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A Noble-Metal-Free Porous Coordination Framework with
Exceptional Sensing Efficiency for Oxygen**
Rui-Biao Lin, Fang Li, Si-Yang Liu, Xiao-Lin Qi, Jie-Peng Zhang,* and Xiao-Ming Chen

Oxygen sensors have a wide range of applications in food
science, environmental analysis, space research, biochemistry
among others.! Luminescence quenching® is a fast, high
sensitivity, and simple oxygen sensing mechanism.”! To serve
as optical oxygen sensors, luminescent dyes must be dispersed
in gas-permeable porous matrices.!! According to the Stem—
Volmer equation describing bimolecular collision quenching,
long luminescence lifetimes (> 100 ns) are prerequisite for
efficient quenching by oxygen, considering that the perme-
ability of oxygen (i.e., the product of diffusion coefficient and
solubility) is relatively low in common porous substrates.”!
Therefore, phosphorescent (originating from triplet excited
states) coordination complexes of precious-metal ions, such as
Pt", Pd", Ru", Au, Ir'"", Re!, have been widely used as oxygen-
sensing luminescent dyes.”"!

Porous coordination polymers (PCPs) are highly ordered
and porous matrices of metal complexes, which should be
ideal for luminescent sensors.”! Lin et al. demonstrated that
the highly oxygen-sensitive phosphorescent complex [Ir-
(ppy)s] (Hppy =2-phenylpyridine) can be used as metallo-
ligands to construct the first oxygen-sensing PCPs.”! To date,
only a few oxygen-sensing PCPs have been reported, which
are all based on phosphorescent noble metal complexes.:*!
While the sensitivities of phosphorescent PCPs are still
moderate (<88% quenching at 1 bar O, or Iy/I,y, < 8.3),7*
the requirement of large amounts of precious metals would
seriously limits their applications. To reduce the materials
cost, strategies, such as phosphorescence doping, have been
introduced to reduce the precious-metal contents to some-
what lower levels.*™! Nevertheless, no fluorescent or noble-
metal-free PCP has been demonstrated to have oxygen
sensing ability.®®® Herein, we report a highly porous and
fluorescent, noble-metal-free PCP with very high oxygen-
sensing efficiency.

Solvothermal reaction of Zn(NO,),, 2-aminoterephthalic
acid (H,abdc), and 3.,3',5,5-tetramethyl-4,4’-bipyrazole
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(H,bpz) in N,N-dimethylformamide and ethanol produced
pale-yellow block crystals of [Zn,O(bpz),(abdc)]-guest
(MAF-X11, 1-g; g=_guest). Single-crystal structure analysis
revealed that 1-g is a non-interpenetrated peu type coordina-
tion network composed of octahedral {Zn,O(Rpz),(RCOO),}
(Rpz and RCOO denote pyrazolate and carboxylate groups,
respectively) cores and two-connected bpz’~ and abdc®”
linkers, which is isomorphous with [Zn,O(bpz),(bdc)]
(MAF-X10, H,bdc = 1,4-benzenedicarboxylic acid) (Figure 1
and Table S1).”) MAF-X10 and MAF-X11 can be regarded as
the analogues of [Zn,O(bdc);] (IRMOF-1) and [Zn,O-

Figure 1. a) The {Zn,O(Rpz),(RCO0),} cluster, b) a simplified view of
the 3D framework structure, and c) the pore surface structure viewed
along two characteristic directions of 1.

(abdc);] (IRMOF-3), respectively, in which two thirds of
the dicarboxylate linkers are substituted by the bipyrazolate
ligands. Although pyrazolate can adopt the same coordina-
tion mode as carboxylate, their metal-ligand bond lengths,
bridging angles and lengths are clearly different, giving more-
distorted Zn,O clusters in MAF-X10 and MAF-X11 (Fig-
ure S1 and Table S2). Owing to the high symmetry of 1.g (P4,/
mcm), the amino group of abdc?~ is symmetrically disordered
over four crystallography equivalent sites. Although the
ligands are relatively short and contain many side groups,
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1-g is still highly porous (void=61.4%, Ppe=
0.802 gcm™®, Figure S2) with large pore size
(cavity: 8.9x9.4x13.2 A% apertures: 4.3x6.9 A?
along the c-axis and 5.5x5.8 A% along the a-axis.
The van der Waals radii are considered). To
facilitate sample activation, 1-g was soaked in
EtOH to give 1-EtOH. Thermogravimetry and
powder X-ray diffraction of 1-EtOH showed com-

RED ME MR R MR e MR

o @ @ <

Vacuum

1 bar N, 1 bar CO, 0.05 bar O, 0.1 bar O, 0.4 bar O, 1 bar O,

plete release of guest molecules at approximately g\w b4 1.0 1.0 g
80°C and framework decomposition at approxi- ‘Zos low JRCE: 0.8 Z
mately 480°C (Figure S3-S5), which is very high =06 L 06 b 6 g
among PCPs."l In addition, guest-free 1 can retain "3 .4 hieh S04 -
most of its crystalline structure in air after 1 month % 02 '8 oo i o %
(Figure S5), which is similar to its analogue MAF- Eo0 i o g
X10."7 In contrast, it is well known that the IRMOF ~ Z B R T T 2
structures are highly sensitive to moisture and easily b) A/nm—> ©) Time / s—
collapse in air (e.g., under 1h for IRMOF-1)." 30f
This difference can be explained by the strong 25¢
coordination ability of pyrazolate groups and 4 20
hydrophobic methyl groups.!¥ =15¢

Under UV light, 1.EtOH shows bright blue 10p
photoluminescence. The photoluminescence prop- S5t
erties of 1-EtOH (microcrystalline powder) and the o
free ligands (in dilute solutions) were investigated d) 00 02 04 08 08 10 ¢ R ok, o B

p/bar— Time /s>

at room temperature. The excitation and emission
spectra of 1-EtOH are more like those of the free
H,abdc ligand rather than those of the free H,bpz
ligand (Figure 2), implying that the photolumines-
cence of 1-EtOH mainly originates from the abdc*
linkers. A small shoulder at around 425 nm can be
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Figure 2. Photoluminescence spectra of microcrystalline 1-EtOH and
ethanol solutions of H,bpz and H,abdc.

identified in the emission spectrum, which may be assigned to
small amounts of H,abdc ligands adsorbed/coordinated on
the outer crystal surface.” The red-shift of 1-EtOH emission
spectrum compared with that of H,abdc can be attributed to
the coordination effect.'! As H,bpz possesses a very small -
conjugation system, its maximum excitation and emission
wavelengths are relatively short. Surprisingly, the desolvated
compound 1 is highly luminescent in vacuum but barely
luminescent in air. Considering the higher stability of 1, it
should not be destroyed by air. Indeed, the fluorescence of
desolvated 1 can easily be recovered by adsorption of EtOH
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Figure 3. a) Photographs of 1 in different gas atmospheres under 365 nm UV light,
b) emission spectra in different O, pressures (excitation at 345 nm), c) changes in
luminescence intensity from vacuum to 1.0 bar O,, d) Stern—Volmer plot, and

e) reversible quenching/recovery of luminescence upon alternating exposure to O,
and vacuum for 1.

or placing it in vacuum. After testing a variety of gases,
namely N,, CO,, and O, (the main components in air), it can
be seen that the fluorescence of 1 is selectively quenched by
O, (Figure 3a). The excitation and emission spectra of 1 in
vacuum are very similar to those of 1-EtOH (Figure S6). The
fluorescence lifetimes of 1 (in vacuum) and 1-EtOH are both
composed of two components (Figure S7 and Table S3), and
their average values are about 14.1 and 8.6 ns, respectively
(Figure S7), which are much longer than those of the H,abdc
and H,bpz in the solution state (<2 ns, Table S3). The
increased fluorescence lifetime is related to the high fluores-
cence intensity and can be explained by the reduction of non-
radiative decays arising from molecular flexibility and inter-
action with solvent molecules.!"”! Notably, the fluorescence
lifetime of 1 is relatively long among coordination poly-
mers."®!

The photoluminescence of 1 was measured at different O,
pressures, 1 showed an instant response and a stepwise change
of emission intensity (Figure 3b,c). At 1 bar, the fluorescence
(monitored at 470 nm) can be quenched by 96.5%, corre-
sponding to [j/I,,,=28.5. Linear fitting of the quenching data
gave a Stern—Volmer constant K, of 27.1 bar' (Figure 3d).
These values are significantly larger than for other oxygen-
sensing phosphorescent PCPs and comparable with the
highest values of hybrid materials composed of precious
metal complexes (Table S4).[7#1I Note that the intensity of
the small shoulder (425 nm) decreases to a much smaller
extent in O, than the main peak (470 nm) does, so that the
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emission peak shows an apparent blue-shift. This phenom-
enon is consistent with the quite different fluorescence
lifetimes of the two emission components (Figure S7 and
Table S3). The change of fluorescence intensity of 1 was
monitored for alternating cycles at 1 bar O, and vacuum,
which indicated that the quenching response is rapid,
reversible, and highly stable (Figure 3¢). To examine more
practical performance, the fluorescence response was further
measured using air as the quencher. As shown in Figure S8,
the quenching efficiencies in air are similar with that in pure
O, at p=0.21. This observation showed that the oxygen-
sensing efficiency of 1 is not influenced by other components
in air, which further illustrates the O, selectivity.

Although oxygen-quenching fluorescence has not been
reported for PCPs yet, similar phenomena are well known for
many fluorescent organic molecules with lifetimes in the
range of 1-100ns (such as aromatic derivatives).?”! The
efficient quenching of fluorescence coming from a singlet
excited state can be explained by several quenching pathways
(Scheme S1).2%%1 Nevertheless, the oxygen quenching of
fluorescence in organic molecules is only effective in the
solution and gaseous states. Generally, their quenching
efficiencies become extremely low in the solid state or when
dispersed in porous matrixes, as the oxygen permeabilities are
only 0.1-1% of those in the solution and gaseous states.

To understand the high and rapid fluorescence quenching
of 1, N, and O, sorption experiments were performed
(Figure 4a). The N, sorption isotherm at 77 K exhibits
a type-I character with a saturated uptake 428 cm® (standard
temperature and pressure; STP)g™', corresponding to a pore
volume of 0.67cm’g™ (0.77 cm’g™! calculated from the
crystal structure). At 77 K, the saturated uptake of O, is
598 cm®(STP)g™!, corresponding to a pore volume of
0.75 cm®g™!, which is higher than for the N, isotherm and
very close to the theoretical one. The BET and Langmuir
surface areas were calculated to be 1495 and 1796 m*g ™! by
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Figure 4. a) N, and O, adsorption (solid) and desorption (open) iso-
therms at 77 K, b) pore size distribution (Horvath-Kawazoe model)

calculated from the 77 K O, adsorption isotherm, c) O, adsorp-

tion (solid) and desorption (open) isotherm at 298 K, and d) kinetic

profile of O, adsorption at 298 K (the line represents the exponential
fit) for 1.
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using the N, isotherm, and 2091 and 2341 m’g"! by the O,
isotherm, respectively. The Horvath—-Kawazoe model calcu-
lation indicates a pore-diameter distribution centered at 7.3 A
from the N, isotherm (Figure S9) or 10.3 A from the O,
isotherm (Figure 4b). These data indicate that O, with
a smaller molecular size can fill the undulating pore surfaces
of 1 more effectively.

Further sorption experiment showed high uptake and very
fast sorption kinetics for O, at 298 K (Figure 4¢c,d). The O,
sorption isotherm at 298 K exhibits a linear character,
indicating a weak binding affinity between O, and pore
surfaces of 1 because O, has a very low boiling point and is
supercritical at this temperature. Nevertheless, the O,
adsorption amount reaches 5.9 cm®(STP)g ™' at 1 bar, being
equivalent to a solubility of 0.21 molL™!, which is much
higher than the highest values of solvents and solid porous
matrixes used for oxygen-sensing (8 x 10> mol L™ for ethyl
cellulose).’? The adsorption/desorption can reach equilibri-
um within 1s, giving a large diffusion coefficient 1.8x
10~ cm?*s™" (Figure 4d and Figure S$10), which is similar to
those of highly porous PCPs, such as IRMOF-1%! and
significantly higher than those of oxygen-permeating poly-
mers, such as aromatic derivative-labeled polystyrene films
(2.8-53x1077 cm?*s™)?1 and fluorothiophenyl modified
polyvinyl chloride membranes (1.8-4.1 x 10~* cm*s™"),”! and
comparable with those of mesoporous nanocomposites of
silicone resin/inorganic filler (0.05-3.6x 10~ cm?s™").>%!
Based on the solubility and diffusion coefficient values of 1,
its oxygen permeability can be calculated as 3.8x
10~ molem™'s 'bar™!, which is 2-4 orders of magnitude
higher than for other solid porous matrixes (10 -
107" molem's 'bar™"),>! which accounts for its unexpect-
edly high oxygen-sensing efficiency considering the relatively
short fluorescence lifetime compared with phosphorescent
dyes.

For comparison, we also checked the fluorescence proper-
ties of IRMOF-1, IRMOF-3, and MAF-X10, which showed
emission peaks centered at 396 nm,* 452 nm,” and
407 nm,” respectively (Figure S11). The fluorescence inten-
sities of these compounds are clearly weaker than that of
MAF-X11 (Figure S12). An increase in the extent of the -
conjugation system, such as from bdc?” to abdc?", generally
leads to a shift of fluorescence spectra to longer wavelengths
and an increase in fluorescence intensity (quantum yield).””!
Compared with IRMOF-1 and IRMOF-3, the red-shifted
emission spectra of MAF-X10 and MAF-X11 may be
attributed to the differences in the coordination and elec-
tronic structures of the Zn,O clusters (Figure S1 and
Table S2), which lead to different perturbation effect on the
excited-state structure and energy of the carboxylate fluo-
rophore.l""! Further, the fluorophores (carboxylate linkers) in
IRMOF-1 and IRMOF-3 form close contacts with each other
(OO 3.1 A), which promotes energy transfer of excited
states and non-radiative decay.”” On the other hand, the
shortest contacts between adjacent fluorophores in MAF-X10
and MAF-X11 are much longer (OO 6.1 A), because the
dicarboxylate linkers are separated by bipyrazolate ligands.
Although the carboxylate and pyrazolate linkers form close
contacts, the very small m-conjugation system of a pyrazolate
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ring (two pyrazolate rings in bpz*~ have a dihedral angle of
about 80°) makes its excitation energy gap too large to accept
the excitation energy of the dicarboxylate ligands.”! Prelimi-
nary experiments showed that the fluorescence of these PCPs
can be also quenched by O,, although their quenching
efficiencies were lower than for MAF-X11 (Figure S11),
being consistent with their weak fluorescence intensity (short
life-time)."”! This observation indicates that fluorescence
quenching by O, might be found in many base-metal PCPs,
but the weak un-quenched fluorescence, low quenching
efficiency, and/or air instability of common PCPs have
prevented the discovery of such a useful property.

In summary, we demonstrated that a highly porous and
fluorescent PCP constructed from Zn" ions as the sole metal
component can show an exceptionally high oxygen-sensing
efficiency. In principle, the fluorescence of PCPs can be
quenched by O, by many well-established pathways/mecha-
nisms as for fluorescent organic molecules, but oxygen-
sensing fluorescent PCP was unprecedented until now,
which should be probably attributed to the instability in air
of PCPs, their weak fluorescence intensity (short lifetimes),
and/or poor oxygen permeability. For MAF-X11, the unique
framework structure not only provides high oxygen perme-
ability, but also allows the fluorophores to be well isolated
from each other to avoid self-quenching and give relatively
long fluorescence lifetimes. These results may inspire future
design and fabrication of novel low-cost optical oxygen-
sensing materials.

Experimental Section

[Zn,O(bpz),(abdc)]-guest (1-g, MAF-X11). A mixture of H,abdc
(0.068 g, 0.375 mmol), H,bpz (0.143 g, 0.75 mmol), Zn(NOs),-6H,O
(0.446 g, 1.5 mmol), N,N-dimethylformamide (30 mL), and EtOH
(20 mL) was placed in a Teflon-lined stainless steel vessel (100 mL)
and heated at 120°C for 72 h, and then it was cooled to room
temperature at a rate of 0.1°Cmin". The resulting pale-yellow block
polycrystals (Figure SS5) of 1-g were isolated by decanting and treated
with ethanol and dried under vacuum (yield 203 mg, 45%). Single
crystals for X-ray single-crystal diffraction were prepared by heating
a solution of H,abdc (0.009 g, 0.025 mmol), H,bpz (0.010g,
0.05 mmol), and Zn(NO;),6 H,0O (0.030 g, 0.10 mmol) in a mixed
solvent of N,N-dimethylformamide and EtOH (v/v=2/1, 3mL) in
a sealed glass tube (1.0 cm o.d. x 10 cm length) at 130°C for 72 h, and
then the mixture was cooled to room temperature at a rate of
0.1°Cmin™" to give pale-yellow block single crystals (25 mg, yield
84%). Elemental analysis: Calcd for Cy,Hs,cZn,NoOgg ([Zn,O-
(bpz),(abdc)]-H,0:0.6 EtOH): C 39.90, H 3.97, N 14.34. Found: C
39.92, H 3.85,N 14.26 % . IR (KBr): # =3464m, 2925m, 1668vs, 1562s,
1495m, 1440s, 1385s, 1257m, 1095m, 1052s, 820w, 770m, 662w,
558w cm.
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