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ABSTRACT
In this work, we report the red photoluminescence (PL) properties of MCM-48 following annealing treatment. The freshly prepared samples were annealed in N2 atmosphere for 30 min at 200 oC, 500 oC, 800 oC, respectively. The decay behavior of PL of MCM-48 could be prolonged with increasing annealing temperature. As the annealing temperature at 500 oC, the intensity of PL spectrum of MCM-48 can be effectively improved and the PL intensity is four times stronger than that of un-treated sample. We suggest that thermal treatment could enhance the luminescence efficiency due to increase the amounts of origins of emission. Our studies provide a useful technique for improving the luminescence intensity and stability of MCM-48.
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1.  INTRODUCTION

Mobil scientists firstly synthesized mesoporous silica molecular sieves, named MCM-48, which has a hexagonal array of one dimensional channels and narrow pore-size distribution [1]. The molecular sieve materials are synthesized via a liquid-crystal mechanism, and their structures can be formed from molecular aggregates of loytropic surfactants. The main characteristics of MCM-48 are its high pore volume (~1 cm3g-1), large surface area (~1000 m2g-1), and very narrow distribution of pore sizes (2 ~10 nm). The schematic diagram of MCM-48 is shown in the inset of Fig. 1 [2]. The highly ordered structures have received strong interest due to their potential applications in photocatalysis [3], adsorption [4], gas separation [5], and ion exchange [6]. 
Numerous academic and industrial studies on M41S (such as MCM-41 and MCM-48) materials have focused on the optical properties of these materials [7-9]. The optical properties of meso-porous siliceous materials not only conveniently clarify the nature of the nano-scale materials and structural defects, but also provide useful information for extending their applications to optical devices, such as optical sensors and photonic band-gap crystals. So far, it has been well known that the origins of the photoluminescence (PL) of MCM-48 are related to Si-OH complexes, hydrogen-related species, or oxygen-related defects [7-9]. For instance, the red PL at ~ 1.9 eV in many forms of SiO2, has been widely attributed to the NBOHC, which consists of an under-coordinated O atom bonded to a single Si atom (i.e., ≡Si—O•, where ‘≡’ represents three bonds with other oxygen, and ‘•’ represents an unpaired electron). [8]. 
However, the characteristics of red luminescence from MCM-48 have two unsolved problems for fabricating optical devices. One is the luminescence efficiency which shows relatively low luminescence intensity for optical application. The other is that the intensity of red luminescence would be degraded with time during photoexcitation. It has been known that the surface of the as-prepared MCM-48 was covered by a high concentration of silanol group (Si－OH), forming NBOHC under irradiation [8]. Unfortunately, the silanol groups are unstable when exposed to ambient air and slowly oxidized to form Si dangling bonds, which form nonradiative recombination centers and quench PL efficiency [10]. So far, several alternative approaches have been suggested to improve the degradation of PL intensity, [10-13]. Among different techniques, modifying the surface states is found to be a useful method to stabilize the PL intensity. In this work, we demonstrate that the enhancement of intensity and stabilization of PL from MCM-48 have been improved by annealing treatment. 
2.  EXPERIMENTAL PROCEDURE
The siliceous MCM-48 materials studied here were synthesized by fumed silica (99.8 %, metal free, Sigma), cetyltrimethylammonium (CTA) bromide (AR, 99%, Acros) and tetramethylammonium (TMA) hydroxide (25 % aqueous solution, Aldrich). Purely siliceous MCM-48 was prepared as follow. (TMA)OH and (CTA)Br were added to deionized water with stirring at 30 oC until the solution become clear. The silica source was added to the solution with stirring for 2 h and then aged for 24 hr. Gel mixtures with composition 1.00 SiO2: 0.19 (TMA)OH: 0.27 (CTA)Br: 40 H2O were reacted 48 h at 150 ℃ in Telflon-lined stainless steel autoclaves. The reaction product was filtered, washed with distilled water, dried in air at 60 oC, and finally calcined at 550 ℃ for 8 h. The as-prepared samples were further treated with annealing in pure N2 environment to investigate the thermal effect on the luminescence properties of MCM-48. Annealing treatment was performed at temperatures 200 oC, 500 oC, 800 oC for an annealing time of 30 minutes. The PL measurements were performed in air at room temperature. A focused Ar ion laser (2.54 eV) with a power density of 1.5 W/cm2 was used as an excitation source. The luminescence was collected by a spectrometer (Jobiv Yvon 550) with a 1200 grooves/mm grating and detected using a cooled GaAs photomultiplier tube.
3. RESULTS AND DISCUSSION
Figure 1 shows the typical PL spectrum of as-prepared MCM-48 nanotubes at room temperature. The PL spectrum of as-prepared MCM-48 exhibits an asymmetric shape, suggesting that the luminescence has at least two components. Based on the least-square curve fitting algorithm, two Gaussian components, peaking at about 1.90 and 2.2 eV, are shown as the dashed lines in Fig. 1. The PL properties of MCM-48 have also been wildly investigated [7-9]. The PL peak at around 1.9-2.0 eV as shown in Fig. 1, has been observed and assigned to NBOHC. The NBOHC, which consists of an under-coordinated O atom bonded to a single Si atom, are intrinsic defect centers observed in amorphous and porous silica [8]. The PL peak at about 1.9 eV is caused by the charge-transfer transition in NBOHC between the half-filled nonbonding 2p π orbital of the non-bridging oxygen atom and the lone-pair 2p orbital of one of the ligand oxygen atoms. The other PL peak is at about 2.2 eV in Fig. 1, which is very close to the 2.19 eV peak suggested to originate from the NBOHC associated with broken bonds. However, the bond length, the bond angle, and the local surrounding defects may affect the optical transition of NBOHC, leading to a change of emission energy. The details of formations of NBOHC have been interpreted in our previous works [8].
     The degradation of PL intensity measured at the maximum PL peak of each sample, was studied at room temperature. The PL intensities of samples with/without annealing are normalized to initial for comparison. As shown in Fig. 2(a), the PL intensity of as-prepared MCM-48 was found to degrade with time during photoexcitation and reduce about 40 % after illumination 25 min. Nevertheless, under similar conditions, the PL intensity of MCM-48 annealed at 200 oC as a function of irradiation time decays is slower than that of un-treated MCM-48, as displayed in Fig. 2(b). The degradation of PL is well described by the stretched-exponential decay function [14],
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where 
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 is the decay lifetime and 
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 is a dispersion factor that (satisfies OR takes a value of) 0<
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<1. The solid lines in Fig. 2 plot the calculated results, which are in good agreement with the experimental data. The 
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 value for all samples was extracted from the decay curve and listed in table 1. As the annealing temperature increases, the decay time would be prolonged, which indicates that the PL degradation was effectively improved by annealing.
Furthermore, Fig. 3 displays the stabile PL spectrum of MCM-48 as a function of the annealing temperature. We observe that the luminescence intensity of MCM-48 obviously increases with increasing annealing temperature (200~500 oC). The PL intensities of MCM-48 after annealing at 200 oC and 500 oC, respectively, are 2 and 4 times stronger than that of the as-prepared sample. According to our previous works [8], when the annealing temperature exceeds room temperature, the hydrogen-bonded silanol groups are dehydroxylated by removal of water, forming siloxane bonds and single silanol groups. The single silanol groups would be form the NBOHC under photoexcitation. As the annealing temperature increases further (＞ 400 oC), single silanol groups that are more widely separated can be dehydroxylated, forming NBOHC. The concentration of NBOHC is thus expected to increase greatly after RTA treatment with T ＞ 400 oC, that results in the enhancement of PL of MCM-48.
It is noted that the PL intensity of MCM-48 with annealing at 800 oC would be decreased. Chen et al. have indicated that the surface area and porous structures of MCM-48 would be altered with annealing above 800 oC, resulting in decreasing the PL efficiency of MCM-48 [15]. Fortunately, the PL intensity of MCM-48 with annealing at 800 oC is better than that of un-treated sample. We hence suggest that the annealing treatment is a helpful technique for improving the PL efficiency of MCM-48.
4. CONCLUSION
In summary, the luminescence of MCM-48 with annealing in N2 atmosphere at different temperatures was investigated by PL. The stability and intensity of PL behaviors of MCM-48 following annealing could be effectively improved. The PL intensity of MCM-48 annealing at 500 oC would be enhanced and that is about four times stronger than that of un-treated sample. We suggest that thermal treatment could enhance the luminescence efficiency due to increase the concentrations of origins of emission. Our studies provide a convenient technique for improving the intensity and stability of PL of MCM-48. 
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Table 1. Values of the decay time 
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 obtained from a fit to Eqs. (1)
	Annealing

Temperature (oC)
	As-grown
	200
	500
	800
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 (sec)
	168
	308
	986
	18675
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Fig. 1. PL spectrum of as-synthesized MCM-48 nanotubes at room temperature. The dashed lines are calculated, fitted Gaussian components. The inset schematically depicts mesoporous MCM-48 molecular sieves. (K. Schumacher et al.2).
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Fig. 2. PL degradation of MCM-48 as a function of irradiation time for the un-treated and annealed samples. (a) As-prepared; (b) with annealing at 200 oC; (c) with annealing at 500 oC; (d) with annealing at 800 oC. 
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Fig. 3. PL spectra of MCM-48 after annealing at room temperature. (a) As-prepared; (b) with annealing at 200 oC; (c) with annealing at 500 oC; (d) with annealing at 800 oC. 
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