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ABSTRACT: Siloxanes have long been known for their highly desirable properties

suited for a wide range of practical applications; however, their utilization as modular

building blocks for crystalline open frameworks has been limited. In this study, a simple RSi(OMe),
solvothermal pathway has been found to synthesize unprecedented Zn(II)—siloxane Zn2
clusters supported by acetate ligands, [(RSiO,)sZng(CH;CO,)s] (R = Me or Ph). The Carboxylate
same reaction using a dicarboxylate ligand such as 1,4-benzenedicarboxylate or 2,6-
naphthalenedicarboxylate produces a new type of metal—organic framework, named SiMOF here, based on the [SigZng] units. With
the maximum connectivity of 8, the building block is shown to form topologically interesting structures such as octahedral
supercages or uninodal 8-connected frameworks. All SIMOFs synthesized possess permanent porosity and high thermal stability and
are naturally hydrophobic, as demonstrated by adsorptions of toluene, ethanol, methanol, and water vapor as well as water contact
angle measurements. These promising characteristics for well-defined porous solids are attributed to metal-bound siloxane groups in
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the structural building units.

B INTRODUCTION

Organosilicon compounds carrying siloxane (Si—O—Si) link-
ages constitute a very important class of materials because of the
highly desirable properties they possess, such as thermal
stability, chemical resistance, structural flexibility, low toxicity,
etc.' From amorphous forms such as silicone oil typified by
polydimethylsiloxane” to ordered mesoporous structures,””
their commercial and industrial applications cover extremely
broad areas. Among various precursors for such organosilicate
materials, a monosubstituted silane with three leaving groups
(RSiX;) is particularly intriguing because three silanol groups of
the hydrolyzed intermediate [RSi(OH);] can not only undergo
condensation reactions into oligomeric or polymeric siloxanes
but also coordinate to metal ions forming metal—siloxane
clusters (Scheme 1).

Scheme 1. Conceptual Process Requiring Three Silanol
Groups to Form Metal—Siloxane Clusters
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The presence of metal ions in organosilicate materials would
be advantageous in view of both structural and functional
aspects. Therefore, it is not surprising that molecular clusters of
metal-bound cyclic siloxanes have been reported at least 35 years

s . . 6-11
ago” and have been an active area of research since then. It
would be informative to note here that a dominant proportion of
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these metal—siloxane clusters are of the structural type where
transition metal ions are sandwiched between two cyclic
siloxanes.'”™"> Despite the persistent coordination behavior of
cyclic siloxanes toward s-, d-, and f-block metal ions,"™"® this
area of research has not seen extended solids based on these
promising building blocks. This realization naturally leads to the
question as to whether the structural chemistry of metal—
siloxane can reach beyond the molecular level, which is O-
dimension (0D). The question becomes more relevant and
significant when it is considered that one of the most important
developments in chemistry research during the last two decades
involves coordination-based network solids known as metal—
organic frameworks (MOFs). In fact, introducing siloxane
building blocks into MOF structures has been a topic of interest
until recently. However, studies published in this context have
utilized siloxanes as a part of carboxylate ligands,"” as a coating
for MOF crystals’ or as intercalating materials for hybrid
solids,”" and no report of molecular siloxane building blocks is
found in MOF research.

It may not be a coincidence that some of the most impactful
MOFs discovered to date are based on simple, readily available
linkers such as 1,4-benzenedicarboxylate (MOF-5,”* UiO-66>"),
1,3,5-benzenetricarboxylate (HKUST—I,24 MIL—lOIZS), or
imidazolates (ZIFs),”**” while their metal or metal cluster
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units display a much greater diversity, for example, [Zn,O],
[ZrsO4(OH),], [Cu,], [Cr;0], and [Zn], respectively. This
oversimplified view of some of the seminal developments in
MOF research has prompted one of the authors to pursue a
method to utilize metal—siloxane clusters as potential building
blocks for crystalline porous materials.

If connected by simple dicarboxylate linkers, the clusters
would become a new type of secondary building units (SBUs)
for organosilicate- or siloxane-based framework solids, SIMOFs.
Other than the obvious reason that such MOFs based on RSi—
O—M linkages are virtually absent in the literature, SIMOFs are
attractive targets for synthetic endeavors because the frame-
works may inherit, at least partially, the desirable stability of
siloxanes suited for practical applications. Also, the combination
of numerous carboxylate linkers and unprecedented SBUs of the
general composition (RSiOz)xMy would further enrich and
deepen the understanding of MOF structures and properties.
Finally, siloxanes are often considered as structural models for
various building units of silicate minerals including zeolites,”® for
example, polyhedral oligomeric silsesquioxanes mimicking the
geometry of double n-rings found in various aluminosili-
cates.”” > Therefore, synthetic efforts toward geometrically
diverse metal—siloxane SBUs may ultimately lead to hybrid
materials in which building units of MOFs and zeolites are
joined at the molecular level and not as a bulk composite.***>

For this initiative study, we used simple ligands, such as
acetate or linear dicarboxylates, to support the core unit of
Zn(II)-bound cyclic siloxane ([Si,ZngSi,]) and obtained 0D
molecular clusters and 3D frameworks, all by simple
solvothermal reactions (Scheme 2).

Scheme 2. Line Drawing of a [Si,ZnSi,] Cluster Supported
by Carboxylate Ligands and the List of Compounds
Synthesized in This Work
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The carboxylate-supported [SigZng] unit common in all of the
structures has not been documented previously. The general
method by which carboxylate-based SIMOFs can be synthesized
and the characterization of molecular clusters and three new
frameworks are described below.

B RESULTS AND DISCUSSION

Most of the known metal—siloxane clusters are synthesized by
more or less the same methods adapted from the original
publication.” In the process, alkali hydroxide is used in an
organic solvent to remove alkoxy groups of the Si precursor
under a reflux condition, and in the second step, the obtained
solid or solution mixture reacts with transition metal and
auxiliary ligands, if necessary. The reaction medium in this
procedure, however, is found to be too basic to be used for
carboxylate linkers, and the two-step reactions are not highly
efficient for the fast screening of MOFs having a new
composition. Therefore, we attempted a simple solvothermal
pathway in which a Si precursor, a Zn*" ion, and carboxylate
ligands are allowed to react simultaneously without undergoing
unwanted gelation or polymerization. In our methods
established by systematically optimizing various reaction
parameters, RSi(OMe), (R = Me or Ph) dissolved in absolute
ethanol is partially hydrolyzed in situ in the presence of
[Zn(OH,)4)*", and the mixture is heated along with acetic acid
under solvothermal conditions. In these methods, other types of
Si precursors, such as RSiCly or RSi(OAc);, can also be used;
however, all reactions have been optimized using trialkoxysi-
lanes because of their low toxicity and wide availability. The
finding that RSi(OMe); can be hydrolyzed in a controlled
manner without adding water or hydroxides is the essence of this
simple and efficient method. The formation of unwanted
byproducts from this reaction can be controlled by adding a
small amount of DMF and/or weak base such as triethylamine or
pyridine, and the acetate-supported clusters
[(RSiO,)4Zng(OAc)y] (R = Me for 1 and Ph for 2) are
obtained as highly pure crystalline solids. The molecular cluster
1 crystallizes as tetragonal or orthorhombic polymorphs
depending on a subtle difference in reaction conditions, while
only a cubic phase is obtained for 2 (Figure 1). The tetragonal
phase of 1 is identical to the orthorhombic polymorph and is
shown in Figure S1. The experimental X-ray powder diffraction
(XRPD) patterns of all compounds well-match their simulations
based on single-crystal data, proving the bulk purity of the
products (Figure 2).

In the structure, each of the terminal O atoms of the cyclic
tetramer [(MeSiO,),]*” are bonded to two Zn(II) ions, which
are bridged by an acetate ligand. Therefore, the entire cluster is
charge-neutral, and all of the Zn(II) ions adopt a tetrahedral
coordination geometry. As shown in Figure 1c, the geometrical
features of the core unit [(SiO,)sZng] for 1 and 2 are almost
identical, and the only notable difference is the binding angle of
some acetate groups. An almost identical type of [SigCos] cage
has been reported previously by Liu et al;” however, the Co—

Figure 1. X-ray structures for the molecules 1 (a) and 2 (b). Some H atoms of 2 are omitted for clarity. Color code: green, Zn; orange, Si; red, O; gray,
C; and white, H. (c) Molecules 1 and 2 overlaid with Zn atoms on opposite sides as pivot points.
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Figure 2. Simulated and experimental XRPD patterns of 1 and 2; 4 =
1.54 A,

siloxane cluster is supported by pyrazolate ligands. To the best of
our knowledge, there is no known case of a metal—siloxane
cluster supported only by carboxylate ligands.

Topologically, 8 acetate ligands in 1 and 2 render the cluster
as a potential 8-connecting SBU with a square antiprism
geometry. It is interesting that a vertex- and edge-transitive
(11rs) 8-c net with the coordination figure of square antiprism
does not exist in the RCSR database.*® Therefore, any synthetic
strategy utilizing the [SigZng] cluster for a 3-periodic net would
have to diversify either the vertex (SBU) or the edge (organic
linker).

The derivation of SiMOFs from the [SigZng] cluster with
dicarboxylate ligands using the synthetic protocols developed
for 1 and 2 was not straightforward until it was realized that the
organic linker should be added in the form of an ester, not as a
free acid. This is to prevent Zn(II) from forming a polymeric
structure with dicarboxylate alone before binding to O atoms of
siloxane and also to slow down the overall process through in
situ hydrolysis of esters for better crystallization. Other than this
minor but crucial modification, solvothermal conditions used in
this work are very similar in all cases, and all of the products are
obtained as highly crystalline solids with good yields. The three
frameworks synthesized here are labeled SiMOF-11, -12, and
-21 (see below). The experimental XRPD patterns compared to
simulations based on single-crystal data prove bulk purities of all
SiMOF solids (Figure 3).

The first framework we describe is SIMOF-11 where the
substituent on Si is a methyl group and the linker is 1,4-
benzenedicarboxylate (bdc). The structural analysis by single-
crystal diffraction reveals some extraordinary features. First, it
has a very large unit cell with a volume of 260,000 A® in the R3m
space group (a = b = 66.8 and ¢ = 67.2 A), and still, the single-
crystal diffractions are observed up to 0.7S A resolution,
implying an exceptional ordering of the crystal lattice.

It is noteworthy that, according to statistical analysis, only 12
single-crystal structures are known from 28,729 entries in the 3D
MOF subset of the Cambridge Structural Database (CSD) with
the unit cell volume greater than that of SiMOF-11,%” and they
are all invariably cubic systems (Table S1). In fact, SiMOF-11
has the largest unit cell volume for a noncubic space group in the
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Figure 3. Simulated and experimental XRPD patterns for SIMOFs; A =
120 A.

entire MOF subset of CSD, which includes 119,927 structures.*”
Because of its size, the crystallographic asymmetric unit contains
232 non-hydrogen atoms, and overall, 90 [SigZng] clusters are
present in the unit cell. Second, the framework is built upon 5
independent [SigZng] clusters or SBUs interconnected by bdc
linkers. We found only one case in the literature where an MOF
is composed of 5 SBUs.”” As shown in Figure 4, the SBUs
labeled I-V are different in the number and orientation of bdc
ligands replacing the acetate groups in 1. Thus, the structural
formula for SiMOF-11 established by X-ray analysis is
[(MeSiO,)sZng(bdc), s(OAC), 4.

Of the S SBUs, I-IV assemble to form 3 different supercages
(A—C) of octahedral geometry. The distances between two
opposite nodes in these octahedra are well over 2 nm. SBU V has
only two bdc linkers and bridges between C cages, which are
built solely from SBU IV. All 6 vertices of octahedral cage A are
shared by cage B so that A and B become the node and edge,
respectively, of a pcu-like net. Supercage C acts as the node of
another pcu net that interpenetrates the first one (Figure 4). The
last key feature of SIMOF-11 is that each of the octahedral
supercages possesses an inner void of about 12 A diameter and 8
triangular windows measuring 5—6 A. As a result, more than
50% of the entire crystal volume is accessible to guest molecules
despite the 2-fold interpenetration, judging from the Connolly
surface with the probe radius of 1.4 A. As we will show below, the
overall framework of SIMOF-11 is quite rigid and remains stable
after complete evacuation.

SiMOF-12 is obtained when 2,6-naphthalenedicarboxylate
(ndc) is used as the linker. In this structure, only one kind of
SBU is observed, where 4 acetate groups on one side of the
[SigZng] cluster are replaced by ndc (Figure Sa). Thus, the
structural formula of SiMOF-12 is [(Me-
Si0,)¢Zng(ndc),(OAc),]. Many synthetic efforts have been
made to replace all acetate groups with either ndc or mixed ndc—
bdc linkers; however, no crystalline phase other than SIMOF-12
was obtained. The SBU with 4 ndc linkers is interconnected in 4
alternating orientations to result in a tubular structure
propagating along the c-axis of a tetragonal unit cell (Figure
Sb). There are large openings on the side wall of the 1D tube,
and [SigZng] clusters of other tubes reside in that space without
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[SBU] [Supercage]

[Net] [Framework]

Figure 4. X-ray structure of SIMOF-11 showing 5 unique SBUs, 3 independent supercages, and 2 interpenetrating nets built therefrom. All octahedral

supercages possess accessible voids inside.

Figure S. Structures of the SBU (a) and 1D tube (b) in SiMOF-12. (c)
Simplified view showing 4 interdigitated tubes. (d) Connolly surface
(probe radius 1.4 A) of the framework showing 1D channels and
isolated voids.

network entanglement. Therefore, the overall structure of
SiMOF-12 can be described as an interdigitated 3D net (Figure
5c). There are two kinds of voids in the structure, as shown in
Figure 5d. Inside the tube lies a straight open channel with the
smallest free passage of about 7 A, and an isolated void
measuring S A in width and 12 A in length is surrounded by 4
neighboring tubes.

The last structure to be described here is SiIMOF-21, where
the substituent on Si is a phenyl group and the linker is bdc. As
shown by XRPD in Figure S2, SiMOF-21 displays a structural
change upon evacuation. The nature of this transition has been
elucidated by determining single-crystal structures for both as-
synthesized and evacuated crystals. According to the results, the
bdc linkers in as-synthesized crystals are dynamically disordered
because of DMF molecules coordinated to some Zn atoms
(Figure S3). When the solvent molecules are removed, all of the
bdc linkers in evacuated crystals show perfect ordering.

As a result of the released strain, the unit cell of SIMOF-21
expands slightly along the a-axis (5% length) with a unit cell
volume increase of about 2%. The bulk diffraction patterns
measured in the presence of a solvent and after evacuation show
good agreement with the simulations (Figure S2). In the
structure of SIMOF-21, only one kind of SBU exists, and all 8
acetate groups of the [SigZng] cluster in 2 are replaced by bdc
ligands, leading to the structural formula [(PhSiO,)gZng(bdc),]
(Figure 6). The complete replacement of all 8 acetate ligands by
4 bdc linkers in SiMOF-21 was somewhat surprising initially
because, as we stated above, one kind of square antiprism vertex
and one kind of linear edge are not expected to form together a
well-defined 3D net. Further analysis of the high-quality single-
crystal data reveals that the binding of some bdc linkers in the
perfectly ordered, solvent-free structure still deviates signifi-
cantly from the ideal linear coordination, resulting in
considerable distortion of the nodal geometry from square
antiprism. The full analysis of the topology underlying the net of
SiMOF-21 using TOPOS Pro* reveals that it is a uninodal 8-
net with the point symbol {3°.4"%.5°}, meaning that there are six
3-rings, thirteen 4-rings, and nine 5-rings around the node. The
net is given the symbol vcs in the RCSR database®® and has a
transitivity of (1342). There are only a few known examples of

https://doi.org/10.1021/jacs.3c05950
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Figure 6. X-ray structure of SIMOF-21 showing the SBU (a), partially expanded net (b), overall topology (c), and Connolly surface (1.4 A) (d).

Phenyl rings on the Si atom in (a) and (b) are omitted for clarity.
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Figure 7. Thermogravimetric analysis of SIMOFs and clusters 1 and 2 (inset) measured under an O, environment. For SIMOFs, weights of samples are

set to 100% after a complete removal of guests.

this net among metal—organic compounds.”' Despite the
complex network, the 3D net of SiMOF-21 has 48% void
volume in the form of interconnected and corrugated channels.
The largest section of these three-dimensionally crosslinked
voids measures about 12 X 9 A” from the nearest van der Waals
surface and is shown in Figure 6d.

Figure 7 compares the results of thermogravimetric analysis
(TGA) for SiMOFs. Once volatile guests in the voids are
removed from the solids at below 100 °C, all three frameworks
display long plateaus before a clean, one-step decomposition of
organic moieties occurs with an onset temperature of about 385
°C for SiMOF-11 and -12 and 455 °C for SiMOF-21. It can be
said from the data that the thermal stabilities of all three SIMOFs
are somewhat higher than those of typical carboxylate-based
MOFs, where the decomposition of organic linkers starts at
approximately 300 °C in most cases.*” It also appears true that
the network interpenetration or interdigitation seen in SIMOF-
11 and -12 is not directly related to the higher stability because
the single net of SiMOF-21 shows even higher thermal stability
than the other two. Rather, it should be the inherent stabilities of
the SBUs that are directly responsible for the trends observed in
TGA. As shown in the inset in Figure 7, the onset of thermal
decay for 2 is about 100 °C higher than that for 1 for which

thermal decay is accompanied by concomitant sublimation at
about 270 °C or above.

The rigidity and stability of the open frameworks after
removing all guest molecules are unequivocally proved by XRPD
(Figure 8). Except for SiMOF-21, which shows a slight
expansion as explained above, diffraction patterns for SIMOF-
11 and -12 do not display a significant change upon thermal
evacuation. The permanent porosity of all SiMOFs is shown by
N, sorption isotherms (Figure 9). All three solids display
characteristics of microporous materials, as expected, and
SiMOF-11 and -21 possess a BET specific surface area greater
than 1200 m*/g (Figure S4). Total pore volumes measured at p/
Po=0.99 are 0.547,0.215, and 0.494 cm3/g for SIMOF-11, -12,
and -21, respectively, and correspond to porosities of 54, 30, and
51%, respectively, based on crystallographic densities.

Another, probably more important, surface feature of SIMOFs
is the fact that the pore surfaces are decorated mostly by methyl
or phenyl groups on Si atoms because of the sandwich-type
[Si,ZngSi,] structure of the SBUs. Consequently, all three
SiMOFs synthesized here are deemed to possess hydrophobic
surfaces, and this conjecture is proved true by a series of vapor
sorption measurements. Figure 10 displays sorption isotherms
for toluene, ethanol, methanol, and water vapors at 298 K. As

18602 https://doi.org/10.1021/jacs.3¢05950
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Figure 8. XRPD patterns for SiMOFs after evacuation and multiple
cycles of H,O adsorptions.
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Figure 9. N, sorption isotherms at 77 K. Filled and open symbols
denote adsorption and desorption, respectively.

shown clearly by the data in Figure 10a, voids in SiMOF-11 can
be saturated by vapors of all three organic solvents but a
meaningful uptake of water vapor is not observed until the
relative humidity reaches 90% or higher. Also shown is a clear
trend that the adsorption of nonpolar toluene increases rapidly
at very low p/p, (~0.01), while alcohols display breakthrough-
like behavior with the breakthrough point sequentially delayed
as the hydrophilicity increases to ethanol and then to methanol.
The exclusion of water vapor and preferential uptake of
hydrophobic guests by SiMOF-11 closely resemble the reported
behavior of the well-known hydrophobic MOF, ZIE-8.***
Indeed, the total uptakes for toluene, ethanol, and methanol and
their breakthrough pressures displayed by the two different
MOFs are very similar, and not surprisingly, their specific surface
areas are also comparable. A similar behavior is observed for
SiMOF-12 (Figure 10b), although the discrimination is less
pronounced and total uptakes are lower. This is because the
adsorption occurs inside 1D channels or isolated voids where
overlapping potentials from opposite walls exhibit a strong
affinity toward adsorptive molecules and slow down the
diftusion. As shown in Figure 10c, SiIMOF-21 displays overall
uptake values for organic vapors similar to those of SiMOF-11
because the two possess comparable surface areas. The uptake
pressure for methanol, however, is found to be slightly lower in
SiMOF-21, implying a lower hydrophobicity of the surface. The
adsorption of water vapor by SiMOF-21 also begins at a lower
humidity level (80%), and repeated adsorptions after
reactivation show non-negligible uptakes. The subtle differences
in the overall hydrophobic SiMOFs are further corroborated by
measurements of water contact angles. As shown in Figure 10,
SiMOF-11 and -12 are markedly more hydrophobic, with
contact angles of 107(4) and 117(3)° respectively, while
SiMOF-21 is borderline hydrophobic with 93(6)°. This
behavior of SIMOF-21 is probably because some Zn(II) ions
in the SBU are accessible to solvent molecules, as shown in the
X-ray structure of the as-synthesized SiMOF-21 (Figure S3).
Unlike other SiMOFs, the binding of carboxylate groups to
Zn(1I) ions in SIMOF-21 are highly bent, and as a result, some
of the tetrahedral metal atoms are open to solvent molecules
with donor atoms.

The integrity of important chemical bonds in SiMOFs after
thermal activation and repeated exposures to a high level of
humidity have been evaluated by FT-IR spectroscopy (Figure
SS). According to the results, strong IR bands representing
v(COO0), v(SiOSi), and v(SiOZn) vibrations remain un-
changed. The XRPD pattern in Figure 8 also shows that the
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Figure 10. Vapor sorption isotherms for SiMOF-11 (a), -12 (b), and -21 (c) at 298 K. H,O adsorptions have been repeated until isotherm traces do
not show significant changes. Images of water contact angles are shown as insets with the average values.
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frameworks of SIMOF-11 and -12 are intact after multiple cycles
of H,O sorptions. The same applies true for the highly
connected framework of SiMOF-21; however, some loss of
long-range order cannot be ruled out, judging from the (200)
diffraction at 20 = 4.2° showing a considerable decrease in
intensity.

Hydrophobicity is often considered as a key property of
MOFs for the separation of particular gases, volatile organic
chemicals, and biphasic liquids, as well as for improving material
stability under humid conditions.”> Typical methods for
enhancing the hydrophobicity of MOFs are post-synthetic
treatments or ligand functionalization unless the framework is
based on highly extended aromatic backbones.**™* The
SiMOFs reported here suggest another and more convenient
way of creating hydrophobic and highly porous solids without
relying on post-synthetic or ligand modifications."” It would
even be possible to modulate the hydrophobicity simply by
choosing a Si precursor with different substituents.

Employing metal ions other than Zn(II) could also be a
plausible and exciting attempt following this work. For example,
6-coordinate octahedral ions in place of Zn(II) in hydrophobic
SiMOFs could create open metal sites in the framework for the
preferential adsorption of CO, in humid air. Finally, establishing
synthetic conditions for cyclic siloxanes of different nuclearities
in the SBU would be truly impactful for future developments of
SiMOFs. The occurrence of a tetrameric cycle is quite common
in the literature, probably because of its thermodynamic
stability.*”** However, there are abundant examples of other
types of metal—siloxane clusters in the literature,®~*® and thus,
the synthetic strategy used in this work could be a useful guide
for such efforts.

B CONCLUSIONS

In conclusion, a facile and efficient pathway has been found to
synthesize Zn(Il)—siloxane clusters supported by carboxylate
ligands. In this method, hydrolysis of alkoxysilane, condensation
into a cyclic tetramer, coordination of Zn(II) ions, hydrolysis of
carboxylate esters, and crosslinking of Zn—siloxane units into a
crystal lattice all occur together in a one-pot solvothermal
reaction. Depending on the carboxylate ligand, molecular
clusters or 3D MOFs based on the same [SigZng] building
block can be obtained. It is shown that all or a part of 8
carboxylate groups in the previously unknown SBU can be used
to build thermally stable and porous frameworks, promising
even more interesting discoveries with different ligands. The
SiMOFs synthesized in this study are naturally hydrophobic as
shown by water contact angles and a series of vapor sorption
measurements; especially, SIMOF-11 possesses a porosity and
hydrophobicity comparable to those of ZIF-8. The observed
surface features and stabilities against thermal and hydrolytic
stresses are attributed to siloxane groups in the SBU, and thus,
the synthetic approach for metal—siloxane clusters introduced
here will be a valuable guide toward a new class of MOFs for
practical applications.
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