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Recently, the surfactant templating route has been extended to
non-oxidic porous mesostructured materials based on metal-
chalcogenido anions such as [MQ4]4-, [M2Q6]4-, and [M4Q10]4-

(M ) Ge, Sn; Q) S, Se, Te) and various linking metal ions.1-3

Under proper experimental conditions, materials with remarkably
high hexagonal or cubic symmetry have been synthesized.1,2 These
represent non-oxidic analogues of the well-known mesoporous silica
materials (MCM, SBA, MSU, etc.)4 and are of interest for potential
multiple functionality imparted by the inorganic framework (optical,
semiconducting, metallic) in combination with nanoscale periodicity
and porosity. The pores in these materials are occupied by surfactant
molecules used as templates. Although the presence of guest
molecules in the pores is desirable, it is also important to establish
accessibility of the pore system. Thus far, attempts to remove the
template from mesostructured chalcogenides by thermal decomposi-
tion led to collapse of the inorganic framework.2 Another method
to remove the template and access the pore space would be ion-
exchange. Typically, in the case of silicates the as-synthesized
materials are treated in an acidic solution where the cationic long-
chain organic molecules are replaced by protons.

Ion-exchange properties of the pore space in mesostructured
chalcogenides have been demonstrated in the cubicc-C20PyPtSnSe
(Ia-3d),5 where the long-chain surfactant C20Py+ 5 are replaced with
shorter-chain-length C12Py+ molecules. The Pt/Sn/Se framework
forms by the reaction of [Sn2Se6]4- and square planar Pt2+ centers
and adopts a cubic double-gyroid structure similar to that of MCM-
48.6 This motif has open channels running in three different
directions.

Here we report the surprising result thatc-CnPyPtSnSe, which
can grow in micrometer-sized single-crystalline faceted cubosome
morphology, can ion-exchange their surfactant molecules with H+

from strong acids without decomposition. This is remarkable
behavior, given that metal chalcogenido anionic frameworks
generally decompose in strong acids. During this H+-exchange
process, the framework actually contracts while maintaining its
single-crystalline morphology, structural integrity, and composition.
It then expands when the larger surfactant molecules are exchanged
back in. Such “breathing” behavior is unusual and implies that the
Pt/Sn/Se framework in these solids is both robust and elastic. This
is in sharp contrast to the silicate counterparts, which exhibit definite
framework rigidity under the same conditions.7 The acid-exchanged
materials, denoted asc-H_C20PyPtSnSe, diffract X-rays as well as
their pristine counterparts.8

XRD patterns from the pristinec-C20PyPtSnSe and those of the
acid-treated products are shown in Figure 1. The XRD patterns
(Figure 1a-c) show a strong peak followed by a weak reflection
at the low-angle region 2° < 2θ < 6°, typical of mesostructured
materials. The two peaks correspond to (211) and (220) reflections

of a cubic cell withIa-3d space group symmetry. These reflections
are clearly shifted to higher 2θ angles compared to those reflections
from the as-synthesized material (Figure 1d), betraying a topotactic
ion-exchange process and a spectacular contraction of the unit cell
that exceeds 55% of the original volume (see Table 1). The pore
symmetry shown in the transmission electron microscopy (TEM)
image of Figure 1e is preserved, as discussed below. This
contraction comes from the uniform contraction of the pores and
is due to the replacement of the large alkyl pyridinium molecules
by the small protons. A volume change of this magnitude is, to the
best of our knowledge, unprecedented in any mesoporous material.
The process can be reversed whenc-H_C20PyPtSnSe is treated with
excess C20PyBr, as all reflections move to lower angles and the
unit cell expands.

The acid treatment is in fact an ion-exchange process, as the
surfactant content is significantly reduced.9 Compared to the pristine
material (43.53 wt % C20Py+), the corresponding values for the
HCl-, H2SO4-, and HNO3-treated solids are 18.16, 18.25, and 14.81
wt %, respectively (see Table 1). This is more that 60 wt % of the
surfactant cations exchanged with protons. It is also amazing that
thec-C20PyPtSnSe materials retain their structure and mesoscopic
long-range pore order after such an enormous cell volume change.
Furthermore, the exceptional stability ofc-CnPyPtSnSe in HNO3
and the absence of oxidative degradation is astonishing, considering
that these materials are metal selenides. One could expect attack
of the metal selenide framework by protons and formation of
volatile H2Se.

Scanning electron microscopy (SEM) images show cubosome
particles, similar to those in the parentc-C20PyPtSnSe (see
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Figure 1. XRD patterns of (a)c-H_C20PyPtSnSe (HCl), (b)c-H_C20-
PyPtSnSe (H2SO4), (c) c-H_C20PyPtSnSe (HNO3), and (d) pristinec-C20-
PyPtSnSe material; (e) TEM image of the pore system inc-C20PyPtSnSe,
looking down the [111] axis.
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Figure 2). The symmetry, pore organization, and morphology of
the cubosome C20PyPtSnSe particles persist after acid treatment
and are readily observable by SEM and TEM. Figure 3 shows a
typical TEM image of a single grain ofc-H_C20PyPtSnSe, viewed
down the [110] axis, showing a uniform pore order. The pore system
is clearly seen in the inset. The estimated pore-pore separation
and unit cell dimensions are in agreement with those determined
by XRD.

The local structure of the Pt/Sn/Se framework is intact in the
acid-exchanged materials, as indicated by X-ray diffuse scattering
and pair distribution function (PDF) analysis.10 Figure 4 shows PDF
plots as a function of distance for pristine and HCl-treated
c-C20PyPtSnSe. It is apparent that the overall pair-distance distribu-
tion in the two materials is nearly identical, with the peaks at 2.5
Å corresponding to Pt-Se and Sn-Se nearest-neighbor bonding,
whereas those at 3.7 Å are due to second-nearest-neighbor distances,
such as Pt‚‚‚Sn and Se‚‚‚Se. Beyond 7 Å, atomic pair correlations
are not observed, confirming the aperiodic nature of the inorganic
wall system.

In conclusion, the cubic mesostructuredc-C20PyPtSnSe materials
are exceptionally stable in strong acids, exchanging a large fraction
of the surfactants with H+. The structural robustness is a significant

if not unexpected property, given that these are metal chalcogenides.
Unlike the stiff tetrahedral-based silicate frameworks, the Pt/Sn/
Se framework appears to be highly flexible as it contracts/expands
without loss of local structural order or nanoperiodicity. This could
be due to the presence of more flexible square planar Pt2+ centers
in the structure. The strength and flexibility of the Pt-Sn-Se
network, coupled with the accessibility of its pores and its unique
ability to undergo very large reversible pore volume changes,
suggests that these systems are amenable to a wide variety of
postsynthetic manipulations.
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Table 1. Elemental Analyses, Powder XRD Data, Unit Cell Parameters, and Colors for Cubic Mesostructured Platinum Tin Selenides

powder XRD data

sample % C, H, N Pt:Sn:Sea d211/Å d220/Å unit cell constant,b a (Å) vol. contraction,c (%) color

HCl_C20PyPtSnSe 14.46, 2.80, 0.90 0.97:2:5.85 29.9 25.9 73 54.4 black
H2SO4_C20PyPtSnSe 15.06, 2.42, 0.77 1.0:2:5.76 28.0 24.5 69 61.8 black
HNO3_C20PyPtSnSe 12.16, 2.01, 0.64 1.0:2:5.57 27.4 23.9 67 64.6 black
c-C20PyPtSnSe 36.14, 5.61, 1.78 0.96:2:5.78 38.6 33.3 95 dark brown

a EDS data normalized with Sn atom ratio.b Calculated on the basis of (211) reflection using the formulaa ) dhkl(h2 + k2 + l2)1/2. c Compared to the
pristine material.

Figure 2. SEM images of (left) as-synthesizedc-C20PyPtSnSe and (right)
H2SO4_C20PyPtSnSe particles showing contracted grain size yet preserved
cubosome morphology.

Figure 3. TEM images ofc-H_C20PyPtSnSe (H2SO4) single particle.
Inset: pore structure consistent with the cubicIa-3d symmetry, [110]
direction.

Figure 4. Reduced pair distribution functionG(r) of pristine (black curve)
and acid-exchanged (red curve)c-C20PyPtSnSe, plotted against distancer
(synchrotron 120 keV radiation).
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