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Highly ordered ethylene bridged periodic mesoporous organosilica (PMO) materials with ultra-large
pore sizes up to 14.7 nm were successfully synthesized by using triblock copolymer F127 as a template
and 1,3,5-trimethylbenzene (TMB) as a swelling agent. SAXS and TEM measurements show that PMO
products have a face-centered cubic (space groupm@m) mesostructure. The influence of reaction
temperature and acidity of the solution on the mesostructure of the PMO products were systematically
studied. The pore size can be gradually expanded as the temperature decreases, and ordered PMOs can
be obtained at a temperature even down 1€ %vith a relatively low acidity. As compared with mesoporous
silica materials synthesized at identical conditions, our experimental results reveal that different
hydrophobicity between precursors, bis(trimethoxysilyl)ethane and tetraethyl orthosilicate, may influence
the swelling capacity of F127 micelles with TMB as well as the phase behavior of triblock copolymer
F127, resulting in the different physicochemical properties of the final products.

Introduction

Since its first synthesis in 1999? periodic mesoporous
organosilica (PMO) materials have attracted increasing

research attention in materials science. The high loading rate

and uniform dispersion of the organic groups in frameworks,
as well as various surface properties imparted from differen
functional groups, endow the PMO materials with unique
advantages over mesoporous silica (MPS) and even thei
functionalized products. PMOs with different organic
bridgest 1% mesostructure®; 1° pore sizedé1° and morphol-
ogieg® 26 have been successfully synthesized.
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Taking the similar synthetic strategy of MPS materials,
PMOs templated by cationic surfactants were first pre-
pared!~72027The pore size was limited up te5 nm because
of the relatively short chain lengths of the templates. Inspired
by the synthesis of large pore mesoporous silica using block

tcopolymers as structure-directing agents, similar PMO

materials with pore sizes ranging from 5 to 10 nm were

[prepared? 192628.29The pore size expanding methods that

are efficient for MPS materials have been utilized for the
attempt to prepare large pore PMOs. The pore size of 7 nm
was achieved using cationic surfactants as templates with
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the 1,3,5-trimethylbenzene (TMB) as a pore expadti€he chromatography?#?> As compared with MPS materials
use of TMB in triblock copolymer F127 templated synthesis prepared at identical conditions, our results show the
resulted in a pore size of 8 nm, but the ordered PMO importance of the hydrophobicity of the inorganic precursor
mesostructure could not be obtainéd! Hence, the pore  on the self-assembly of mesoporous materials.

sizes for ordered PMO materials reported so far are limited

below 10 nm3? Experimental Procedures

Bis(trimethoxysilyl)ethane (BTME) and bis(triethoxysilyl)- Synthesis Bis(trimethoxysilyl)ethane (BTME, 96%) and triblock
ethane (BTEE) are two Of the most C0mm0n|y used preCUI‘- p0|y(ethy|ene Ox|deb_p0|y(propy|ene Ox|deb_p0|y(ethy|ene OX-
sors to synthesize PMOs because of their similarity in ide) copolymer EQgPO;0EOy0s (Pluronic F127,M,, = 13,400)
hydrolysis and condensation behaviors to a silica precursor,were purchased from Aldrich. All chemicals were used as received
tetraethyl orthosilicate (TEOS), which is mostly used in the without purification. In a typical synthesis, 0.5 g of F127 and 2.5
synthesis of MPS materials. Many PMO materials derived g of KCl were dissolved in 30 g of HCI (2 M). Then, 0.5 g of
from the former two precursors were synthesized using 1,_3,5-trimethylbenz_ene (TMB) was poured into the solution and
similar experimental conditions to their pure silica Stired fa 6 h at afixed temperatureT = 15, 12, 10, or 5°C).
counterpart&211.202629323% However, the existence of the Then, 2.0 g of BTME was added to the solution and stirred for 24

oraanic bridging aroun—CH-CH.—. can influence the sel h at the same temperature, which was taken as the reaction
9 ging groupr- Lzt e, temperature in the following text. The molar ratio of the reactants

gel process based on the induction and steric effddtsome  5'c1 57/ TME/TMBIKCIHCIHO = 4.3 x 10-%1:0.56:4.5:8.1:
extent. Furthermore, it has been found that some synthesisy>s The solution along with the precipitate was then removed to
parameters for MPSs, especially the acidity that controls the an autoclave and hydrothermally treated by putting in a 00
hydrolysis and condensation rates (in the case of using blockoven for another 24 h. The product was filtered and washed 2 times
copolymers as templates), were required to be adjusted towith ethanol and HCI (5.0 mLf® M HCI in 60 mL of ethanol) at
meet the self-assembly of polysilsesquioxane species with60 °C for 6 h toremove F127 template. The final PMO products
templateg?262829\leanwhile, BTME and BTEE molecules  Were collected by filtration and dried in the air at room tempera-
have a higher hydrophobicity than TEOS. This difference ture. ) ) _

may also affect the interaction between silicate precursors N the synthesis using a mixture of BTME and TEOS as

T ; , four groups of silica sources with different BTME/TEOS
and templates that are amphiphilic in aqueous solution, but P'€cUrsors
such an interaction is not well-understood. ratios were used: 1.733 g of TEGS0.333 g of BTME (0.148);

1.387 g of TEOS+ 0.45 g of BTME (0.370); 1.04 g of TEOS
The limited pore size of PMO materials may restrict their 0.675 g of BTME (0.740); and 0.693 g of TEGS0.9 g of BTME
applications in some areas where ultra-large pores are in(1.478) (the values in the parentheses are molar ratios of BTME/
demand as substrates, such as the adsorption and imTEOS), while keeping other conditions constant.
mobilization of large biomolecules. Therefore, the expansion Characterization. Small-angle X-ray scattering (SAXS) mea-
of the pore size for PMO materials continues to be a surements were performed on a Bruker NanoStar U small-angle
challenge in this area. In this paper, we adopted a low- X-ray scatteri_ng_system using C?LnNadiation at 40_kV and 35
temperature synthesis strategy that was developed previously?A- Transmission electron microscopy (TEM) images were
in our group® to successfully prepare highly ordered face- obtained by a JEOL2010 electron microscope with an acceleration
. . ) . voltage of 200 kV. The powder samples for TEM measurements
centered cubic PMO materials with an ultra-large pore size

were suspended in ethanol, ground in a mortar, and then loaded
(up to~14.7 nm). To our knowledge, the products have the onto the Cu grids with holey carbon films. Scanning electron

largest pore size ever reported for PMO materials. The microscopy (SEM) images were recorded on a JEOL 6400
influence of the synthesis temperature and the acidity of the microscope operating at 10 kV, and the samples were coated with
solution on the mesostructure and morphology of PMO platinum. Nitrogen sorption isotherms of samples were obtained
materials have been systematically investigated. It was foundby a Quantachrome’s Quadrasorb Sl analyzer 596 °C. Before
that the temperature to form ordered PMO products can bethe measurements, the samples were degassed aC10 12 h
as low as 5°C, which is much lower than their silica invacuum. The BrumaueiEmmett-Teller (BET) surface area was
counterparts using the same template. Meanwhile, PMO calculated using experimental points at a relative pressuRéRaf
materials prepared at 1%C possess a hollow spherical = 0.05-0.25. The total pore volume was calculated by the N
morphology with ordered mesoporous shells, which may be 2Meunt adsorbed atthe high&se, for each sampleRjPo = 0.99).

: . The pore size distribution was calculated by BdB methods, using
good candidates for drug release and storage, separation, or . :

a spherical pore model. The micropore area and volume were

calculated by the-plot method using experimental points at a

(30) Liang, Y. C.; Anwander, RMicroporous Mesoporous MateP004 relative pressure oP/Py = 0.10-0.20. The cross-polarization
(31) 7BZL’JriL65igh M. C.: Markowitz, M. A.: Wong, E. M.: Lin, J. S.: Gaber magic-angle spinning (CP-MASYPSi NMR spectra with proton

B. P.Chem. Mater2001, 13, 4411. T " decoupling were acquired on a Bruker DSX 300 NMR spectrometer
(32) Liang, Y. C.; Hanzlik, M.; Anwander, RChem. Commur2005 525. operating at a resonance frequency of 59.63 MHz and usivsQ

(33) Hatton, B. D.; Landskron, K.; Whitnall, W.; Perovic, D. D.; Ozin, G.  ([(CH5)sSiO]sSigO12) as a reference.
A. Adv. Funct. Mater.2005 15, 823.
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Chemistry of SetGel ProcessingAcademic Press: Boston, 1990. S. Nano Lett.2003 3, 609.
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= b Table 1. Structure Parameters of PMO Materials Synthesized at
3004 f____A__._. I,,...n-m' Different Temperatures and Acidities

. / - synthetic unit cell pore surface pore microporemicropore

"o P temperatureHCl parameten sizét are® volume¢ volume  ared

= ] “g 2004 00 °C) (M) (m) (nm) (m%g) (cm¥g) (cm®g) (m?g)
- s 4 Wj_ 15 2.0 28.9 11.7 736 0.51 0.16 322
e >° § Pl 1.5 28.9 11.7 711 0.52 0.16 337
g 100+ 002 i 1.0 29.4 12.6 735 0.54 0.17 362
B _ 02 283 102 769 057 0.8 376
B S T 12 20 312 133 792 056  0.18 355
: : : . 0 : : poreszetm) 15 289 117 833 058 0.8 395
0.00 0.05 0.10 0.15 0.20 00 02 04 06 08 10 1.0 28.9 12.1 831 0.60 0.19 398
q (A" PIP, 02 319 119 717 054 017 351
Figure 1. (a) SAXS pattern and (b) nitrogen sorption isotherms of the 10 122 ,;317; 11?‘:'27 ggg (())283 8115 §§72
P_MO r_nat_eria_ll synthe_sized at IS in 2 M HCI. Inset of panel b is its pore 1'0 29'4 12'1 739 0'53 0.16 325
size distribution obtained by using the BdB sphere model. 02 306 127 595 048 010 212
5 2.0 803 0.48 0.08 148

Results 1.5 392 185 686 044  0.11 226

. . . 1.0 30.6 139 688 0.50 0.16 330
Highly ordered PMO materials with ultra-large pores can 0.2 306 125 557 048 0.10 209

be prepared by using a low-temperature synth§5|s method. aCalculated by the BdB method, using a spherical pore mOdET
After the removal of templates by solvent extraction, at least surface area calculated using experimental points at relative pressure of
four well-resolved diffraction peaks are observed in the E;Eo (i%'gg&)%é‘:g@ﬁ:.g{‘;‘;'fed %; tnf;itﬂgmgm agioét;ﬁ]jeitt;ﬁ‘e Qiir?ge:tt
SAXS pattern of the PMO sample prepared at a temperatu rerela‘;ive p.ress.,ure /Py = 0.1)(,;—[)0.20.e Cell paran?eterpis calculate% taking

of 15 °C and a HCI concentration of 2.0 M, which can be the first diffraction peak in SAXS data as the 111 scattering peak of the
assigned to a face-centered cubic (fcc) mesostructure (spacéc structure.

groupFm3m) (Figure 1a). The cell parametes)(calculated
from the diffraction peaks is 28.9 nm. It is noted that the
200 diffraction peak for th&m3m structure is not observed

in the SAXS pattern of our PMO samples that may be due
to small domain areas of the fcc mesostructure, which leads
to a broadening of diffraction peaks and thus a overlay of
the 200 diffraction peak with an adjacent and relatively strong 50nm
111 diffraction peak. Nitrogen sorption isotherms of the ==
sample display a typical type IV adsorption isotherm of
mesoporous materials with a type H2 hysteresis loop (Figure

windows with a small size. The capillary condensation step
in the adsorption branch is observed at relatively high &
pressure, indicating a large diameter of the cage. The BETH
surface area and total pore volume calculated are 72 m
and 0.51 crilg, respectively. The narrow pore size distribu- 4 : .
tion calculated from the adsorption branch using the B_dB Figure 2. (a and b) TEM images viewed from [100] (a) and [110] (b)
sphere method suggests that the mesopores have uniforndirections and (c and d) SEM images at different magnifications of the
sizes. The pore size at the mean value of 11.7 nm is |argerPM°O material prepared by using triblock copolymer F127 as a template at
than any ordered PMO materials reported previously but still 15°Cin 2 M HC.
much smaller than the 22 nm MPS LP-FDU-12 synthesized
at identical conditiong® It should be noted that the micropore The SEM image of the PMO samples shows a large
area and volume calculated from thplot method for this amount of spheres with diameters ranging from 2 tq:t0
PMO material are 322 #g and 0.16 crflg, respectively (Figure 2c). Most of the spheres are not intact and exhibit a
(Table 1), which are relatively larger than that for the MPS hollow interior. A higher magnification SEM image (Figure
materials (LP-FDU-12). It may be attributed to a looser wall 2d) reveals that the thickness of the shells is canmland
structure for PMOs caused by the ethylene group. that the shells consist of small particles that can be distin-
TEM images of the PMO sample recorded along the [100] guished from the outer surface of the hollow spheres.
and [110] zone axes (Figure 2a,b, respectively) further The solid staté°Si NMR spectrum (Figure 3) of the sam-
confirm an ordered fcc mesostructure. The cell parameter ple prepared at 15C in 2.0 M HCI shows two strong signals
(@) measured from the TEM images 1827 nm, which is at —56.6 and—62.6 ppm, which can be assigned to tile T
coincident with the value from the SAXS data. The hex- [C—Si(OH)(OSi}] and T [C—Si(OSi)] Si species, respec-
agonal close-packed (hcp) mesostructure, which often existstively. Another relatively weak signal at48 ppm is also ob-
as an intergrowth phase with the fcc mesostructure, is notserved, corresponding td JTC—Si(OH)(OSi)] Si. The strong
found either in SAXS or in TEM data. Therefore, the intensity for the 7 and T signals indicates the formation of
mesostructure of our PMO samples is clearly assigned tohighly condensed organosilicate frameworks. No signal due to
the fcc structure with a space group Fri3m. the Q' [Si(OH),-n(OSi),] species is observed in tAtsi NMR
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- % 1‘\ L W, - :
Figure 5. SEM images of samples synthesized at (ayC2nd (b) 10°C
in 2 M HCI solution.

0 20 -40 -60 -80 -100 -120
Chemical shift (ppm) =

Figure 3. Solid state?*Si NMR spectrum of the PMO sample prepared by P a 600, b - ™ 0 oM Hel
using triblock copolymer F127 as a template at°C5in 2 M HCI. S 500 A
\ 3 ~ o iy '
A "o 400 ,':_,.,- - .
600 = c s s 1 M He
£ 02MHCI £ 300 a8 J—
8 o aneriE 2.0M HCI
500 1.0MHCI > 2004 ',-’""
, ;\400 1.5M HCI 100 "
5C - 2.0M HCI
= § 300 —— 9
= om 4 0.05 0.10 0.15 0.20 0.0 02 0.4 06 0.8 1.0
10 C © -1 P/P
>%500 qa(A”) o
12°C Figure 6. (a) SAXS patterns and (b) nitrogen sorption isotherms of PMO
100 materials synthesized at’®& with different acidities. The isotherms for the
15°C materials synthesized in 1.5, 1.0, and 0.2 M HCI in panel b are shifted by
: . . . . . 100, 200, and 300 chg~1 STP, respectively, for clarity.
0.05 0.10 01.15 0.20 0.0 0.2 0.4P/F(,).6 0.8 1.0
A o .
e s @ gA(XS) " d () it ion isoth oMo temperature is further decreased t3; although the sample
igure 4. (a patterns an nitrogen sorption isotherms o . : :
materials synthesized at different temperatures at the same acidity of 2 M still .has a high Surflace area and pore volume, .no obvious
HCI. The isotherms for the materials synthesized at 12, 10, at@ & capillary condensation at the mesopore range is observed,
plan_?l b are shifted by 100, 200, and 300°qn* STP, respectively, for reflecting a collapse of the mesostructure, coincident with
clanty. the SAXS data. Therefore, it is concluded that the lowest

spectrum, indicating that the -SC bonds are well-retained temperature to obtain ordered PMOs in our case is around
during the reaction process and the removal of templates.10 °C.

The synthesis temperature can be further lowered*©.5 Accompanied by the pore expansion, samples synthesized
The SAXS pattern shows that the PMO material prepared at lower temperatures of 12 and 2C show a slightly
at 12°C in 2 M HCI also possesses a highly organized different morphology from that of the sample prepared at
mesostructure (Figure 4a). The four peak resolved scatteringl5 °C. SEM images of the former two samples (Figure 5)
pattern can also be assigned to the fcc mesostructure, anghow that the amount of hollow spheres decreases while the
the calculated cell parameted)(of 31.2 nm is larger than  amount of small solid particles with no regular morphology
that for the sample synthesized at°ta The fcc mesostrcture  increases.
is maintained even at a temperature of °If) and a four The mesostructural regularity of the PMO materials can
peak diffraction SAXS pattern can be observed. The cell be affected by the acidity of the solutié#?6282°In our
parameter can be further enlarged to 37.2 nm. However, thesystem, a different HCI concentration (1.5, 1.0, and 0.2 M)
scattering peaks become wide and less resolved, especiallyvas used at each temperature to prepare PMO materials, and
for the peaks at high values, implying a decreased ordering the structure parameters of all samples are summarized in
of the mesostructure as the temperature decreases®.10 Table 1. SAXS and Wsorption measurements (not shown
Further decreasing the temperature t6@& a disordered  here) show that the ordered fcc mesostructures of samples
mesostructure without a scattering peak is obtained. synthesized at 15, 12, and 2Q are maintained at all HCI

N, sorption measurements show that the samples prepareatoncentrations. All samples have a high surface area and
at both 12 and 10C have type IV adsorption isotherms and large pore volume. The HCI concentration has little influence
a type H2 hysteresis loop, indicating cage-like mesoporeson the cell parameters and pore sizes for samples prepared
similar to that for the sample synthesized at°T5 Both of at 15 and 12°C, both varying in the range a£10%. A
the samples also show a high BET surface area and porerelatively obvious change of the cell parameters and pore
volume, as well as a large amount of micropores (Table 1). sizes occurs at 1€C.
More importantly, the relative pressure®/R,) at the It should be noted that HCI has a great effect on the
capillary condensation step of the mesopores move to higherformation of the mesostructure at a temperature 6fC5
values, indicating an expansion of the mesopore size alongWhen the concentration decreases to 1.5 M HCI, two broad
with a decrease in the temperature. The pore diameter ofdiffraction peaks appear in the SAXS pattern (Figure 6a).
the sample synthesized at 1€ is 13.3 nm and is further  Although the peaks cannot be indexed, this implies the
enlarged to 14.7 nm for the sample prepared étC,0nvhich appearance of organized mesostructures to some extent.
is the largest ever reported for PMO materials. When the Further decreasing the HCI concentration to 1.0 M, more
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£ a e ' TEOS from the adsorption branches of the isotherms also continu-
800 L ously decrease from 18.9 to 11.7 nm as the BTME content
ereos A increases (Figure 7b and Table 2). The BET surface area
~ w 22600 v 0740 increases as an increment of the ratio while the total pore
= & - J,_.. 0.370 volume does not change much. Thplot analysis reveals
Y e _ta00 Lrrse? e that the micropore volume and surface area gradually
o 0148 increase as the BTME/TEOS ratio increases, suggesting that
oo 200 the ethylene group in BTME is responsible for the origination
' ' \,\jom o of micropores under our experimental conditions. The
005 0.10 918 020 000204,26 0810 increase of the BET surface area is ascribed to the increase
Figure 7. (a) SAXS patterns and (b) nitrogen sorption isotherms of PMO of the micropore area.
materials synthesized at 26 in 2.0 M HCI with different ratios of BTME/ Itis interesting to note that the relative intensities of some

TEOS. They-axis values of the isotherms for the materials synthesized at ; ; ; ;
the BTME/TEOS ratio of 0.370, 0.740, 1.478, andn panel b are shifted  01l112CtiON peaks also vary along with the change of the ratio,

by 150, 300, 450, and 600 gL, respectively, for clarity. especially for the 220 and 311 diffraction peaks. The 220
diffraction peak is not observed at the lowest BTME/TEOS
diffraction peaks are observed, although they are quite broadratio of 0.148, while the 311 diffraction peak cannot be
and difficult to index. Finally, at least five resolved scattering discerned in the case of pure BTME. In between, the intensity
peaks can be observed with 0.2 M HCI. Except the first peak of the 220 diffraction peak increases, and that of the 311
(marked by an asterisk in Figure 6a), the rest of the four giffraction peak decreases as the BTME/TEOS ratio in-
peaks can be assigned to the fcc mesostructure. The firsicreases. Such variation has been reported previously in the
diffraction peak cannot be indexed at the moment, implying synthesis of mesostructured silica, which is attributed to the
the existence of a mixed mesophase. The nitrogen sorptionariation of the matter distribution in the unit cell brought
isotherms of the samples also reveal an improvement of the ¢ by the change of structure parameters, such as pore
mesostructural regularity when the acidity decreases (Figureg;, ¢ entrance size, and ratio of pore size or entrance size to
6b). The height of the hysteresis loop rises as the HCI unit cell parametet®4* For our samples, several obvious
concentration decreases, while the capillary condensation steRyolution trends of structural parameters with the increase
!n t.he _adsorpti_on branch shifts to. low rel_ative PreSSUre, .t the BTME/TEOS ratio are observed, including a decrease
indicating a shrmkage of the pore sizes as “St?d in Table 1. of pore size, mesoporosity, and ratio of pore size to unit cell
Although the pore size of the sample obtained in 1.5.M HCI parameter and an increase of micropore area and mi-
1S calc_ulated to be 185 nm, th_e mesostructure Is poorcroporosity (Table 2). All these regular variations certainly
according to the SAXS andA$orption data and should not . . ST
be considered as a high quality PMO material. The low relf';\te to a continuous evolutlon of matter.dlgtrlbutl_on n one
unit cell and thus lead to a continuous variation of intensities

acidity (0.2 M HCI) gives rise to a great improvement in ¢ diffracti ks in SAXS b din Ei 7
the mesostructure; however, the expansion of the pore size0! diffraction peaks in as observed In Figure /a.

by the swelling of TMB is limited. The morphology of products with the variation of the

Despite that identical experimental conditions were em- BTME/TEOS ratio was investigated by SEM (Figure 8). At
ployed, the obtained PMO materials have apparent differ- a ratio of 0.148, the PMO material is composed of solid
ences from their pure silica counterpart, LP-FDU-12, espe- particles with a size around/&m (Figure 8a). Many of the
cially in the pore size, microporous surface area, and volume. particles display a regular hexagonal shape, reflecting an
To further understand the effects of the precursors, a seriesordered mesostructure (Figure 8a inset). A hollow sphere
of samples was synthesized using the mixture of BTME and morphology is hardly observed in this sample, even in the
TEOS as a precursor at different molar ratios, at’@5in sample synthesized at a ratio of 0.370 (Figure 8b). When
2.0 M HCI. It should be mentioned that the molar amount the ratio is increased to 0.740, both solid particles and hollow
of Si used in the synthesis of PMO materials is 8% spheres can be observed (Figure 8c), and the hollow spherical
larger than that in the synthesis of LP-FDU-12 (because eachmorphology becomes dominant while the ratio is further
BTME molecule contains two Si atoms). We have tried using increased to 1.478 (Figure 8d).
the same amount of Si, but only randomly packed hollow
spheres with diameters of around 15 nm were obtained
without an ordered mesostructure. Therefore, 0.74 mol of
BTME was taken to be as effective as 1 mol of TEOS to
form a highly ordered mesostructure.

SAXS patterns (Figure 7a) show that all samples synthe-
sized at different molar ratios of BTME/TEQOS have a highly
ordered fcc mesostructure. The scattering peaks graduall
move to higheq values as the ratio increasesifieans pure
BTME), indicating a decrease of the unit cell parameter
(Table 2). Thea value of PMO derived from pure BTME is  (43) Kleitz, F.; Liu, D. N.; Anilkumar, G. M.; Park, I. S.; Solovyov, L. A;
~23% smaller than that of the sample prepared at a ratio of 4, ?(ijnﬁll?c’zvﬁa’;g"\'gfi'&?“, >R<‘.]IV\F/J.?)ICSH;T?X?OZ%?&,1>(<).7’Dl.f%?§ynikov,
0.148. Meanwhile, the pore sizes of the materials derived P.; Zhao, D. Y.J. Phys. Chem. R00§ 110, 21467.

The systematic evolution of the pore size, cell parameter,
and morphology of the materials using mixed precursors at
an increasing molar ratio of BTME/TEOQOS strongly suggests
the different properties between BTME and TEOS and may
shed some light on their different interactions with F127 and
TMB during the formation of the mesostructure. Meanwhile,
yit provides a way to produce mesostructured organosilica
materials with a tunable pore size.




Cubic Periodic Mesoporous Organosilica Synthesis Chem. Mater., Vol. 19, No. 7, 2805

Table 2. Structure Parameters of PMO Materials Synthesized at Different Molar Ratios of BTME/TEOS

cell parameter a pore size surface area pore volume mesoporosity micropore volume micropore area  pore size

BTME/TEOS (nm) (nm) (m?g) (cmd/g) (%) (cmd/g)° (m?/g)° vsunit celf
0.148 37.3 18.9 534 0.57 27.2 0.01 30 0.51
0.370 34.0 16.8 573 0.52 25.3 0.04 91 0.49
0.740 33.3 15.9 636 0.53 22.8 0.12 260 0.48
1.478 33.3 13.7 661 0.51 14.6 0.12 237 0.41

28.9 11.7 736 0.54 13.9 0.16 322 0.40

a Calculated by the equation (16/&)/a3, wherer is the mesopore radius amads the cell parametef.Calculated byt-plot method.c Pore size divided
by unit cell parameter.

Because of the different pore diameters in the two synthetic
systems, there must exist a recombination of all species in
the solution after the addition of silica precursors, BTME or
TEOS, rather than a direct deposition of silica species on
preformed swelled F127 micelles. Therefore, BTME or
TEOS as well as their derivatives after the hydrolysis and
condensation should be taken into account during the
formation of swelled micelles. The existence of ethylene
bridges makes BTME molecules more hydrophobic than
TEOS, which can affect the interaction between F127 and
TMB molecules. Although detailed information on a mo-

1 : lecular scale cannot be obtained at this stage, it is reasonable
£ 0 fﬁw" . : to deduce that the existence of BTME may favor a tight
_ o e S : aggregation of F127 molecules in a micelle as compared to
Figure 8. OS5?”(;?’891?8?25“%93?5?56‘5?XSansézéci alt.‘tg%?TME’TEOS that for TEOS. This may be easily understood with weak
interactions between BTME and triblock copolymer F127
Discussion molecules due to the organic group in the silicate species;
therefore, the organization of the loose silicate species

Our results show that the pore size of the ethylene bridgedderived from BTME and tight micelles aggregated from the
PMO materials with a highly ordered fcc mesostructure can F127 molecules is favorable. Therefore, the penetration of
be enlarged to 14.7 nm, the largest ever reported, using aTMB is limited, and thus, the pore size of the PMO materials
low-temperature synthesis strategy. A pore expansion trendis smaller than that for TEOS. Consequently, our PMO
with a decrease of the temperature is also observed. A lowmaterials can be attained at 1C in a solution of 2.0 M
temperature of 1815 °C used in our experiments is an HCI and even down to 3C if the acidity is further reduced
effective range for the penetration of TMB molecules into to 0.2 M HCI, while only disordered products were obtained
hydrophobic cores of F127 micelles. It has been reported below 14°C, and no precipitate was observed below €0
that the association number of micelles reduces when itin the case of LP-FDU-12. On the other hand, the ethylene
approaches the critical micelle temperature (CMT) and that group can induce steric effects, which may suppress the
the copolymer molecules are less tightly aggregated in oneentering of the TMB molecules into the cores with their
micelle¢ which benefits the penetration of TMB into hydrophobicity. This simultaneously leads to the formation
hydrophobic cores. The existence of TMB simultaneously of a large amount of micropores on the PMO walls.
lowers the CMT of block copolymers, resulting in expanded  As only part of the TMB molecules is involved in the
micelles at relatively low temperatures. Therefore, pore swelling F127 molecules, the rest remaining in the bulk
enlarged PMO materials can be successfully obtained fromsolution tend to form oil/water emulsions assisted by
10—-15°C, until no micelle is formed at lower temperatures, amphiphilic F127 molecules, which serve as templates for
such as 5C in the solution 62 M HCI. the formation of hollow sphere mesoporous hybftighe

Similar temperature-dependent pore expansion has beerinore TMB swells the micelles, the less is left in the solution
observed previously for mesoporous silica LP-FDU-12 with ata constant TMB concentration. Consequently, samples with
ultra-large pored However, the differences in the two cases larger pores should possess less hollow spheres, and this is
are obvious, including the pore size and the lowest temper- 0bserved for samples prepared at different temperatures and
ature to obtain organized mesostructures. Since the onlythose with different BTME/TEOS ratios.
difference between the two cases is the precursor, itis natural The acidity is another important factor to affect the self-
to ascribe the distinct experimental results to the difference assembly process. The PEO segments of F127 tend to be
between BTME and TEOS. Meanwhile, the continuous protonated in acid solution. When the HCI concentration
evolution of the cell parameters and pore sizes of materialsdecreases from 2.0 to 0.2 M, the PEO moieties become more
prepared with different BTME/TEQS ratios also gives some hydrophobic because of less protonation. Although the

clues as to the difference between two precursors. concentration of Cl decreases at the same time, which can
increase the hydrophilicity of F127, the decrease dfirbm
(45) Mortensen, K.; Pedersen, J.N8acromolecules993 26, 805. 210 0.2 M) is more than 4 times Iarger than that of Cl

(46) Booth, C.; Attwood, DMacromol. Rapid Commur200Q 21, 501. (from 3.1 to 1.3 M, considering Clin both HCI and KClI);
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thus, the CMT for F127 decreases. Therefore, ordered PMOa hollow spherical morphology with an ordered mesoporous
materials could be formed at“® with 0.2 M HCI. On the shell. The pore size of our PMO materials is much smaller
other hand, the less protonated PEO segments at relativelythan their silica counterpart LP-FDU-12. However, ordered
lower acidity can reduce their repulsion between each other, PMO materials can be obtained at a lower temperature than
resulting in a tight aggregation of F127 molecules in one MPS materials, and they have a much higher micropore area
micelle that subsequently blocks the penetration of TMB and volume. Higher hydrophobicity of BTME than TEOS
molecules. Accordingly, the pore sizes of the PMO materials js believed to be the key factor that influences the swelling
become smaller along with the reduction of the acidity, of F127 micelles and their further self-assembly behaviors
especially at 10 and &C. In addition, the low acidity also  jnto ordered mesostructures, resulting in different properties
slows down the hydrolysis rate of BTME, which has been of the final products. The study of the distinction between
proven to be helpful for the fabrication of a highly ordered gTME and TEOS in this work is also insightful for the
mesostructure of PMO materials using triblock copolymers understanding of the segel and self-assembly science of

,29 .
as template&? organosilicate systems.
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