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Enhanced emission from intrazeolite Nd31 was investigated by using bis(perfluoromethanesulfonyl)aminate

(PMS) as a low vibrational ligand of the ion and TMA1-containing FAU zeolite nanocrystallite (TMA–

nano-FAU) as a host matrix. Treatments such as deuteration, and thermal treatments at high temperatures

were ineffective for the strong emission of Nd31 within this zeolite. The high-resolution emission and excitation

spectra suggested that the environment of Nd31 in the zeolite was more homogeneous than that in a glass

matrix, and intrazeolitic emissive Nd31 ions consisted of at least two species. The diffuse reflectance spectra

revealed that the strong emission was attributed to the PMS ligands that eliminated hydroxy groups from the

vicinity of the ion. On the other hand, thermal treatment at high temperatures induced emission of

Nd31-exchanged Na–micro-FAU. Judd–Ofelt analysis revealed that the difference of the emission property

between TMA–nano- and Na–micro-FAU zeolites depended on whether the cations migrated to the inner cages

or not: in the former case, the ligation of PMS with the Nd31 ion occurred easily, because the ions remained in

the super cages without migrating into inner cages due to the hindrance of TMA1 occupying in the sodalite

cages. In the latter case, the ligation was suppressed because of the Nd31 ions migrated into the inner cages

from the supercages.

Introduction

Nd31-containing systems are regarded as the most popular
infrared luminescent materials for application in laser systems.
Developing a strongly luminescent Nd31 center in organic
media is attractive aim because of its applicability to organic
liquid lasers,1 optical-fiber polymers,2 organic electrolumins-
cent devices,3 and near-infrared immunoassays. In general,
effective luminescence of Nd31 was regarded as being almost
impossible in organic solvents due to the fast relaxation of its
excitation energy through nonradiative vibrational excita-
tion.4–6 In addition, the excitation migration caused by diffu-
sional collision between Nd31 ions is unavoidable in liquid
matrices.7–9 The emission of Nd31 can be observed by exclu-
ding high vibrational bonds such as C–H and O–H from the
ligands and the surroundings10–13 and increasing the distance
between the emitting centers by ligating with long perfluoro-
alkyl chains.14,15

Zeolites play indispensable roles in many technological and
economical applications. Of primary importance are their uses
as catalysts and molecular sieves. Recently, zeolites have
attracted scientists’ interests as hosts of photochemically or
optically active guests for constructing novel materials
designed at the nanosize level.16–21 A series of zeolites should
be suitable host materials for the efficient near-infrared
luminescence of rare earth ions, because their framework
consists of low vibrational chemical bonds, Si–O–Si and Si–O–
Al, and their pores have the ability to locate the cations
separately.

Although luminescence of intrazeolite rare earth ions has
been utilized mostly as an analytical tool for the topological
assignment of ions to specific sites in these lattices,22–27 their
potential uses as new emitting materials have only been
investigated recently.28–35 The studies were mainly focused on
Eu31 or Tb31 exchanged zeolites, but there were no successful
reports on near-IR emission of rare earth ions such as Nd31

and Er31, except for a study by Rocha et al.34 They succeeded
in observing strong luminescence of Er31-doped narsarsukite,
which was obtained from ETS-10 by a phase transforma-
tion under calcination at high temperatures in excess of ca.
973 K. Unobservable near-IR emission of rare earth ions
included in zeolites should be attributed to the existence of
adsorbed and/or coordinated water to exchanged cations
and silanol groups in the cages, causing energy transfer
through vibrational excitation as pointed out for the emission
of Eu31-exchanged zeolites.25

Zeolites are attractive hosts for efficient near-IR lumines-
cence of rare earth ions because the zeolites consist of a low
vibrational framework and they possess the ability to locate the
ions separately, if water molecules and silanol groups in the
pores are removed. Calcination of the zeolites at high tem-
peratures is regarded as a method for excluding coordinating
water. On the other hand, Alvaro et al. had reported that
luminescence of intrazeolite Eu31 was longer lived by using
organic ligands such as 2,2’-biprydine, and this long emission
may be attributed to the exclusion of water and silanol groups
from the vicinity of the ion by the ligand.31

From the viewpoint of applicability of strong emissive Nd31
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centers in organic media, we had given attention to zeolite
nanocrystallites.36–39 Calcination at high temperatures is unde-
sirable especially for the nanocrystallites because it induces
their aggregation. Then, we tried to enhance the near-IR
emission efficiency of Nd31 by ligating it with bis(perfluoro-
methanesulfonyl)aminate (PMS), as the lowest vibrational
structure of the reported ligands,15 in the cages of the zeolite.
We had selected the highly crystalline FAU type zeolite,39

having sufficiently large pores for the ligand PMS to diffuse
(the structures are depicted in Fig. 1). As a result, we suc-
cessfully observed near-IR emission of Nd31 in the cages of the
zeolite with the highest quantum yield (9.5 ¡ 1.0%) in organic
media for the first time.40 Thus, we concluded that for near-IR
emission of the rare earth ion, the zeolite was an excellent host
matrix when combined with an appropriate ligand such as
PMS.
In the present report, we have examined the optical

properties of the Nd31-exchanged zeolites as dried powder
samples. The relationship between the emission intensity and
the intrazeolite environment of Nd31 is discussed on the basis
of the spectroscopic methods including high-resolution emis-
sion and excitation spectra, diffuse reflectance spectra, and
Judd–Ofelt analysis.41

Experimental

I. Zeolites

Synthesis of the nanocrystalline zeolite (TMA–nano-FAU) was
carried out according to a method reported in the literature
using a clear solution containing a system of composition
3.4 SiO2–1.7 Al2O3–2.3 (TMA)2O–0.1 NaCl–300 H2O. The
procedure was as follows. Aluminium powder (99.9%, Nilaco)
and NaCl (Wako) were dissolved in a tetramethylammonium
hydroxide (15% aq, Wako) solution. This solution was then
filtered through a 0.2 mmmembrane filter. A measured amount
of tetraethylorthosilicate (Wako) was added dropwise to the
solution under stirring. After 48 hours of aging, the solution
was heated in an air-circulated oven at 373 K for 14 days. The
resulting solid was separated by centrifugation (10000 G) for
90 min, washed by dialysis with deionized water until the pH of
the colloidal suspension containing the nanocrystalline reached
about 7. The nanocrystallites were separated by centrifugation
for 90 min and dried at 358 K.

Na–micro-FAU zeolite (Si/Al ~ 2.4) was supplied by
Catalysis Society of Japan (JRC-Z-Y4.8).

II. Preparation of optical samples

Nd31-exchanged zeolites were prepared by adding the synthe-
sized nano-sized zeolite or the micro-sized zeolite to a 0.1 M
aqueous solution of NdCl3?6H2O followed by stirring at 373 K
for 24 h. After the products were removed by centrifugation,
they were washed with deionised water, and dried in air at
358 K.
The Nd31-exchanged zeolites were degassed at different

temperatures for 30 min, subsequently treated with D2O or
PMS (Fluka), which gave the lower vibrational environment to
Nd31 within the zeolites. The deuteration was performed by
exposing the zeolites to D2O vapor at 423 K for 10 min three
times. The PMS treatment was performed by exposing the
zeolites to PMS vapor at 373 K for 1 hour. The resulting
samples were degassed at different temperatures for 30 min,
and then sealed under vacuum. This sequence was carried out
in a vacuum line without exposing the zeolites to the
atmosphere.

III. Measurements

The XRD pattern of the synthesized zeolite was recorded on a
MAC Science Co., Ltd. MXP3 system using Ni-filtered Cu Ka
radiation (40 kV and 40 mA). FE-SEM (HITACHI S-900) was
applied to observe the morphology and the particle size of the
zeolite. The disappearance of TMA cations by Nd31 exchange
in the synthesized zeolite was confirmed by differential thermal
analysis (DSC, Shimadzu DSC-60). The percentage of Nd31

exchange was determined by ICP (Shimadzu ICPS-IV). The
amount of adsorbed ligand, PMS, was determined using the
amounts of carbon and nitrogen contained in the zeolite
obtained by combustion chemical analysis.
Emission and excitation spectra were obtained with a

JASCO SS-25 using a liquid nitrogen-cooled Ge detector.
Diffuse reflectance spectra (DR spectra) were recorded on
JASCO V-570 spectrophotometer having an integral sphere
accessory in the 400–1500 nm spectral range. Judd–Ofelt
analysis is difficult by using diffusion reflectance spectra,
because the concentration and optical pathlength are neces-
sary. In our system, the Nd31 concentration was 12 6
1020 cm23 (calculated by the contents of Nd31 in the FAU
zeolite and the cell constant of the zeolite), but the optical
pathlength was unknown. We carried out Judd–Ofelt analyses
by assuming that the optical pathlength was 0.01 cm. Thus, the
obtained parameters were not absolute values. However, it was
not wrong to compare these obtained parameters at least
within our data when regarded as relative values, because the
concentration and optical pathlength were constant in all cases.
The reduced matrix elements of the unit tensor operator and
the six integrated adsorption band intensities at l ~ 400–
900 nm for Judd–Ofelt analysis were the same as described
before.41

Results and discussion

I. Characterization

The XRD pattern showed that the synthesized zeolite consisted
of FAU (90 wt%) and LTA (10 wt%). This sample was denoted
as TMA–nano-FAU, because it included TMA1 originating
from the synthetic procedures. In an FE-SEM image of the
zeolite, octahedral crystals of 50–80 nm and cubic crystals of
70–130 nm could be observed, which were attributed to the
characteristic morphologies of FAU and LTA, respectively. In
the DSC curve (Fig. 2a), the peaks at 623 K and 773 K were
attributed to decomposition of TMA1 ions in the supercages
and the sodalite cages, respectively.42 After Nd31 exchange, the

Fig. 1 (a) Structure of FAU type zeolite. (b) Chemical structure of
bis(perfluoromethanesulfonyl)amine (PMS).
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peak at 623 K disappeared (Fig. 2b). This suggests that the
TMA1 ions in the supercages were exchanged by Nd31 but the
TMA1 in the sodalite cages remained without being exchanged
by Nd31. The Si/Al ratio of the TMA–nano-FAU zeolite was
determined to be 2.0 by ICP measurements. The numbers of
Nd31 ions per unit cell were also determined to be 14.3 and 14.4
for TMA–nano- and Na–micro-FAU zeolites, respectively.

II. Emission properties

For measurements of the emission spectra, the Nd31-
exchanged TMA–nano-FAU zeolites were degassed, deuter-
ated, or treated with PMS. The prepared zeoites are listed
together with the preparation conditions in Table 1. Their
emission spectra are depicted in Fig. 3. Under irradiation at
585 nm corresponding to the 4I9/2–

4G7/2 transition of Nd31,
only the zeolites treated with PMS (sample c, d, e) gave
luminescence attributed to the f–f transitions of Nd31. The
spectra observed for the dueterated samples (a and b) were due
to the scattered light because these were the same as that for
TMA–nano-FAU. The PMS treatment was requisite for
obtaining the emission of Nd31 in the cage of TMA–nano-
FAU zeolite. This should be attributed to replacement of water
molecules coordinating to the ions by the ligands. It should be
pointed out that the strongest emission intensity was obtained

for sample c that was prepared under mild conditions and had a
higher ratio of PMS/Nd31 than the others.
Nd31-exchanged Na–micro-FAU zeolites were prepared as

listed in Table 2. Their emission spectra are depicted in Fig. 4.
The zeolites heated at higher temperatures than 523 K showed
the emission. The treatment with PMS induced the emission
even for the sample heated at 423 K (sample l). The enhanced
emission by heating at high temperatures must be due to the
loss of water and the migration of the Nd31 ions from the
supercages into the narrow cages (sodalite cages or hexagonal
prisms).26,33 No emission was observed for the TMA–nano-
FAU zeolite heated at 573 K (sample b in Fig. 3). The differ-
ence in the emission behavior between the two zeolites after the
treatment at high temperatures is considered to be due to the
different positions of Nd31 ions: Nd31 ions migrate to the

Fig. 2 DSC curves of synthesized TMA–nano-FAU zeolite nanocrys-
tallites (a) before and (b) after exchange by Nd31.

Table 1 Nd31-exchanged TMA–nano-FAU zeolites prepared for luminescence measurements and relative intensity of the 4F3/2–
4I11/2 transition

Sample
Temperature of
dehydration/K PMS treatment Deuteration

Temperature of
degassing/K PMS/Nd31 ratio Relative intensitya

a 423 — done 423 — —
b 573 — done 573 — —
c 423 done — 423 1.5 12.5
d 423 done — 573 0.97 3.3
e 573 done — 423 0.57 1
aRelative intensity of the 4F3/2–

4I11/2 transition. The values were normalized by the intensity of sample e.

Fig. 3 Emission spectra of Nd31-exchanged TMA–nano-FAU zeolites
prepared under different conditions. The excitation wavelength was
585 nm. The sample names are listed in Table 1.

Table 2 Nd31-exchanged Na–micro-FAU zeolites prepared for luminescence measurements and relative intensity of the 4F3/2–
4I11/2 transition

Sample
Temperature of
dehydration/K PMS treatment Deuteration

Temperature of
degassing/K PMS/Nd31 ratio Relative intensitya

f 423 — done 423 — —
g 473 — — — — —
h 523 — — — — 1
i 573 — — — — 4.6
j 623 — — — — 5.8
k 673 — — — — 8.0
l 423 done — 423 1.6 2.6
aRelative intensity of the 4F3/2–

4I11/2 transition. The values were normalized by the intensity of sample h.
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narrow cages in Na–micro-FAU but do not in TMA–nano-
FAU due to the steric hindrance of TMA1 present in the
narrow cages. The emission intensity of Nd31 in Na–micro-
FAU zeolite treated with PMS was lower than that of the
zeolite heated at 573 K, in contrast to the case of TMA–nano-
FAU. This also may be related to the cation migration as
discussed below.
We succeeded in obtaining the highest emission intensity of

all the prepared samples in sample c, prepared under mild
conditions, although these relative intensities should be
compared carefully by taking into account the effect of the
particle sizes on the apparent intensities. In our previous
report,40 the dispersion stability maintained by the treatment
under mild conditions would allow the zeolite nanocrystallites
to disperse homogeneously in organic solvent and to emit with
the highest quantum efficiency.
As shown in Fig. 5(a), the bandwidth of the high-resolution

emission spectrum of sample c was very sharp. The ratio of
FWHM of the 4F3/2–

4I11/2 transition of the sample against the
glass matrix, LHG-8, was 0.55. Therefore, the environment
around Nd31 within the zeolite should be more homogeneous
than that in the glass matrix. This result reflects the high
crystallinity of the zeolite. In the excitation spectrum of sample
c shown in Fig. 5(b), the transition to the 2P1/2 level split into
the two bands. Since the 2P1/2 level is not generally affected by
the symmetry of the ligand field around the ion, at least two
different chemical components of Nd31 ions are considered to
exist. Taking into consideration that the PMS/Nd31 ratio was
1.5 (see Table 1), the two components should be [Nd(PMS)]21,
and [Nd(PMS)2]

1 with the excess positive charge balanced by
the negative charge of the zeolite framework.

III. Diffuse reflectance spectra

A. Behavior of O–H vibration. The changes in the intensity
of the O–H stretching vibration (n ~ 2) were traced with the
DR spectra of Nd31-exchanged TMA–nano-FAU zeolites
prepared under different conditions, as depicted in Fig. 6. In
the DR spectra, a broad band with very high intensity was
observed at 1400 nm (7100 cm21), assigned to the O–H
stretching vibration (n~ 2). The band intensity decreased upon
heating at 423 K. For the samples treated by degassing and

deuteration (sample a and b), the intensity decreased markedly
compared to the hydrated sample. However, these samples
gave no emission as demonstrated in Table 1 and Fig. 3. The
excited states of Nd31 ions should be also quenched by the
residual O–H groups. Also, it is likely that the excited states
should be quenched by coordinating heavy water or O–D
groups because there has been no successful example of
observing emission of Nd31 in heavy water, except under laser
excitation.11 Although the intensity of the O–H stretching
vibration for TMA–nano-FAU treated with PMS and heated
at 423 K (sample c) was larger than those of the heated and
deuterated zeolites, this zeolite showed the strongest emission.
Since the Nd31 ion ligated by PMS emitted even if O–H groups
remained in the zeolite lattice, we concluded that the ligands
should eliminate O–H groups from the vicinity of Nd31 ions.

B. Judd–Ofelt analysis. Judd–Ofelt analysis is difficult by
using diffusion reflectance spectra because the optical path-
length of the sample is necessary, as described in the
experimental section. We obtained Vt (t ~ 2, 4 and 6)
parameters as relative values by calculation under the
assumption that the optical pathlength was 0.01 cm. Changes
in theVt (t~ 2, 4 and 6) parameters obtained in the Judd–Ofelt
analysis arise from the ligand field and chemical bonding
properties around the Nd31 center. The V2 parameter is
particularly sensitive to changes in the ligand field, and a more
asymmetric ligand field results in a greater increase in V2.

41

Fig. 7 shows plots of the V2 value versus the treatment

Fig. 4 Emission spectra of Nd31-exchanged Na–micro-FAU zeolites
prepared under different conditions. The excitation wavelength was
585 nm. The sample names are listed in Table 2.

Fig. 5 The high resolution (a) emission and (b) excitation spectra of
Nd31-exchanged TMA–nano-FAU degassed at 423 K, kept in contact
with PMS vapor, and then degassed at 423 K (sample c).
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temperature. Three different regions can be distinguished for
Na–micro-FAU zeolite. The value first increased up to 473 K
(region 1) and then a decrease was observed between 473
and 623 K (region 2). Finally, the value remained almost
unchanged from 623 K to 673 K (region 3). Thus, it is most
likely that the site symmetry of the cation was gradually
lowered in region 1, but it became higher in region 2. In addi-
tion, the constant value in region 3 reveals that no further
variation in the site symmetry was induced by the thermal treat-
ment in this temperature region. Just after the ion exchange,
rare-earth ions are speculated to occupy site V in the supercage

(see Fig. 1(a)) with eight or nine coordinating waters, exper-
iencing a high symmetric ligand field.26,43 The ideal symmetries
of site I’ in the sodalite cage and site I in the hexagonal prism
are C3v and Oh, respectively.

26 The symmetry of Oh is higher
than that of C3v. Thus, the changes in the V2 value depending
on the treatment temperatures for Na–micro-FAU zeolite
show that Nd31 ions migrate from the supercages to the
sodalite cages in temperature region 1 and from the sodalite
cages to the hexagonal prisms in region 2, and stay at site I in
region 3. Hong et al. reported an analogous change of the
symmetry around Tb31 ions in Tb31-exchanged FAU zeolite
depending on the thermal treatment.26

Emission was observed at first once the treatment tempera-
ture was raised to over 473 K, in which the V2 value reached a
maximum. This suggests that Nd31 can emit when the ion
occupies site I in the hexagonal prism. In the case of Tb31 or
Eu31-exchanged FAU zeolites, these ions emit effectively even
at site I’ in the sodalite cages26,33 because the numbers of
coordinating waters decrease to one.44 The excited state of
Nd31 in this site would be quenched by this residual coor-
dinating water because the energy transfer through vibrational
excitation to O–H groups is more effective for Nd31 than for
Tb31 or Eu31.11 Probably, the luminescence can be observed
since Nd31 ions located in site I have no coordinating water.
The change in the V2 values of Nd31-exchanged TMA–nano-

FAU zeolites induced by the thermal treatment was quite
different from that of Na–micro-FAU zeolites. The V2 values
increased without a maximum, as the temperature of the
thermal treatment became higher. The coordinating waters can
be eliminated by the thermal treatment without migrating to
the inner sites of the zeolite because of occupancy of TMA1 in
the sodalite cage. The removal of coordinating water would
cause the low symmetry ligand field. If the Nd31 ions are still
placed in the supercages, the site symmetry of the ion distorted
by water loss could be restored to the original state by
subsequent rehydration. We confirmed the recovery of the V2

values of the samples treated at 423 and 573 K by rehydration.
The strongest luminescence was not obtained by thermal

treatment at high temperatures but obtained by the treatment
with PMS in TMA–nano-FAU zeolite, in contrast to the case
of Na–micro-FAU zeolite. This is explained as due to whether
Nd31 ion migration into the inner cages occurs or not. Since
the ligand, PMS, cannot penetrate into the sodalite cages but
can into the supercages, the ligation of PMS to Nd31 would be
achieved more easily in TMA–nano-FAU than in Na–micro-
FAU zeolite. This is confirmed by the large change in the V2

value of TMA–nano-FAU before and after the treatment with
PMS, in contrast to the small change in the value of Na–micro-
FAU (see Table 3). TMA1-containing FAU zeolite could be a
suitable host for ship-in-bottle synthesis of metal complexes.
The V2 value of TMA–nano-FAU heated at 573 K after the

treatment with PMS (sample d) is intermediate between those
of the zeolites heated at 573 K (sample b) and sample c (see
Table 3). The content of the adsorbed ligand in sample d was
lower than that in sample c. So, it is suggested that the low
emission intensity of this sample should be caused by bare

Fig. 6 Diffuse reflectance spectra of Nd31-exchanged TMA–nano-
FAU zeolites prepared under different conditions. The sample names
are listed in Table 1.

Fig. 7 Changes in the V2 value of Nd31-exchanged zeolites heated at
different temperatures: TMA–nano-FAU (closed circles), Na–micro-
FAU (open circles).

Table 3 Judd–Ofelt parameters of Nd31-exchanged zeolites prepared
under different conditions

Sample Type of zeolite

J–O parameter/10220 cm2

V2 V4 V6

a TMA–nano 10.1 6.48 9.79
b TMA–nano 11.5 8.68 12.3
c TMA–nano 6.20 15.7 12.3
d TMA–nano 9.81 8.33 10.8
e TMA–nano 2.10 11.3 9.33
f Na–micro 3.08 9.54 7.56
l Na–micro 2.10 6.21 5.19
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Nd31 ions similar to the ones in sample b, which are generated
by thermal removal of the ligands.

Conclusions

We have succeeded in producing a strong luminescent
Nd31-exchanged zeolite by using TMA1-containing FAU
zeolite nanocrystallites as a host matrix and bis(perfluoro-
methanesulfonyl)aminate (PMS) as a low vibrational ligand of
the ion under mild conditions. The facility of the ligation of
PMS with the ions in the cage of the zeolite and the protection
effect of the ligand against OH groups present in the pores of
the zeolite brought about the strong emission intensity. The
ease of the ligation was caused by the Nd31 ions residing in the
supercages without cation migration into the inner cages. On
the other hand, in Nd31-exchanged Na–micro-FAU zeolite,
the higher thermal treatment resulted in the more effective
emission because of the occurrence of cation migration to the
inner cages, while the treatment with PMS induced only weak
luminescence.
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