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Abstract: Highly ordered mesoporous carbons and silicas with ultralarge accessible pores have been
successfully synthesized by using laboratory-made poly(ethylene oxide)-b-polystyrene (PEO-b-PS) diblock
copolymers as templates via the evaporation-induced self-assembly (EISA) approach. Resols and tetraethyl
orthosilicate (TEOS) serve as carbon and silica precursors, respectively. Small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM) measurements show that the mesoporous carbons (denoted
as C-FDU-18) possess face centered cubic closed-packing (fcc) mesostructure (Fm3m) with large-domain
ordering. N. sorption isotherms reveal a large mesopore at the mean value of 22.6 nm with a narrow
pore-size distribution. Mesoporous silicas (Si-FDU-18) also display a highly ordered fcc closed-packing
mesostructure with an ultralarge unit cell (a = 54.6 nm). A hydrothermal recrystallization was introduced
for the first time to produce micropores in thick silica walls (~7.7 nm) and thus to generate ultralarge
accessible mesopores (30.8 nm). Notably, the amphiphilic diblock copolymer with high molecular weight
(PEO125-PS230, 29700 g mol~1) in this report was prepared via a simple method of atom transfer radical
polymerization (ATRP). It can be easily available for chemists even without any experience in polymer
synthesis.

1. Introduction SBA-153 SBA-16# FDU-5° FDU-12/ KIT-5,8 and KIT-6° The
commercially available PEO-PPO-PEO triblock copolymers
themselves have few chances to directly template ordered
mesoporous silicas with pore sizes larger than 12 nm because
of the limitation of molecular weight and compositi&r The

main strategy to expand the pores is the adding of swelling
agents, for example, 1,3,5-trimethylbenzene (TMB) and
ebutanol However, it sometimes results in disordered meso-

Ordered mesoporous materials with large pore sizes have
received much attention because of their potential applications
involved with large molecules, in adsorption, separation, nano-
device, photonic waveguide, encapsulation of proteins and
catalysist2 Great efforts are therefore focused on mesoporous
materials with large accessible pores. A variety of synthetic

strategies have been developed on the basis of poly(ethylen
g b poly(ethy structures, such as silica mesocellular foams (ME&HTo date,

oxide)-b-poly(propylene oxidep-poly(ethylene oxide) (PEO- .
PPO-PEO) triblock copolymers as templates. Many ordered 'lt'he.tla(;gtest;ccessble p orelz)sl,zlcz)e;;grieé%d mesct)poroluts silica is
large-pore mesoporous silicas were obtaifiédfor example, imited 1o 27 nm Dy using - ) as a tempiate, even
with the assistance of TMB via a low-temperature route.
T Department of Chemistry, and Shanghai Key Laboratory of Molecular Besides that, high-molecular-weight copolymers with long
Catalysis and Innovative Materials, Key Laboratory of Molecular Engineer- hydrophobic segments become promising candidates to template
ing of Polymers, Laboratory of Advanced Materials. large-pores mesoporous silicates since the pore dimensions are
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ular weight My, = 34 kg moll) to prepare mesostructured the shrinkag@’-2®8 The pore sizes of obtained mesoporous
aluminosilicate-polymer composites with ordered length scales carbons can only be enlarged to about 6 nm. Reminiscent to
up to 40 nm. However, the removal of the copolymer templates the research on mesoporous silicates, the design of high-
to generate accessible mesopores was not reported. By usingnolecular-weight copolymers is feasible for the synthesis of
high-molecular-weight polystyrengpoly(ethylene oxide) co-  large-pore mesoporous carbons.
polymer (P$15PEQi00, Myw = 27 kg mof?), Yu and co- Herein, we report a rational synthesis of highly ordered
workerg#-1¢ synthesized ordered mesoporous silicates with large mesoporous carbons and silicas with ultralarge accessible pores
cell parameters. Unfortunately, the mesopores were isolatedby using laboratory-made poly(ethylene oxidepolystyrene
owing to the spherical packing of templates and the gradual (PEOh-PS) diblock copolymers as templates via the evapora-
retraction of PEO segments during the formation oftPBEO/ tion-induced self-assembly (EISA) approach. Resols and tetra-
silica mesostructures. The large pores could not be opened, angthyl orthosilicate (TEOS) serve as carbon and silica precursors,
no specific BET surface area could be detected bgdiption respectively. Small-angle X-ray scattering (SAXS) and trans-
isotherms. A strategy to get large accessible pores is much inmission electron microscopy (TEM) measurements show that
demand. the mesoporous carbons (denoted as C-FDU-18) possess face
In recent years, ordered mesoporous carbons have attractegentered cubic closed-packinfgg) mesostructureqm3m) with
increasing interests because of their unique characters includingarge-domain ordering. Nsorption isotherms reveal a large
excellent stability, high surface areas, and so on. These featuregnesopore at the mean value of 22.6 nm with a narrow pore
make them prospective candidates as hydrogen-storage adsoisize distribution. Mesoporous silicas (Si-FDU-18) also display
bents, catalysts, electrode materials, and even hard templateg highly orderedfcc closed-packing mesostructure with ul-
for the synthesis of nanostructured materials, etc. The synthesigralarge unit cell§¢ = 54.6 nm). A hydrothermal recrystallization
of ordered mesoporous carbons was first realized from Ryoo Was introduced for the first time to produce micropores in thick
and co-worker® by using ordered mesoporous silicas as hard silica walls (~7.7 nm), and thus to generate ultralarge accessible
templates, which have greatly stimulated research interests inmesopores (30.8 nm). Notably, the amphiphilic diblock copoly-
the mesostructured material community. However, the method mer with high molecular weight (PE@-PS30, 29700 g mot)
is fussy and costly. In addition, their mesopores are originated in this report was prepared via a simple method of atom transfer
from the pore walls of silica templates. Seldom cases can tuneradical polymerization (ATRP} It can be easily available for
the wall thickness in a large range. Consequently, the pore sizeschemists even without any experience in polymer synthesis.
are rather smafi! More recently, the organieorganic self-
assembl§?26 approach has been successfully used to synthesize
ordered mesoporous carbon frameworks, similar to the inorganic 2.1. ChemicalsMonomethoxy poly(ethylene oxide) (monomethoxy-
organic assembly for mesoporous silicas. A family of carbon PEO5000), 2-bromoisobutyryl bromide ahgN,N',N’,N"’-pentameth-
mesostructures, including two-dimensional (2-D) hexagonal yldiethylenetriamine (PMDETA) were purchased from Acros Corp.
(space group op6m), 3-D bicontinuousleéd), body-centered Tetrahydrofuran (THF), pyridine, styrene, ether, CuBr, petroleum ether
cubic (m3m) and lamellar symmetries, was prepared by using (60—90°C), tetraethyl orthosilicate (TEOS), phenol, formalir_1 solutiqn
phenolic resins as a carbon source and triblock copolymers PEQ-37 Wt %), NaOH, and HCI were purchased from Shanghai Chemical
PPO-PEO as templates. However, the pore sizes of mesoporougorp' Styrene was purified by filtrating through A8 column. Al

b limited by th | | iaht | th other chemicals were used as received. Deionized water was used for
carbons are imited by the molecular weight Copolymers, the ,, experiments. The resol precursors with low-molecule-weight

same as mesoporous silicafs. Moreover, _the_ large structuraI(MW < 500) were prepared according to a procedure reported previ-
shrinkage during the pyrolysis and carbonization leads to the gygjy24

pore sizes lower than 4 n#? A triconstituent co-assembly 2.2. Preparation of PEOb-PS Diblock Copolymer. The diblock
strategy has been developed to incorporate rigid componentscopolymer was prepared by a simple ATRP method involving two steps.
such as inorganic silicates into carbon frameworks to reduce The first step was the synthesis of macroiniator PEO-Br. An amount

2. Experimental Section
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(25) Meng, Y.; Gu, D.; Zhang, F.; Shi, Y.; Cheng, L.; Feng, D.; Wu, Z.; Chen,

Z.; Wan, Y.; Stein, A.; Zhao, DChem. Mater2006 18, 4447.

(26) zZhang, F.; Meng, Y.; Gu, D.; Yan, Y.; Yu, C.; Tu, B.; Zhao, D.Am.
Chem. Soc2005 127, 13508.
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of 20.0 g of monomethoxy PEO5000 was dissolved in 60 mL of THF.
Then 40 mL of pyridine was added to obtain a homogeneous solution.
The solution was cooled in ice-water bath. To it, 3.00 g of 2-bro-
moisobutyryl bromide (13 mmol) was added dropwise under stirring
for 30 min. The resultant solution was further stirred af@®bvernight.
After cooling to room temperature, 200 mL of cold ether was added to
the solution. The white product of PEO-Br was precipitated from the
reaction solution. It was washed with cold ether and further dried in
vacuum. In the second step, 3.00 g of PEO-Br (0.53 mmol), 0.08 g of
CuBr (0.57 mmol), 0.10 g of PMDETA (0.57 mmol), and 15.0 g of
styrene (144 mmol) were added to an ampoules bottle. The bottle,
containing reactants, was fully degassed with three frepaenp—thaw
cycles and sealed under vacuum. It was subsequently immersed in a
thermostated oil bath at 1X@ under stirring to allow polymerization

of styrene. The reaction continued f® h after which the system was
cooled down to room temperature. The gel-like product was dissolved
by 50 mL of THF and filtered through AD; column to remove Cu
complex. Petroleum ether (200 mL) was poured into the solution to
precipitate PE(-PS block copolymer. The copolymer was then dried
in vacuum. The yield was 67 wt % on the basis of initial styrene amount.
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2.3. Synthesis of Mesoporous Carbons (C-FDU-18Ylesoporous on a Bruker DSX300 spectrometer (Germany) under conditions of cross
carbons were prepared through an EISA strategy by using the diblock polarization (CP) and magic-angle sample spinning (MAS). The spectra
copolymer PE(-PS as a template, THF as a solvent, resols as a carbonwere collected at room temperature with a frequency of 59.6 MHz, a
source. For a typical synthesis, 2.00 g of the resol precursor in THF recycling delay of 600 s, a radiation frequency intensity of 62.5 kHz,
solution (20 wt %, containing 0.25 g phenol and 0.15 g formaldehyde) and a reference sample o§\@s ([(CH3)sSiO]sSisO12). Raman spectra
was added to 5.0 g of THF solution of PEERS (2.0 wt %, containing were obtained with a Dilor LabRam-1B microscopic Raman spectrom-
0.10 g copolymer) with stirring to form a homogeneous solution. eter (France), using a Hé\Ne laser with an excitation wavelength of
Transparent films were obtained by pouring the solution into Petri dishes 632.8 nm. The C, H, and O contents were measured on a Vario EL IlI
to evaporate THF at room temperature for 12 h, followed by further elemental analyzer (Germany).
heating in an oven at 10@ for 24 h. The as-made product was scraped
and crushed into powders. Pyrolysis was carried out in a tubular furnace 3. Results and Discussion

under N at different temperatures (45®@00 °C) for 3 h. The heating 3.1. Synthesis of PECh-PS Diblock Copolymer. The

rate was °C/min below 450°C and 5°C/min above 600C. Samples . . .
pyrolyzed at 450, 800, and 90T correspond to the products of ~ SYNthetic procedure of PEBPS M2) simply involves two

C-FDU-18-450, C-FDU-18-800 and C-FDU-18-900, respectively.  Steps, thatis, the preparation of macroinitiatdd( by reacting

2.4. Synthesis of Mesoporous Silica (SiDU-18). Mesoporous monomethoxy PEO (5000) with 2-bromoisobutyrl bromide, and
silicas were also prepared through an EISA strategy in THF by using the polymerization of styrene (Figure 1A). The successful
PEObH-PS copolymer as a template and TEOS as a silica precursor. preparation of PEO-Br and PE®PS was verified by FT-IR
Besides subsequent direct calcination, a hydrothermal treatment wasspectra (Supporting Information, SI, Figure S1) ahdNMR
adopted before it. In a typical synthesis procedure, 1.00 g of TEOS spectra (Figure 1B). The signals around 3.60 and 2.45 ppm of
and 0.30 g of 0.1 M HCl solution were added to 5.00 g of THF solution M1 are attributed to EO units and -Gtom 2-bromoisobutyrl
of PEOD-PS (2.0 wt %, containing 0.10 g copolymer) with stirring — promide, respectively. In addition, the signals at 2063 and
fqr 30 min to form a homogeneous solution. It was poured into Petri g og_7 9o ppm for diblock copolymer PEB-PS (M2) are
Gshes o eveporc 1t oo enperate o 46T 19 <Tyse  he syrene . The M vluestat and vz

' calculated from'H NMR data are about 5700 and 29700 g

were transferred into an autoclave containing 30 mL HCI solution (1.0 1 . .. -
M) and hydrothermally heated at 160G for 3 days. The product (Si- mol~1, respectively. Therefore, the composition of this diblock

FDU-18-H) was washed with water, dried at room temperature, and COPOlymer can be approximately formulated as RE® S0
calcined in air at 600C for 6 h toproduce Si-FDU-18-HC with white ~ Gel permeation chromatography (GPC) (Figure 1C) shows a
color. It is noted that plentiful air or a longer calcination time was polydispersity index (PDI) of 1.17, indicating a narrow molec-
required, otherwise, the calcined sample with a little yellow tint would ular-weight distribution. The TGA (Figure S2) of PE®&PS
be obtained. The sample Si-FDU-18-C was obtained by direct calcina- diblock copolymer shows a weight loss of about 97 wt % in
tion of as-made Si-FDU-18 in air at 60C for 6 h. Both of the above the temperature range of 310 to 48D under N and 98 wt %
calcinations were conducted in a furnace with a heating rate of 3 250-350 °C under air. It implies that the template can be
1 OZC/ mgh o . . easily removed by pyrolysis both in,Nand air.

.5. Characterization and Measurements:H NMR spectra were _ _
recorded at 28C on a DMX 500-MHz spectrometer (Bruker, Germany) 18?.'%itl)_lizgkeczgro?y?nrs:e;eg @l\‘/ls- fgzzf{:lij:sglirbt;gr;i flsla:ltDelrJor

with tetramethylsilane as an internal standard and G€k solvent. h | owi he hiah | | iaht of th
GPC was performed on an Agilent 1100 gel permeation chromatog- ethanol owing to the high molecular weight of the PS segment.

rapher with refractive index detector and bVis detector (wavelength 1 herefore, the EISA approach in THF was employed to
190-950 nm) by the use of THF as an eluent (1.0 mL/min). GPC was Synthesize mesoporous carbon and silica FDU-18. As-made
calibrated with monodispersed polystyrene standards. Fourier-transformC-FDU-18 displays poor SAXS pattern (Figure 2A), which is
infrared (FTIR) spectra were collected on a Nicolet Fourier spectro- probably caused by the low contrast between REES template
photometer using KBr pellets. Thermogravimetric analysis (TGA) was and phenolic resin frameworks. After pyrolysis at #&Dunder
carried out using a Mettler Toledo TGA-SDTAB851 analyzer (Switzer- N, atmosphere, the SAXS pattern becomes well-resolved. Four
land) from 25 to 600C (or 900°C) under nitrogen or air with a heating scattering peaks witi-values of 0.206, 0.398, 0.476, 0.710,
rate of 5°C/min. SAXS measurements were taken on a Nanostar U 0.981, and 1.21 nm are clearly observed. These peaks can be
f;‘jfgt}iggéjoxlj\";‘y;ganfg'“ghséieg‘ci(fr“\f;[;e‘;’evrv’;‘;”g;z'g?e‘j“bK exactly indexed to the 111, 311, 400, 440, 644 (or 820), and

) ' pacing Y 862 reflections of highly orderettc mesostructure with the

the formulad = 27/q. The wall thickness was calculated frov = _ :
V/2al2 — D, wherea represents the cell parameter abds the pore space group oFm3m. The cell parameterg] is calculated to

diameter calculated from the ;Nsorption measurement. Nitrogen D€ 52.8 nm, indicating an ultralarge unit. After calcination at
sorption isotherms were measured at 77 K with a Micromeritics Tristar 800°C, the well-resolved SAXS pattern is retained, suggesting
3000 analyzer. Before measurements, the samples were degassed intat the highly ordered mesostructure is thermally stable. The
vacuum at 200C for at least 6 h. The BrunaueEmmett-Teller (BET) cell parameter is as large as 46.4 nm, reflecting 12% shrinkage
method was utilized to calculate the specific surface areas. By using of the framework. Further increasing the heating temperature
the Broekoff-de Boer (BdB) sphere modélthe pore volumes and {5 900°C does not destroy the mesostructure. The ordéred
pore size distributions were derived from the adsorption branches of \asostructure with a cell parameter of 45.0 nm can also be

isotherms, and the total pore volumes) (were estimated f_rom _the observed, and the framework shrinkage is minor (3.0%),
adsorbed amount at a relative pressiefie, of 0.992. The calibration . .
suggesting a stable and rigid carbon framework.

curve was obtained by using the carbon black (part no. 004-16833-00) ) . . :
as a reference material and nitrogen as an adsorption gas. TEM TEM images and corresponding Fourier diffractograms

experiments were conduced on a JEOL 2011 microscope (Japan)(Figure 3) show that C-FDU-18 calcined at 800 under N
operated at 200 k\2%Si solid-state NMR experiments were performed has a high degree of periodicity over large domains, viewed
from the [100], [110], and [211] directions. It further confirms
(30) Broekhoff, J. C. P.; deBoer, J. H. Catal. 1967, 9, 8. that the carbon mesostructure templated by diblock copolymer
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Figure 1. (A) Synthetic route for PE®-PS via ATRP, (B}H NMR spectra, and (C) GPC traces of PEO-BI1() and diblock copolymer PE®-PS M2).
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Figure 2. Panel A shows the SAXS patterns of as-made C-FDU-18 (a),
C-FDU-18-450 pyrolyzed at 458C in N, (b), C-FDU-18-800 pyrolyzed

at 800°C in Nz (c), and C-FDU-18-900 pyrolyzed at 90C in N (d).
Panel B shows the SAXS patterns of as-made Si-FUD-18 (a), Si-FDU-
18-H obtained after the hydrothermal recrystallization of Si-FUD-18 at 100
°C for 3 days (b), and Si-FDU-18-HC obtained after further calcination of 100 nm
trace b at 600C for 6 h in air(c). S—

Figure 3. TEM images of mesoporous carbon C-FDU-18-800 pyrolyzed

PEQI25PS30 has a highly ordered cubidcf) symmetry. The at 800°C in N, viewed from the [100] (a), [110] (b), and [211] (c,d)
uniform and spherical large mesopores are clearly visible in directions. The image.in panel d is the enlarged image of that in panel c.
these images. This phenomenon implies the spherical packing"Sets &€ corresponding FFT diffractograms.
from monodispersed PE@-PS30 globular micelles during the
EISA process. The cell parameter of C-FDU-18-800 estimated 0.85-0.95. It indicates the generation of mesopores with an
from TEM images is about 45.6 nm, in good agreement with ultralarge uniform size. A very large Hype hysteresis loop
that from the SAXS pattern. TEM images also show that the with delayed capillary evaporation located at a relative pressure
wall thickness is rather thick, roughly measured to be about of about 0.5 is observed in the isotherms, implying caged
9.0 nm. mesopores with a window size smaller than 5.0 nm. It should

N> sorption isotherms (Figure 4A) of mesoporous C-FDU- be noted that the adsorption and desorption isotherms of FDU-
18-450 behave like representative type IV curves with a sharp 18-450 are not close at low relative pressure, which may be
capillary condensation step in the relative pressure range ofrelated to the organic polymer materi&lsOn the basis of the

J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007 1693
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Figure 4. (A) N2 adsorptior-desorption isotherms and (B) pore size distribution curves of C-FDU-18-450 pyrolyzed &€4B60\, (a), C-FDU-18-800
pyrolyzed at 80CC in N, (b), and C-FDU-18-900 pyrolyzed at 90C in N (c). The N> adsorption-desorption isotherms of C-FDU-18-800 is vertically
upset by 100 critg. (C) N» adsorption-desorption isotherms of mesoporous silica Si-FDU-18-HC prepared by usingPERS30 as a template via EISA
followed by hydrothermal treatment at 100 for 3 d and calcination at 60K for 6 h inair. The inset is the pore distribution determined by the BdB sphere
model.

Table 1. Textual Properties of the Mesoporous Carbon and Silica Products?@

sample din a pore size wall thickness BET surface area micropore surface area pore volume micropore volume
name (nm) (nm) (nm) (nm) (m?lg) (malg) (cm®/g) (cm3/g)
C-FDU-18-450 30.5 52.8 26.0 11.3 554 353 0.45 0.16
C-FDU-18-800 26.8 46.4 22.9 9.91 770 638 0.71 0.29
C-FDU-18-900 26.0 45.0 22.6 9.22 1510 1220 0.95 0.54
as-made Si-FDU-18 315 54.6
Si-FDU-18-H 32.7 56.7
Si-FDU-18-HC 31.4 54.4 30.8 7.66 362 140 0.66 0.06

aThe d-spacing values were calculated by the formdilz 27z/q, and the unit cell parameters were calculated from the formutadi11+/3. The wall
thickness values were calculated frdly = +/2a/2 — D, wherea represents the cell parameter dbds the pore diameter.

Broekoff-de Boer (BdB) sphere model, the mean pore size 1). The values coincide with that from the TEM measurements.
measured from the adsorption branch is as large as 26.0 nmThe thick walls and large pore dimensions for ordered meso-
(Figure 4B). The BET surface area and pore volume are 353 porous carbon are related with superlong polymer chains of
m?/g and 0.45 crilg, respectively (Table 1). Similar isotherms templates, which was rarely reported before.

with very large H-type hysteresis loops can also be detgcted The TGA curve (Figure S3) of as-made C-FDU-18 shows

for C-FDU-18-800 and C-FDU-18-900 pyrolyzed at high-  several obvious weight-loss stages. The weight losses below
temperature (800 and 90C), suggesting that uniform, large, 430 °Cc may be assigned to the desorption of solvents, the
caged pores with a small opening are retained. The mean poréjenydration of numerous hydroxyl groups, and the decomposi-

sizes (Figure 4B) of C-FDU-18-800 and C-FDU-18-900 cal- iqp of the PEQ,sPSsotemplate. The weight loss between 430
culated from the BdB sphere model are similar, which are 22.9 4 800°C is about 40 wt %. which can be ascribed to the

and 22.6 nm, respectively, and are slightly smaller than that of
FDU-18-450. These results are in accordance with that from
the SAXS pattern. The structural shrinkage is small when the
heating temperature ranges from 800 to 9@0 Notably, the
BET surface area of C-FDU-18-900 is 1516/gy much larger
than that of C-FDU-18-800. This may be caused by the
continuous removal of carbon, hydrogen, and oxygen from the
thick walls during pyrolysis. Théplot calculation reveals that
the micropore surface area of C-FDU-18-900 is 122%gm

carbonization of frameworks. A minor weight loss (ca. 3 wt
%) is observed between 800 and 9@) suggesting a continu-
ous removal of carbon, hydrogen, and oxygen. The carbonization
yield based on phenol resins is about 32 wt %. Elemental
analysis of C-FDU-18-450 reveals that the framework is
composed of C (76.8 wt %), H (4.5 wt %), and O (15.6 wt %)
with a C/H/O molar ratio of 6.6:4.6:1, which is similar to the
composition of phenolic resins. C-FDU-18-800 possesses a
almost twice as large than that of C-FDU-18-800. It suggests molar ratio for C/H/O of 16.2:3.6:1, indicating thaF the carbon
frameworks are produced. Raman spectra (Figure S4) of

that this process mainly brings about micropores. In fact,

micropores are generated at lower temperature evidenced byC-liIlDU-ls-SOO and C-FDU-18-900 shoa G band at 1591
the difference in micropore surface areas between C-FDU-18- cm™ and a D band at 1313 crhwith c.omparablle. intensities.
450 and C-FDU-18-800. These phenomena demonstrate thalBecause the G band 'S, reIateq with .graphltlc?' sarbon
micropores are generated during the carbonization and becometructures and the D band is associated W't_h defectieaspon .
distinctly large at 900C. Based on the Nsorption and SAXS structures, we can conclude_ Fhat_ the obtained carboq materials
results, the wall thickness of mesoporous C-FDU-18 templated N@ve & low degree of graphitization. FTIR spectra (Figure S5)
by PEQ.sPSg is very thick, ranging from 9.2 to 11.3 nm further identify the polymer feature framework of C-FDU-18-
and declines with the increase of pyrolysis temperature (Table 450 and carbon framework of C-FDU-18-800.

3.3. Large-Pore Ordered Mesoporous Silicas (S+DU-18).

(31) McKeown, N. B.; Budd, P. M.; Msayib, K. J.; Ghanem, B. S.; Kingston, The Iaboratory-made diblock copolymer PEOPS30 is there-

H. J.; Tattershall, C. E.; Makhseed, S.; Reynolds, K. J.; FritsciGH2m— X 8
Eur. J.2005 11, 2610. after used as the template to synthesize highly ordered meso-
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\ Figure 6. TEM images of calcined mesoporous silicas EDU-18-HC after
‘ hydrothermal treatment at 10C for 3 days and calcination at 60C for
6 h in air viewed from the [100] (a), [211] (b), and [411] (c,d) directions,
respectively. The image in panel d is the enlarged image of that in panel c.
‘ — — — T Insets are corresponding FFT diffractograms.
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ppm silica frameworks have been formed during the hydrothermal
Figure 5. 29Si solid-state NMR spectra of as-made mesoporous silica Si- recrystallization and hence can resist the shrinkage upon
FDU-18 before (a) and after (b) the hydrothermal treatment. calcination.

TEM images (Figure 6) of Si-FDU-18-HC show large-domain
porous silica via the EISA strategy. Unfortunately, the products regularity, indicating a highly ordered mesostructure. The images
directly calcined at 600C in air show BET surface area near taken from the [100], [211], and [411] directions with corre-
to zero. To solve the problem, an efficient hydrothermal sponding FFT diffractograms further confirm a 3-D cubic
recrystallization treatment at 10€ for 3 days was adopted. (Fmém) symmetry. The cell parameter estimated from TEM

The SAXS pattern (Figure 2B) for as-made mesoporous silica images is about 51.2 nm, consistent with the value from the
Si-FDU-18 prepared by using diblock copolymer PE£P S350 SAXS data. Similar to that for C-FDU-18-800, the spherical
as a template via the EISA approach under an acidic condition closed packing morphology can be clearly observed from the
shows five resolved diffraction peaks. It is similar to that of images (Figure 6b,d). The dissimilarity between these two
C-FDU-18-800, suggesting that mesoporous silica possesses thenaterials is structural defects which can be observed in some
same mesostructure as C-FDU-18. These five peaks can besmall domains for Si-FDU-18-HC (Figure S6). This phenom-
indexed to 111, 311, 422, 551, and 911 reflections associatedenon can be explained by the interference of ethanol with the
with the fcc mesostructrure Rm3m). The calculated cell silica-copolymer assembly. Ethanol is released by the hydrolysis
parameter is 54.6 nm, even larger than that of as-made C-FDU-of TEOS which is a precipitator for PEGPS diblock
18. After the hydrothermal recrystallization at 1WDfor 3 days, copolymers.
the four well-resolved scattering peaks can also be detected for Si-FDU-18-HC exhibits similar hsorption isotherms (Figure
the resultant Si-FDU-18-H with a slight shift to logvvalues. 4C) to C-FDU-18-800. The type IV curves with a capillary
It manifests the maintenance of a highly ordered mesostructurecondensation step at very high relative pressB/f@{= 0.87—
accompanied by the enlargement of the unit cell possibly caused0.95) and a very large #type hysteresis loop suggest ultralarge
by the expansion of PEG-PS upon the hydrothermal treatment. uniform mesopores with a small opening window. A narrow
After calcination at 600°C in air, the well-resolved SAXS  pore size distribution centered at 30.8 nm can be obtained from
pattern is retained, indicating that the highly ordefed Si- the adsorption branch by the BdB model (inset of Figure 4C).
FDU-18-HC mesostructure is thermally stable. The cell param- To the best of our knowledge, it is so far the largest pore size
eter is 54.4 nm, which is much larger than that of C-FDU-18- for highly ordered mesoporous silicates. Mesoporous silica Si-
800 and represents a minor framework shrinkage of 4%. It is FDU-18-HC possesses a BET surface area of 36%.nThe
related to the nature of framework®Si solid-state NMR t-plot analysis shows the micropore surface area of 13g,m
spectrum (Figure 5a) of as-made Si-FDU-18 shows two bands much smaller than those in calcinated C-FDU-18. These results
associated with ®and ¢ silicate species, suggesting a large demonstrate that mesoporous silica has less microporosity. The
number of silanol groups. After the hydrothermal treatment, the silica pore wall thickness calculated from the $brption and
obtained Si-FDU-18-H displays only one broaiifand at 110 SAXS data is very thick{ 7.7 nm) which may be due to the
ppm (Figure 5b). It clearly indicates that further cross-linkage long EO chain of the template.
and condensation of the silicate frameworks occur. These The sample (donated as Si-FDU-18-C) prepared from direct
phenomena demonstrate that the rigid and fully cross-linked calcinations of as-made Si-FDU-18 without prior hydrothermal
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Scheme 1. Schematic lllustration for the Formation Processes of Highly Ordered Mesoporous Carbon (C-FDU-18) and Silica (Si-FDU-18)
with Large Accessible Pores.
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treatment is gray and black, which is much different from the while as-made Si-FDU-18-H from the hydrothermal treatment
white color for Si-FDU-18-HC (Figure 7). These phenomena is composed of C (13.5 wt %) and H (2.8 wt %). These results
can be attributed to the incomplete decomposition of REO- suggest a considerable loss of organic species from the pore
PS template in the former, and carbon deposition occurs. Si- cages during the process of hydrothermal recrystallization. As-
FDU-18-C shows almost no\adsorption at relative pressure  made Si-FDU-18 exhibits three weight-loss stages (Figure S8a).
of 0—1 and exhibits a BET surface area near zero, indicating The first minor one of 8 wt % occurs between 25 and 200

that the pores are not opened. To understand the pore structurewhich can be assigned to the loss of physically absorbed water
the as-made Si-FDU-18 was heated to above 400n air, and solvents. In the temperature ranges from 200 to 450
followed by a dissolving of the silica frameworks with HF. and from 450 to 900C, 12 and 16 wt % weight losses are
Instead of the clear solution, black suspensions were produceddetected, respectively. They can be related to the decomposition
TEM measurements show that the suspensions comprise a largand carbonization of PEG-PS template and the dehydration
number of carbon nanoparticles (Figure S7), which confirms of silanol group$? The weight-loss stages for Si-FDU-18-H
that the PEQs-PS templates were carbonized in pores rather occur in the similar temperature ranges but with different
than eliminated. Similar results have been previously reported amounts (Figure S8b). The first and the third ones are minor,
by Yu et al'® They tried to prepare cubic mesoporous silica by that is, 5 and 8 wt %, respectively. While the large weight loss
using diblock copolymer P8-PEO as a template which was (27 wt %) is observed between 200 and 48) mainly caused
derived from sequential anionic polymerization of styrene and by the decomposition of PEG-PS template. Considering the
ethylene oxide. B sorption measurements performed on a loss of organic template species and condensation of silanol
surface acoustic wave (SAW) device also showed no nitrogen groups during the hydrothermal treatment, the total weight loss
adsorption at relative pressures lower than 0.8. It implies closed of Si-FDU-18-H is much higher than that for Si-FDU-18 without
pores in mesoporous silicas. A model can be established as thehe hydrothermal treatment. It may be the secondary evidence
mesopores are isolated with each other and separated by thehat the templates in mesoporous silica can be released by
thick and condensed silica walls. The pore wall thickness may calcination after the hydrothermal treatment.

be close to the value in Si-FDU-18-HG-7.7 nm) with a little
fluctuation on the consideration of condensation of silanol
groups. The gas molecules are not allowed to go through (in or
out) the thick walls. Consequently, organic template molecules
undergo carbonization in the pores angd MNolecules cannot

The successful synthesis of ultralarge pore mesoporous
carbons and silicas with highly ordertmt structure is primarily
attributed to the PE®-PS template with high molecular weight,
in particular, to the long hydrophobic PS segment. A schematic
i ’ illustration for the synthesis is presented in Scheme 1. For the
penetrate through the walls into the cages. It brings about @preparation of mesoporous carbon, the resol precursors can

zero BET surface area. _ _interact with the PEO segment of the diblock copolymer by
Elementgl analysis exhibits that as-made Si-FDU-18 co-ntalns hydrogen bonding. The PEBPS/resols mesostructure is
C and H with the content of 20.4 and 3.8 wt %, respectively, tormed by organie-organic self-assembly during the solvent
evaporation. Upon thermosetting at 10Q, the framework
polymerizes, casting the mesostructure of PEBRS micelles.
It should be noted that the polymerizing processes of the
phenolic resin frameworks separate from the assembly process
of PEOb-PS and resols. The polymer frameworks further cross-
link and dehydrogenate during the subsequent pyrolysis with
the maintenance of the highly ordered mesostructure. A great
amount of carbon, hydrogen, and oxygen is decomposed and

Figure 7. Photograph images of Si-FDU-18-C (a) obtained by direct
calcination of the as-made FDU-18 in air, and-§DU-18-HC (b) obtained (32) Huo, Q.; Margolese, D. I.; Ciesla, U.; Demuth, D. G.; Feng, P.; Gier,
after hydrothermal treatment and further calcination at 800n air for T. E.; Sieger, P.; Firouzi, A.; Chmelka, B. F.; Schuth, F.; Stucky, G. D.
6 h. Chem. Mater1994 6, 1176.
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escapes from the frameworks. It results in a large structural isotherms show that mesoporous carbon has a uniform large
shrinkage and leaves many voids. Micropores are generated tgpore size of~23 nm, high BET surface area of1510 n¥/g,
connect the primary mesopores. The PBE®S copolymer and pore volume of 0.95 city which mainly contributes from
template can be decomposed and removed from these poresmicropores. The spherical pore cages of Si-FDU-18 are isolated
and nitrogen molecules can adsorb inside the pores. Thereforepy very thick walls, resulting in inaccessible pores by small
highly ordered mesoporous carbon frameworks with large gas molecules as reported previously. An efficient hydrothermal
accessible pores and high surface areas can be easily fabricatedecrystallization is adopted for the first time to make the
Different with mesoporous carbons, the silica mesostructure ultralarge pores (30.8 nm) open and accessible by producing
is formed by a cooperative organic-inorganic assembly of the microporosity on the thick silica walls«(7.7 nm). The ultralarge
diblock copolymer PEM>-PS and silicate species. During the pores with different components in walls, such as polymer,
mesostructure formation, the cross-linking and condensation of carbon, and silica are appealing in various applications including
silicate species simultaneously occur. The REPS copolymer electrode materials, adsorption, catalysis, and photonic waveguide,
gets a compact packing of globular micellar aggregate sur- etc. In addition, the laboratory-made block copolymer P&EO-
rounded by thick silicates owing to extreme hydrophobicity and PS is easily available because of the simplicity of the ATRP
strong aggregation of the long PS chain. As a result, the PEO method. It is feasible in the templating synthesis of large-pore
segment covalently linked with PS chain gradually retracts from mesoporous materials with abundant compositions such as metal
silica walls1® Further cross-linkage yields condensed silica walls oxides.
upon calcination. PE®-PS templates can be partially decom-
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In conclusion, we demonstrate a successful synthesis of highly

ordered mesoporous carbons and silicas both with uItralargeZzenigZ:fCC;:'BDUUi%s'goggadlg'zgouinigg%gJ IlesgggtrZI:);
accessible pores by using high molecular weight RERS ) X i g N
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fcc closed-packing Km3m) mesostructure with a superlarge
lattice of up to 46.4 and 54.4 nm, respectively, dbrption JA067379V
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