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The utility of molten salts has been demonstrated in the synthesis of
the first family of mesoporous salt-inclusion solids featuring [V401¢]
and [Vs0;7] polyoxovanadate (POV) units interlinked by As®"
cations. Despite a high-temperature synthesis, these new solids
exhibit unusually porous (~2-nm-diameter) vanadium arsenate
frameworks. Disordered metal chloride salts reside inside the
pores, leading to relatively large voids (up to ~7.2% of the unit
cell volume), which were confirmed by surface area (SA)
measurements of the as-prepared polycrystalline samples
(~90—110 m?/g). Given the potential utility of porous POV-
containing materials, efforts were made to study changes in the
SAs (showing ~35—70% increases) upon salt removal and redox
chemistry.

In light of the already proven applications of poly-
oxometalates (POMs), including catalysis, selective sorp-
tion, separations, sensing, molecular recognition, environ-
mental decontamination, and nanotechnology,' one can
imagine that the development of open-framework mate-
rials containing these discrete POMs could have immense
promise in many materials applications. In fact, much
research has been focused on the deliberate design of
POM frameworks with functionalities that include, but
are not limited to, mesoporosity and catalytic activity,
electronic and ionic transport, ferro- or ferrimagnetism,
and photoluminescence.’

Most porous frameworks are formed under mild hydro-
thermal conditions at relatively low temperatures (7' <
200 °C).* This is because of the low thermal stability of the
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solvents employed and the expected phase condensation
at high temperatures. Among the most notable are the
aluminosilicates and synthetic zeolites, which often employ
organic templates for the creation of large open frame-
works. ¥

Recent reports have shown salt-inclusion chemistry to be
an alternative method for the creation of new porous materi-
als at high temperatures (>600 °C).* The resulting salt-
inclusion solids (SISs) have rigid, thermally stable covalent
frameworks integrated with ionic lattices. Like the organic
cations in their zeolite counterparts, the salt serves as a
template* " and can be removed by washing with water.*
Salt-inclusion chemistry has led to the formation of a new
class of special framework solids complementary to those
prepared under mild hydro/solvothermal conditions.

Here we report the first series of SISs exhibiting a porous
framework featuring ~2-nm-sized channels and relatively
high measured surface areas (SAs; ~90—110 m?/g). The
report includes the synthesis, structure, and chemical and
physical properties of three families of mesoporous SISs:
(salt) - Csg—,(V509)(AsQy),, where salt = Cs/NaCl, CsBr, or
Csl (Vs hereafter), (salt) - Cs; 01(V4.605.6)(AsO4)> (V4s), and
(Salt)‘C82(V408)(ASO4)2 and (Salt)'C52_2>,((V4Mx08)(ASO4)2
(V4), where M = Cu or Ni and salt = Cs/NaCl. The resulting
open frameworks are comprised of [POV]—As’"—[POV]
linkages, similar to the [POV]—P>* —[POV] connectivity obser-
ved in the previously reported Cs;[VsO9(POy),] xH,O phase.
The latter, an isostructural analogue with respect to the
covalent lattice, was synthesized under hydrothermal condi-
tions using 1,3-propanediamine as a template.’
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Figure 1. (A) Projected view along [111] of the unit cell showing 2-nm-
sized pores. (B) [V50;4] polyoxovanadate unit. (C) Partial structure of the
porous framework made of interconneted [VsO15] units by As>" cations.
(D) Na@Clg@Cs;, salt unit centered in the pore. Color codes of solid
spheres throughout the report: gray, Cs; black, Na; blue, V; yellow, As;
green, Cl; red, O; yellow tetrahedron, AsOy.

The title phases were grown in molten-salt media,®
and their single-crystal structures’ were determined by
X-ray diffraction (XRD) methods. Further experimental
details of XRD may be found in a recent publication.®
Crystallographic data and atomic parameters are listed in
Tables S1 and S2, respectively, in the Supporting Information
(SI).

All three families of compounds share the same structural
features and connectivity. As indicated by the structural
composition of Vs, (salt)-Cs, ¢4(V509)(AsOy),, the porous
framework (Figure 1A) is made of periodic arrays of penta-
meric [V5O;7] units (Figure 1B) that are interconnected via
shared vertex oxygen atoms of the AsO4>~ tetrahedral units
(Figure 1C). The metal halide salts reside in interconnected
channels that run along three directions: [111] (Figure 1A),
[110] (Figure S1 in the SI), and [001] (Figure S2 in the SI).
Large cavities, formed at the channel intersections, lead to
salt disorder determined by cation and anion vacancies
consistently observed in multiple structure solutions.
No trend can be found between the cell volume and ion

(6) Crystals (dark greenish blue in color) of V5 were grown by employing a
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CsVOs3, VO,, Cs3VOy, and As,Os were mixed in a 1:3.5:0.5:1 mole ratio
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n=4.5and 6. B
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(V500)(AsO4)2Cly 33 (Vs), M, =1257.97, a=33.119(4) A, V=136,329(7) A%,
Pealea=2.760 g/em®, final R=0.0707, R,,=0.1976, GOF =1.044 (all data), 108
parameters; Cs3gsNag.12(V4,605.6)(As04)2Clogo  (Vays), M, = 11959, a =
32.957(4) A, V'=135797(7) A%, peatea = 2.663 gjem?, final R =0.1055, Ry, =
0.2601, GOF = 1.013 (all data), 108 parameters; Cs3¢4Nay40(V4Os)-
(AsO4)2Cls o4 (Va), M, =1234.05, a=32.742(4) A, V=35101(7) A*, pearca =
2.802 g/em”, final R = 0.1030, R, = 0.2483, GOF = 1.737 (all data), 108
parameters.
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Figure 2. Projected view of the POV units in Vs (left), V45 (middle), and
V4 (right). An increase in the average oxidation state of the V cations
within the cores leads to an observed decrease in the V—0OP and V—V
distances (see Table S5in the SI). The V(3)=0 apical bonds are not shown
for clarity.

stoichiometry (Table S3 in the SI). This is because the former,
not only affected by the number of ions, is also influenced by
the ordering and packing efficiency of the salt.

A fascinating salt lattice, with an idealized composition
Na@Clg@Cs,, (Figure 1D), was found in a cavity at the
intersection of the interconnected channels. It adopts O,
point symmetry, with ions occupying 50%, 75%, and
100% of the respective crystallographic sites. Na@ Clg@Cs;,
has Cs,4 square planes that act as a template, directing the
orientation of six capping [Vs0;7] POV units (see Figure S3in
the SI) via Cs—O bonds.

The [V50;-] unit exhibits a bowl-like structure (Figure 1C),
enabling the formation of a circular porous framework. The
alternating V(1)Os and V(2)Os square-pyramidal units share
two corner oxygen atoms with one another and one edge with
V(3)Os, leading to four usz-oxo bridges per [VsO;7] unit
(Figure 1B). The VOs units have short vanadyl V=0 bonds
that are comparable to the reported values. The charge of
the [VsO;7]"" unit varies slightly from crystal to crystal
depending upon the concentration of cation vacancies (7)
found. This correlation is reflected in the general formula
(salt)- Csis—n(VsOo)" (AsO4),. Bond valence sum calcula-
tions (Table S4 in the SI) suggest that the charge of the V4+/*
ions is delocalized.

V45 and V4 further reveal the complexity and versatility of
this chemical system. These two new phases were isolated
serendipitously in attempts to investigate the phase compa-
tibility of the (salt) - Cs(s—)(VsO9)" " (AsOy), series [see Figure
S4 in the SI for powder XRD (PXRD) patterns and synthetic
details]. Structural analysis of these in essence oxidative
derivatives of V5 showed defects (vacancies) in the V(3) site,
leading to modified POV structures, i.e., [Vs—O17—] (x=0.4
and 1, respectively). As revealed in Figure 2, the respective
POV units can formally be expressed by the sequence of oxida-
tion [Vs"77017]**" (Vs) — [Vag" " 066" (Vae) —
[V 016)'% (V). The [V460166] unit represents a statistical
mixing of 60% [VsO;7] and 40% [V40;¢]. Nonetheless, a
decrease in the V—0P and V-V distances and V—0O°—V angle
within the POV core is evident, indicating an increase in strain
within the core (see Table S5 in the SI) and, consequently,
creating more vacancies in the V(3) site upon further
oxidation.

The title compounds exhibit facile ion transport through
their sizable channels. To demonstrate that, V5 (x = 3.5 set
in stoichimetric yield synthesis) was soaked in water to
yield a salt-free phase Cs, 5(V509)(AsOy),7.0H,0 (see the
PXRD and EDX plots and TGA in Figures S5 and S6,
respectively, in the SI). Subsequent oxidative removal of
charge-balancing Cs™ cations was carried out by soaking
the resulting solid in H>O»/H»O or I,/CH;CN solutions in
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the following reaction:

C82‘5(V509)(ASO4)2 + 125X2 - (V509)(ASO4)2
+2.5CsX, where X =OH, I

(see the PXRD patterns in Figure S7 in the SI). EDX shows
that a small quantity of Cs* remains in the solid, signaling
an incomplete oxidative deintercalation. It is thought that
a certain amount of charge-balancing Cs™ cations remains
because further oxidation of the [VsO;4]"" core would
induce strain that, in the high-temperature reactions of
V45 and Vg, results in observed vacancies in the V(3) site.
Further attempts to synthesize a neutral-framework
solid were made by substituting the apical vanadium, V(3),
with lower-oxidation-state cations. The target compo-
sition was derived from the chemical formula of Vi,
, (salt)-(VsMOg)(AsOy),, where M = Cu*" and, for
companson Ni*". The PXRD patterns (Figure S8 1n the
ST) and EDX results suggest a partial inclusion of Cu*"
illustrated in the following chemical equation:

2V,05 + CuO + As,O5 + (3 —3x)CsCl SRl (salt)-Csy—ay
(V4Cu,05)(AsO4), + (1 —x)CsCuCl;

Ni*" inclusion was thought to be energetically less favor-
able because the adopted coordination site is significantly
deviated from square- plandr geometry, as evidenced by the
Z(LO(I) —V(3)—0(1)°) of ~337° in Vs and V45 (Table S5
in the SI). However, like the Cu”" reaction, it yielded a green
polycrystalline powder, as opposed to the red observed for
V,, suggesting the incorporation of Ni*"

The as-prepared (salt-containing) Vs has a measured SA of
111(2) m?/g, which is on the same order of magnitude as the
theoretical value, 183 m*/g (see the summary of SAs and
theoretical approximation in Table S6 in the SI), estimated
from the volume of voids given by the structural solution
using the PLATON SQUEEZE function.” Relatlvely high
SAs, ~90—110 m?*/g, were also measured in other as-
prepared polycrystalline samples, confirming the existence
of large void space (Table S6 in the SI).

Upon salt removal and redox chemistry in aqueous
and organic media, new solids with expanded void space
and, in turn, SAs (by ~35—70%) were readily acquired
from Vs at room temperature. Dehydration of the new
solid Cs, 5(Vs509)(AsOy4),+7.0H,O acquired from soaking
(salt)- Cs,.5(V509)(AsOy),, Vs, in water leads to a 35%
increase in the SA, from 111(2) to 150(2) m?/g. This signi-
ficant increase indicates the strong rigidity of the framework
because it maintains a large cell volume upon removal of
the salt. The oxidative deintercalation of Cs™ from the soaked
Vs samples in Iz/CH'gCN and H,0,/H,O showed 25%
and 61% increases in the SAs, 188(3) and 242(4) m?*/g,
respectively.

Relatively high SAs were similarly observed for the soaked
(salt): Csg—,(VsO9)(AsOy), (n=4,4.5) samples, e.g., 120.3(8)

(9) The void space was calculated to be 2609 A3, approximately 7.2% of
the overall unit cell volume, There are eight equivalent cavities with an
approximate volume of 326 A% each. (a) Spek, A. L. Acta Crystallogr. 1990,
A46, C-34. (b) Spek, A. L. A Multipurpose Crystallographic Tool; Utrecht
University: Utrecht, The Netherlands, 2002.
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and 129(1) m?/g, respectively. These lower values than the
observed SA for the soaked Vs, 150(2) m?/g, can be attributed
to the presence of low-SA “impurity” phases (see the footnote
in Figure S4 in the SI) and the more condensed V4 framework
(Table S3 in the SI). It is thought that, upon oxidation, the
POV units in V4 become more curved, causing a decrease in
the cage volume and thus a slightly lower measured SA.

An increase in the SA was observed when comparing the
soaked Vg4, 66(2) m /g and Cu insertion phase (salt) - Csy—, -
(V4Cu,Og)(AsOy),, 154(1) m /g, as shown in Table S6 in the
Sl(also see the cell parameters in Table S3 and PXRD
patterns in Figures S8 and S9 in the SI). This further supports
Cu”" incorporation into the [V40;¢] unit and a decrease in
the number of charge-balancing Cs" cations (2x). Thus,
further pursuit of different methods to create a neutral
framework is thought to be worthwhile because complete
elimination of the charge-balancing Cs* cations could lead to
the highest achievable SA of the material. It should also be
noted that the SA of the unsoaked Ni*"-containing phase
showed an SA, 89(2) m*/g, comparable to that of the Cu
analogue, 90(2) m?/g.

As final remarks, salt-inclusion synthesis has provided a
means to prepare thermally stable mesoporous solids that,
despite a high-temperature synthesis, have a relatively high
Brunauer—Emmett—Teller SA. Multiple crystals grown
under different reaction conditions were examined, confirming
that “salt disorder” and “cation/anion vacancies” are intrin-
sic to these mesoporous structures. The title compounds are
the first SISs showing electropositive cation to oxide bonds at
the interface, Cs—O in this case. In all previous examples,
where the framework is made of mid- and late-transition-
metal (M) oxides, interactions were elucidated by M—CI
bonds, such as Mn—Cland Cu—Cl1.**~ The absence of V—ClI
bonds could be attributed to the lack of d electrons. Despite
the observed SAs, preliminary experiments performed at low
temperature, 87 K, and high pressures, up to 47 bar, have
shown minimal H, adsorption. Nonetheless, these exciting
discoveries offer insight into the synthesis of, for instance,
open-framework vanadates for energy-related research such
as water-splitting catalysis. We anticipate the synthesis of
more novel porous solids given the demonstrated utility of
salt-inclusion chemistry, incorporation of high-nuclearity
POVs, and structural rigidity of the all-inorganic system.
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