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A crystal-like ordered microporous inorganic hybrid solid was
prepared using silane functionalized Cr-MIL-101 (Si-MIL-101)
as the precursor, via a surface coating reinforced framework
strategy.

In the past years, various ordered micro-, meso- and macro-
porous solids have been successfully replicated using the
nanocasting approach.' Particularly, for those solids that are
difficult to prepare via solution phase surfactant templating,
the nanocasting approach provides a promising route for the
preparation of ordered porous materials with novel framework
compositions. Very few successful examples of nanocasting of
microporous materials, other than ordered mesoporous and
macroporous solids, have been demonstrated. These are limited
to zeolite Y? and zeolite EMC-2.3

Crystalline porous metal-organic frameworks (MOFs)
are constructed from inorganic bricks, often metal-oxygen
clusters, and organic moieties.*> Their porosities are mostly
in the microporous to lower mesoporous range.® Owing to
their versatile structures and compositions, MOFs may be very
interesting precursors for nanocasting of other hybrid porous
solids. However, to the best of our knowledge, no ordered
microporous solid has been nanocast from MOFs. The only
reported example to nanocast carbon from MOF-5 resulted in
a highly porous, but X-ray amorphous material.” That is
probably due to the inferior thermal stability of MOF-5
compared to silica- and carbon-based porous materials.

Herein, we present a surface coating reinforced framework
strategy for the preparation of ordered microporous solids via
the nanocasting method using Cr-MIL-101® as the template.
The structure of Cr-MIL-101 has two types of mesoporous
cavities with free diameters of ca. 2.9 and 3.4 nm accessible
through two microporous windows of ca. 1.2 and 1.6 nm, and
a large number of unsaturated chromium sites (ca. 3.0 mmol g~ ).
Through coordination of 3-aminopropyltriethoxysilane (APTES)
to unsaturated chromium sites and the n—r interaction between
resorcinol and terephthalate, the replica inherits the octahedral
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crystal-shape and the ordered structure of the template
Cr-MIL-101 after pyrolysis. Moreover, the metal species are
still highly dispersed in the skeleton of the product.

First, the as-synthesized Cr-MIL-101 was functionalized
with APTES.? For simplicity, the functionalized template is
denoted by A in the following context. The greenish powder
was evacuated at 150 °C overnight to remove adsorbed solvent
molecules. Subsequently, an ethanolic solution of resorcinol of
defined concentration was introduced into the pores of A via
the incipient wetness technique. After removal of the ethanol,
polymerization was carried out in the presence of paraform-
aldehyde under Ar to form composites, denoted by A-P-x,
where P and x indicate the polymeric state and the concentration
of resorcinol, respectively. The composites were converted to
microporous replicas, denoted by A-C-x, by pyrolysis at 650 °C
under an Ar atmosphere.

The maximum amount of resorcinol (20%) was calculated
based on its density and the pore volume of template A, by
assuming the pores of the template being completely filled.
After polymerization (Fig. 1a, A-P-20), only small changes in
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Fig. 1 (a) Low-angle XRD patterns of template A (silane functionalized
Cr-MIL-101), A-P-20, A-C-20 and A-650 (template A pyrolyzed at
650 °C), (b) wide-angle XRD patterns of A, A-C-20 and A-650,
(c and d) XRD patterns of template B (Cr-MIL-101) and the carbonized

samples (B-C-20, B-C-50 and B-650).
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the XRD peak intensities and positions can be observed,
indicating the stability of the periodical structure of
Cr-MIL-101. Combined with results from nitrogen sorption
measurements (Fig. 4), we suggest that the polymer RF coats
the internal surface of A via m—r interaction between resorcinol
and terephthalate ions. The low-angle XRD pattern of A-C-20
(Fig. 1a) exhibits three small but visible diffraction peaks at
2.3, 3.7 and 4.4°, corresponding to those at 1.7, 2.8, and 3.3° in
the XRD pattern of template A. This implies the successful
replication of the periodic structure of Cr-MIL-101. The
XRD peaks shift to higher 20 values due to thermal shrinkage
of the structure after pyrolysis. In order to examine the
function of the coated polymer, template A was directly
pyrolyzed at 650 °C (named as A-650). Its XRD pattern shows
no clear reflections, indicating that the coating of the polymer
is indispensable for retaining the ordered structure. When
increasing the loading amount of resorcinol to 50% and
80%, the low-angle XRD patterns of the products were weak
and only a broad reflection was observed (Fig. Sla, ESI¥). In
addition, the larger amounts of resorcinol resulted in an excess
amount of carbon on the outside of the replicated crystals
(Fig. S1b, ESIY).

The high-resolution SEM images (Fig. 2) of the ordered
replica A-C-20 exhibit the same crystal morphology as its
parent Cr-MIL-101, but a rougher surface. This indicates that
the current synthetic strategy is suitable for retaining the crystal
shape of the Cr-MIL-101 template, which was not possible in
nanocasting of MOF-5.” The STEM image (Fig. 3a) shows the
octahedral morphology of A-C-20 crystals, which is consistent
with the SEM results. Moreover, it can be clearly seen that
the A-C-20 crystals are facetted. Cross-like dark contrast
lines (Bragg fringes) divide the facetted surface according to
the projected symmetry along the electron beam. The [111]
oriented crystal shows hexagonal facets and the Bragg fringes
draw a perfect six-fold star. The rectangle shaped particle
corresponds to a [112] oriented cubic crystal. A long-range
regularity can be observed in the whole particle domain of
A-C-20 as shown in Fig. 3b and c. The electron diffraction
pattern in Fig. 3c confirms the ordered pore structure within
the crystal. The high resolution STEM image in Fig. 3d clearly
shows the micropores with sizes of ~1 nm. No large
Cr-containing crystals are observed, suggesting that the chromium
is finely dispersed in the hybrid material. This is further proved
by element mapping using energy dispersive X-ray spectro-
scopy (EDXS) (Fig. 3e). The schematic representation of TEM
images along [111] and [112] is given in Fig. 3f. This phenomenon
has been reported for Cr-MIL-101.°

The FT-IR spectrum of A-C-20 exhibits relative broad
bands, and the bands corresponding to organic polymer

Fig. 2 SEM images of crystal-like microporous hybrid solid A-C-20.
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Fig. 3 STEM images (a, b, ¢ and d) of crystal-like microporous
replica A-C-20; energy dispersive X-ray (EDX) mapping (e) of Cr in
A-C-20; and schematic representations of TEM images (f) of A-C-20
along [111] and [112]. The scale bar in e is 90 nm.

disappear (Fig. S2, ESI¥). This suggests that A-C-20 is mainly
composed of carbon and some inorganic material. In addition,
the XRD pattern of A-C-20 (Fig. 1b) shows broad reflections
in the 26 range from 20° to 35° indicating this material is
essentially amorphous at the atomic scale. Noticeably, no
reflections corresponding to chromium oxides were observed.
However, the EDX measurement reveals that A-C-20 contains
22 wt% of Cr (Table S1, ESIT). These results suggest that the
Cr species form small nanoparticles or clusters, which is
consistent with the STEM results. Resembling A-C-20, the
XRD pattern of A-650 (Fig. 1b) shows no reflections corres-
ponding to Cr-containing species. This suggests that the silane
functional groups hinder the agglomeration of coordinated
chromium ions at high temperature and favors a high dispersion
of Cr-based species.

For comparison, the as-synthesized Cr-MIL-101 without
silane functionalization (named as B, products from B were
denoted by B-C-x, here C and x have the same meaning as that
of A series samples) was used as a template. As shown in
Fig. Ic, the XRD patterns of pyrolyzed samples B-C-20 and
B-C-50 show broad reflection with low intensity in the
20 range of 1° to 4°, which indicate that it is rather difficult
to obtain an exact replica using the Cr-MIL-101 template. The
wide-angle XRD pattern (Fig. 1d) of B-650 (B pyrolyzed at
650 °C) and B-C-20 exhibits broad reflections in the 20 range
of 30° to 50°, which could be assigned to Cr3C, [JCPSD 65-897]
and Cr;C; [JCPSD 65-1347]. Increasing the loading amount to
50% (B-C-50), these reflections are still visible even though
they become weak. These suggest a nanocrystalline nature of
the Cr species in the products. On the basis of the above-
mentioned results from the two series of samples A-C-x and
B-C-x, one can conclude that a silane modified template is
suitable for the replication of ordered structure of Cr-MIL-101.
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Fig. 4 N, sorption isotherms of templates A and B, A-P-20 and A-C-20;
NLDFT pore size distributions of A, A-P-20 and A-C-20.

Thus, the silane functional groups not only stabilize the Cr ions
but also help resorcinol to reinforce the Cr-MIL-101 framework.

The sorption isotherms (Fig. 4) of A and B are almost
identical in shape, indicating that the small mesopores were
not blocked by the functionalization with APTES. The nitrogen
uptake of A decreased slightly compared to B, due to the
introduction of the silane. After polymer coating and pyrolysis,
the nitrogen sorption isotherm of A-P-20 and A-C-20 are
essentially of type I, revealing predominantly a microporous
feature. The hysteresis at P/P, > 0.9 corresponds to the
condensation of nitrogen in the pores between the particles,
i.e. the textural porosity. The disappearance of the small step
at relative pressure P/P, = 0.1-0.2 in the isotherms indicates
that the small mesopores were reduced in size after surface
coating of the polymer on the skeleton of the template. This
result is consistent with the pore size distribution calculated
using the NLDFT method (Fig. 4). The NLDFT pore size
distribution curve of the template A has maxima at 2.7, 2.2, 1.6
and 0.98 nm. After polymer coating, the NLDFT pore size
distribution curve of A-P-20 exhibits a remarkable decrease in
mesopore size and is mainly concentrated at 1.5 and 1.1 nm.
After pyrolysis, sample A-C-20 exhibits a dominant micropore
size of 1.0 nm which is in good agreement with the STEM
observations. The specific surface area and total pore volume
of A-C-20 are 363 m* g~ and 0.24 cm® g™, respectively. The
BET surface area and the total pore volume of A-P-20 are
calculated to be 557 m* g~' and 0.29 cm® g™, respectively.
Together with the XRD result, we suggest that the polymer
coats on the internal surface of template A. As the loading
amount of resorcinol increases to 50%, A-P-50 has a very
low surface area of 33 m> g~ ! because of the pore blocking
by an excess amount of polymer. Moreover, the XRD result of
A-C-50 indicates that the ordered structure is not preserved.
Thus, the coating instead of the filling strategy is important for
successful replication of a MOF structure.

In conclusion, we have established a method for the replication
of the ordered nanostructure of the MOF Cr-MIL-101 by
a surface coating reinforced framework strategy. Low degrees
of loading and aminosilane functionalization have shown to
be crucial and successful for the replication of Cr-MIL-101.
The latter suppresses the formation of larger Cr-containing
particles. To the best of our knowledge, this is the first example
for the successful preparation of ordered microporous crystals
from MOF-like structures. This could provide a versatile

way to inorganic hybrid materials with ordered microporous
structures and embedded, highly dispersed metal-containing
species.
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