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Ordered mesoporous materials (OMMSs) are of particular interest _ 600
in many fields because of their favorable structural propettas) (@) A3
to meet some application requirements, their pore size must be
controlled? The mesopore sizes can be tuned by many methdds,
but the methods could only enlarge the pore. Multiscale pores
controlled independently with larger or smaller sizes and well-
connected pores would be beneficial to some applications in, for
example, catalysié. Recently, bimodal mesoporous materials
(BMMs) with pore connectivity received much attentibfi because
of their potentials in catalysf,separatiorf,and proton conductiott:c
Currently BMMs are mostly silica or carbon powdéfsand their
pores are well-connected, generally containing ordered mesopores
connected by disordered pores at large mesoscales or microscales
in the particle. Thus the BMM powders are very useful in
heterogeneous catalysand absorptiofiand the pore connectivity
also makes them provide fast transfer pathways for guest molécules
and proton® through the particle. The pathways may be further
shortened and would work faster if they are bridged by regular
mesopores. On the other hand, the development of BMMs into
macrodimensions would give them particular potential in, for
example, electrochemicéabnd optical devices. However, until now 1 10 100

. L . Pore Diameter /
these kinds of bulk monolithic BMMs with well-connected regular ore amerer fum
Figure 1. (a) SAXRD patterns, (b) Nsorption isotherms and BET surface
pores have not been reported.

. . . . areas of X-1, R1, and R2, and (c) their PSDs calculated from the adsorption
Herein, we present a facile method to synthesize ordered bimodalpranches. The inset shows the enlarged SAXRD pattern of X-1 in panel a

hexagonal mesoporous phosphosilicate monoliths (BHMPSMs). The and its PSD calculated from desorption branch in panel c.

monoliths were prepared in a sajel process, using pluronic P123  (110), and (200) reflections of a hexagonal system (labeled as
as a template and using tetraethoxysiliane (TEOS) and trimethoxyl HEX1), and p2, p6, and p7 can be indexed as the (100), (110), and
phosphate (TMP) as additives. TMP was added 20 min later than (200) reflections of another hexagonal system (labeled as HEX2).
TEOS to the solution of sample X-1. Sample Xvlas prepared |t js clearly distinguished that HEX2 is more ordered and its unit
following the same process but using less TMP. The weight ratio cg|| is smaller 100 ~ 7.01 nm) as compared with HEX 60 ~
of P/S of BHMPSMs is 0.10%0.188, determined by ICPAES. 8.25 nm), and both have a higher periodicity than R1 and R2. It
For comparison, we prepared another phosphosilicate sample Rlshould be noted that if both HEX1 and HEX2 were 2D hexagoanal,
by synchronously adding TEOS and TMP and a pure silica sample |ixe R1 and R2, p3 would not match them still, suggesting that
R2 without adding TMP. The experiment details are described in there would be a new phase whose resolution needs the more direct
the Supporting Information (SI). data. The other sample X-&xhibited similar inflections to that of

Figure 1a shows the small-angle X-ray diffraction (SAXRD) x-1 (see SI), indicating this synthetic route is reproducible.
patterns of X-1, R1, and R2. It is easily seen that R1 and R2 have Al the N, sorption isotherms of X-1, R1, and R2 (Figure 1b)
a similar diffraction characteristic: a 2D hexagonal structure with are of type IV character and show distinct capillary condensation
a space group6mm though the periodicity is not very high. The  and evaporation steps in tpép, range 0.4-0.8. The pore volumes
dioo spacing of R1 {7.48 nm) is larger than that of R2-7.06 of X-1 and R1 are very close but evidently lower than that of R2.
nm), implying that the simultaneously added TMP acted either as pespite that this is also true for the BET surface areas, there is
a dopant thickening the framework via hydrolysis and condensation gtjj| an evident difference between the surface areas of X-1 and
or as a swelling agent enlarging the pores. However, X-1 has aRr1, which is likely related to whether the samples were cracked or
different character, where at least 7 well-resolved peaks;pgl not (see Sl). The desorption branch of X-1 presents a clear inflection
can be observed with p2 being the strongest and sharpest. Theirgt p/po of 0.5-0.6 (point A), implying a possible dual porosity.
positions cannot fully match any unimodal mesostructure, but the gjnce all the hysteresis loops were closed afp of 0.41-0.48
reciprocald-spacing values of p1, p4, and p5 follow the relationship  gjong the desorption branch, a tensile strength effect (TSE)
1:/3:2 and those of p2, p6, and p7 also follow this relationship. phenomenon might occur, resulting in a pore size distribution (PSD)
This suggests that p1, p4, and pS may be indexed as the (100),peak at around 3.8 nfnThus PSD derived from the adsorption

t Nagoya Institute of Technology. branch [denoted as PSD(AdSs)], instead of that from the des.orption.

*Chinese Academy of Sciences. branch [denoted as PSD(Des)], should be adopted to describe their
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Scheme 1.
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The Proposed Formation Mechanism of BHMPSM
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TMP and the diffusion of TMP and its hydrolysates into the
siliceous network. Then the rods assemble and form HEX1 (lI1,
1111) with a large unit cell and thicker framework. For the well-
assembled cells HEX2 (12, 112, 1112), TMP will not make them
reassemble but can enter into the framework and entrance. The TMP
there may not only keep well the ordering of the host struéfure
but also be hydrolyzed slowly and cross-condensed into the
framework?! It is also possible for the neighboring cells, either
HEX1 or HEX2, to be connected together by ®—P or P-O—Si
bonds formed in the co-condensation between the TMP’s hydroly-
sates or between them and the siloxane matrix at the entrances,
pore size, despite its lower resolution than that of the latter. Figure where the matrix is very activ.Thus, pore connectivity (113, 1113)

1c gives their PSDs(Ads) with the Barrettoyner-Halender may be formed at the ends of the cells. It may be also due to the
method and illustrates that both R1 and R2 have a unimodal PSD pore connectivity that X-1 presents a glassy morphology containing
and the pore size of RH4.5 nm) is lower than that of R24(6.5 fibrous patterns after calcination, different from that of R1. X-1
nm). In combination with the XRD result, it can be concluded that has a high proton conductivity (see Sl), which, in a sense, implies
the synchronously added TMP not only thickened the framework its high pore connectivity.

wall via hydrolysis and co-condensation but also shrank the pores, In summary, we have proposed a simple method to prepare one
instead of acting as a swelling agent. For X-1, however, its PSD- glassy monolith with double highly ordered hexagonal mesotruc-
(Ads) is very close to that of R2 but more narrow than the latter. tures in a controllable manner. This monolith has dual narrow pore
Its PSD peak£6.1 nm) has a weak shoulder at around 5.6 nm. size distributions and pore connectivity and may find applications
This can be confirmed by PSD(Des) (inset of Figure 1c), owing to in absorption, separation, catalysis, and devices like fuel cells,

[oo1]”

Figure 2. TEM images of X-1 having large (a) and small (b) spacing unit
cells and pore-connected regions (c, d). All scale bars are 50 nm.

its high resolution. The PSD(Des) curve presents 2 well-defined

sensors, and multiprocessors.

peaks, one at 4.5 nm and the other at 5.0 nm. The space between Acknowledgment. This work was supported by the COE
them is 0.5 nm, the same as that between the peak and its shouldeprogram in NITECH of Japan, NSFC (Grant No. 20633090),

on the PSD(Ads) curve. No peak, derived from the TSE phenom-
enon® occurs at around 3.8 nm. Thus, it is evident that X-1 is of
bimodal mesostructures and its both PSDs are narrow but very close.
Transmission electron microscopy (TEM) observation can di-
rectly and effectively illustrate the bimodal structures of X-1. Figure
2a and b clearly give different single-crystal microdomains whose
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d-spacing are about 8.0 and 6.9 nm, respectively. That agrees wellReferences

with the SAXRD result, where HEX1 is corresponding to the micro-
domain in Figure 2a and HEX2 is corresponding to that in Figure
2b. Moreover, the microdomain in Figure 2b is more periodic than
that in Figure 2a, consistent with the XRD result. In addition, some
pore networks were observed in Figure 2c and d. Figure 2c gives
two sets of hexagonal channels intersecting in a [100] project,
showing both (100) and (110) lattice fringes of a hexagonal phase.
Figure 2d also gives two sets of hexagonal channels intersecting
in a [001] project, showing both (001) and (100) pores. The concur-
rence of the pore networks in the [100] and [001] projects confirms
the existence of 3D pore networks in X-1. Evidently, the 3D net-
works were formed in a mode like (HEXt HEX1) or (HEX2 +
HEX2). Since that, it is also possible to form another 3D pore net-
work in a mode like (HEX1+ HEX2) in X-1. Thus, p3 in the
XRD pattern may be due to the (101) inflection of the latter 3D
network. Besides these networks, some butt-jointing pores were
observed (see Sl).

On the basis of the above results, a formation mechanism of
BHMPSM can be proposed, as shown in Scheme 1. Before the
addition of TMP, mesostructured phases are formed following a
hydrogen-bonding interaction mechanism, similar to that of SBA-
152 After the addition of TMP, a silicate rod assembly model may
be available. The unassembled rods (I1) allow not only a further
condensation of siliceous oligomers but also a co-condensation with
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