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Scheme 2. Formation of a Helical Chain Based on a Metal-
ABSTRACT: Three independent 1D metal—organic Ton-Assisted Bent Organic Ligand

nanotubes AgL,X, [X = PF,~ (1), ClO,” (2), and SbF4~
(3)] with anion exchange, separation, and anion-
responsive photoluminescence are reported.

Metal—organic frameworks (MOFs) have attracted
significant attention because of their potential applica-
tions in gas storage, chemical separation, catalysis, and
luminescence.’ Despite numerous MOFs with tubular channels
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Flescrlbed in_the hte‘rature, however., reports of tbe Depending on this approach, a series of independent 1D
independent 1D nanosized metal—organic tubes are quite nanosized metal—organic tubes Ag,L,X, [X = PF, (1), ClO,

rare to date.®> As we know, the construction of discrete 1D (2) and SbF~ (3)] are synthesized. X-ray crystal structure
metal—organic nanotubes is very hard because of the inherent analysis (Supporting Information) revealed that 1-3 are

difﬁcplty i_n t_he de_sign and S}{nthes'is of the qrganic ligands with isostructural and crystallize in the orthorhombic space group

specific binding sites and orientations required by the tubular Ceca. For example, in 1, there are two crystallographically
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structures..On the other hand, a‘versatlle. m.etal coordination independent AgI centers, and they all lie in a distorted

geometry is not easy to meet with the linking mode of the tetrahedral coordination sphere (Supporting Information). As

organic ligand to forI.n. a discrete 1D cylindrical structur.e. shown in Figure 1, AgI ions are linked together by AgI-assisted
One of the promising approaches for the construction of

independent 1D metal—organic nanotubes is to make use of
metal—organic nanospirals. As we know, helical chains can form
hollow, tube-shaped structures during their extension. The
appropriate choice of organic spacers with specific geometry is
a major factor in achieving helical chains and, furthermore,
tubular structures. As shown in Scheme 1, the multifunctional
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Scheme 1. Synthesis of L Figure 1. Side (left) and top (right) views of a 1D single-helical chain

— in 1.
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NH, = % bent ligand L into a 1D helical chain with a period of separation
[ N OHC@—@N — of ~32 A.
NH, Notably, each four-coordinate Ag' ion serves as not only a
4-(4-pyridyl)benzaldehyde ~ /~ ) Y node to bend the Schiff-base ligand but also a connector to
N !
/ \

extend the helical chain along the crystallographic ¢ axis. Upon
close inspection of the structure, there are two sets of helical
strands in 1. Figure 2 shows that each strand consists of two
individual one-handed helical chains that symmetrically
surround the central axis to form an ellipselike tubular
structure. Furthermore, two sets of strands intertwine each

L

double-Schiff-base ligand L was deliberately designed. It
possesses a central chelating N,N site, which can bind to a

metal ion to force itself into a cis conformation with a bent other and are interlocked by a {AgN,} linkage to eventually
shape. In addition, the flexible —CH,CH,— linker would induce form a squarelike nanotube. The open channel of ~1.1 X 1.1
two long phenylpyridine arms to be noncoplanar but twist.

Such a scaffold is inclined to link metal nodes to form a helical Received: August 14, 2011

array rather than a spherical one (Scheme 2). Published: March 22, 2012
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Figure 2. Left- and right-handed strands consisting of a nanotube.

nm dimensions is filled with PF;~ counterions and disordered
MeOH molecules.

As shown in Figure 3, the P2F4™ anion is weakly bound to
the framework through two sets of C—H-F bonds. The

Figure 3. Encapsulated PF~ anion fixed by two sets of F---H hydrogen
bonds in 1. The encapsulated MeOH molecules have been removed
for clarity.

hydrogen-bonding system involves the F atom of PF,~ and the
pyridyl H atom on the framework. The F6---C5 and F7---C4
distances are 3.257(5) and 3.294(5) A, respectively. The
corresponding F---H—C angles are 141 and 125°, respectively.
In addition, the packing of adjacent tubes along the
crystallographic ¢ axis also leads to smaller open square
channels of ~6.6 X 6.6 A that are occupied by the rest of the
P1F,~ anions (Figure 4). This is different from P2F,~ in the
tube; P1F~ is tightly bound by multiple F---H—C bonds
(Supporting Information). Notably, the encapsulated MeOH
guests can escape from the channel cavities at room
temperature to generate the solvent-free Ag,L, tube, which
was confirmed by elemental analysis and thermogravimetric
analysis (TGA; Figure 4). The powder X-ray diffraction
(PXRD) patterns indicate that the framework of 1 remains
intact upon removal of all MeOH molecules (Supporting
Information).

Anion recognition and separation is currently a very active
topic because various anions play central role in chemical and
biological processes.* The design of anion receptors, however,
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Figure 4. Left: Crystal packing of 1. Right: TGA trace on a desolvated
sample of 1.

is challenging.5 As shown above, compounds 1—3 are cationic
metal—organic tubes, and the counterions occupied the
framework void and were uncoordinated to the metal centers.
So, we wondered if the encapsulated anions could be exchanged
by other kinds of anions.® When the crystals of 1 were stirred in
a tetrahydrofuran (THF)/methanol (MeOH) (1:1, v/v)
solution of NaClO, (excess), the IR spectra indicated that
the typical bands associated with ClO,” (~1090 cm™)
appeared. As time went on, the intensity of the ClO,” band
increased, while the intensity of the PFs~ band (~840 cm™)
decreased. After 8 h, no more changes for the band intensity
have been observed, indicating that the exchange reaction of
PF4~ by ClO,™ finished (Figure 5). The PXRD patterns suggest
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Figure 5. Left: IR spectra of 1 and its anion-exchanged products (PF,~
by ClO,”) obtained after 1 h (1a), 4 h (1b), and 8 h (1c). Right: IR
spectra of 1 and its anion-exchanged products (PF,~ by SbF,")
obtained after 1 h (1d), 4 h (1e), and 8 h (1f).

that the skeletal structure of the tube remains intact after anion
exchange (Supporting Information). Ion chromatography
measurement indicated that 63.26% of the PF,  anions in 1
were exchanged by ClO, to result in a mixed-anion compound
().

Besides ClO,~, PF,™ in 1 can also be replaced by SbF,~. The
crystals of 1 were suspended in a THF/MeOH (1:1, v/v)
solution of NH,SbF and stirred for 8 h; the anion-exchanged
product was obtained. The anion-exchange process was
monitored by the enhanced intensity at 658 cm™' of the
SbF,~ band, as well as the reduced intensity at 840 cm™" of the
PF,~ band (Figure S). Again, the ion chromatography analysis
suggested that 61.43% of the PF¢~ anions were replaced by
SbFs~ to generate a mixed-anion compound (5), and the
PXRD patterns confirmed the framework to be intact upon
anion exchange (Supporting Information). It is worth noting
that anion exchange of 1—3 was found to be highly selective;
only the substitution of PFs~ in 1 by ClO,” or SbFs~ was
achieved, whereas ClO,” in 2 and SbF4™ in 3 could not be
replaced by PFs~ or SbFs~ and ClO,” or PF(~, respectively,
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which is further confirmed by the fact that 1 cannot be
regenerated upon the addition of PF4~ to 4 and S under the
experimental conditions. Additionally, trigonal-planar NO;~
was also used to exchange the octahedral PFs™ in 1, SbF™ in
2, and the tetrahedral CIO,™ in 3 under the same experimental
conditions, but they did not work. This demonstrates that this
anion-exchange process depends on the size and geometry of
the anion in relation to the size of the void in the host tube.

The major hurdle in anionic separation is selectivity, that is,
the preparation of a host framework that responds to only one
kind of specific anion species in the presence of other different
potential competitors. As mentioned above, PF,~ in the tube of
1 can be replaced by both ClO,™ and SbF,~, so we wondered if
1 could be used as a selective anionic acceptor to separate
ClO,” and SbF,". When the crystals of 1 were stirred in a
THF/MeOH (1:1, v/v) solution of equimolar NH,SbF, and
NaClO, for 6 h, only the characteristic bands of PFy~ (~840
cm™") and ClO,” (1090 cm™) were found in the IR spectra;
the characteristic band (~658 cm™) of SbF¢~, however, was
not observed (Supporting Information). The result demon-
strates that only ClO,” was allowed into the channel to
exchange PF¢". Therefore, between ClO,~ and SbF4~, ClO," is
the preferred anionic species for the host tube of 1. The PXRD
patterns indicate that the structure of 1 is stable during the
anion-exchange process (Supporting Information).

We have been exploring the guest-driven luminescent
property based on porous MOFs.” As a part of our systematic
study on this subject, a luminescent emission spectrum was
used to monitor the anion-exchange process. Interestingly,
these anionsCAg,L, systems show an interesting anion-
responsive photoluminescence. As shown in Figure 6, 1
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Figure 6. Left: Emission spectra of 1 and 2 and anion-exchanged
products based on 1 (PFs~ by ClO,”) at 1 h (1a), 4 h (1b), and 8 h
(1c). Right: Emission spectra of 1 and 3 and anion-exchanged
products based on 1 (PF;~ by SbF¢™) at 1 h (1d), 4 h (1e), and 8 h
(1f).

exhibits intense green emission at 527 nm upon excitation at
448 nm, which is of great interest because of an emission
characteristic similar to that of a green fluorescent protein of
Topaz (T203Y type).® In comparison with the emission of free
L (528 nm upon excitation at 448 nm; Supporting
Information), the emission of 1 should be assigned to the
ligand-centered (n-7* or z—z*) emission because almost
identical emission bands are observed. Compared to 1, 2 and 3
show distinctly different emission properties. The ligand-
centered emission intensity in 2 or 3 is dramatically quenched
(Figure 6), which is clearly attributed to the different anion
inclusions. As expected, the emission intensity of 1 decreased
by degrees as the incorporated PF,~ was gradually replaced by
ClO,” in 2 and SbF4™ in 3, respectively. So, such a metal—
organic tube also acts as a luminescent receptor for selective
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anion monitoring, which might be of biological, environmental,
and industrial interest.

We expect this approach to be viable for the construction of
many more new tubular MOFs, and studies toward the
preparation of new discrete nanotubes in our laboratory are
underway.
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X-ray crystallographic data in CIF format, syntheses of L and
1-3, TGA and PXRD, spectra, and single-crystal data. This
material is available free of charge via the Internet at http://
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