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Introduction

   Porous materials such as zeolites have been proven to be used as supramolecular hosts which include several molecules as an assembled supramolecule in a cavity.1) Such inorganic solid-state supramolecular system could give a birth of the micro-heterogenization of the encapsulated molecular assembly.2) These new approaches have been attempted and exemplified in the synthesis of mesoporous materials via microwave-induced heating, in the photocatalytic activation of CO2 over the photosensitizer-encapsulated zeolite and the direct hydroxylation of benzene3,4) with gaseous H2 and O2 over functionalized catalysts under mild reaction conditions for environmentally benigned processes.

Experimental
   MCM-41 was synthesized via the microwave-induced heating by using ethylene glycol having high dielectric loss.5) The molar composition of the synthetic gel was SiO2 : MTAB : NaOH : H2O : EG = 1.0 : 0.167 : 0.5 : 40.5 : 0∼8.35, where MTAB is Myristyl trimethylammonium bromide [C14H29N(CH3)3Br]. Synthetic mechanism was monitored by using ATR and PL(Photoluminescence). [Re(CO)3(bpy)Cl] (where bpy = bipyridine) was encapsulated into NaY zeolite through the flexible ligand method as well as ship-in-a-bottle method. The prepared catalysts were confirmed to show photocatalytic activity for CO2 conversion into CO and carbonates. Benzene hydroxylation was carried out in the presence of acetic acid over physically mixed catalyst of HTA/Pd-Y and redox molecular sieve such as TS-1, Ti-MCM-41 or V-MCM-41, by feeding hydrogen and oxygen in the range of 20~60 oC.
Results and Discussion
   Mesoporous material, MCM-41, with hexagonal arrangement was prepared in a short period (30 min.) of crystallization by using microwave. Microwave irradiation in the synthesis of MCM-41 could provide a better way to control the crystallinity and the morphology of MCM-41 material with the aid of dielectric material such as ethylene glycol. Synthetic mechanism was monitored by ATR and PL. The addition of ethylene glycol into the synthetic gel mixture was effective only in the short range of its concentration and resulted in uniform spherical particles having ∼0.3 m of size which was quite smaller than that of the hydrothermally synthesized one (Fig. 1).  Both ATR and PL spectra could be used to monitor L-center of silicate (defective center of Si-O-Na+ species in tetrahedral framework) and surfactant as well as symmetric and asymmetric Si-O-Si in the cubic silicate octamer during the synthesis of MCM-41.
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Fig. 1. SEM of MCM-41 molecular sieve prepared by microwave induced heating with EG/H2O=0.04.

  Photoactive rhenium organometallic complex of [Re(CO)3(bpy)Cl] was encapsulated into the supercage of NaY zeolite under mild conditions (Fig. 2).  There was a steric hindrance effect to restrict carbonyl ligand of [Re(CO)3(N-N)Cl] in the supercage of NaY zeolite. This could be confirmed by different -C=O bands at 1413, 1473, 1576 and 1704 cm-1 of FT-IR.  UV-VIS DRS results support that [Re(CO)3(bpy)Cl] was activated into [Re(CO)3(bpy)Cl]* and then oxidized into [Re(CO)3(bpy)Cl]+ by UV irradiation as a sacrificing electron donor to reduce CO2. Several types of carbonates such as unidentate, bidentate and bicarbonate  formed during the photoactivation of CO2 were observed in the range of 1650∼1380 cm-1 of FT-IR. CO formed through photoreduction of CO2 was detected and measured by GC/mass spectroscopy coupled with IGA (Intelligent Gravimetric Analyzer) as well as isotope labeling experiments using 13CO2.6)



Fig. 2. Schematic diagram of [Re(CO)3(bpy)Cl] encapsulated in NaY zeolite.

Both HTA and Pd were encapsulated in Y zeolite. Encapsulation of HTA onto Pd-Y zeolite was characterized by FT-IR and TG. Absorption bands of HTA/Pd-Y shifts to the lower energy direction by about 5~10 cm-1 compared to those of HTA. According to TG analysis, HTA encapsulated in HTA/Pd-Y and HTA itself are decomposed at 283 and 266 oC, respectively. The encapsulation of HTA might be due to the adsorption and static coulombic interaction between HTA and Pd-Y.
Table 1.  Hydroxylation of benzene over bicatalysts with hydrogen and oxygen.

__________________________________________________________________



       Pd/Mb
    Turnover number        Phenolc   conv.

No.  Catalysts
     molar ratio    (mol/mol-Pd)  (mol/mol-Mb)   ((mol)     (%)

-------------------------------------------------------------------------------------------------------------------------

1.   PNY+TS-1              1.2          3.01         3.63         99       0.15

2.   PNY+TS-1a              1.2
         1.4
        1.69         46       0.07

3.   EPNY+TS-1             1.2         6.84
        8.25        225       0.03

4.   EPNY+TS-1a            1.2         1.39
        1.67         46       0.07

5.   PNY+Ti-MCM-41         2.6
        0.69
        1.81         32       0.05

6.   PNY+Ti-MCM-41a        2.6
        1.39
        3.63         64       0.09

7.   EPNY+Ti-MCM-41       2.6         1.42          3.71         65       0.09

8.   EPNY+Ti-MCM-41a       2.6
        2.74
        7.19        126       0.19

9.   PNY+V-MCM-41         2.8
        7.06
       16.7         325       0.48

10.  PNY+V-MCM-41a        2.8         9.7          27.4         445       0.66

11.  EPNY+V-MCM-41       2.8         11.5         27.2         527       0.78

12.  EPNY+V-MCM-41 a      2.8         17.3
       49.0         796       1.18

--------------------------------------------------------------------------------------------------------------------------

EPNY=HTA/Pd-Y, PNY= Pd-Y Ti-MCM-41(Si/Ti=65.15), TS-1(Si/Ti=59.66), V-MCM-41 (Si/V=66.7) Reaction Conditions : Benzene 6 ml, Acetic acid 6 ml, 50 OC , 6 hours, H2 8.4 ml min-1, O2 8.4 ml min-1, a HCl (0.03M) 3 ml added, bM=Ti or V, cProduct with 100% selectivity.
Formation of H2O2 with H2 and O2 has been confirmed by the catalytic reaction with Pd-Y, HTA-Y and HTA/Pd-Y, respectively. H2O2 production over HTA/Pd-Y is about ten times higher than that of Pd-Y at RT. And FT-IR spectroscopic data provide qualitative evidences for the catalytic reaction. Due to the copresence of Pd and HTA, HTA/Pd-Y, the adsorption of H2 and O2, and the production of H2O2 seems to be promoted synergistically. As for the hydroxylation of benzene, the relative catalytic activities lies in the order of V-MCM-41>TS-1>Ti-MCM-41, which contain HTA/Pd-Y, respectively, with 100% selectivity (Table 1). There could be many candidates for hydrogen transfer agents (HTA). Those are under investigations.

Conclusions

(1)  Mesoporous material, MCM-41, can be synthesized by the supramolecular templating method and such non-covalent interactions are accelerated by the microwave irradiation. 

(2)  Rapid synthesis of mesoporous MCM-41 via microwave irradiation was monitored through PL and ATR by observing L-center (=SiO-M+) and supramolecularly interacted pyrene peaks, and asymmetric Si-O-Si and surfactant deformation bands, respectively. And by the addition of ethylene glycol as a high dielectric-loss material, the small crystallite (∼0.3 m) with uniform size could be obtained. 

(3)  Rhenium tricarbonyl bipyridine chloride complexes, [Re(CO)3(bpy)Cl] are encapsulated into Y zeolites as photosensitizer by ship-in-a-bottle synthesis. 

(4)  CO2 is reduced by UV light irradiation over [Re(CO)3(bpy)Cl]-NaY as a supramolecular catalyst via photoinduced electron transfer from [Re(CO)3(bpy)Cl].

(5)  HTA is encapsulated in Pd-Y successfully, and played a role on the formation of H2O2 by transforming HTA-H2 reversibly by H2 and O2 gases.

(6)  Benzene is hydroxylated into phenol over fuctionalized catalysts with 100% selectivity, which generate in-situ H2O2 with H2 and O2 and combined with redox molecular sieves.
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