of water
in the desired region of the binary phase diagram. The binary
phase diagram of P123 with water reported by Wanka et al.
shows a cubic lyotropic liquid crystal region at 22-38 vol
% P123 in water.56 However, Holmqvist et al. report the
cubic region only from 29-32 vol % P123.57 To estimate
the Si/EO ratio needed in the dipping solution, one needs to
estimate the density of the silica part of the self-assembled

nanostructure. For calculation purposes, it is assumed that
the silica exists as Si(OH)4 in the self-assembled film. Upon
condensation, 1 mol of Si(OH)4 would yield 1 mol of SiO2

plus 2 mol of H2O. Thus, the density of Si(OH)4 is estimated
by the density of one SiO2 and two H2O. Under this
assumption, Si/EO ratios of 7.86-3.70 and 5.47-4.84 in the
coating solution will correspond to the volume percent ranges
reported by Wanka et al. and Holmqvist et al., respectively.
In the present work, the ordered and oriented structures
described below were synthesized at Si/EO> 3.97 and at
moderate RH (40-60% RH). GISAXS patterns of the as-
synthesized and calcined films are shown in Figure 1. Much
information can be gleaned from these data. First, we
concluded that the films are highly ordered as a result of
the large number of well-resolved diffraction peaks. In
principle these could exist from multiple phases, but below
we show that this is in fact not the case and that these patterns
arise from a single phase. Second, because of the fact that
we see distinct spots, we conclude that the films are highly
oriented (relative to the plane of the substrate) all the way
though the thickness of the film. If the films were not
oriented at intermediate depths, we would observe rings in
the GISAXS pattern. Also, we note that the as-synthesized
and calcined GISAXS patterns are qualitatively similar, but
in the calcined film, the peaks are shifted to a higher
scattering vector and are more intense as a result of the
enhanced contrast in electron density from the removal of
the template. Upon attempts to index these films, they could
not be indexed with any orientation from any cubic space
group.

To probe a broader range of reciprocal space, a calcined
film synthesized on a 150µm thick silica cover slide was
examined in low-angle transmission SAXS at a range of
incident angles from near grazing-angle up until the incidence
beam was perpendicular to the substrate. The data are shown
in Figure 2 after correcting for changes in the transmission
factor as a function of apparent thickness of the substrate at
a given angle of incidence. The peak along thesx ) 0 line
(the peak that would be observed in a normal powder X-ray
diffractometer) disappears with increasing grazing angle
while spots atsz < 0 andsz > 0 shift towardsx ) 0 along
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Figure 1. (a) Experimental geometry used to collect GISAXS patterns of (b) an as-synthesized and (c) a calcinedR3hm nanostructured silica thin film. The
intensity on the left side of the two-dimensional pattern is below the horizon of the substrate, and, therefore, onlysz > 0 is shown in the figure. In addition,
a beam stop was added alongsx ) 0 to prevent damage to the detector from the specular beam.
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an arc. Analysis of this pattern of how the Bragg spots shift
confirms that reciprocal space consists of rings (Figure 3).
Thus, each quadrant of the GISAXS pattern is populated by
spots where the Ewald sphere slices through each ring. This

structure of reciprocal space is produced by a film that is
highly oriented in the plane of the substrate but possesses
many rotational orientations within the plane. This type of
disorder had been previously noted9,41,46,58 in other nano-
structured films to fit GISAXS patterns. However, the
rotation data shown in Figure 2 is the first direct observation
of the ringlike structures in reciprocal space produced by
these self-assembled nanostructured films.

The structure and orientation is further elucidated in high-
resolution top-view FESEM images. Here, a highly ordered
pattern of pores is observed with nearly perfect sixfold
symmetry, Figure 4. Because the GISAXS data show that
the film is oriented all the way through the thickness, the
FESEM data limits the possible set of space groups and
orientations to those that display sixfold or threefold axes
perpendicular to the substrate. These include all cubic and
rhombohedral space groups with (111) orientation and
hexagonal space groups with (001) orientation. NANO-
CELL55 was used to simulate the GISAXS patterns of all
these space groups. Several of the simulations are shown in
Figure 5. It is observed that despite the different extinction
rules for the various cubic space groups, the simulatedIm3hm,
Fm3hm, andPm3hn patterns are qualitatively similar to each
other as well as the observed GISAXS pattern. However,
none of these space groups can quantitatively match the

(58) Crepaldi, E. L.; Soler-Illia, G.; Grosso, D.; Cagnol, F.; Ribot, F.;
Sanchez, C.J. Am. Chem. Soc.2003, 125, 9770-9786.

Figure 2. Transmission SAXS data and NANOCELL simulation overlays for the following angles of incidence: (a) 25, (b) 40, (c) 50, and (d) 60°. The
intensity of each pattern was normalized to account for the changes in attenuation of the incident beam due to the change in thickness of the substrate along
the flight path of the incident beam as the sample is rotated. Note that the slight asymmetry in the predicted peak positions at higher angles is real anddue
to the curvature of the Ewald sphere.

Figure 3. Sketch of the ring structure of reciprocal space for (a) the case
when the substrate normal is parallel to the incident beam (transmission
SAXS) and (b) the case when the substrate normal is perpendicular to the
beam (GISAXS). For case b, spots will appear on the detector at every
location the ring crosses the Ewald sphere. Note that in case a if any ring
is present atsz ) 0, it would appear as a ring on the detector.
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observed spot pattern. Both the body-centered Bravias lattice
(I) as well as the face-centered Bravais lattice (F) can be
described by rhombohedral primitive lattices withaR )
0.866aI andRR ) 109.47° andaR ) 0.707aF andRR ) 60°,
respectively. In addition, a primitive cubic lattice can also
be considered as a primitive rhombohedral lattice (aR ) aP,
RR ) 90°). The rhombohedral space groupR3hm is a maximal
nonisomorphic subgroup ofIm3hm, Fm3hm, Pm3hm, andPn3hm,
while the rhombohedral space groupR3hc is a maximal
nonisomorphic subgroup ofPm3hn and Ia3hd. Also, in each
of the cubic lattices, the [111] direction is coincident with
the [111] direction in the rhombohedral cell. Thus, NANO-
CELL was used to simulate the spot patterns of (111)
orientedR3hm andR3hc space groups with rotational freedom

about the [111] axis. It is found that the experimental data
may be accurately fit with lattice constantsa ) 112 Å and
R ) 86°) in theR3hm space group, as shown in Figure 6. In
addition these lattice constants quantitatively fit the spot
positions in the rotation data shown in Figure 2.

While theR3hmspace group accurately describes the main
features of reciprocal space of the nanostructured film, it is
unlikely that the film self-assembles directly into this lower
symmetry space group. Likely, a higher symmetry cubic
space group is present early on in the coating process that
distorts under the uniaxial contraction that occurs upon
drying. First, we note from above that several cubic space
groups can be described by a primitive rhombohedral unit
cell and that each cubic Bravais lattice type (F, P, or I)
corresponds to a rhombohedral cell with specific values of
the angleR (60, 90, and 109.47°, respectively). These
different starting structures are illustrated in Figure 7 along
with the location of the equivalent rhombohedral lattice
vectors for each possible parent structure. Next, we note that
if the unit cell is (111) oriented, then upon contraction (a
decrease in thed111 spacing) the angleR must increase. This
can be most easily understood by visual inspection of the
unit cell (see Figure 7) but can be verified from thed spacing
formula for the (111):

Given that the fitted value ofR is 86°, if the unit cell was
cubic before contraction, it must have been a face-centered

Figure 4. Top-view FESEM image of the nanostructured film clearly
showing a sixfold symmetry axis that is perpendicular to the substrate. This
limits the possible structures to the (111) oriented cubic or rhombohedral
space groups and (001) oriented hexagonal space groups.

Figure 5. NANOCELL simulations of (a) (111) orientedIm3hm, (b) (111) orientedFm3hm, (c) (111) orientedPm3hn, (d) (001) orientedP63/mmc, (e) two-
dimensional hexagonalp6mmwith sixfold axis perpendicular to the substrate, and (f) (111) orientedIa3hd nanostructured thin films. The nearest neighbor
spacing (150 Å for simulation purposes) was kept constant to more closely mimic the physical situation, as opposed to keeping the lattice constant thesame,

d111
rhombohedral) x a2(1 - 3 cos2 R + 2 cos3 R)

3 sin2 R + 6 cos2 R - 6 cosR

728 Chem. Mater., Vol. 18, No. 3, 2006 Eggiman et al.



cubic (fcc) lattice. Thus, the fittedR3hm lattice constants
suggest that, upon the initial assembly, the nanostructure is

a face-centered lattice, likely anFm3hm cubic close packing
of micellar aggregates.

Additionally, in the fcc structure the (111) plane has the
highest planar density of micelles. Thus, if there is a
favorable interaction between the PEO/silica and the sub-
strate, fcc films should be oriented with the (111) parallel
to the substrate. Because the [111] direction in the fcc
structure is perpendicular to the (111) plane and is the same
direction as the [111] direction in the rhombohedral films,
the resulting contracted rhombohedral films should also be
(111) oriented. If the parent phase of the rhombohedral
structure is a fcc structure, this opens the possibility that the
film may contain ABAB stacking sequences in addition to
the ABCABC stacking sequence of a perfect fcc structure.
If these ABAB sequences existed in any significant quantity,
one would observe scattered intensity along thesx ) 0 plane
in the low-angle transmission SAXS data atsz values
corresponding to the shorter spacing from the ABAB
sequence as compared to the ABCABC sequence. As can
be seen in Figure 6, no intensity is observed atsz values
larger than the (111) Bragg peak of theR3m phase. On the
basis of this, we conclude that the stacking sequence of the
parent fcc phase is primarily ABCABC.

4. Conclusions

Highly ordered rhombohedral phase mesoporous silica
films have been synthesized and characterized by GISAXS.
The films are highly oriented with the (111) planes orientated
parallel to the substrate. It is conjectured that the rhombo-
hedral structure results from the contraction of a face-
centered lattice. If this conjecture is true, it would explain
the observed orientation of the rhombohedral films.

In self-assembling block copolymer/solvent systems, it has
been previously shown59 that the micelle interaction potential
dictates how the micelles pack together, with longer range
interactions yielding bcc packing as opposed to fcc. This
has been observed systematically in both polystyrene-
polysiopropene in decane systems59 and poly(ethylene oxide)-
poly(butylene oxide) in water systems.60 The observation of
fcc packing here may yield clues as to the conformation of
the corona and the effect the silica has on the micelle-
micelle interactions. One may expect to see fcc-bcc transi-
tions depending on the oligomeric structure and concentration
of silica.

The close packing arrangement reported here may yield
better intercage connections than a body-centered packing.
It is also noted that, as a result of the uniaxial contraction,
the window formation and pore topology could differ
significantly from face-centered powder samples. While pore
connectivity cannot be determined from the data presented
above, stable carbon replicas of the films have been
synthesized,54 which demonstrates that the pore structure is
at least interconnected by microporosity.
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Figure 6. NANOCELL simulation of a (111) orientedR3hm structure (a )
112 Å, R ) 86°) overlaid onto the low-angle (2.25°) transmission SAXS
pattern of the calcined nanostructured thin film on a cover slide substrate.
The film is placed on the detector side of the substrate.

Figure 7. Each (a) I, (b) P, and (c) F (111) oriented cubic space group
may be described by an equivalent rhombohedral primitive cell (R). For
the I cell, the lattice vectors of the R cell (illustrated by the thick black
lines) point from a unit cell corner to the body centers of three adjacent
unit cells. For the P cell, the R lattice vectors are the same as the P cell.
Finally, for the F cell, the R lattice vectors point from the corner of the
unit cell to three face centers on the unit cell. Note: The red dots indicate
only the location of the lattice points and do not represent any information
about pore structure or connectivity.
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