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Time-resolved Eu luminescence spectra and kinetics at various
Y zeolitic environments
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Time-resolved spectra and kinetic profiles as well as static spectra of Eu luminescence are measured to understand the binding site
characteristics and migration of catalytically important metal cationsin Y zeolite. Ascacination temperature increases, stoichiometrically
exchanged Eudt ions, initially hydrated at indefinite sites in the supercage, pass through site 11’ to migrate into sites | and I’ first and

the remnants, after binding at sites | and I/, stay at site II”.
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1. Introduction

Zeolites have been extensively investigated [1-4] asthey
play indispensablerolesin many technological and econom-
ical applications. Zeolites are known to dispense various
unusual catalytic effects on encapsulated chemical species
[5-7]. Many of their catalytic properties are related to
acidic and basic propertieswhich depend on the cations they
contain [2,3]. The modification of zeolites by exchanging
cations [2,8,9] is a useful method of tailoring their proper-
ties to particular applications. Especially, the presence of
rare-earth cations is reported to improve their thermal sta-
bility and catalytic activity [2,8,10]. Improvement would
be optimized with understanding the environment of cations
and their interactions with neighbors.

Highly luminescent properties of rare-earth cations are
extensively utilized to solve a variety of structural and an-
alytical problems [11-16] as their spectra, quantum yields,
and lifetimes are sensitive to environment. In particular,
Eu luminescence is remarkably valuable. Excitation to the
strongly allowed °Lg level from the ground ’F, level leads
the Eu®t ion to the °Dyg level by means of fast nonradiative
relaxation processes at room temperature, prior to radiative
relaxation to one of the 'F; (J = 0-6) levels (figure 1).
Mainly monitored luminescence bandsin this report are the
transition bands of °Dy — “F1, °Dg — "F,, and °Dg — "F4
and they will be called F;, F,, and F4, respectively. The
electric dipole transition of F; is forbidden by parity in
symmetry with an inversion center [17,18]. However, in-
teractions with the ligand field or with vibrational states
mix electronic states of different parities and the transition
[17,19] arising from this hybridizationis called forced elec-
tric dipole transition. As the forced transition of F, origi-
nates from interactions with neighbors, it is hypersensitive
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to, especially short-range, environmental effects [19-21].
F4 is dso an electric dipole transition and is sensitive to
long-range environmenta effects [19-21]. However, the
magnetic dipole transition of F; is alowed and insensitive
to the surroundings of the Eu3t ion so that it is usually
utilized as an interna standard [19,22]. For example, if
RI(2), the ratio of F, luminescence intensity to F; inten-
sity, is larger, the binding site of the Eut ion has lower
symmetry and less polar and more covalent character [19].
A larger RI(4), the ratio of F4 intensity to F; intensity, im-
plies an increased long-range interaction of the Eut ion
with its surroundings [19].

In this report, we present time-resolved and static Eu
luminescence spectra measured at various Y zeolitic envi-
ronments. The results reveal the characteristics of Eu3*
binding sites in Y zeolite and the migration of Eu®t ions
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Figure 1. Schematic energy levels and relaxation dynamics of agueous
Eudt a RT to show the transitions of excitation and mainly monitored
luminescence bands.
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among binding sites with calcination progress, suggesting
that Eu luminescence spectroscopy is an excellent probe
into cation binding sites.

2. Experimental

Eust-exchanged Y zeolite (EuY) was prepared by re-
fluxing synthesized Na*-exchanged Y zeolite (NaY) in stoi-
chiometrically (2.7 Eut ions per supercage) concentrated
agueous solution of EuCls-6H,0, purchased from Aldrich,
at 70-80°C for a day. Refluxed zeolite was filtered, dried
in a desiccator overnight and then transferred into a glass-
jointed quartz tube of 6 mm inner diameter under nitro-
gen atmosphere. The tubed sample was further dehydrated
and calcined at a desired temperature under vacuum of
102 Torr for 6 h until the glass entrance of the tube was
seded off with a torch. However, dehydrated samples till
contain agreat number of hydrated water molecules. About
20 water molecules are till found to be hydrated per unit
cell even when samples are calcined at 450°C [2]. Deuter-
ated samples were prepared by treating the above refluxing
procedure in ?H,0. The sample temperature during spec-
tral measurement was controlled with a closed-cycle helium
refrigerator (Janis Research, CCS-100). Unless specified
otherwise, al zeolite samples were refluxed in *H,O and
calcined at 400°C, and all spectral measurements were car-
ried out at room temperature (RT).

Static luminescence spectra were measured by using a
home-made fluorometer, which consists of a 350 W Xe
lamp (Schoeffel, LPS255HR), 0.25 m excitation (Kratos,
GM252) and 0.275 m emission (Acton Research, Spec-
trapro275) monochromators, and a PMT (Hamamatsu,
R926). All the static and time-resolved luminescence spec-
tra reported here were measured from front surface exci-
tation at 393 nm and not corrected for the wavelength-
dependent variation of detector sensitivity. Samples were
excited with 0.5 ns pulses from a dye laser (Laser Photon-
ics, LN102) pumped by a nitrogen laser (Laser Photonics,
LN1000) for time-resolved spectra and decay kinetic pro-
files. Luminescence was focused into a 0.5 m spectrometer
(Acton Research, Spectrapro500) which was coupled with
an intensified CCD (Princeton Instruments, |CCD-576-G)
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Figure 2. Schematic diagram of experimenta setup.
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for time-resolved spectra, while it was collected into a
0.25 m monochromator (Bausch & Lomb, 33-86-79) at-
tached with a PMT (Hamamatsu, R928) for kinetic profiles
(figure 2). Time-resolved spectra from the CCD controller
and kinetic profiles from a digital oscilloscope (Tektronix,
TDS350) appended to the PMT were accumulated and av-
eraged with a 586 PC computer. The relative trigger times
between the laser and the detectors were adjusted with a de-
lay/pulse generator (Standford Research Systems, DG535).

3. Resaults and discussion

Figure 3 shows that the static Eu luminescence spectrum
of EuY is quite different from that of Eu®t agueous solu-
tion, but aso that it varies significantly with temperature.
The relative intensities of the F, and F4 bands increase dra-
matically with binding to the zeolite so that they are even
much larger than that of the F; band. The fact that the
RI(2) value of Y zeolite in table 1 is eight times as big
as that of agueous solution indicates that the Eu** binding
sites of Y zeolite have much lower symmetry and less po-
lar and more covalent characters than water. Notwithstand-
ing the reduced overal polarity of immediate neighbors
compared with water, an increased long-range interaction,
suggested from the increment of RI(4) by three times, im-
plies that zeolite is more crystalline, as known, and that it
has locally distributed strong ionic groups. As both short-
and long-range interactions with neighbors decrease, both
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Figure 3. Luminescence spectra, normaized by F; band areas, of EuY at

RT (RT), EuY at 7 K (7K), and aqueous Eudt solution at RT (ag). Note

that the relative intensities of F, and F4 bands vary enormously depending
on Eu?t ion environment.

Table 1
RI values of the spectra in figure 3.
Sample Aqueous solution Y zeolite Y zeolite
(temperature) (RT) (RT) (7 K)
RI(2) 05 4.0 18
RI(4) 0.6 19 0.8
RI(2)/RI(4) 0.9 21 21
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Figure 4. Luminescence decay kinetic profiles of EuY. The refluxed sol-
vents and monitored wavelengths are shown near the respective profiles.

Table 2
Decay time constants obtained from the profiles in figure 4.

Sample Aem (NmM) Decay time constant (uS)
Refluxed in 1H,0 607 150 (49%) + 600 (51%)
Refluxed in 1H,0 613 150 (54%) + 600 (46%)
Refluxed in 2H,0 6132 340 (53%) + 910 (47%)

aThe water coordination numbers calculated from the decay time constant
variations with hydrogen isotope exchange are 3.9 and 0.6 for the fast
and slow components, respectively.

RI(2) and RI(4) become smaller at a temperature as low
as 7 K (table 1). It is interesting to note that the ratio of
RI(2)/RI(4) remains the same regardless of a large tempera-
ture change. Thisinvarianceresultsfrom the unchangeable-
ness of the crystalline zeolite framework with temperature
variation [23].

The luminescence decay profile of EuY calcined at
400°C fits well into a double exponential decay with de-
cay times of 150 and 600 ps, although the overall decay
kinetics and the relative amplitudes of the two components
depend on collected emission wavelengths (figure 4 and ta-
ble 2). Since luminescence components with different time
constants are expected to originate from different environ-
ments, we have tried to understand the surroundings of the
individual components by measuring decay time variations
with hydrogen isotope exchange [24,25] and by examining
spectral change with time. As residually existing hydrated
water in the surface of the calcined sample is exchanged
with heavy water, the fast and slow decay time constants
are atered into 340 and 910 us, respectively, with no con-
siderable changes in relative amplitudes. The numbers of
water molecules coordinated to a Eu*t ion, estimated fol-
lowing the method of Horrocks and Subnick [24], are 3.9
and 0.6 for the fast and slow decay components, respec-
tively. Considered that an agueous Eu®* ion has 8-9 co-
ordinated water molecules in the aspect of luminescence
guenching dynamics [24,26], the actual numbers of coor-
dinated water molecules might be lower than the observed
ones. Nevertheless, the Eut site responsible for the fast
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Figure 5. Time-resolved luminescence spectra of EuY at different delay
times (us) from sample excitation.
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Figure 6. RI(2) variation with delay time.

decay is located apparently much closer to hydrated water
molecules than the site for the slow decay.

Any meaningful changes such as spectral shift may not
be noticeable at a glance into the time-resolved spectra of
figure 5 owing to rather a dight spectral change with time.
Nonetheless, the calculated RI(2) value in figure 6 increases
at early time and remains steady with delay time, denot-
ing that the slower decay component with a high RI(2) is
emitted from sites with lower symmetry and more covalent
character. We have examined the hypersensitive F, band in
figure 7 to look into any spectral changes with delay time.
Assuming that the spectral bands of two decay components
are linearly combined with different relative amplitudes at
different delay times to give time-resolved spectral bands,
we have deconvoluted the spectral contours of two decay
components in figure 7(b) from the time-resolved spectra
at 16 and 1064 usin figure 7(a). Compared with the fast
band, the sow one has a broader bandwidth with a shal-
lower dip near 617 nm and is shifted to the blue. The
broader bandwidth signifies less definite location, suggest-
ing that the dow decaying luminescence may be brought
about from more than one sites with dightly different char-
acters. The overall blue shift also supports a more covalent
environment suggested by the larger RI(2) of the slow band.

The hypersensitive F, band of EuY changes spectrally
quite significantly with calcination temperature variation
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Figure 7. (a) Area-normalized F, bands at the delay times of 16 us

(solid) and 1064 ps (dotted) and (b) fast (solid) and slow (dotted) decay
components deconvoluted from the two.
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Figure 8. Area-normalized F, spectra of EuY dehydrated at various tem-
peratures (°C).

Table 3
Peak wavelengths and spectral band widths of the spectra in figure 8.

Calcination temperature (°C)

100 200 300 400
Amax (Nm) 614.0 611.6 611.4 611.4
fwhm (nm) 10.8 14.7 15.4 15.1

(figure 8 and table 3). With calcination temperature in-
crease the peak emission wavelength shifts to the blue
until 300°C and then remains the same, while the spec-
tral bandwidth increases until 300°C and then decreases.
These facts indicate that Eu®t ions migrate into environ-
mentally diverse binding sites with overall less polarity as
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Figure 9. Luminescence decay kinetic profiles at 613 nm of EuY dehy-
drated at various temperatures (°C).

Table 4
Decay time constants obtained from the profiles in figure 9.

Calcination temperature Decay time constant

() (19

100 290

200 290 (65%) -+ 150 (35%)

300 290 (59%) -+ 150 (15%) -+ 600 (26%)
400 150 (54%) -+ 600 (46%)

hydrated water molecules disappear with calcination tem-
perature increase until 300°C. Above 300°C the spectra
bandwidth decreases with calcination temperature incre-
ment as Eu*t ions move somewhat easily to bind to en-
ergeticaly stable sites only, rather than kinetically easily
accessible metastable sites. The fact that the spectrum of
the sample calcined at 100°C is similar in shape to the
spectrum of aqueous Eu®t in figure 3, with a slight shift to
the blue by 5.0 nm, suggests that Eut ions are hydrated
at indefinite sites when dehydrated at 100 °C. As the cal-
cination temperature increases, the depression near 617 nm
becomes more easily noticeable, expressing an increase in
the number of sublevels with temperature rise. The number
of sublevelsfor the F, band at one binding site is known to
increase from one up to five as the symmetry of the binding
site decreases from the icosahedral group [17]. Thus the
increase of sublevels implies that the overall symmetry of
binding sites becomes lower with calcination progress.
The calcination temperature dependence of Eu lumines-
cence decay profile and time constants (figure 9 and ta-
ble 4) reveals well that Eu*t ions migrate from one site
to another as calcination moves onward with temperature
rise. When the sample was calcined at 100°C, the profile
fits into a single exponential decay with the time constant
of 290 us. Together with the F, band spectrum that looks
like the spectrum from aqueous solution, the single decay
fit suggests that the most strongly interacting neighbors of
Eu*t ions are hydrated water molecules in spite of pre-
liminary dehydration, although the blue shift of the peak
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wavelength by 5.0 nm and the significantly enlarged life-
time of 290 from 110 s indicate that Eu* ions are not
fully hydrated and that they are bound to sites less polar
than water. Although La** ions in hydrated faujasite zeo-
lites are found [2] to exist at sites I, Il and IV, the char-
acteristics of specific Eu®t binding sites are not revealed
with the Eu luminescence probe for the sample calcined
at 100°C, as luminescence characteristics are mostly de-
termined by strongly interacting hydrated water molecules.
The site IV mentioned above is the |ocation within the large
aperture leading to the supercage. The cation binding site
in the hexagona prism is caled site I. However, there are
two cation sites in the sodalite cage. The one near site | is
caled site I/, while the other located close to the supercage
is site Il". The profile from the sample prepared at 400°C
shows a double exponential decay with the fast and slow
components presented in figure 4 and table 2. The profile
of the sample dehydrated at 200 °C shows biphasic decay
times of 290 and 150 us. However, the profile from the
sample calcined at 300°C isintentionaly fitted to a tripha-
sic exponential decay with the time constants of 290, 150,
and 600 us to find their relative amplitudes. These calci-
nation temperature-dependent variations suggest that Eu+
ions migrate from one site to another as dehydration pro-
ceeds with calcination temperature elevation. Furthermore,
it should be noted that the relative amplitude of the fast
component increases at first and then decreases as the rel-
ative amplitude of the slow component starts to increase.
After Eut ions bind stoichiometrically completely to the
site responsible for the slow component, then they bind to
the site of the fast component. These migration differences
unveil that the relatively kinetically easily accessible site
accords with the fast component, while the energetically
stable site with the ow one.

Eu luminescence from dehydrated EuY decays biphasi-
cally with the lifetimes of 150 and 600 is. Therelative am-
plitudes of the two components are about the same. The fast
and slow decaying components are emitted from Eu®t ions
coordinated with 3.9 and 0.6 water molecules, respectively.
Relatively, the dow component is spectrally broader and
shifted to the blue and it has alarger RI(2) value. This sug-
gests that the low component originates, relatively, from a
more covalent environment distant from the hydrated sur-
face of the supercage and from a less definite location with
lower symmetry. Considering these results, we allocate the
site 11’ for the location of Eu®+ emitting the fast component
and the sites |” and | for the location of Eu* emitting the
slow component. A unit cell of La*t-exchanged hydrated
Y zeolite is reported [27] to have 13.1, 16.0, and 29.1 La*+
ions at sites |, I/, and I, respectively. The one stable loca-
tion of site |1” agreeswith the narrower spectral width of the
fast component and the two similar but different locations
of sites I’ and | go with the broader F, band of the dow
component. The cation site of supercage near site Il’ is
called site Il and contains 30 Na* ions for each unit cell of
hydrated NaY zeolite, while sites | and I’ bear 7.5 and 19.5
Na* ions, respectively [28]. The more ionic environment
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of site Il” also goes well with the smaller RI(2) and red
shift of the fast component. The shorter lifetime and larger
water coordination number of the fast component also sug-
gest much easier interaction of excited Eut at site 11’ with
water molecules hydrated at the polar location of site Il.

In hydrated samples the different characteristics of in-
dividual Eudt binding sites are not disclosed well, as Eu
luminescence attributes are mostly determined by strongly
interacting coordinated water molecules. As hydrated wa-
ter molecules are largely located at supercage surfaces in
hydrated Y zeolite [2,23], Eu* ions should be hydrated at
indefinite sites in the supercage as well. As La®t ions and
water molecules are found mainly at sites |1’ and |1 after an
initial dehydration [2,23,27], it is considered that Eu®* ions
start to migrate into site 1’ above 100°C. However, Eu®t
ions migrate further to fill sites| and I’ stoichiometricaly
at a high temperature above 300 °C and then to bind site I
stoichiometrically, for the sites | and I’ are relatively more
difficult to access kinetically but stronger to bind Eu®* ions.
As reported that most water molecules are located at site 11
for the samples dehydrated above 400 °C [23], the lumines-
cence from site Il decays much faster than that from sites
I”and I.

4, Conclusions

Time-resolved and static results from EuY zeolite show
that Eu luminescence spectroscopy is an excellent site-
selective probe into the surroundings of catalytically im-
portant metal cations in zeolites. Stoichiometrically ex-
changed Eu®t ions, initially hydrated at indefinite sites in
the supercage of Y zeolite, pass through site I’ to migrate
into sites | and I’ as dehydration proceeds with calcination
temperature rise. After binding at sites | and I’ stoichio-
metrically, the remnant ions migrate to fill site II’. Eu
luminescence from site I’ decays fast as in 150 s owing
to interaction with hydrated water molecules existent after
calcination at 400°C, while that from sites I’ and | decays
in the time scale of 600 us. The slow decaying lumines-
cence is, relatively, spectraly broader and shifted to the
blue and shows a larger RI(2) value.
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