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Abstract  

Rare  ea r th  ions were  i n t r o d u c e d  in to  silicalite-I a n d  ZSM-5 by d i rec t  h y d r o t h e r m a l  
crysta l l iza t ion e i the r  in a non-a lka l ine  a q u e o u s  m e d i u m  con ta in ing  f luoride or  in  an  
a lkal ine  med ium.  The  exc i t a t ion  a n d  emis s ion  s p e c t r a  of  eu rop ium,  ce r ium and  t e r b i u m  
ions  in the  zeol i tes  were  inves t iga ted .  

1. Introduct ion 

Owing to the very low framework negative charge and ion exchange 
ability of zeolite ZSM-5, it is difficult to exchange rare earth ions into its 
structure. Rare earth ions cannot be exchanged into silicalite-I, since it has 
no capacity for ion exchange. We have developed a novel synthesis method, 
using direct hydrothermal synthesis, which successfully crystallizes these rare 
earth molecular sieve zeolites. Single crystals were obtained both in a non- 
alkaline medium (in the presence of fluoride) and in an alkaline medium. 
The rare earth component was added to the starting mixture, which was 
gelled and crystallized at temperatures between 443 and 473 K for 2-30  
days in a Teflon-lined hydrothermal pressure vessel. 

2. E x p e r i m e n t a l  detai l s  

Tetraethyl orthosilicate, metallic aluminium (99.99%), ammonium fluoride 
(guaranteed reagents), tetrapropylammonium bromide (TPABr) and rare earth 
(RE) oxides (99.99%) were used as the main starting materials. For acidic 
reactions the pH value was adjusted in the range 5.0-6.5 with HF; for alkaline 
reactions the pH was adjusted in the range 12-14 with NaOH. After reaction 
the crystalline product was separated from the reacted mixture by washing 
with water in a supersonic washer, filtering and drying. X-ray diffraction 
(XRD), IR and far-IR spectroscopy, scanning electron microscopy (SEM), 
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energy-dispersive analysis by X-rays (EDAX), electron probe microanalysis 
(EPMA), photoelectron spectroscopy (XPS), and thermogravime- 
try-differential thermal analysis (TG-DTA) were used to characterize the 
structures and determine the chemical components of products. The lumi- 
nescent properties of the RE-zeolites were studied via excitation and emission 
spectra and diffuse reflection spectra, which were obtained on a Hitachi F- 
4000 fluorescence spectrophotometer and a Shimadzu UV-365 spectropho- 
tometer. One or at the most  two ions selected from the group Ce 3+, Nd 3+, 
Sm 3+, Eu 8+, Tb 3+, Dy 3+ have been introduced into silicalite-I and ZSM-5 
by direct hydrothermal crystallization; the sizes of crystals containing RE 
ions reached 300 t tmX150  ~m in the fluoride medium and 120 /~m×40 
~m in the alkaline system. The contents of RE ions in the zeolites are about 
4 wt.%, as determined on sections of crystals by EPMA. 

3. R e s u l t s  and d i s c u s s i o n  

The excitation spectrum of the crystalline powder of Eu-silicalite-I zeolite 
has the characteristic lines of europium fluoride [1] (Fig. lc) ,  while that of 
a calcined sample shows a charge transfer band of (Eu2+-0-)  * [2] at 250 
nm (Fig. la);  the zeolites emit bright red fluorescence under a UV lamp 
(254 nm). In the emission spectra the main emission lines (587 and 593 
nm) of the primary sample originate from the 5Do-~F I transition (Fig. ld)  
when excitation is performed at 393 nm, while those of the calcined sample 
arise from the 5Do-TF e transition (613 and 622 rim) (Fig. lb)  corresponding 
to excitation at 254 nm. In fact, the intensities of the 5Do-TF 2 transition for 
excitation to the Eu a+ ion are different from those for excitation to the 
charge transfer state (Fig. lb).  The appearance of the charge transfer band 
in the calcined samples results from replacement of the F -  ions coordinated 
to the Eu 8+ ion by 02-  ions as a consequence of heating in air. 
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Fig. 1. Exci~tion (a, c) and emission Co, d) spectra of Eu-sflicalite-I ~nthesiTed in fluoride 
medium: a,b calcined, A~ffi613 nm, A~ffi250 nm; c,d, uncalcined, A~,ffi593 nm, A~ffi393 
nm. 

Fig. 2. Excitat ion (a) and emission Co) spect ra  of slightly calcined Eu-silicalite-I.  
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Another  in teres t ing luminescence  is the wide emiss ion  band  at  a m a x i m u m  
of  500  nm as well as the  lines of  the  Eu 3+ ion in the  emiss ion sp ec t ru m  
of  a slightly ca lc ined sample  (Fig. 2b). This emiss ion band,  which  co r r e sp o n d s  
to a c omp le x  exc i ta t ion  spec t rum (Fig. 2a), moves  towards  longer  wavelengths  
and eventual ly  d i sappears  if the sample  is ca lc ined sufficiently. This b road  
band  emiss ion may  be re la ted  to the dissociat ion of  the organic  t empla te  
dur ing calcination.  

For  the Eu-ZSM-5 zeoli te synthes ized in the  alkaline sys tem the exci ta t ion  
spec t rum (Fig. 3a) exhibi ts  lines and a charge  t r ans fe r  band  (240  nm) of  
the  Eu  3+ ion. The ene rgy  of  the charge  t rans fe r  band  is h igher  than  that  
fo r  samples  synthes ized in the fluoride sys tem and the  m a x i m u m  moves  
towards  lower  energies  af ter  calcinat ion (Fig. 3c).  On the  basis  of the diffuse 
ref lec tance  spectra ,  the band  may  originate by  charge  t r ans fe r  f rom f ramework  
oxygen  ions to Eu 3+ ions. It is very  in teres t ing to no te  tha t  there  are fine 
s t ruc tures  in the exc i ta t ion  and emiss ion spec t ra  (Fig. 3). The  fine s t ruc tures  
of  the  emiss ion lines of  the Eu 3+ ion do no t  ap p ea r  w h en  exci t ing to  the 
Eu 3+ ion at 393 nm. 

There  are two bands  in the exci ta t ion  spec t rum of  Ce-sil icali te-I;  thei r  
max ima  are s i tuated at  235 and 252 nm. The emiss ion s p e c t r u m  of  the  Ce 3+ 
ion is c o m p o s e d  of  two broad  bands  peaking  at  289 and 304  nm. All the 
wavelengths  for  Ce 3+ ion luminescence  in silicalite-I molecu la r  sieves are 
shor te r  than  those  in o the r  hosts,  e. g. ox ides  or  oxysal ts  [3], bu t  app rox ima te  
to those  r epo r t ed  for  f luorides [4]. The exci ta t ion  (a) and  emiss ion (b) spec t ra  
of  (Ce,Tb)-si l ical i te-I  are p r e sen t ed  in Fig. 4. The m o s t  in tense  emiss ion of  
the  Tb 3+ ion is at 542 nm (~D4-VFs), co r r e spond ing  to exci ta t ion  of  the 
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Fig. 3. Excitation (a, c) and emission (b) spectra  of Eu-ZSM-5 synthesized in alkaline medium: 
a, uncalcined, )tern=613 nm; b, calcined, )~ex=242 nm; c, calcined, Aem=613 nm. 

Fig. 4. Excitation (a) and emission (b) spectra  of (Ce,Tb)-silicalite-I: a, Aem=542 nm; 
b, Aex= 250 nm. 
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Ce 3+ ion (250 nm); the excitation lines of Tb 3+ are very weak. Besides Tb 3+ 
ion emissions, there is a weak emission band (305 nm) from the Ce 8+ ion. 
These results show that Ce 3+ ions can transfer excitation energy to the Tb 3+ 
ions in the crystalline silicalite-I and the sensitizing effect is very good. Under 
excitation by a 254 nm UV lamp, (Ce,Tb)-silicalite-I shows bright green 
luminescence. 

For Tb-silicalite-I the excitation spectrum is composed of  the transition 
lines of the Tb 3+ ion, with the main emission at 542 nm (SD4-VFs). As in 
Eu-silicalite-I, some fine structures also appear  in the excitation and emission 
spectra of Tb--silicalite-I. Considering that the zeolites silicalite-I and ZSM- 
5 have straight and Z-type channels rather  than cages, the rare earth complex 
ions have to be bound linearly in the zeolite channels, which are about 560 
pm in diameter. This should be regarded as the reason for the appearance 
of  fine structures in the spectra. 
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