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Luminescence Enhancement after Adding Stoppers to Europium(III)

Nanozeolite L**

Peng Li, Yige Wang, Huanrong Li,* and Gion Calzaferri*

Abstract: Stopper molecules attached to nanozeolite L (NZL)
boost the luminescence of confined Eu’*-B-diketonate com-
plexes. The mechanism that is responsible was elucidated by
comparing two diketonate ligands of different pK, and two
aromatic imines, and by applying stationary and time resolved
spectroscopy. The result is that the presence of the imidazolium
based stopper is favorable to the sustainable formation of
Eu’*-B-diketonate complexes with high coordination by
decreasing the proton strength inside the channels of NZL. A
consequence is that strongly luminescent transparent films can
be prepared using aqueous suspension of the stopper modified
composites.

-rrivalent lanthanide complexes with organic ligands have
become important for a wide range of applications.”
However, low thermal and photochemical stability, poor
mechanical and conduction properties, as well as the tendency
to aggregate severely limit their full exploitation in practical
applications. A way to overcome these shortcomings is to
encapsulate the complexes within the cavities of zeolites
which are crystalline aluminosilicates with pores of molecular
dimensions.** Wada and co-workers reported fine-tuning of
the emission colors by inserting a sensitizer into the cavities of
NaX zeolite co-doped with Eu*" and Tb*". The emission of
these composites could be tuned from violet to blue, green,
and red by changing the amounts of Ln*" ions and the nature
of the sensitizer.'"¥ We and others observed considerable
improvement of thermal- and photostability of lanthanide
complexes when embedding them in the channels of zeolite L
(ZL).'"21 Oriented Ln** doped ZL films with tunable
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emission colors have been synthesized by using functional
linkers that can coordinate and sensitize Ln**.”>>

Increasing effort has been focused on nanosized zeolite
for a variety of reasons.’** Embedding nanosized ZL (NZL)
in polymer matrices results in transparent hybrid materi-
als.®3% Films prepared with them typically exhibit high
mechanical and chemical stability. A combination of the
characteristics of such films with the luminescence properties
of Ln*" complexes is thought to be important for developing
novel optical devices. Transparent films of Ln*"-ZL compo-
sites prepared from colloidal suspensions exhibit weak
luminescence, unfortunately. A solution of this problem
could be to selectively plug the channel entrances of the ZL
host by means of stopper molecules, a principle that was first
communicated by Calzaferri®"! and later used and further
developed in several laboratories.”>¥ Selective modification
of ZL with stopper molecules can for example prevent
penetration of small molecules that would otherwise enter the
channels or it can prevent guests from leaving the host. It is
based on the fact that ZL crystals consist of strictly one-
dimensional channels. Their openings are located on the
bases, causing different chemical properties with respect to
the coat. Scheme 1 (A) illustrates the hexagonal channel
system, (B) shows a top and a side view of the channels which
have a van der Waals opening of 0.71 nm at the smallest and
126 nm at the widest place, and (C) shows an idealized
morphology of a crystal and on the right a representation that
we will use for imitating the channel structure. Scheme 1 also
shows the structure of the ligands and of the stopper.

When attaching 1 to NZL, the channels of which
contained Eu*"(L,), we observed a very large increase of
the luminescence intensity if L was a -diketonate. This was
surprising because 1 completely lacks the ability to sensitize
Eu’'. We further found that brightly luminescent transparent
films can be prepared from aqueous suspensions of the
stopper-modified composites, which we abbreviate as
Eu*’(L,)-NZL. Details of these unexpected observations
and an explanation are reported.

We choose the imidazolium salt 1 as stopper because it
bears a positively charged part which easily enters the
negatively charged NZL-channel upon exchanging a cation
present in the neighborhood and because the bulky triethox-
ysilane moiety can react with the OH groups present at the
channel entrances and in lower amount also at the coat. The
reaction explained in Scheme 2 is similar to that reported for
a triethoxysilylated coumarin.®” The ratio of channel entran-
ces and unit cells (u.c.) of a ZL crystal of equal length and
diameter d in nm is equal to 1.485/d. This means that for
example, a 30 nm NZL consists of about 20 times more u.c.
than channel entrances.”
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Information, Section S1.  The

experimentally determined Eu®*
and TTA loading of the samples
were 0.66/u.c. and 3.17/u.c., respec-
tively. Modification with 1 was car-

ried out in aqueous environment.
In the first step, the positively
charged part of 1 enters the neg-
atively charged channel by
exchanging a charge compensating

cation in an equilibrium reaction
(Scheme 2, step 1). The Si(OEt);
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Scheme 1. Structure of the host ZL, the ligands L, and the stopper 1.
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Scheme 2. Upper: selective modification of the ZL channel entrance; (1) sonication, (2) reflux. Lower: stopper
and coat functionalized NZL crystal containing inside Eu*" complexes as guests.

We now describe the preparation, characterization, and
properties of the Eu**(TTA,)-NZL and of the composites
modified with 1, which we denote as (Eu*(TTA,,)-NZL)-1(x),
where x is the amount of 1 with respect to the number of
channel entrances added to the modification reaction mix-
ture. The NZL host, stopper 1, and the Eu**(TTA,)-NZL
composites were prepared as described in the Supporting
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part is too large to enter deep
into the channel. Some 1 may also
adsorbed at the coat, the amount
depending on the excess present in
the reaction mixture. Siloxane
bonds are formed during the
refluxing procedure with the OH
groups present at the channel
entrance (step 2), and with those
present to a lesser amount at the
coat of NZLF™¥ The Eu*'-
(TTA,)-NZL show remark-
ably enhanced Ilumines-
cence, which is easily visi-
ble by eye upon near UV
excitation, after this modi-
fication procedure. Fig-
ure 1 C,D shows images to
give an intuitive impression
of the effect. The excitation
spectrum (Figure 1A)
shows a broad band rang-
ing from 200 to 470 nm,
which is assigned to the
absorption of TTA.['¥) The
emission spectrum (Fig-
ure 1B) displays five sharp
lines at 578, 592, 612, 652,
and 701 nm, ascribed to the
Dy—F; (J=0-4) transi-
tions. It is dominated by
the °D,—’F, band at
612 nm, which is responsi-
ble for the red emission
color shown in (D). This
large increase of the lumi-
nescence intensity was
unexpected, as 1 lacks the
ability to sensitize the lumi-
nescence of Eu*'. No lumi-
nescence can be observed when the Eu*'-NZL is modified
with 1 in absence of a sensitizing ligand.

What is the reason for this important luminescence
enhancement? Additional experiments were made to find
an answer to this question. FTIR spectra were used to
characterize the modified materials. We checked the reac-
tivity of 1 under the applied conditions. Its spectrum

PHEN
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Figure 1. Excitation spectra monitored at 612 nm (A) and emission spectra (B)
excited at 345 nm of Eu*"(TTA,)-NZL (black) and (Eu**(TTA,)-NZL)-1(1100) (red)
observed at RT. Scan slits for Eu’"(TTA,)-NZL and (Eu’"(TTA,)-NZL)-1(1100) were 2
and 0.3 nm, respectively. C), D): Images of the two samples taken under near UV

excitation: C) Eu®*(TTA,)-NZL and D) (Eu®*(TTA,)-NZL)-1(1100).
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Figure 2. Left: FTIR spectra. a) 1 after sonication in water;
b) Eu**(TTA,)-NZL; c) (Eu**(TTA,)-NZL)-1(1100). Right: XRD patterns.
a) Eu*(TTA,)-NZL; b) (Eu**(TTA,)-NZL)-1(1100); c) ZL microcrystals.

measured after sonication in water at RT in Figure 2 (a,left)
shows intense bands at 960 and 1166 cm™" characteristic for
the SiOCH,CH,.” This means that no obvious hydrolysis
occurs during the sonication procedure. The bands at 1556
and 1462 cm ! belong to the imidazole ring of 1. The spectrum
of Eu*’(TTA,)-NZL, Figure 2 (b,left) is dominated by a broad
band 1160-1050 cm !, which is known to belong to the v, (T-
O-T) stretching vibrations (T=Si** or AP").* The water
molecules are seen by the stretching and the bending modes
at 3450 and 1633 cm™. The weak bands at 2920, 2860 and in
the range of 1600-1400 cm™' can be attributed to the TTA
ligand. The presence of 1 is manifest in Figure 2 (c,left) by the
characteristic imidazole ring bands at 1556 and 1462 cm™'.
The absence of the band at 960 cm™' implies the reaction of
the terminal triethoxy groups of 1 with the surface OH groups
of NZL.

XRD patterns of the NZLs together with that of larger ZL
crystals are shown in Figure 2 (right). The NZL exhibit the
typical pattern expected for ZL with the typical line-broad-
ening and some loss of crystallinity caused by their small
size.™] No significant changes are observed for NZL after
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modification with 1, as seen by comparing Fig-
ure 2c(right) with b(right), indicating that the
modification is not detrimental to the framework.

The amount of 1 that was covalently attached
to form the (Eu*"(TTA,)-NZL)-1 composites was
determined by elemental analysis. We found that
about 1% of the added amount x was covalently
attached up to a maximum above which no
further reaction took place (Figure 3; Supporting
Information, Figure S3). The reaction levels off at
an amount which corresponds roughly to that
estimated for dense monolayer coverage. The
behavior of the luminescence enhancement is
similar.

amount of 1 bound (solid)
relative intensity (dash-dot)

o
[=}
=

4
0 500 1.40% 1.5.10°

amount of 1 added
Figure 3. Amount of 1 covalently bound to the composite (solid) and

luminescence intensity versus the amount x of 1 added to the reaction
mixture (dash-dot). See also the Supporting Information, Figure S3.

We wondered whether this important luminescence
enhancement also applies for other ligands. We therefore
tested PHEN and BPY, which coordinate by the nitrogen
atoms, and DBM, which is similar to TTA. The result is that
the luminescence properties of Eu*'(PHEN,)-NZL and
Eu’"(BPY,)-NZL are not markedly influenced by modifica-
tion with 1, in contrast to Eu’*(DBM,,)-NZL, which shows
considerable luminescence enhancement. Images of samples
under near UV illumination are given in the Supporting
Information, Scheme S1, and spectra of Eu**(DBM,,)-NZL)-
1(x) are in Figure 4. The excitation spectra show a broad band
that can be ascribed to the absorption of DBM. The emission
spectra present the characteristic Dy, —’F; transitions, with
the °D,—F, as the most prominent.

The luminescence intensity increases with increasing
amount x of added 1, which is similar to that seen in
Figure 3 (Supporting Information, Figure S3) for Eu*'-
(TTA,)-NZL)-1(x), but with lower cadence. It is known that
protonation of diketonates competes with full coordination to
Eu’" and that incomplete coordination affects the lumines-
cence yield. Both TTA and DBM can be protonated under the
acidic environment of hydrated zeolite L, but DBM to
a larger extent, as its pK, value is larger than that of TTA,
with values of 8.95 and 6.33, respectively. Following this
reasoning, we find that the remarkable influence of 1 on the
luminescence intensity of the f-diketonate based composites
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Figure 4. Excitation spectra monitored at 612 nm (a) and emission
spectra excited at 350 nm (b) of Eu**(DBM,)-NZL)-1(x), observed at
RT. Luminescence of non-modified Eu**(DBM,)-NZL) is too weak to
be observed under the applied conditions.

are caused by a decrease of the proton activity inside of the
NZL channels. Each stopper attached to the channel entrance
exchanges one of the cations that control the proton
strength.”? The effect is enhanced by the fact that the
imidazolium acts as a weak base.[*¥ This is supported by the
observation illustrated in Figure 3 that very large intensity
enhancement occurs at low coverage with 1 and does not
increase further once a coverage of about one dense mono-
layer has been achieved.

Our interpretation is supported by the behavior of the
intensity ratio /(°Dy,—’F,)/I(’D,—’F,) and by the lumines-
cence decay of the composites. The former increases from
13.77 to 18.97 after modification of Eu*"(TTA,,)-NZL with 1.
Values larger than 10 are expected for Eu’"-B-diketonate
complexes. A value of 18.97 when encapsulated in zeolites is
rarely seen, however. This intensity ratio is a measure for the
asymmetry of the Eu®" site. It becomes larger with increasing
interaction of the Eu®" with its neighbors because the site
symmetry decreases./*!! We can therefore safely conclude that
the large ratio observed for Eu**(TTA,)-NZL-1(1100)
reflects the lower symmetry of the Eu*" site and hence
a larger Eu*'-ligand interaction of the modified composite
which means more complete coordination to the B-diketo-
nate. The luminescence decays shown in the Supporting
Information, Figure S1 are compatible with this interpreta-
tion. They show that the excited state of the Eu**(TTA,,)-NZL
decays much slower after modification with 1; the lumines-
cence decay is well represented by a bi-exponential (see the
Supporting Information). The average decay time increases
from 0.09 to 0.61 ms after modification. The prolonged
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Table 1: Photophysical data.

Sample (r) [ms] kr[ms™'] knr[ms™"] q[%]
Eu’*(TTA,)-NZL 009 09 10.21 8.1
EUSA(TT_A”)-NZL-'l (1100) 0.61 1.3 0.34 79.3
Euz'(TTA”)-NZL—N H, 0.36 0.9 1.88 324
Film of Eu* (TTA,)-NZL-1(1100) 0.48 1.2 088 577

lifetime of the Eu’" excited state indicates a displacement of
water molecules and/or OH groups from the first coordina-
tion sphere. We report in Table 1 the °Dj radiative (k,) and the
non-radiative (k,,) rate constants, and the D, luminescence
quantum efficiency ¢, as determined by the method reported
in Ref. [45] in an environment of average refractive index of
1.544. The decay constants and q are consistent (Supporting
Information, Figure S4).

The Eu**(TTA,)-NZL-NH; data correspond to samples
that were treated with ammonia, as a simple but only
qualitative check regarding the influence of increasing pH
in the channels of NZL. This exposure had a qualitatively
similar effect as the stopper modification. Ammonia has
previously been used to deprotonate TTA to improve the
luminescence yield of ZL-based host-guest composites.”*!
Ammonia escapes, however, quickly under ambient condi-
tions and the improvement is therefore not sustainable. The
luminescence intensity of Eu>*TTAn)-NZL-NH, decreases
when kept under ambient conditions.

We conclude that all data clearly support the interpreta-
tion that the presence of stopper 1 is favorable to the
formation of Eu*"-B-diketonate complexes with large coordi-
nation number in a sustainable way by decreasing the proton
strength inside of the channels of NZL. The main influence is
caused by the stoppers directly bound to the channel entrance
but also the molecules located on the coat seem to be of
importance, probably by causing a slightly basic local
environment. The large excess of 1 added to the reaction
mixture is needed to plug as many of the channel entrances as
possible in the adsorption equilibrium reaction step explained
in Scheme 2.

A stable and semitransparent aqueous suspension can be
obtained with NZL. We prepared suspensions with Eu’'-
(TTA,)-NZL, Eu’*(TTA,)-NZL-NH,;, and Eu’"(TTA,)-
NZL-1(1100). Only the suspension of the stopper-modified
sample results in a bright emission upon irradiation at 345 nm
(Supporting Information, Figure S5). This means that the
stopper modification substantially prevents luminescence
quenching of Eu*" according to the mechanism explained
above. Transparent films of a few micrometer thickness seen
in Figure 5 A were obtained by dropping an aqueous suspen-
sion of Eu*"(TTA,)-NZL-1(1100) on the micro-slide glass,
followed by drying at 60°C in air. They exhibit bright red
emission when irradiated by near UV light (Figure 5B).

SEM images of the films show that the NZL (30-100 nm)
are well-packed on the surface of the glass (Figure 5C,D).
The excitation and emission spectra of the film shown in
Figure SE,F are similar to those seen in Figure 1. A broad
band ranging from 200 to 400 nm forms the excitation
spectrum. It can be attributed to the absorption of the TTA
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Figure 5. Properties of the Eu*"(TTA,)-NZL-1(1100) films. Images:
daylight (A), UV light (B). SEM images at two magnifications (C, D).
Spectra: excitation (E), monitored at 612 nm, and emission (F),
excited at 345 nm.

ligand. Excitation at 345 nm results in the same °D,—’F;
emission lines as seen in Figure 1 with the °D,—’F, band as
the most intense feature. The intensity ratio I(°D,—'F,)/
I(°Dy—’F,) is 18.7. The luminescence decay is bi-exponential
(Supporting Information, Figure S6). The data in Table 1
shows that luminescence lifetime and g of the film are smaller
than those of the Eu**(TTA,)-NZL-1(1100) powder, which is
due to less-favorable conditions during the film preparation.
The thin film preparation procedures can be adapted and
optimized for obtaining the desired properties depending on
the envisaged application.

In conclusion, we have observed a remarkable increase of
the luminescence efficiency of a host—guest composite,
obtained by synthesizing Eu*"-B-diketonate complexes
inside of the channels of NZL using Lundford’s ship-in-a-
bottle procedure,[‘”] after modification with an imidazolium-
based stopper molecule.*s! Our result is especially surprising
and important when confronted with earlier reports regarding
Eu’'-B-diketonate complexes encapsulated within zeo-
lites."1>17) The mechanism responsible has been elucidated
by comparing two different diketonate ligands with different
pK, values and two aromatic imines, BPY and PHEN, and by
applying stationary and time-resolved spectroscopy. We
found that all of the data support the interpretation that the
presence of 1 is favorable to the sustainable formation of
Eu**-B-diketonate complexes with high coordination num-
bers by decreasing the proton strength inside of the channels
of NZL, the main influence being exerted by the stoppers
directly bound to the channel entrance. A consequence of our
finding is that strongly luminescent transparent films can be
prepared using aqueous suspension. Properties of the new
composites and films with respect to their utilization for
sensing and optoelectronic devices are the topic of further
investigations.
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