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Abstract:

 The use of Ir(III) complexes in photo-responsive molecular devices for oxygen gas sensing is reviewed. Attention is focused on the immobilization of Ir(III) complexes in organic or inorganic host materials such as polymers, silica and clays in order to enhance robustness and reliability. Our recent works on constructing nanometer-thick films comprised of cyclometalated cationic Ir(III) complexes and clay minerals are described. The achievement of multi-emitting properties in response to oxygen pressure is demonstrated.
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1. Introduction

There has been extensive interest in developing photo-responsive solid-state chemical sensor devices based on luminescent transition metal complexes [1,2,3,4,5]. Cyclometalated iridium(III) complexes (denoted by Ir(III)) are a promising applicant for emitting elements due to their high emitting properties in a visible region [6,7,8,9,10,11,12,13,14,15]. They are characterized by the long lifetime of excited triplet states and the high quantum yield of emission. Ir(III) complexes are used for photo-responsive molecular devices such as LED devices and oxygen sensors [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34].

The quantitative determination of oxygen concentration is essential to various fields ranging from life sciences to environmental applications. The applicability of Ir(III) complexes for this purpose is based on the premise that energy transfer takes place efficiently from the triplet excited state of an Ir(III) complex to an oxygen molecule in a triplet ground state [30]. In order to enhance robustness and reliability of sensing devices, Ir(III) complexes are often immobilized into organic or inorganic host materials such as polymers, silica and clay minerals [35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51]. The inclusion of an Ir(III) complex, for example, [Ir(2-phenylpyridine)2(4,4′-bis(2-(4-N,N-methylhexylaminophenyl)ethyl)-2-2′-bipyridine)]Cl in polymer matrices has been reported for probing oxygen molecules [43]. The sensitivity of the Ir(III) complex was enhanced when it was immobilized in polymers such as polystyrene. The constructed films showed long-term stability and the complete reversibility of signals quenched by oxygen and quick response time to various oxygen concentrations. In contrast to these hybridization attempts, the luminescent Langmuir-Blodgett (LB) films of pure Ir(III) complexes were recently prepared by depositing a floating monolayer of an amphiphilic Ir(III) complex onto a solid substrate in order to fabricate a thin film sensor [35,36,37,38,39].

Among attempts to immobilize Ir(III) complexes, clay minerals have been used as an inorganic host with two-dimensional periodicity [50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65]. The photo-responsive solid-state gas sensors are manipulated on the basis of the thin film preparation of clay minerals. According to the method, hybridization took place electrostatically between a cationic monolayer and negatively charged clay particles (clay nonosheets) at an air–water interface (the so-called “Clay Langmuir-Blodgett (LB) Method”) [39].

In the present review, we describe recent attempts of fabricating hybrid LB films of Ir(III) complexes with clay minerals [39,66,67,68]. Ir(III) complexes with different emission colors (e.g., blue, green and red emissions) were used. Films were constructed by the layer-by-layer deposition of floating hybrid films onto a hydrophilic quartz substrate. When emission spectra were measured in vacuum or under oxygen atmosphere, it was revealed that the efficiency of energy transfer was critically dependent on the deposition order of incorporated Ir(III) complexes; this led to the appearance of the clear color change in emission, in response to oxygen pressure. These properties would be useful not only for detection but also for rapid visual response. The work would become a benchmark to explore a multi-emitting solid-state gas sensor film based on cyclometalated iridium(III) complexes.



2. Preparation of the Thin Films of Clay Minerals by the Modified Langmuir-Blodgett (LB) Method

Clay minerals are known to act as host intercalating photoresponsive molecules [50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67]. Recently the photochemical reactions involving clay minerals were further extended to thin film systems. In previous attempts, for example, the extent of energy transfer between donor and acceptor molecules in different layers was estimated [35,52,66,67]. We have employed clay minerals as a host of Ir(III) complexes. In such attempts, the preparation of thin films with uniform thickness is essentially important to achieve well-defined sensing systems. To fabricate films of high quality, the following amphiphilic cyclometalated iridium(III) complexes (Ir(III)) with different emission characters were used: [Ir(ppy)2(dc18bpy)]+ (ppy = 2-phenylpyridine; dc18bpy = 4,4’-dioctadecyl-2,2’-bipyridine), [Ir(dfppy)2(dc9bpy)]+ (fppyH = 2-(4’,6’-difluorophenyl)pyridine; dc9bpy = 4,4’-inonyl-2,2’-bipyridine) (denoted by DFPPY), [Ir(ppy)2(dc9bpy)]+ (denoted by PPY) and or [Ir(piq)2(dc9bpy)]+ (piqH = 1-phenyisoquinoline (denoted by PIQ). Their molecular structures are shown in Chart 1. The modified Langmuir-Blodgett (LB) method (“Clay LB Method”) has been applied for preparing a thin clay film according to the procedures shown in Scheme 1.

Chart 1. (left) [Ir(dfppy)2(dc9bpy)]+ (fppyH = 2-(4’,6’-difluorophenyl)pyridine; dc9bpy = 4,4’-dinonyl-2,2’-bipyridine) (denoted by DFPPY), (middle) [Ir(ppy)2(dc9bpy)]+ (denoted by PPY) and (right) [Ir(piq)2(dc9bpy)]+ (piqH = 1-phenyisoquinoline (denoted by PIQ).
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Scheme 1. Modified Langmuir-Blodgett (LB) method (“Clay LB Method”) (modified from reference [69]). 
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“Clay LB Method” was first reported when the nanometer-thick film of an ion-exchange adduct of a clay (synthetic saponite) was prepared by hybridizing an amphililic alkylammonium cation (trimethylstearylammonium) with an exfoliated sheet of clay minerals [69]. According to the method, the floating monolayer of an amphiphilic cation was formed onto a subphase of an aqueous suspension of clay minerals. Negatively charged clay nanosheets were attached onto the tail side of the floating monolayer. A layer-by-layer deposited film was prepared by transferring such a hybrid film onto a solid substrate by the Langmuir-Blodgett (LB) method. Extending the method to heterogeneous multilayered films, different kinds of cationic molecules were intercalated in a controlled order. It was revealed that a single clay layer acted as an efficient barrier in the stereoselective transfer of photon energy [69].

We optimized the conditions of preparing Ir(III)-clay hybrid films with high quality. A LB trough with an area of 10.0 cm × 13.0 cm was maintained at 20 °C by circulating water. The clays used could be synthetic saponite ([(Na0.25Mg0.07)(Mg2.98Al0.01)(Si3.6Al0.4)O10(OH)2)])( denoted by SAP) or sodium montmorillonite [(Na0.25Mg0.07)(Al1.56Mg0.34Fe0.10)(Si3.85Al0.15)O10(OH)2)] (denoted by MON) or synthetic hectorite [Na0.46(Mg2.62Li0.46)Si4O10F2]. A floating monolayer was formed at an air–water interface by spreading a chloroform solution of an Ir(III) complex (ca. 5.0 × 10−5 mol·L−1) over an aqueous suspension of a clay (10 mg·L−1). The surface pressure versus molecular area (π-A) curves were obtained by compressing the monolayer. The deposition of the floating film onto a hydrophilic substrate was performed vertically.

Figure 1 shows the examples of the π-A curves for DFPPY, PPY and PIQ, using 10 mg·L−1 of SAP as a subphase. In all cases, surface pressure levels off from zero in the region of the molecular area below 0.5–1.5 nm2 per molecule. These facts supported the occurrence of hybridization of a molecular film of Ir(III) complex with clay particles at an air–water interface. After 30 min, the surface was compressed at a rate of 10 cm2·min−1 until the surface pressure reached 10 mNm−1. Keeping the surface pressure at 10 mNm−1 for 30 min, the film was transferred onto a hydrophilic quartz plate (ca. 1 cm × 2 cm × 1 mm) by the vertical deposition method at a dipping rate of 10 mm·min−1.

Figure 1. The π-A curves of (a) DFPPY, (b) PPY and (c) PIQ, using 10 mgL−1 of synthetic saponite as a subphase (modified from reference [67]).
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In order to prepare the mono-layered hybrid films containing a mixture of Ir(III) complexes, a mixture of two or three kinds of Ir (III) complexes in chloroform was spread over a suspension of clay. Double- or triple-layered films with different layer sequences were prepared by the layer-by-layer deposition method as shown in Scheme 2. In the procedures, quartz plates were dried in vacuum for 30 min after depositing each layer. The structural model of a prepared deposited film was schematically shown in Scheme 3. The surface morphology and layer structures were investigated by means of XRD and AFM measurements [39,66,67].
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Scheme 2. The layer-by-layer deposition method. 
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Scheme 3. Model of hybrid LB film: the possible structure in which a Ir(III) complex molecule, with the height of ca. 2.0 nm is adsorbed onto a single layer of clay whose thickness is ca. 1.0 nm(modified from reference [66]). 
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3. Photosensing of Gases by Hybrid LB Films


3.1. Oxygen Photosensing by Hybrid Monolayered Films

For the measurements of emission spectra from a deposited film, the surface-modified quartz plate was placed at 45 degrees with respect to the incident light in the quartz cell. The emitted light was detected at 90 degrees with respect to the incident light. The emission was measured either in vacuum (<0.1 kPa) or under oxygen atmosphere at room temperature.

Figure 2A,B shows the emission spectra, when a quartz substrate modified with {DFPPY/MON} or {PPY/MON} was irradiated at 430 nm, respectively. Measurements were performed under vacuum or oxygen atmosphere at room temperature. Emission peak wavelength (λmax) reflected the characters of each incorporated Ir(III) complex: that is, λmax = 500 nm and 550 nm for DFPPY and PPY, respectively. When an oxygen gas was introduced into the cell, the intensity of the emission decreased instantly due to the quenching of excited Ir(III) complexes by oxygen molecules. The Stern-Volmer plots are shown in Figure 3. The curves were fitted by the two-site model [66]. Comparing {PPY/MON} and {DFPPY/MON}, the latter exhibited more efficient quenching than the former. The change of emission intensity was record for {PPY/MON} and {DFPPY/MON}, when oxygen gas was introduced and evacuated. The films were irradiated at 430 nm and the emission was monitored at 500 nm and 550 nm, respectively. The rapid and reversible response was observed as shown in Figure 4. In case of {DFPPY/MON}, for example, more than 80% of the signal recovered to the initial level within 1 s on evacuating the oxygen gas. From the results on the single-layered hybrid films, it was concluded that a nanometer-thick film exhibited sufficiently high emission characteristic of an adsorbed Ir(III) complex.

Figure 2. The luminescence spectra from the single-layered hybrid LB films of (A) {DFPPY/MON} and (B) {PPY/MON}. The excitation wavelength was 430 nm. The vertical axis denotes the intensity of luminescence at an arbitrary unit. a: in vacuum, b: 4 kPa, c: 27 kPa, d: 101.3 kPa of oxygen pressure (modified from reference [66]).
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Figure 3. Stern-Volmer plots for quenching by oxygen molecules (a) {DFPPY/MON} and (b) {PPY/MON}. Curves were calculated with two site model (modified from reference [66]).
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Figure 4. The change of emission intensity from {DFPPY/MON}, when oxygen gas was introduced and evacuated. The excitation and emission wavelengths were 430 nm and 500 nm at room temperature, respectively (modified from reference [66]).
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3.2. Dual-Emitting Properties of Double-Layered Films in Oxygen Sensing

The emission properties were studied on heterogeneous double-layered films. As shown in Figure 5, when a double-layered film, {DFPPY/MON/PPY/MON}, was irradiated at 430 nm, it showed the emission spectrum with the broad maximum around 500–550 nm. The band included the emissions both from DFPPY (λmax at 500 nm) and PPY (λmax at 550 nm). Thus energy transfer occurred to a negligible extent in this film [66].

Figure 5. The luminescence spectra from the hetero-layered hybrid LB films of {DFPPY/MON/PPY/MON}. The excitation wavelength was 430 nm. The vertical axis denotes the intensity of luminescence at an arbitrary unit. a: in vacuum, b: 4 kPa, c: 27 kPa, d: 101.3 kPa of oxygen pressure (modified from reference [66]).
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One remarkable feature appeared in this film when oxygen gas was introduced. The spectral shape changed as a function of oxygen pressure (Figure 5). The film emitted light with the broad maximum around 500–550 nm at low oxygen pressure (0 < PO2 < 4 kPa), while the same film emitted light with the sharp maximum at 550 nm at high oxygen pressure (PO2 > 4 kPa). The observed dual properties were caused by the difference in quenching efficiency by oxygen molecules between DFPPY and PPY. That is, DFPPY was quenched efficiently more than PPY so that the former complex lost emitting capability more readily than the latter. The features confirmed the establishment of the strict layer-by-layer structures in the present hybrid films. These properties can be applied to develop an oxygen-sensing film whose emission spectrum changes depending on the pressure of oxygen gas.

The above results implied that oxygen molecules penetrated both the upper and lower layers, quenching the whole Ir(III) complexes in films. It was also confirmed that interlayer energy transfer took place between the metal complexes located in different layers.





3.3. Unique Character of Triple-Layered Hybrid LB Films

The study of the emission properties was extended to a heterogeneous triple-layered film. Supposing that a film contains three kinds of emitters (denoted as A, B and C) in different layers, energy transfer might take place through the following three paths as shown in Scheme 4.




[image: Chemosensors 02 00041 g010 1024]





Scheme 4. Possible paths for energy transfer in a heterogeneous triple-layered film. 
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In case the rates of energy transfer in the above paths depend on the relative positions between an emitter and an acceptor, the total emission might be affected by the layer sequence. If oxygen molecules quench these emitters, the effect might also depend on the layer sequence, since the efficiency might be affected by the penetration depth of an oxygen molecule in the film. As a result, two emitting molecules (A and B) located in different layers might be quenched to different degrees at a given pressure. Accordingly the contribution of each emitter to the total emission is dependent on oxygen pressure under a given layer sequence. These situations may lead to the appearance of multi-emission behavior, depending on the oxygen pressure.

Motivated by the above expectation, six triple-layered hybrid films with different layer sequences were prepared as shown in Scheme 5 [67]. The representative cases are shown in Figure 6 when the films were irradiated at 430 nm either under vacuum or at various oxygen pressures. In case of {DFPPY/SAP/PPY/SAP/PIQ/SAP}, the emission intensity decreased uniformly with no drastic change in the spectral shape. DFPPY* in the uppermost layer was expected to be quenched most efficiently. The decrease of energy transfer from DFPPY* resulted in the simultaneous lowering of emission from both PPY* (λmax at 550 nm) and PIQ* (λmax at 590 nm). In case of {PPY/SAP/DFPPY/SAP/PIQ/SAP}, however, the broad emission band (550–600 nm) changed to the sharp peak at 590 nm on increasing oxygen pressure. The emission intensity decreased with the increase of oxygen pressure until the emission peak remained around 590 nm. PPY* in the uppermost layer was expected to be quenched more efficiently than PIQ* in the lowest layer. Thus the emission from PIQ* remained at higher oxygen pressure.

Figure 6. The luminescence spectra of the triple-layered hybrid LB films of (A) {DFPPY/SAP/PPY/SAP/PIQ/SAP}, (B) {PPY/SAP/DFPPY/SAP/PIQ/SAP}, (C) {DFPPY,PPY,PIQ/SAP}. The excitation wavelength was 430 nm. The vertical axis denotes the intensity of luminescence at an arbitrary unit. a: in vacuum, b: 4 kPa, c: 27 kPa, d: 101.3 kPa of oxygen pressure (modified from reference [67]).
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Scheme 5. Six kinds of triple-layered films with different layer sequences and mono-layered with mixed Ir(III) complexes. Here, {X/SAP} denotes the deposited layer of the hybrid film of an iridium(III) complex (X) with SAP, respectively (modified from reference [67]). 
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The above results were contrasted with a single-layered film containing three kinds of Ir(III) complexes. In such a mixed film, PIQ emission alone was enhanced through energy transfer in the lateral direction from both PPY and DFPPY. The energy transfer took place from DFPPY to PPY, which was observed at shoulder of 520 nm. Increasing oxygen pressure, PPY was quenched and weak PIQ emission was observed.




4. Perspective

The present hybrid films of clay nanosheets and photo-responsive iridium(III) complexes can be further extended to the following applications: (1) the development of more sensitive complexes would open the use of the films for rapid monitoring of oxygen molecules under extreme conditions, such as high or low temperature; (2) the multi-emitting character of multi-layered films may realize the visual monitoring of oxygen contents. Such monitoring is useful in the anti-oxidant polymer films of food preservation; and (3) the nanometer sized hybrid films might be used for patterning the distribution of oxygen molecules inside biological systems. These characters of clay nanosheets are unique in comparison with other inorganic hosts such as zeolite or mesoporous materials.



5. Conclusions

The single- and multi-layered hybrid films of amphiphilic iridium(III) complexes with clay nanosheets were prepared according to the modified Langmuir-Blodgett (LB) method. In case of a single-layered hybrid film, even a nanometer-thick film exhibited high emitting properties characteristic of an adsorbed molecule. Luminescence was monitored under the atmosphere of various gases. An oxygen gas, for example, quenched the emission from excited iridium(III) complexes linearly in the pressure range of 0–4 kPa, while the quenching effect was saturated above 4 kPa. Other gases with functional groups also quenched the luminescence efficiently. These results demonstrated the potential of the present hybrid LB films as a gas sensing device. For the mixed monolayer films, the intensity of red emission was enhanced due to the intra-layer energy transfer. For the double-layered films, the dual-emitting character was achieved due to the layer-by-layer deposition of [Ir(dfppy)2(dc9bpy)]+ and [Ir(ppy)2(dc9bpy)]+. For the triple-layered films, one acceptor ([Ir(piq)2(dc9bpy)]+) and two donor molecules ([Ir(dfppy)2(dc9bpy)]+ and [Ir(ppy)2(dc9bpy)]+.) were separated in the different layers. The quenching efficiency by oxygen molecules was dependent on their penetrating depth in the films. As a result, oxygen molecules quenched these molecules in different ways under a given oxygen pressure. These conditions led to the appearance of multi-emission behavior. The present nanometer-thick films are regarded as a benchmark for an optical device emitting different visible lights in response to gas pressure.
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