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Abstract: In this paper, we bring forward an effective strategy, solvothermal postsynthesis, to prepare
ordered mesoporous silica materials with highly branched channels. Structural characterizations indicate
that the titted mesoporous materials basically have the cubic double gyroidal (space group /a-3d) structure
with small fraction of distortions. The mesopore sizes and surface areas can be up to 8.8 nm and 540
m?2/g, respectively, when microwave digestion is employed to remove the organic templates. A phase
transition model is proposed, and possible explanations for the successful phase transition are elucidated.
The results show that the flexible inorganic framework, high content of organic matrix, and nonpenetration
of poly(ethylene oxide) segments may facilitate the structural evolution. This new synthetic strategy can
also be extended to the preparation of other double gyroidal silica-based mesoporous materials, such as
metal and nonmetal ions doped silica and organo-functionalized silica materials. The prepared 3D
mesoporous silica can be further utilized to fabricate various ordered crystalline gyroidal metal oxide
“negatives”. The mesorelief “negatives” (Cos04 and In,O3 are detailed here) prepared by impregnation
and thermolysis procedures exhibit undisplaced, displaced, and uncoupled enantiomeric gyroidal sub-
frameworks. It has been found that the amount of metal oxide precursors (hydrated metal nitrates) greatly
influence the (sub)framework structure and single crystallinity of the mesorelief metal oxide particles. The
single crystalline gyroidal metal oxides are ordered both at mesoscale and atomic scale. However, these
orders are not commensurate with each other.

Introduction and biological separation, photonic and electronic devices, and
drug delivery3=5> Among the known mesostructured forms, the
cubic bicontinuous structure (space groilg3d, represented

by MCM-48) may be the most complex drdat has attracted
much attention and would show fantastic properties. The

mesoscopic surface of MCM-48 material is defined by a so-

The organization and assembly of inorganic and organic
materials into a wealth of textured forms represent an exciting
direction for developing novel multifunctional materidldle-
soporous materials prepared via “soft chemistry” (templated
by surfactants, block copolymers, colloids, etc.) have overcome
the restriction of the dimensions and accessibility of the well-
developed microporous solids and, therefore, have sparked a
wide spectrum of interests in areas such as catalysis, chemical
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called minimal surface, gyroid (G-surface), which is also preparation of ordered nanostructures has some advantages
observed in waterlipid or water-surfactant systerfige and compared with soft template, especially in its specific topologi-
artifical zeolite-like open framework&.n general, the double  cal stability, veracity, predictability, and controllability. The hard
gyroidal mesostructure has a unique three-dimensional (3D)template (e.g., alumina membranes, latex spheres, carbon
network with channels running alonj00"and111directions, nanotubes) has been extensively used for the production of
making the pore system available in three dimensiohisere- nanowires and other related nanorepli€as® However, all
fore, it paves the much more direct and easier inclusion of these hard templates cannot produce complex forms (such as
various “guest” elements into the cavum of the “host” matrix gyroid structure,la-3d) of “guest” materials, for example,
compared with other mesostructured materials. However, the electrochemical etched alumina membranes can only fabricate
conventional MCM-48 material shows a relatively small pore 1D nanowires, nanorods, or nanotubes; latex spheres usually
size (usually no more than 4 nm) and must be synthesized underadopt a hexagonal close-packed or cubic close-packed lattice,
a basic medium by using cationic surfactants as tempftates, which also limits the variety of “negative” morphologies.
which may dampen the possibility to introduce the large Furthermore, the single crystallinity of the crystals prepared by
molecules or the utilization of the channels for the fabrication these templates is always far from desired. Mesoporous materi-
of architectural nano-objects. als, a class of new and attractive candidates as the hard
Until now, only a few published works have documented the templates, have already displayed their power to fabricate a great
synthesis of large-pore (above 5 nm) double gyroidal mesopo- variety of nanostructured composités!® such as carbotf,
rous solids templated by block copolymérd! The basic metal}” semiconductot® and oxides?® Moreover, the rich
strategies used for the preparation of such bicontinuous materialgopological varieties of mesoporous “hosts” lead to the archi-
include the strict selection of proper organic templ&téise tectural abundance of the replicated “guest” materials.
employment of some additives such as 3-mercaptopropyltri- In this paper, we demonstrate for the first time a simple
methoxysilane (MPTS), butanol, and inorganic sitand the solvothermal post-treatment method to prepare ordered large-
control of organic template concentration and solvent evapora-pore (-7 nm) mesoporous silica with double gyroidal channels
tion behaviort! A simple, low-cost, reproducible synthesis and via phase transition from 2D hexagonal mesophase. This new
easier control are desired to facilitate the formation of the synthetic strategy of solvothermal post-treatment can be simply
aforementioned mesostructured solids. performed in many organic solvents suchasexane at-60—
Porous crystals, especially the ordered porous single crystals, 100 °C, and be extended to the syntheses of other double
are hierarchically ordered at different length scales, e.g., the gyroidal silica-based mesoporous materials, such as metal and
macro-/atomic scales, the meso-/atomic scales, and the macro-nonmetal ions doped silica and organo-functionalized silica
meso-/atomic scales. These materials have long been the focugnaterials. And to make it further, we employ this mesostructured
in research areas such as biomineralization and inorganicsilica product as the “hard template” to fabricate various porous
materials'2 Besides the marvelous organizations and morphol- metal oxide crystals with the similar gyroidal (sub)frameworks.
ogies, the great interest in these hierarchical porous crystals alse
lies in their novel physicochemical properties and specific (3)
crystallography. The natural or synthetic forms of the porous
single crystals always derive from the controlled deposition of ffzéh?&géﬁh;, I[i?rjsgéa?s';oﬁ,hgh’c\./Yé:W:ngéfﬁgllﬁ ';P&’;: tg‘:ﬁggé ;z
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Gyroidal Mesoporous and Mesorelief Oxides

A large number of the mesorelief “negatives” such ag@o
and InO3 have been prepared via impregnation and thermolysis

procedures. These ordered metal oxide mesoreliefs have large

surface areas (generally larger than Zghand exhibit single
crystallinity in domains.

Experimental Section

Chemicals.Triblock poly(ethylene oxidep-poly(propylene oxide)-
b-poly(ethylene oxide) copolymer Pluronic P123 (Mw5800, EQ¢-
POEO,0) and (3-chloropropyl)trimethoxysilane (CPTMS, 98%) were
purchased from Aldrich Co. and Acros Co., respectively. Other
chemicals were purchased from Shanghai Chemical Co. All chemicals
were used as received. Millipore water was used in all experiments.

Preparation. A general procedure was as follows: The as-made
mesostructured silica “precursor” membranes (sample S5) templated
by triblock copolymer Pluronic P123 were prepared by the evaporation-
induced self-assembly (EISA) proce8sThen the as-made hybrid
precursors were collected and sealed within a Teflon bottle containing
70% capacity oh-hexane. Solvothermal treatment at“€Dfor 3 days
was conducted before the products were filtered, calcined (sample S2),
or microwave digested (sample $3)he as-made hybrid membranes
were also directly calcined to get the hollowed out forms (sample S1).
For comparison, as-made (without hydrothermal treatment) SBA-15
powder (sample S4) prepared as described in a previous?pagiso
conducted the aforementioned solvothermal post-treatment. The metal
oxide replicas were prepared by two-step impregnation and thermolysis
procedures and using S3 as a hard template. Generally,
was impregnated with-1.8—2.6 mmol of hydrated metal nitrates in
total (sample C1/2.0 mmol of Co(N®-6H,0, C2/2.6 mmol of Co-
(NO3)2*6H,0, sample 11/1.8 mmol of In(N§s-4.5H,0, 12/2.2 mmol
of In(NOs)3-4.5H,0). Commercial 1803 powder (sample 13) was used
to compare and illustrate the optic properties of titlegDinanostruc-
tured materials (see details in the Supporting Information).

Various metal (nonmetal) ions doped or organo-functionalized
gyroidal mesoporous silica materials were prepared according to similar
procedures, except that the membrane “precursors” were 2D hexagona
ion doped or organo-functionalized hybrid materials. The ion dopants
could be Ti, Al, W, Nb, Mn, B, etc., and the functional groups could
be 3-aminopropyl-, 3-chloropropyl-, 3-mercaptopropyl-, pheyl-, etc.

Characterization. The structural quality was monitored by low-
angle X-ray diffraction (XRD), recorded on a German Bruker D4 X-ray
diffractometer with Ni-filtered Cu I& radiation. Transmission electron
microscopy (TEM) experiments were conducted on a JEOL 2011
microscope operated at 200 kV or on a JEM-4000EX microscope
operated at 400 kV. Scanning electron microscopy (SEM) images were
obtained on Philip XL30 operated at 20 kV. Ultraviolet diffuse
reflectance spectra (UWDRS) were obtained with JASCO V-550 bV
vis spectrometer equipped with integrating sphere attachment. Solid-
state?°Si NMR experiments were performed on a Bruker DSX300
spectrometer with a frequency of 59.63 MHz, a recycling delay of 600
s, and a radiation frequency intensity of 62.5 kHz. The thermal
decomposition behaviors of the products were monitored using Mettler
Toledo TGA/SDTA851 over the temperature range~@5—900 °C,
with a heating rate of 3C/min. Photoluminescence (PL) spectra were
collected on F-4500 FL spectrophotometer, with the excitation wave-
length of 270 nm. Nitrogen adsorption/desorption isotherms were

measured at 77 K on a nitrogen adsorption apparatus (Quantachrome

Autosorb-1 Adsorption apparatus) after degassing samples atc80
for 5 h. The BrunauerEmmett-Teller (BET) surface are&er) was

estimated using adsorption data in a relative pressure range from 0.04
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Figure 1. Small-angle X-ray diffraction patterns of (S1) calcined 2D

hexagonal, (S2) calcined, and (S3) digested 3D bicontinuous cubic
mesoporous silica materials prepared from EISA.

to 0.3. The total pore voluméy;, was estimated from the amount
adsorbed at a relative pressure of 0.95. The micropore volitne,
and micropore areaSy, were calculated using theplot method

0.15 g of S3¢hickness range: 0.290.46 nm). The mesopore size distributions

(PSD) were calculated by analyzing the adsorption data of the N
isotherm using the Barrettloyner-Halenda (BJH) method.

Modeling and Simulation. The structure modeling of the crystalline
metal oxide replicas was carried out using the density distribution
functior??2developed for Gyroid mesostructures and applied previously
to CMK-1 carboi?2and MCM-48 silicd?*mesostructured materials.
This function allowed density distribution simulation for different
forous, composite, and framework materials with structural elements
ollowing the Gyroid surfac®® topology. The TEM simulations were
performed by projecting the density distribution function on respective
crystallographic planes.

Results and Discussion

1. Silica-Based Mesoporous Materialskigure 1 shows the
powder XRD patterns of mesoporous silica products. Calcined
sample S1 prepared by EISA procedure and without the
solvothermal post-treatment is typical of the well-ordered 2D
hexagonal mesostructure (space grqugmmn), which is char-
acterized by the 10, 11, and 20 reflections. The Bragg diffrac-
tion peaks are relatively broader than those for mesoporous
SBA-15 powders, probably due to the uniaxial structural
distortion (contraction) that is always observed for the meso-
structured materials prepared via the EISA pro@ésEEM
images (not shown here) further show that S1 has a well-ordered
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mined to bela-3d, which is the same as that for MCM-48 and
FDU-510 further corroborating the conclusion derived from
XRD patterns. It should be noted here that the gyroidal
mesoporous silica materials prepared herein exhibit certain
structural distortion; hence the considerable loss of symmetry
in certain domains. This can be clearly seen in the TEM images
of [111] and [531] incidences (Figure 2, parts ¢ and d,
respectively). Therein the arrows clearly indicate the contraction
along 211direction. As a result, the original three-fold axis
along [111] incidence (six-fold in projection) disappears and
reduces to the two-fold axis of the rectangular patterns, and the
[01—3] and [2-3—1] vectors are not perpendicular with respect
to each other in [531] incidence anymore. The proposed
explanations for this unidirectional shrinkage may be as
follows: The gyroidal mesostructure is transformed from the
2D hexagonal rudimentary form. And quite similar to previous
literature?3 the 2D hexagonal mesostructures are contracted and
can be described as a 2D-centered rectangular mesoplage (
— FEAT TR, AL FEILE - in domains. Therefore after phase transition, the gyroidal
Figure 2. TEM images of calcined gyroidal mesoporous silica (S2), along Mesostructure retains the inherited orientational distorted por-
(@) [111] and (b) [311] zone axes; insets are corresponding FDs. (c) and tions, assuming the phase transition process does not signifi-
(d) Distorted (111) and (531) projection planes. cantly disarrange the mesoscopic networks. From the TEM
analysis shown above, we can make two speculations. (a) Since
2D hexagonal mesostructure. After thg solvothermal post- the contraction direction of the membrane “precursor’ (2D
treatment (S2 and S3), XRD patterns (Figure 1) show that the pexagonal) and the post-solvothermally treated “product” (3D
diffraction peaks change dramatically in positions and intensities, cubic) should be the same, the [10] direction of the former
suggesting a mesophase transition. Combined with the TEM ¢qrresponds to the [211] direction of the latter mesostructure.
results (discussed below), we tentatively consider the possibleTnis fact further corroborates the hypothesis that there is a
space groupa-3d for the transformed mesostructure. Accord- geometric correlation between the [10] planes of the 2D
ingly, we assigned the diffraction peaks corresponding to the hexagonal and the [211] planes of the 3D gyroidal mesophase,
la-3d mesophase, i.e., 211, 321, and 332. The poorly resolved o that the cylinder axis of the 2D hexagonal phase equals the
peaks of the solvothermal-treated samples clearly resulted frombody diagonal ([111] direction) of the gyroidal cubic phase. (b)
the partially distorted mesostructured membrane “precursors™. f the mesophase transition induced by the solvothermal post-
Combined with previous literatufé? the 211 reflections of  yreatment was applied to prepare double gyroidal mesoporous
samples S2 and S3 (calcined and microwave-digested silicagjjica thin films deposited on a substrate (e.g., silicon wafer),
materials after the solvothermal post-treatment, respectively) the channel networks of the gyroidal mesostructured thin films
may evolve from the 10 reflection of S1, due to a possible \oylg orient with one [111] axis parallel along the substrate.
geometrical correlation between those two planes. Meanwhile, Accordingly, the top surface of the thin films would correspond
the da1; spacing of S3 is 9.74 nm, larger than that of S2 (8.10 g the penetrable (211) mesoscopic planes.
nm), clearly suggesting that the calcination causes much greater Another type of structural distortion may also be directly
structural shrinkage than the microwave digestion upon the originated from the imperfection of the 2D silica membrane
removal of organic templ'atéé.'l'hedznspacing ‘?f Szisa Iittlg “precursors”. Different from distortion caused by the uniaxial
smaller than thek, spacing of S1 (8.64 nm), in accord with shrinkage in the direction normal to the substrate, it is generated

prewok;J sin s(;tu r)]( RDMrg'fAu'ﬁaWhere a ?ecrezse ﬁéﬁaggTh parallel with the substrate. Because of the inevitably curved
was observed when ~41 was transformed to ~29. TN€ nature of the channel direction of the 2D hexagonal don#ins,

cell parameterg, is calculated to be 9.98, 19.8, and 23.9 nm the (111) planes of transformed gyroidal mesostructure may

for_rsl,zal\;lnples S1, EZ’ a:d ShS, resgectwelzy. q d wi hactually pack tortuously along the curved [111] direction, hence
images show that the products S2 and S3 prepared wit inducing the distortion of other related planes. Moreover, some

current solvothermal post-treatment have ordered mesostrut?-severe structural mismatch or dislocation (only a very small

tures. The (_)rdgre(_j domains can be extended to several ml'fraction) may hinder the successful structural transformation.
crometers, indicating that solvothermal treatment does not Figure 3 shows the TEM image of mesoporous silica product
deteriorate the structural regularity of the mesostructured (S2) viewed along [531] incidence, in which incomplete
mEmbrgnﬁsifllguredZ,gflrts.a%nd b, shows TE.M Ilm?a?fg(sj of Sztransforma’tion can be observed. The branched and curved
taken with [111] and [311] incidences, respectively, paintbrush-like channelof the 2D hexagonal mesophase are

space group, with cell parameter of 19.6 nm that is in preserved since its channel axis is highly distorted (see the dotted
agreement with the value calculated from XRD patterns. From

-~y

contraction

the Fourier diffractograms (FD) (see figures for detailed
indexations), the space group (in domains) is uniquely deter-

(24) (a) Landry, C. C.; Tolbert, S. H.; Gallis, K. W.; Monnier, A.; Stucky, G.
D.; Norby, P.; Hanson, J. @hem. Mater2001, 13, 1600. (b) Gallis, K.
W.; Landry, C. C.Chem. Mater1997, 9, 2035.
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arrow), which inhibits the phase transition. All the structural
imperfection analyzed above should be responsible for the less
resolved Bragg diffraction peaks in XRD patterns. It should also

(25) Zhou, W.; Ma, X. C.; Yuan, Z.Y.; Wang, E. Gurf. Interface Anal2001,
32, 236.
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the hexagonal phase is equivalent to the body diagonal (paral-
leled to the (211) plane) of the gyroidal cubic ph&&eSEach
channel is labeled as A, B, or C. For the 2D hexagonal
mesostructure, the channels A, B, and C are equal with respect
to each other and align side by side (the interdistance is the
cell parameterg, of the 2D hexagonal phase). An intermediate
state (Scheme 1b) caused by the thermal-induced framework
rearrangement, assumes that channel B begins contacting
channel A and C at equidistant sites (note the adjacent A and
C channels are always separate). A final form, i.e., 3D
bicontinuous cubic mesostructure, is achieved by uniformly
dividing channel B and merging totally with channels A and C
at the contacting sites, accompanying the curvature change. The
bicontinuous channels (A and C) are aligned along thel[D
direction, and the single channel is extended along thel{i
1] direction. An interval of Bp-11) is calculated between
adjacent equal (A or C) channels on this projection plane. It
should be noted that the same channels (A or C) connect as a
Figure 3. TEM image of calcined gyroidal mesoporous silica (S2), (a) whole at perIQdIC pOSIII.OnS. abo.ve and beneath this hYpOthetlc
viewed from [531] direction, (b) its FD picture, (c) and TEM simulation. plane, producing gigantic bicontinuous networks. The simulated
The (531) projection ofa-3d cubic reciprocal cell is superimposed on the ~ perspective model of interwoven channels (Scheme 1d) gives
FD picture. The dashed arrows in (a) and (b) show the alignmeifiodf] a further 3D insight into the planar structures shown in Scheme
vectors for 2D hexagonal and the [21] vectors for 3D cubic mesophases. 1c and analyzed above. The double channels are marked by
light green and pink, respectively. At the A or C sites and
parallel with the [1-1—1] axis (namely, the body diagonal
direction, not shown here), only a light green channel or pink
channel is observed, indicating the extension of a single
continuous channel along this direction, whereas at B sites and
along the same direction, pink and light green channels appear
alternately and link with adjacent channels (A or C).

The phase transition froémmto la-3d has been success-

be noted that, as seen in Figure 3, the mutual alignment of
channel direction of 2D hexagonal and f1]; (c is denoted

as cubic mesophases) is perfect. The vector-fli is not
parallel to (531) plane; it is tilted, and channel direction of 2D
hexagonal is also tilted from the corresponding plane, as shown
in Figure 3b. The correlation between the paintbrush-like
channel direction andl11{ further confirms that the cylinder

xis of the hexagonal ph ransform h iagonal ) -
axis o the hexago a phase transforms to the body diago afully investigated for the MCM-41/MCM-48 systerd$,and
direction of the gyroidal phase. : . .
This novel method can be extended to the preparation of c)therproper alkaline conditions as well as surfactant concentration
. : . brep should be considered. In that case, the inorganic region of the
silica-based mesoporous materials with gyroidal structures (see . - .
mesostructure is sufficiently unpolymerized that surfactant-

defails in the Supporting Information). For example, metal packing considerations controlling rearrangements in the organic

(bri]::)(;]rrlrt]iizacl))uIsogusbgzor%iicfsgf:u:;I-irclé/z;n\/\t/),eEikr)ﬁ i:\aﬂxﬂ, Br,eet;r.()a d region of the mesostructrue can be used to manipulate the
P y prep ultimate pore geometries. Previous work has proved futile to

:())/n(ftgi-r?; nd\i:;ﬁf& 8: Qigsh:t“etrozltlg?r)gdgjri%r n;?;icfglﬁgxgg prepare MCM-48-related materials via phase transition under
9 9 9 ’ an acidic condition, probably due to the irreversible siliceous

by solvothermal treatment and direct calcination. XRD patterns . . . - o
. . hydrolysis/condensation nature therein (acidic condition). Then,
and TEM images show the metal (nonmetal) ions doped . . .
why are our large-pore bicontinuous mesoporous materials

mg:gg&%‘gr:'l::%ammaa:ggist:?x:t oc:?ersrde tgﬁizgt'nmueos%s g:]obljgsuccessfully prepared via the phase transition from 2D hexagonal
materials. The do inp ratio [metal (nomgtal)/Si molar ratig] can structure under acidic conditions and why not using as-made
) 10pIng re . highly ordered SBA-15 powder as the starting “precursors”?
reach to 1/8 while keeping the regularity of the mesostructures. Peak ianed t02@—90 2 3 (—99.57 d
Hybrid organo-functionalized ordered cubia-3d) mesoporous o iz;()s;;sg&gne O% I. T)pg])t (_ h d ?P%mKA :g
silica materials can also be synthesized by solvothermal post- ( 78 ppm) can be clearly distinguishe n
NMR spectrum of product S5 (as-made silica membrane

i i RSi RSi(OM .g., R=
treatment, using various RSI(OEr RSI(OMe} (e.g., prepared by EISA and usirigl23 as a template) (see Supporting

3-aminopropyl, 2-mercaptopropyl, 3-chloropropyl, etc.) as the . - ) M
dopants and employing tetrahydrofuran to extract the organic Inf_ormatlon). _Slnce the Qand & S|g_nals are |nd|cat|ye of the
existence of incompletely polymerized silica species and the

templates. The RSi(OEtpr RSi(OMe} can be mixed up to - L
5% (molar ratio), and the structural regularities determined by calculated (Q + QIQ! ratio of the as-ma_de hybrid silica
XRD patterns only slightly deteriorate with the increase of the membrane S5 is 2.43 (the value of the_ palcmed me.mbfa”e S1
doping ratio. is arounq Q..Zl), very low degree of silica polymerization or
We sketch a simplified schematic diagram to help visualize good flexibility of the frameworks can be concluded. In contrast,
the as-made SBA-15 powder, prepared under hydrothermal

the poss!ble §tructural c_orrelatlon between the 2[.) hexagonal condition at 40°C and without further high-temperature heating
and 3D bicontinuous cubic mesostructures. The rudimentary and . .
treatment, shows relatively weake? @nd @ signals, and the

final channel structures viewed from [}@nd [211} directions
are shown in Scheme 1, parts a and c, respectively, considering, s .y rancon, v.: Charvolin, 3. Phys. Chem198§ 92, 2646. (b) Clerc,
the fact that the cylinder axis (paralleled to the (10) plane) of M.; Levelut, A. M.; Sadoc, J. FJ. Phys. 111991 1, 1263.
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Scheme 1. Possible Phase Transition Model from p6mm to la-3d?
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a (A) (100) Plane of 2D hexagonal phase, (B) an intermediate phase, (C) (211) plane of cubic gyroidal phase, and (D) 3D model of double gyroidal

channel structures.

that of as-made SBA-15 powders (ca. 45 wt %). Combined with

the fact that the current hybrid membrane S5 and SBA-15
powders are all templated by block copolymer Pluromi@3

and the copolymer/TEOS ratios (mass ratio, 1:2.08) are equal
in both mother solutions, we conclude that only part of block

copolymers patrticipate in the self-assembly synthesis of SBA-

100 g
90 319

804

70 3) 366

200 400 60C 8CO

Weight loss (%)

604 Temperature (°C) 15 powder while nearly 100% participate in the membrané’S5.
50| o5 membrane/v e It has long bee_n accept_ed that MCM-4E_3-reIateo_l materials were
always synthesized at higher concentrations of single mesoscopic
407 structure-directing agent than for MCM-41. In the current case,
30 . . ; the membrane “precursors” contain more block copolymers

200 400 600 800 whose mesophase may undergo curvature change more readily
Temperature ('C) upon heating and, hence, the easier phase transition to form
Figure 4. TGA_e_md DTG (inset) curves of as-made SBA-15 powder (S4) gyroidal mesostructure.
and as-made silica membrane (S5). .

Furthermore, we observe that in the temperature range of
value of (& + Q%)/Q* ratio is 1.24. Therefore, it is apparent 130-230 °C, the as-made membrane sample (S5) shows
that it is easier for as-made silica membranes prepared fromnoticeable weight loss (see arrow 1), which is partially due to
EISA to undergo structural rearrangement than for the SBA-15 the condensation process of the unpolymerized silica species,
powder, though both of them are templated by triblock corroborating the MAS NMR results that the as-made silica
copolymer Pluronic P123. This is unambiguously because of membrane has a low degree of framework cross-linkage. More
the nearly “nonagqueous” solvent (ethanol) used for the prepara-importantly, the onset temperature (see arrow 2) for the
tion of hybrid silica membrane, whose inert nature impedes the decomposition of the organic templates in the membrane sample
silica condensation. lags behind that in the SBA-15 powder sample by nearly 80

Thermogravimetric analysis (Figure 4) clearly shows that the °C, suggesting that the block copolymers are loosely packed
content of the organic specie®123) of the hybrid silica . :
membranes (such as S5) is around 61wt % (having sublracted) Assuming i IEOS ae wansiormed o sind i oz oP1as, e
the weight loss caused by absorbed water), much higher than  should be 1/(} 0.6) = 62.5%.
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Figure 5. Small-angle XRD patterns (a) and TEM images (b and c) ofdz@nd InOs replicas templated by microwave-digested gyroidal mesoporous
silica (sample S3).

(b) © @ transition because of the much reduced mobility of the organic

' templates. Previously documented phase transitions from 2D
hexagonal to 3D bicontinuous cubic all consider the simple
cationic surfactants, whose headgroups never penetrate into the
inorganic walls.

It has been established that the micropores of mesoporous
materials are partially caused by the inserted PEO corona in
the as-made product®.N, sorption data (see Supporting
Information) show that the calcined 2D hexagonal membrane
(S1) has very low micropore volum& ;) and micropore area
(Swi), which further suggests the conclusion that nearly no PEO
segments penetrate into the silica walls. MigHS/V, value
(S, mesopore ared/p, mesopore volume; they are replaced by
Sset and V; herein) of S1 is calculated to be 4.3%further
Figure 6. Fourier diffractograms (top), fragments of TEM images (middle) suggesting that the nonmicroporous nature and the perfect
and TEM image simulations (bottom) of the mesostructured replicas (a) tubular channels of the calcined mesoporous silica wereprepared

In20z along the [111], (b) CgD4 along the [210], (c) 10z along the [311], via the EISA process. The micropores are also negligible in
and (d) CgOs along the [531] directions. Scale bar is 50 nm. S2, a calcined gyroidal mesoporous silica

(air may access the channels more easily) for SBA-15 powder. N Sum, the good flexibility of the silica framework makes

However, the decomposition rate B123 for the membrane is ~ Possible the acidic phase transformation from 2D hexagonal to
much greater than that for the SBA-15 powder, as can be seen3D bicontinuous cubic; this good flexibility (or low degree of

in the differential thermogravimetric (DTG) curves in the inset  Silica condensation), high content and tight packing of organic
of Figure 4, and a relatively larger tail during the whole amphiphilic molecules, and great mobility of organic templates
decomposition process of the SBA-15 powder can be observed
(arrow 3). The above facts may be suggestive of the degree of(28) %)ef“(’é; IF\Q/I)./;0 garsr_\iﬁ% l\é.;HKg)eru.kHi\;/I RX%%&?Q&'E ve}t?;fé)rggclih
insertion of PEO moieties within the silica walls, and it may Phys. Chem. B00Q 104, 11465. (c) Ravikovitch, P. I.: Neimark, A. \J.

iati i Phys. Chem. B001 105 6817. (d) Imperor-Clerc, M.; Davidson, P.;
pe conclluded tr_lat there are much fewer PEO moieties .|nserted Davidson. A-J. Am. Chem. So2000 122 11925, (e) Galarmeatr A.
into the inorganic matrix for the as-made membrangesdiption Cambon, H.; Di Renzo, F.; Fajula, Eangmuir2001, 17, 8328. (f) Joo, S.
R B H.; Ryoo, R.; Kruk, M.; Jaroniec, MJ. Phys. Chem. B002 106, 4640.
_measm_Jrements further suppor_t this con(_:lu3|on (see below). The (g Galarneau, A.: Cambon, N.. Di Renzo, F.. Ryoo, R.; Choi. M.. Fajula,
inclusion of PEO segments is deleterious to the mesophase  F.New J. Chem2003 27, 73.
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b B=[011]
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c B=[011]
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Figure 7. TEM images (a, d, and e) and corresponding SAEDs (b, ¢ and insets in d and eDegféplica, viewed from [111] (a) and [311] (d and e)
mesoscopic directions. (a and e) Sample 12; (d) sample 11.

may also explain why current as-made silica membranes canvery slowly, and several days of solvothermal treatment are
undergo structure rearrangement while as-made SBA-15 powderrequired to match that obtained by grl h of hydrothermal
may not. treatment. Therefore, we believe that the solvothermal treatment
The employment of hexane (results show that other medium has well-controlled thermodynamic and kinetic behaviors, i.e.,
or long-chain alkanes also work, e.g., heptane, octane, paraffin)separate the competing stages of phase transition and structure
instead of water as the heating media plays a decisive role infreezing apart, which pave the successful synthesis of large-
the formation of gyroid cubic mesophase. Different from water pore gyroidal mesoporous materials under acidic condition.
that can greatly facilitate the hydrolysis and condensation of 2 Mesorelief Metal Oxides.Until now, nonsiliceous me-
siliceous species and improve the regularity of 2D hexagonal sostructured materials were usually prepared by the supramo-
mesostrutures, hexane is more inert as to the reaction withjecylar templating strategy, the same as in the case of silica.
inorganic siliceous species; therefore, it may basically transfer jowever, this “general” method has many restrictions that
energy to trigger the mesophase transition at the early stagejmpede some future applicatiof®2°An alternative approach
Upon being heated (80C), the hydrophobicity of the am-  aqdressing the above problems is developing, i.e., employ
phiphiles increases, resulting in the increased assembly paramygered hard mesoporous templates to mold the “negative”
eter of the surfactafftor decreased interface curvature, which 5rdered mesorelief objects. Here, the prepared 3D double
leads to the phase transition from 2D hexagomsih(m) to gyroidal mesoporous silica can further serve as the hard
bicontinuous cubic@-3d). Preliminary XRD data (see Sup-  templates for the preparation of various mesorelief metal oxide
porting Information) show that phase transition occurs just in materials. Compared with calcined bicontinuous cubic meso-
the first half hour of solvothermal treatment. However, the or0us silica materials (S2), microwave-digested mesoporous
framework rigidity, indicated by°Si NMR spectra, increases  sjjica sample (S3) exhibits higher surface area and silanol

(29) Namelyg, g = vllao, wherev is the hydrophobic chain volumé,is the _pOpUIatlon' larger _pore Size i_ind pore volume, and more
chain length, andy is the effective optimal surface. importantly, the existence of micro/(meso)pore connectfons

872 J. AM. CHEM. SOC. = VOL. 126, NO. 3, 2004



Gyroidal Mesoporous and Mesorelief Oxides ARTICLES

structural defects of metal oxide replicas and further copies the
structural details (especially the self-supporting connections
derived from the micro- or mesotunnels on the mesopore walls)
of the silica molds. The wide-angle XRD patterns of these metal
oxide replicas exhibit broadened Bragg diffraction peaks (see
Supporting Information), suggesting that these metal oxides are
readily crystallized within the confined nanospace. Th#n
B and Ca0O4 mesorelief materials are evidenced as body-centered
cubic @ = 10.118 A la-3, JCPDS: 06 416) and face-centered
cubic @ = 8.084 A, Fd-3m, JCPDS: 421 467) phases. The
relative intensities of various peaks match well with the bulk
metal oxides, suggesting the isotropic crystallization nature of
the replicas. The average thickness of a single strand of gyroidal
B=[001} crystals is calculated by the Scherrer equation to be 2.8M05
Y (e) and 13.3+ 0.05 nm for InO; (I2) and Ca04 (Cy), respectively.
e Y Figure 5, parts b and c, shows the typical TEM images of
e Co0304 and InpO;3 replicas. Long-range ordering (extended to
several micrometers) can be observed, suggesting the efficient
infiltration of metal oxide precursors, which is in accord with
the SEM results that the particle size is larger than 500 nm on
average. EDX data confirm the nearly complete removal of silica
from the replicas, hence, the self-supported nature of the gyroidal
metal oxide crystals. The ease of “guest” materials replication
clearly results from the unique 3D open channels of the “host”
; _ _ : materials and the microwave digestion treatment used herein.
Figure 8. TEM images, SAEDs, and FDs of g0, mesorelief materials A single (_jouble_gyroidal mesostructured silica particle has
(C2). abundant isotropic pore entrances but only two channels, hence
very high probability of importing “guest” materials in one
between the double gyroidal channels (see Table 1 of the continuous channel. Microwave digestion treatment, as previ-
Supporting Information). Therefore, we chose the digested ously suggested, optimizes this process by enhancing the-*host
materials (S3) as the sacrificial “molds” and employed simple guest interaction” (by preserving the dense silanol groups whose
impregnation and thermolysis procedures to prepare the “nega-hydrophilic nature helps to attract hydrated metal nitrates) by
tive” ordered mesorelief metal oxides. increasing the accommodating capacity (by enlarging the pore
Figure 5a shows the small-angle XRD patterns foe@o size, pore volume, etc.) and by generating framework “joints
and InOs gyroidal porous crystals prepared by using mesopo- and bolsters” (by creating micro- and mesopore connections).
rous silica (S3) as a template after the removal of silica  Characteristic TEM images of the inverse metal oxide
frameworks. C1 and 11 were prepared with less hydrated metal materials (Figure 6) are shown in comparison with respective
nitrate precursors while C2 and 12 were prepared with more. TEM simulations. The images correspond well with the model
Accordingly, C1 and 11 exhibit two broad Bragg diffraction  of a self-supported bicontinuous framework material replicating
peaks at 2 values below 1, which can be indexed to 110 and  the pore system of cubic mesoporous template wéti8d
211, respectively. However, C2 and 12 show basically one symmetry. The FDs of the TEM images indicate long-range
diffraction peak, roughly indexed to the 211 diffraction. It is mesostructure ordering, though the angles (Figure 6¢) between
known that the extinction of 110 corresponds to the dominance the diffraction vectors deviate noticeably from those expected
of undisplaced double gyroidal frameworks (space group, for cubic symmetry. The latter evidences a distortion of the
la-3d), while its appearance is suggestive of the existence mesostructure lattice, which, in turn, explains the poor resolution
of a large fraction of displaced or uncoupled subframeworks of the low-angle X-ray powder diffractograms of the materials
(space group)4;32 or lower)/e17a22aTherefore, it may be  (Figure 5a). The framework distortion of replicated metal oxides
concluded that the ratio of undisplaced/(displagedncoupled)  very likely results from the distorted “molds” as detailed above.
enantiomeric gyroidal (sub)frameworks can be tuned just by  Three typical domains, undisplaced frameworks (UD), dis-

chanlging the infiltr:ation. ?mount of metal nirt]ra'Fe precurs%rs. The placed frameworks (DP), and uncoupled subframework (UC)
results suggest that within a certain synthetic range, the morec,p, pe clearly observed for incompletely replicated samples (11

inorganic precursors used, the more efficient and faithful the C1). TEM images of three type of domains, simulations of
replication procedures. The second step impregnation not only ;p anq DP, and the model of UC are shown in Figure 6 of the

increases the total filling amount, but also helps mend the g,hnorting Information. The structure of the oxide frameworks

- ) ! ) formed within the pores of the silica templates may be
(30) We propose a possible explanation for the existence of micro/(meso) . . . .
pores: microwave digestion (MWD) is unique in that a strong acidic considered as built of conjugate trefoil fragments formed by

(HNO) and oxidative (HO, + HNO;) system is used. The MWD is carried g ghly cylindrical segments. It should be noted again that the
out under high pressure (above 10 atm) and microwave irradiation. . ° .

Therefore, the siliceous framework may undergo local structural evolution, triblock copolymers will render the micropores and mesopores
e.g., rehydrolysis and recondensation, and the micropores and/or mesopore ; il i ihili
can form and locate within the mesopore walls during this short digestion %pnnkled onto the silica mesopore walls, paving the possibility
period (within 10 min). of faithful structural transcription upon the mold removal.

<100>3

B2=[531]
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Figure 9. TEM image (a), SAED (inset of a), HRTEM image (b, circular domain of a), and FD (inset of b),0f iImesorelief material (11).

Therefore, UDs can be transcribed from the triblock copolymer- access to the channel connections (within the silica walls) is
templated double gyroidal mesoporous materials, which is in very challenging and they are unable to further mend the
contrast to CMK-162As to DP and UC domains, it is obviously  structural imperfections. Therefore, the undisplaced frameworks
caused by the immature structural transcription due to the lack usually show higher degree of single crystallinity (Figure 7a,
of inorganic “nutrients”. And accordingly, two subframeworks circular domain and Figure 7e), and the contrary for the
displace with respect to each other (DP), or just remain single displaced (Figure 7d) or uncoupled domains (the rectangular
(UC), after the silica molds were etched away. TEM images of domain of Figure 7a and the margin of Figure 7d).
sample I1 show large UC domains and corroborate well the The correlation of double scale orderings of the replicated
XRD curve (C) shown in Figure 5a; therein 110 diffraction is metal oxide porous crystals can be clarified by (HR)TEM,
evident. The mean diameter of the cylindrical oxide framework SAED (camera length, 20 cm), and FDs, as shown in Figures
segments is 8 nm, which was estimated by analyzing the TEM 8 and 9. The SAED (Figure 8b) of the corresponding@o
image fragments showing individual uncoupled subframeworks. replica (sample C2, TEM image shown in Figure 8a) shows
For proper averaging, the inverse Fourier transform mask the single crystalline nature of the gyroidal metal oxide
filtering is applied to the measured image fragments. TEM frameworks. Furthermore, it can be derived that the electron
images of the samples 12 and C2 prepared with more inorganicincident beam is along the [001] atomic zone axis of the cubic
precursors show a much larger fraction of UD domains, further CosO4 crystals. The relevaril 007 (the subscript 1 and 2 denote
suggesting the possibility of framework “engineering”. the atomic and mesoscopic scales, respectively.) crystallographic
The single crystallinities of the gyroidal metal oxides are direction is shown as a white arrow in Figure 8a, compared
further characterized by selected area electron diffraction with the (1003 mesoscopic direction calculated from the FD
(SAED) patterns. Figure 7a shows the TEM image of a small (Figure 8c) of the same TEM image. This mismatch suggests
fragment of InO; replica (sample 12), which is viewed from that the idea of the most possible double scale correldfi®g4
[111] zone axis. The square and circular domains are indicative parallel with [1003, is untenable. But it still cannot exclude
of single uncoupled subframework and coupled frameworks, the possibility of other structural correlations since [QOi&]
and their SAED patterns shown in Figure 7b,c can be indexed right paralleled with [012] direction at the current projection.
to [011] incidence of cubic kD3, but clearly the square domain  Figure 8d shows the (531) mesoscopic projection plane of
exhibits much poorer single crystallinity. This fact suggests that gyroidal structure, and its SAED (Figure 8e) can be also
incomplete infiltration may give rise to incoherent crystallites assumed as (001) plane of £0n crystal. Considering the beam
formation and, hence, a poor-resolved SAED pattern. This directions in Figure 8, parts b, c, e, and f, and the factZhHi]
tentative idea is further confirmed by the images shown in Figure is not parallel or perpendicular t631[] we are safe to say that
7, parts d and e, which correspond to the displaced andthere is no structural correlation between the mesoscopic and
undisplaced (311) mesoscopic projections of 11 and 12, respec-the atomic orderings. TEM/SAED and HRTEM/FD of,®g
tively. The SAED pattern of 11 (Figure 7d, inset) is hard to replica (sample 11) after removing the silica template are shown
index while that of 12 (Figure 7e, inset) can be well indexed to in Figure 9, parts a and b, respectively. Combined with the
be the [012] incidence of W3 crystals. Therefore, it can be  HRTEM ((200) and (220) lattice spacings) and FD, the SAED
concluded that the single crystallinity of the gyroidal metal oxide projection can be indexed to H&.10} crystallographic plane
replica particles greatly depends on the amount of the inorganic (note, for comparison purpose, that we assume the beam
precursors used for the following two reasons. First, insufficient direction is [01-1]). The correspondin@L003 and the nearest
precursors tend to deplete more readily upon thermolysis, hence[1003 directions shown in Figure 9a do not parallel with each
leaving a large fraction of vacancies within the silica channels, other, either. This fact also suggests the mismatch of the most
which is disadvantageous for the formation of large single possible correlated double scale orientations. Combined with
crystals. Second, insufficient precursors are limited to produce other detailed characterizations, the double scale orders of the
undisplaced frameworks (self-supported frameworks) since their In,O3 replica are not commensurate with each other, either. We
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tentatively propose the following possible explanations for the Conclusions

noncorrelation behavior between these two scales. First, both

Co04 and IOz are crystallographically isotropic (face-centered  Ordered large-pore double gyroidéd-@3d) mesoporous silica-

cubic or body-centered cubic). This nature facilitates the “guest” pased materials have been effectively synthesized utilizing a

replication, especially of the structural details, probably due t0 new post-solvothermal procedure. The low polymerization of

the kinetic equality of crystal growth (filling and mending). jnorganic framework, relatively high content, and flexible nature

Unfortunately, th(_a |_sotrop|c pr_o_pertles also make_ the crystal of organic matrix are the preconditions of mesophase transition

growth random within the specific mesopore domains. Second,from 2D hexagonal to 3D bicontinuous cubic, which is later

the framework of the silica “host” is highly curved, i.e., there . . o .
triggered by the nonaqueous heating media. A phase transition

is no straight orientations. Moreover, the “host” is also structural del i q ad h | lution f h
isotropic (3D cubic) compared with the 2D hexagonal mesos- mo. €l IS propose tlo address the structural evo u.tlon. rom the
rudimentary to the final forms, and the mesoscopic distortions

tructure. Therefore, the directional and dimensional restrictions ) ; S
exerted by the “host” seems meaningless, which leads toa&ré discussed in detail. Micrometer-scaled nanoporous metal

nonpreferential growth of oxide crystals. Third, there is no Oxide crystals, such as @, InzOs, Cr203, NiO, F&O3, Mn,Oy,
special structural matching at the interface between the “host” CeQ;, and WQ etc., are for the first time generally transcribed
and “guest” materials, that is, the amorphous silica cannot guidefrom the titled mesoporous silica via simple impregnation and
the nucleation and epitaxial growth of the metal oxide crystals. thermolysis procedures. Their single crystallinities depend highly
Finally, the silica “mold” is distorted in domains, dampening on the amount of precursors used. The metal oxide crystals show

the possibility of consistent transcriptions. double scale orderings, but no specific orientations have been
The optical properties of nanostructured metal oxide porous observed. The hierarchically ordered single crystalline metal
crystals are further characterized by BBRS and room-  oxides are important both for the systematic fundamental study

temperature photoluminescence (PL) spectroscopy (see Supof structure-property relations and for their technological

porting Information). UV-DRS spectra of the mesorelief,Ds romise in applications such as catalysis, sensor arrays, battery
sample |1 show a strong absorption peak centered at arountgnd bioactive materials, miniaturized devices, and beyond.
300 nm, which is blue-shifted by about 35 nm compared with

the bulk InO3; (sample 13), suggesting the possible quantum

confinement effect. At least two broad emission bands centered Acknowledgment. This work was supported by NSF of
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as CgOs, NiO, F&Os, MnO,, CeQ, WO;, etc., by using  yoned and 3-chloropropyl-functionalized gyroidal mesoporous

_corresp_ondlng hydrated metal nitrates or p0|yac'qs as the silica-based materials,J$orption isotherm curves, table of N
inorganic precursors. These nanostructured metal oxides gener-

ally have BET surface areas above 70gnpore volumes above sorption data, NMR spectra of hybrid materials, scheme of 2D
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