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  1.     Introduction 

 Detecting the concentration of oxygen is of great practical sig-
nifi cance, [ 1 ]  and high-sensitivity sensors are highly demanded for 
trace oxygen analyses in many environments that must be oxygen-
free such as metallurgy, chemical industry, and so on. [ 2 ]  Optical 
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 Phosphorescent complexes of precious metal ions are widely studied as 
optical sensing materials for molecular oxygen. Combining the advantages 
of luminescent complexes and porous matrixes, porous coordination poly-
mers show great potential for oxygen-sensing, although their sensitivity, 
requirement of precious metal, and device fabrication remain challenging 
issues. In this work, the photoluminescence and oxygen-sensing proper-
ties of the porous Cu(I) triazolate framework [Cu(detz)] (MAF-2, Hdetz = 
3,5-diethyl-1,2,4-trizole) is studied in detail, which shows high chemical 
stability in moisture and water, very long phosphorescent lifetime (116 
µs) and large Stokes shift (14 562 cm −1 ), as well as considerable oxygen 
permeability (1.7 × 10 −11  mol cm −1  s −1  bar −1 ) at ambient conditions, giving 
rise to exceptionally high luminescence quenching effi ciency of 99.7% at 1 
bar O 2  ( I  0 / I  100  = 356) with a perfectly linear Stern-Volmer plot ( K  SV  = 356 bar −1 , 
 R  2  = 0.9998), fast response and good reversibility. Further, a counter-diffusion 
crystal-growth method was developed to fabricate MAF-2 thin fi lms protected 
by silicone rubbers as the fi rst example of soft membrane oxygen sensor 
based on coordination polymer or metal-organic framework, which exhibited 
extraordinary oxygen-sensing performance (limit of detection = 0.047 mbar) 
and outstanding mechanical property, as well as outstanding chemical sta-
bility even in an acidic atmosphere. 
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oxygen sensors based on luminescence 
quenching have attracted a great deal of 
attention for their high sensitivity and capa-
bility of online detections and non-invasion 
measurements. [ 3 ]  To fabricate a lumines-
cence sensor, luminescent dyes should be 
immobilized on gas-permeable substrates, 
most of which are in the membrane form. [ 4 ]  
It is worth pointing out that oxygen-sensing 
luminescent dyes usually perform very dif-
ferently in the solution, bulk-solid, and thin-
fi lm states, [ 5 ]  and most sensing compounds 
have never become sensors. [ 3 ]  

 Although some fl orescent materials 
have demonstrated high oxygen-sensing 
effi ciencies, [ 6 ]  phosphorescent dyes, espe-
cially coordination complexes of precious 
metal ions (Pt, Ru, Au, Ir, Re, etc.), are still 
the most preferred choices for lumines-
cent sensing, [ 7 ]  because phosphorescence 
based on triplet excited state has high 
quantum yield and luminescent intensity 
(for high sensitivity), long lifetime (for 
reducing the interference from scattered 
light and fl uorescence background, by 
using time-resolved luminescence meas-
urement), and large Stokes shift (for easy 

separation of excitation and emission). [ 8 ]  
 Porous coordination polymers (PCPs) are highly ordered 

arrays of metal complexes containing guest-accessible chan-
nels. [ 9 ]  Various functionalities, such as luminescent building 
blocks, can be rationally incorporated into PCPs. [ 10 ]  By virtue 
of their diverse and tunable structures, luminescent PCPs have 
emerged as promising sensing materials for solvent, vapor, and 
ion species. [ 11 ]  Recently, a few oxygen-sensing PCPs have been 
reported, which are mostly based on phosphorescent Ru(II) 
or Ir(III) metalloligands. [ 12 ]  So far, it is still very challenging 
to reduce the precious metal content and increase the oxygen-
sensitivity of luminescent PCPs. [ 6 ]  In addition, bulk PCP crys-
tals cannot be used directly in practical applications, especially 
as gas sensors. The loose powders are diffi cult to handle as a 
sensor unless they are processed or molded into applicable 
confi gurations such as membranes. [ 13 ]  Unlike molecular and 
macromolecular luminescent dyes, PCPs are generally fragile, 
crystalline and insoluble materials, which can be hardly made 
into soft membrane devices for sensing. [ 14 ]  
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 Luminescent Cu(I) complexes are cheap, noble-metal-free 
materials showing long-lifetime  3 MLCT (metal-to-ligand charge 
transferred triplet excited state) phosphorescence for oxygen-
sensing. [ 15 ]  However, Cu(I) complexes, especially those in the 
solution states and dispersed in the porous structures, are well 
known for their instability toward air and humidity, [ 16 ]  which 
hinders their treatments and applications. Although some 
luminescent Cu(I)-based coordination polymers have been 
known, [ 17 ]  few of which showed permanent porosity, [ 18 ]  and 
none of which showed oxygen-sensing ability. 

 Metal azolate frameworks (MAFs) have been demonstrated 
as a unique type of coordination polymers with outstanding 
thermal and chemical stability even for Cu(I), [ 19 ]  which inspired 
us to explore the oxygen-sensing property of porous Cu(I)-based 
MAFs. In this work, we show that [Cu(detz)] (MAF-2, Hdetz = 
3,5-diethyl-1,2,4-trizole, see  Figure    1  ), a 3-connected  nbo-a  net-
work with large cavities ( d  = 7 Å, void = 40%, BET and Lang-
muir surface areas: 539 and 807 m 2  g −1 ) and small apertures 
( d  = 1.5–3.6 Å), [ 18a ]  can serve as an extremely oxygen-sensitive 
phosphorescent material, which can be composited with silicon 
rubbers (SRs) to fabricate soft and robust membrane sensors 
with high sensitivity and outstanding stability in water and 
even acid vapor.   

  2.     Results and Discussion 

  2.1.     Synthesis and Characterization of MAF-2 

 Cu(I) 3,5-diethyl-1,2,4-trizolate was fi rst designed and synthe-
sized as a cubic phase (MAF-2c) by solvothermal  in situ  metal/
ligand reaction of Cu(OH) 2 , aqueous ammonia, and propi-
onitrile, but the poor reaction yield (10–15%) prevented char-
acterization of many bulk properties. [ 17c ]  Later, we established 
an effi cient method for synthesis of trigonal phase MAF-2 by 
reacting Hdetz and [Cu(NH 3 ) 2 ]OH in mixed ammonia/meth-
anol under N 2  atmosphere at room temperature. [ 18a ]  Compared 

with MAF-2c, MAF-2 is guest-free with a less porous, shrunk 
structure. In this study, white microcrystalline powder of 
MAF-2 was synthesized by the direct method. Powder X-ray dif-
fraction (PXRD) patterns and thermogravimetry (TG) analyses 
confi rmed that the obtained sample was pure, guest-free, and 
highly thermostable (Figure S1 and S2). 

 The color and PXRD pattern of MAF-2 were unchanged in 
dry air (Figure S1 and S3). To examine the chemical stability 
under severer conditions, microcrystalline MAF-2 was exposed 
in saturated water vapor and immersed in water. In both cases, 
the samples turned light green after several days, but retained 
the original PXRD pattern even after 1 year. These phenomena 
indicated that MAF-2 was quite stable to either oxygen or 
water. Only in coexistence of oxygen and water, oxidation of the 
Cu(I) ions of MAF-2 can occur on the outer particle surface. It 
should be noted that, the chemical stabilities of MAF-2 toward 
air and water are much higher than conventional Cu(I) com-
plexes, which should be attributed to its polymeric and hydro-
phobic framework structure consisting of strong metal-azolate 
bonds. [ 19,20 ]  These results should inspire the development of 
inexpensive sensing materials based on Cu(I) complexes.  

  2.2.     Photoluminescence Properties of MAF-2 

 Bright  3 MLCT phosphorescence had been observed for MAF-2c 
in air. [ 17c ]  However, microcrystalline MAF-2 is not luminescent 
in air, which is an indication of luminescence quenching by 
oxygen because framework distortion not likely changes the 
photoluminescence so much. Indeed, microcrystalline MAF-2 
in vacuum showed broad and structureless emission spectra 
with excitation and emission maxima at 292 nm and 508 nm, 
respectively ( Figure    2  a), being similar to those reported for 
MAF-2c measured in air (Figure S4). The excitation wavelength 
of MAF-2 was shorter than common sensing materials, which 
can be ascribed to small π-conjugation system of detz −  ligand. 
Although the short excitation wavelength may cause fl uores-
cence interferences, the phosphorescence of MAF-2 possesses 
very large Stokes shift and long luminescence lifetime, which 
are highly demanded for practical applications. The Stokes 
shift between the excitation and emission peaks of MAF-2 
(14562 cm −1 ) was much larger than most of oxygen-sensing 
materials ( ca . 4000–10000 cm −1 , see Table S1 and S2). [ 5a , 6,12,15,21 ]   
The luminescence lifetime of MAF-2 in vacuum was deter-
mined as 115.9(2) µs (Figure  2 b and S5), which is longer than 
most luminescent dyes used for oxygen-sensing (commonly 
< 100 µs). [ 22 ]  For comparison, the luminescence lifetime of 
MAF-2c in air was reported to be ca. 1 µs. [ 17c ]  Obviously, the 
guest molecules in MAF-2c prohibit effi cient interaction 
between O 2  and the host framework, so that its luminescence 
is still observable in air.  

 The emission spectra of MAF-2 in different O 2  pressure 
(from vacuum to 1 bar) were measured ( Figure    3  a). The 
luminescence intensity of MAF-2 at 1 bar O 2  was 99.72(2)% 
( I  0 / I  100  = 355.8) lower than that in vacuum. This value is sig-
nifi cantly higher than those of PCPs and also higher than 
most molecular complexes (Table S1 and S2). [ 2b,c ]  The oxygen-
pressure-dependent luminescence intensity of MAF-2 was 
plotted by the Stern-Volmer equation (Equation ( 1))  : [ 23 ] 
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 Figure 1.    The cage structural unit of MAF-2 (the fl exible ethyl groups of 
detz −  ligands that block the apertures are omitted for clarity).
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 where  I  0 / τ  0  and  I / τ  are the luminescent intensity/lifetime in 
the absence and presence of quencher, respectively,  σ  is the 
collision radius of the luminescent dye,  α  represents the prob-
ability that a collision leads to quenching,  N  A  is Avogadro’s 
constant,  D  O2  is the diffusion coeffi cients of oxygen,  S  O2  is the 
oxygen solubility,  P  O2  is the oxygen pressure, and  K  SV  is the 
quenching effi ciency of the system.  

 The fi tting plot exhibited excellent linearity with a very 
large slope of  K  SV  = 356(1) bar −1  (Figure  3 b and S6), [ 6 , 12b , 15c,d,24 ]  
indicating MAF-2 has outstanding oxygen-sensing properties 
including wide liner range and extremely high sensitivity. Using 
excitation and detection wavelength of 292 and 508 nm, respec-
tively, the luminescence intensity of microcrystalline MAF-2 
was continuously recorded with stepwise change and cycling of 
O 2  (or air) pressure between 0 and 1 bar ( Figure    4   and S7). After 
O 2  pressure changes, the luminescence intensity reaches equi-
librium quickly, and there was no luminescence lost after 10 
cycles, demonstrating fast response, good reversibility and high 
photochemical stability. O 2  sorption experiments for MAF-2 at 
298 K demonstrated a solubility of  ca.  0.12 mol L −1  and a diffu-
sion coeffi cient of  ca . 1.4 × 10 −7  cm 2  s −1 , giving a permeability 
of  ca . 1.7 × 10 −11  mol cm −1  s −1  bar −1  (Figure S8), which is rela-
tively high among common solid porous matrixes for oxygen 
sensor (10 −13  – 10 −11  mol cm −1  s −1  bar −1 ). [ 23,25 ]    

  2.3.     Fabrication of Hybrid Membranes 

 Enlightened by the excellent oxygen-sensing performances of 
MAF-2, we tried to construct the corresponding sensors, which 
generally require the fabrication of thin membranes. [ 26 ]  Many 
SRs are soft, hydrophobic, transparent, oxygen-permeable, and 
nonluminescent polymers, which have been widely used as the 
porous matrixes for luminescence dyes in optical sensors. [ 5a ]  
We used a commercial SR, namely RTV-118, as the porous 
matrix and/or solid support for MAF-2. RTV-118 can be painted 
onto solid surfaces such as glass, silica and steel to form thin 
attached layers or molded into thin free-standing membranes. 
Obviously, MAF-2 crystals cannot be absorbed into SRs like 
small molecular dyes. Alternatively, the microcrystals can be 
attached on the membrane surfaces, either by mechanical 
coating or  in situ  synthesis/growth. In this study, the sensors 
were prepared by a counter-diffusion crystal-growth method 
which fabricates membranes with tightly attached and uniform 
microcrystal thin fi lm. 

 As shown in  Figure    5  , the membrane sensors were prepared 
in three steps. First, The SR membranes were immersed in a 
CH 2 Cl 2  solution of Hdetz, which swelled and absorbed the 
ligand solution. Second, in an aqueous ammonia/methanol 
solution of [Cu(NH 3 ) 2 ]OH, the CH 2 Cl 2  solution of the ligand was 
extracted out the membranes and reacted with [Cu(NH 3 ) 2 ]OH to 
form MAF-2 microcrystals on the solid/liquid interface (Figure 
S9b). Third, although the crystal thin fi lm attaches very tightly 

Adv. Funct. Mater. 2014, 24, 5866–5872

www.afm-journal.de
www.MaterialsViews.com

 Figure 2.    a) Photoluminescence spectra and b) decay profi le (fi tted by Equation (S1):  τ  0  = 115.9(2) µs) of MAF-2 in vacuum.

 Figure 3.    a) Emission spectra under different O 2  pressure and b) corresponding Stern-Volmer plot (fi tted by Equation  ( 1)  ) for MAF-2.
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on the membrane surface, a thin layer of SR was coated above 
the MAF-2 crystals for further protection. Since RTV-118 releases 
acetic acid during vulcanization that can partially decompose 
MAF-2, a neutral dealcoholization SR, namely TSE-397-C, was 
adopted as the protective layer, which gave a sandwiched hybrid 
membrane hereafter denoted as MAF-2@SRs.  

 Scanning electron microscope (SEM) showed that the crystal 
diameters in bulk MAF-2 and MAF-2@SRs were  ca . 1–15 
and 3–4 µm, respectively (Figure S9), meaning that the  in situ  
grown crystal thin fi lm was more uniform. [ 13a ]  TG showed that 
MAF-2@SRs decomposed at 400 °C and there was no obvious 

weight loss at the decomposition temperature of MAF-2 
(280 °C), [ 18a ]  indicating that the hybrid membrane contained 
very small amounts of MAF-2 (Figure S2). When exposed in 
saturated water vapor and immersed in water, MAF-2@SRs 
showed higher stability than MAF-2. The color and PXRD 
pattern of MAF-2@SRs can be retained even in saturated 
vapor of hydrochloric acid (0.1 mol L −1 ) for at least 1 month 
( Figure    6   and S10), being much improved than for microcrys-
talline MAF-2.   

  2.4.     Oxygen-Sensing Properties of Hybrid Membranes 

 The luminescence and oxygen-sensing properties of the 
hybrid membranes were studied by similar measurements 
as for MAF-2. The luminescence spectra of MAF-2 and 
MAF-2@SRs were very similar (Figure S4). The Stern-Volmer 
plot of MAF-2@SRs below 0.1 bar exhibited perfect linearity 
and a very large slope of  K  SV  = 213(1) bar −1  ( Figure    7  a and 
S11a), which is suitable for low concentration oxygen sensing. 
As defi ned in a recent review by Wolfbeis  et al. , the limit of 
detection (LOD) can be calculated at 1% quenching to ensure 
comparability and make it not subject to specifi c instrumental 
characteristics. [ 27 ]  In this context, the LOD of MAF-2@SRs 
was calculated to be 4.7 × 10 −2  mbar, which is only higher 
than a few state of the art optical oxygen sensors. [ 28 ]  Above 
0.1 bar, the Stern-Volmer plot of MAF-2@SRs is nonlinear 
and levels off (Figure  7 a and S11a). The luminescence inten-
sity of MAF-2@SRs was quenched 99.14(3)% ( I  0 / I  100  = 116.8) 
in 1 bar O 2  compared with that in vacuum (Figure S12). Such 
levels off Stern-Volmer plots were common in heteroge-
neous especially complex-polymer systems. [ 5a ]  In the case of 
MAF-2@SRs, the polymer chains could fi ll some pores near 
the crystal surface of MAF-2 and prevent interaction with O 2 , 
giving a downward Stern-Volmer plot with lower quenching 
effi ciency. [ 29 ]  Although a linear relationship between signal 
intensity and analyte concentration is the best for device cali-
bration, [ 30 ]  we found that the nonlinear Stern-Volmer plot 
of MAF-2@SRs can be well fi tted by the following equation 
(Equation  ( 2)  ): [ 27 ] 
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 where  f  1  and  f  2  are the fractions of the two sites that are 
quenched with the quenching effi ciencies  K  SV1  and  K  SV2 , 
respectively.  
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 Figure 4.    a) Time-dependent photoluminescence intensity of MAF-2 
under stepwise change O 2  pressures and b) cycling between vacuum and 
1 bar O 2  (excited by 292 nm, detected at 508 nm).

 Figure 5.    Schematic illustration of the fabrication method of the hybrid membrane. a) Absorption of a CH 2 Cl 2  solution of Hdetz into an SR membrane, 
b) extraction of the CH 2 Cl 2  solution of Hdetz from the membrane with an aqueous ammonia/methanol solution of [Cu(NH 3 ) 2 ]OH (the ligand and Cu(I) 
ion react on the membrane surface to generate MAF-2 crystals), and c) covering the surface crystals with an SR protection layer.
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 The fi tting results showed that one of the two quenching 
constants must be close to zero, giving fi tting parameters 
 f  1  = 0.995(6),  K  SV1  = 264(7) bar −1 ,  f  2  = 0.005(5),  K  SV2  = 0 bar −1  
(Figure  7 a and S11b), indicating that there were 0.5% MAF-2 
which cannot be quenched by O 2 . These data demonstrated 

that even minute amount of unquenched or hardly-quenched 
component can lead to dramatically nonlinearity in the Stern-
Volmer plots. By fi xing  K  SV2  = 0, Equation  ( 2)   can be rearranged 
to a linear format (Equation  ( 3)  ): [ 30 ] 

    

1 10

O2

I

I fK P fSVΔ
= +

 
 (3) 

 where Δ I  =  I  0  –  I , and  f  is the fraction of the components 
which are accessible to the quencher (O 2  molecules). The fi t-
ting results exhibited good linearity, with  K  SV  = 223(2) bar −1  
and  f  = 0.999(5) (Figure  7 b and S11c). The resulted  K  SV  values 
of the two equations were different because the coeffi cients of 
Equation  ( 2)   and Equation  ( 3)   were mainly controlled by the 
low- and high-pressure parts of data, respectively. Nevertheless, 
both  K  SV  values were larger than most hybrid oxygen sensors 
(Table S1 and S2). [ 21 ]  

 Although the MAF-2 crystals are covered by SRs, MAF-2@
SRs can also rapidly respond to O 2  pressure changes (Figure 
S13a). The luminescence intensity can reach equilibrium in 
less than 1 s, and no obvious luminescence intensity loss could 
be observed after switching the atmosphere between vacuum 
and 1 bar O 2  or air for 10 cycles (Figure S13b and S13c). More 
practical performance of MAF-2@SRs were shown in Video S1 
and  Figure    8  , which demonstrated the fast response, drastic 
quenching, and good reversibility of the soft, free-standing 
membrane. It should be noted that, soft membrane oxygen 
sensor based on coordination polymers or metal-organic frame-
works has not been reported in the literature.    

  3.     Conclusion 

 In summary, based on the porous Cu(I) diethyltrizolate frame-
work MAF-2, optical oxygen-sensing properties were observed 
for the fi rst time in Cu(I)-based PCPs and also in noble-metal-
free phosphorescent PCPs. This study reveal that MAF-2 has 
fairly high stability in air and water, bright phosphorescence 
with very long lifetime and large Stokes shift, as well as high 
uptake and fast sorption kinetics for oxygen at ambient condi-
tions, which give rise to the exceptionally high oxygen-sensing 
effi ciency. More importantly, a counter-diffusion crystal-growth 
method has been developed to fabricate uniform MAF-2 thin 
fi lms in silicon rubbers to construct solid-attached or free-
standing, and mechanically soft and robust membrane sensors, 
which not only preserve the oxygen-sensing characteristics but 
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 Figure 6.    PXRD patterns of MAF-2@SRs treated at different chemical 
conditions.

 Figure 7.    a) Stern-Volmer plot (fi tted by Equation  ( 2)  ); inset: low-pressure 
part fi tted by Equation  ( 1)   and b) modifi ed Stern-Volmer plot (fi tted by 
Equation  ( 3)  ) of MAF-2@SRs (excited by 292 nm, detected at 512 nm).

 Figure 8.    Photographs (screenshots in Video S1) of MAF-2@SRs (in air 
under 254-nm UV light) under a moving needle (arrows indicate the tra-
jectory of the pinhead) blowing N 2 .
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also further improve the chemical stability of the luminescent 
PCP. These results may open up new prospects for low-cost, 
sensitive, and durable sensory materials and devices.  

  4.     Experimental Section 
  Materials and Methods : Commercially available reagents and solvents 

were used as received without further purifi cation. The [Cu(NH 3 ) 2 ]
OH in mixed ammonia/methanol solution was prepared by add 
hydrazine hydrate into the mixed ammonia/methanol solution of 
Cu(OH) 2 . The ligand Hdetz and microcrystalline powder of MAF-2 
were synthesized according to the literature methods. [ 18a ]  Room 
temperature vulcanization SRs RTV-118 and TSE-397-C were obtained 
from Momentive Performance Materials Co., Ltd. PXRD patterns were 
performed on a Bruker D8 ADVANCE X-ray powder diffractometer 
(Cu-Kα). Thermogravimetry measurements were performed on a TA Q50 
instrument under nitrogen atmosphere. Gas sorption isotherms were 
measured on a volumetric adsorption apparatus (Micrometrics ASAP 
2020M). The sample (weight about 200 mg) was  in situ  evacuated under 
high vacuum at 353 K for 12 h prior to the sorption measurements. For 
SEM, the samples were sputter coated with gold and examined with a 
Quanta 400 fi eld-emitted SEM device. 

  Fabrication of Hybrid Membranes : RTV-118 was placed into a 
plexiglas clamping apparatus to modulate the thickness of the resultant 
membranes, then cured with atmospheric moisture at room temperature 
for 24 h to give transparent membranes (thickness ≈ 0.2 mm), which 
were immersed in a CH 2 Cl 2  solution of Hdetz (0.5 mol L −1 ) for 10 min. 
The swelled membranes were taken out and put into a slowly stirring 
(60 rpm) solution of [Cu(NH 3 ) 2 ]OH (0.1 mol L −1 ) in aqueous ammonia/
methanol (1:1, 100 mL) immediately. After 5 min, the shrunk and frosted 
membranes were taken out, washed by methanol to give MAF-2/RTV-
118 membranes. A CH 2 Cl 2  solution of TSE-397-C (10 wt%) was sprayed 
onto these membranes using an air brush, then the membranes were 
dried in air for 10 min to give semitransparent sandwiched membranes 
denoted as MAF-2@SRs. 

  Photoluminescence Measurement : Steady state photoluminescence 
spectra and lifetime measurements were performed at room temperature 
on an Edinburgh FLS920 spectrometer equipped with a continuous 
Xe900 Xenon lamp and an F900 microsecond fl ash lamp. All instrument 
parameters such as excitation split, emission split, scanning speed were 
fi xed for all measurements.  In situ  oxygen responding luminescence 
was measured in a sealed chamber equipped with quartz windows and 
a three-way valve which connects the chamber to a vacuum pump and 
an O 2  cylinder or atmosphere. The chamber was subjected to dynamic 
vacuum for 1 h before photoluminescence measurements for oxygen-
sensing. The luminescence spectra were measured after the targeted 
oxygen pressure was kept for 30 s. In the cycling reversibility experiment, 
the pressure was vacuumed to 0.01–0.03 mbar.  

  Supporting Information 
 Thermogravimetry curves, PXRD patterns, additional fi gures, 
photoluminescence data, SEM images, gas sorption data, and a video 
of the luminescence oxygen sensor. Supporting Information is available 
from the Wiley Online Library or from the author.  
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