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ABSTRACT: The SiFs*~ anions are in situ formed in the
reactions of MF, (M = Cu**, Zn**, Ni**, and Co*") salts
and nitrogen-containing ligands in borosilicate glass tubes
under solvothermal conditions and then used to further
construct a family of metal—organic frameworks (MOFs).
This in situ reaction demonstrates a new and facile
strategy for the fabrication of MOFs based on SiF¢*".

D 1 etal—organic frameworks (MOFs) or porous coordina-

tion polymers are some of the most burgeoning porous
materials and have attracted extensive research attention of
scientists." MOFs are constructed by metal ions or cluster and
organic ligands and show a variety of potential applications
including gas storage and separation,” catalysis,” drug delivery,”
chemical sensing,5 heavy-metal removal,’ and water harvest-
ing.7 In recent years, a subclass of MOFs, called “SIFSIX”, have
emerged with exceptional uptake and selectivity toward carbon
dioxide and hydrocarbons,® although the first one was
synthesized around 24 years ago.” In these MOFs, metal
ions coordinate to organic linkers to form a two-dimensional
grid; then the grids are pillared with SiFs*~ anions to form a
porous three-dimensional framework.

Several synthetic approaches have been explored and
reported for construction of the “SIFSIX” series MOFs.
These MOFs are commonly synthesized using solvothermal
and slow diffusion routes. For example, [Fe(SIFSIX)-
(pyrazine),], was synthesized by the solvothermal reaction of
FeSiF:6H,0 with pyrazine in methanol.'” SIFSIX-3-Cu
([Cu(SIFSIX)(pyrazine),],) was prepared successfully by
layering a methanol solution of pyrazine in a glass tube onto
a methanol solution of CuSiFsxH,O at room temperature.*
There is also a reported solvent-free method to obtain SIFSIX-
3-Ni ([Ni(SIFSIX)(pyrazine),],)."" This facile methodology is
based on the mechanical mixing of both the organic and
inorganic solid precursors, i.e., pyrazine and NiSiFs. Interest-
ingly, an industrial spray-drying technique has also recently
been developed as a new synthetic route for preparing the
“SIFSIX” MOF.'* All of these reactions use hexafluorosilicates
as reactants, but some metal hexafluorosilicates may not be
commercially available or are too expensive.

In situ reactions have been extensively investigated under
solvothermal conditions, which is a useful strategy for the
discovery of new organic reactions and construction of metal—
organic assemblies, especially those inaccessible or not easily
obtainable by conventional methods."> However, to our
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knowledge, most of such reactions are in situ metal/ligand
reactions and rarely involve in situ anion reactions."*

Herein, we report a new strategy to preparing MOFs
containing SiF¢’~ anions (Scheme 1), in which SiFs*™ is in situ

Scheme 1. Self-Assembly of Compounds 1—-8
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formed by reacting MF, (M = Cu**, Zn*, Ni**, and Co*") with
SiO, of borosilicate glass tubes under solvothermal conditions.
By using this serendipitous discovery, we have successfully
obtained seven two-dimensional (4,4) square lattice (sql)
MOFs and a three-dimensional “SIFSIX” MOF with four types
of nitrogen-containing ligands [Scheme 1; L1 = pyrazine, L2 =
4,4’ -bipyridine, L3 = (E)-1,2-di(pyridin-4-yl)diazene, 14 =
(E)-1,2-di(pyridin-4-yl)ethene] and metal fluorides MF, (M =
Cu**, Zn>*, Ni**, and Co**). These SiFs’> -based MOFs are
formulated as [Cu(L1),(H,0),(SiFs)] (denoted as 1),
[M(L2),(H,0),]-SiFy, (M = Co*, Ni**, Zn**, and Cu**,
denoted as 2—S8, respectively), [Cu(L3),(H,0),]-SiFs (de-
noted as 6), [Cu(L4),(H,0),]-SiFs (denoted as 7), and
[Cu(L4),(SiFs)] (denoted as 8). The successful syntheses of
these SiFs>-based MOFs are manifested by single-crystal X-
ray diffraction analysis, powder X-ray diffraction (PXRD), IR
spectrometry, and energy-dispersive spectrometry (EDS),
suggesting that this in situ reaction is a facile and economical
strategy for the construction of SiF(,Z_—containing MOFs.
Nitrogen-containing ligands of L1—L4 mixed with metal
fluorides (CuF,, ZnF,, NiF,, and CoF,) were sealed into
borosilicate glass tubes to yield single crystals of compounds
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1-8 under solvothermal conditions [see the Supporting
Information (SI) for details]. We found that the molar ratios
between metal salts and ligands in the reactions are important.
The ratio for metal/ligand of 2:1 obtained the purer and
higher-yielded products. In addition, the presence of water also
played a vital role in this process. Compound 1 was
synthesized in methanol, while compounds 2—8 were yielded
in water/methanol or water/ethanol solvents (for details, see
the SI). The compounds 2—8 cannot be obtained in the
absence of water in reaction solvents. Notably, there is no
danger of implosion in this process because a very small
amount of glass is reacted with MF,.

For comparison, the reaction of CuF, with L1 in a Teflon-
lined stainless-steel autoclave that does not contain any silicon
was conducted as a blank experiment under the same
conditions. The PXRD study (Figure S2) indicates that
compound 1 containing L1 and SiF¢*~ cannot be obtained in
this way. Furthermore, the characterized peaks of hexafluor-
osilicates could not be found in the IR spectrum of the product
synthesized using a Teflon-lined stainless-steel autoclave
(Figure S3). These results suggest that the silicon of SiFs*~
originates from the borosilicate glass tubes.

Single-crystal structures of compounds 1—8 were success-
fully refined and determined, and summaries of the crystal data
of the compounds are listed in Tables S1—S8. A search of the
CCDC database found that this is the first time that
compounds 1-3 and 7 are reported, while compounds 4—6
and 8 were reported previously.**"?

The light-blue needle crystals (Figure 1a) of 1 crystallize in
monoclinic space group I2/m. As shown in Figure 1b, the

Figure 1. Photograph of single crystals of compound 1 (a). Crystal
structures of compound 1: coordination environment around the
copper(II) center (b), two-dimensional grid (c), and three-dimen-
sional supramolecular structure viewed along [011] (d). Color codes:
F, bright blue; Cu, green; Si, cyan; O, red; C, gray; N, blue. Hydrogen
atoms were omitted for clarity.

copper(II) center in 1 adopts a distorted octahedral
coordination geometry and coordinates with two nitrogen
atoms of L1 (Cu—N 2.038 A), two oxygen atoms of water
(Cu—0O 1.956 A), and two fluorine atoms of silicon
hexafluoride anions (Cu—F 2.377 A). The pyrazine ligands
bridge the copper(I) centers to produce one-dimensional
chains. The SiF4>~ linkers serve as bridging ligands to link the
pyrazine—Cu coordination chain and create a two-dimensional

sheet (Figure lc). The sheets pack together to form a
supramolecular three-dimensional structure (Figure 1d).
Compound 1 is a polymorph of a previously reported
coordination polymer, which crystallizes in a monoclinic
space group C2/m.”

PXRD was used to characterize the crystallinity and purity of
a bulky sample of 1. The PXRD pattern is in good agreement
with the pattern simulated from the single-crystal structure
(Figure 2a). The presence of SiFs*~ in the composite was also
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Figure 2. PXRD patterns for simulated (black line) and as-
synthesized (red line) samples (a), IR spectrum (b), scanning
electron microscopy image (c), and the corresponding elemental
mapping (d) of compound 1.

confirmed by IR (Figure 2b). There are two characteristic
bands of SiF¢*™ in the IR spectrum of 1. One very strong peak
observed at 742.0 cm™' was assigned to the vy [1,,(Si—F)]
asymmetric stretching mode, and the other strong feature peak
located at 482.6 cm™ corresponded to the v, [§,(F—Si—F)]
asymmetric bending mode.'® The same conclusion can also be
drawn from the EDS mapping of different elements in 1
(Figure 2c,d), in which the mapping exhibited the distribution
of silicon in the sample. Therefore, both IR and EDS results
validated that SiF>~ is successfully formed in the in situ
reaction between F~ and SiO, of borosilicate glass.

The light-yellow octahedral crystals (Figure Sla) of
compound 2 obtained by reacting 4,4’-bipyridyl with CoF,
under solvothermal conditions crystallize in the tetragonal
space group P4/ncc. The cobalt(II) center is octahedrally
coordinated to four nitrogen atoms of L2 in the equatorial
plane and two oxygen atoms of water in the axial sites. All of
the Co—N bond lengths are similar to each other with a
distance of 2.158 A, while the Co—O distance is 2.099 A. The
ligands link the cobalt(II) centers to form a two-dimensional
(4,4) sql (Figure 3a). The grids with a size of 11.424 A x
11.424 A (Co—Co distance) are filled by free SiF¢*~ dianions
having interactions with the coordinated H,O molecules by
hydrogen bonds (O--F 2.685 A). A three-dimensional
supramolecular structure is formed by perpendicular inter-
penetration (Figure 3b).

By replacing CoF, with NiF,, ZnF,, and CuF,, we obtained
compounds 3-S5, respectively. Compounds 3-S5 have
structures and coordination environments identical with
those of compound 2 except of difference of the metal centers
(Figure 3a), which are confirmed by single-crystal X-ray
crystallographic analysis. Compound 3 is reported for the first
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Figure 3. Views of the crystal structures of 2—S5 (a and b), 6 (c and
d), and 7 (e and f): two-dimensional grids and three-dimensional
structures, respectively, formed by interpenetration. Color code: F,
bright blue; Si, cyan; C, gray; N, blue; M (M = Co, Ni, Zn and Cu),
orange; Cu, green. Hydrogen atoms were omitted for clarity. Purple
nets (b, d, and f) represent the interpenetrated nets.

time, while both compounds 4 and $ had been documented to
be obtained by the reaction of ZnSiFg or copper(Il) nitrate/
(NH,),SiF¢ and L2, respectively.*”'>* To further confirm
formation of the SiFs*~ anion in compounds 2—5, IR and EDS
studies were also used. As shown in Figures S4—S11, both the
IR and EDS results proved that SiFs®~ anions are present in
compounds 2—5, suggesting that SiFs*~ is successfully
generated in the in situ reactions for syntheses of the
compounds.

The reaction of CuF, and L3 under similar solvothermal
conditions yielded yellow rod crystals of compound 6. The
structure features rhombically distorted square-grid sheets that
interpenetrate perpendicularly to form a three-dimensional
framework (Figure 3c,d). This structure is similar to those of
compounds 2—S5 and identical with the compound obtained by
the reaction of CuSiF and L3 in the literature.**"*™ It is an
interpenetrated 2D structure that has the same space group as
compound 2. When L3 was replaced with L4, we obtained a
new compound. As shown in Figure 3e/f, the structures of 6
and 7 are alike. Similarly, IR and EDS also reveal that SiFs*~
anions exist in compounds 6 and 7 (Figures S12—S15).

Interestingly, when ethanol was used as the solvent rather
than methanol in the reaction of CuF, and L4, compound 8 as
dark-purple crystals was obtained. Compound 8 features a
“SIFSIX” MOF structure in the tetragonal space group P4/
nmm, as shown in Figure S22. Four pyridyl nitrogen atoms of
L4 and two fluoride atoms of the SiF¢*~ anions are coordinated
to the octahedral coordination copper(II) center. L4 bridged
copper(II) ions to form two-dimensional square lattices, which
were further pillared by SiFs’~ anions to give a three-
dimensional structure without interpenetration.™

The crystallinity and purity of compound 8 were checked by
PXRD, as shown in Figure S23. The PXRD pattern is in good
agreement with the simulated one from the single-crystal
structure. The characteristic peaks of 746.3 and 483.1 cm™
corresponding to v; [v,(Si—F)] and v, [6,(F—Si—F)],
respectively, in the IR spectrum of 8 confirm the presence of
SiF¢*~ (Figure S24). The same conclusion can also be obtained
from the EDS mapping of different elements (Figure S25).

We speculate that the origin of SiFs>™ is as follows: MF,
hydrolyzes in solvent to form HF (eq 1), and then SiO, of
borosilicate glass tubes could react with HF to produce H,SiF
(eq 2). Acid—base neutralization reaction occurs between
H,SiF; and M(OH), to produce MSiFs (eq 3). This
mechanism is supported by previous reports,'* in which
SiFs®~ can be yielded by reacting BF,” with SiO, and
decomposing to form F~ under solvothermal conditions.
Finally, MSiF4 reacted with nitrogen-containing ligands to
assemble the MOFs.

ME, + 2H,0 — 2HF + M(OH), (1)
6HF + SiO, S H,SiE; 4+ 2H,0 (2)
H,SiF, + M(OH), — MSiE + 2H,0 (3)

In summary, we developed a new method to fabricate MOFs
with SiF®~ anions in situ formed from metal fluoride and
borosilicate glass under solvothermal conditions. The
successful synthesis demonstrates that the in situ method is a
convenient and universal route to preparing “SIFSIX” MOFs.
The application of this novel in situ approach to yield novel
MOFs by employing other types of nitrogen-containing ligands
is ongoing. We anticipate that further interesting and
unprecedented “SIFSIX” MOFs will be produced by employ-
ing this approach.
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