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Blue light-emitting boron 8-hydroxyquinolinate and 8-hydroxyquinaldinate complexes have
been formed inside boron zeolites Beta, MCM-22, and ferrierite, and on layered ITQ-2 and
ITQ-6 zeolites starting from the corresponding ligands and boron dislodged from framework
positions. The luminescence properties, i.e., emission intensity, maximum wavelength, and
lifetime of the ship-in-a-bottle quinolinate complexes are strongly modulated by the zeolite
host. Besides the species responsible for the photoluminescence, other longer-lived transient
species, presumably related to electron transport, are also photochemically generated and
have been detected by laser flash photolysis.

Introduction

There has been an intense research effort aimed at
the preparation of organic light-emitting diodes (OLE-
Ds) exhibiting blue electroluminescence (λem ≈ 500 nm)
because of their potential application in full-color dis-
plays and screens.1-6 The major advantage of OLEDs
is their ease of processability and the possibility to
obtain films rather than dots as in the current inorganic
LEDs.1,7 Besides organic polymers with p-phenylene and
fluorene structure, metallic complexes are often used
as LEDs.8-10 Particularly important complexes are those
derived from 8-hydroxyquinolinates (Q) as ligands and
earth, rare earth, or transition metals.11-24 The main

advantage of these OLEDs is the ease of derivatization
to modify and tune the photophysical properties to the
target value by appropriate substitution on the ligand.
For instance, in the case of 8-hydroxyquinolinate com-
plexes it has been demonstrated that the emission
wavelength varies depending on the metal radius, the
coordination number, and the introduction of a methyl
substituent at the 2-position of the Q ligand. As a
general effect, it has been found that the weaker the
metal-N bond in the complex, the bluer is the emission
of the complex.

It can be expected that the overall photostability,
emission efficiency, and emission lifetime can be varied
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by incorporating the photolumophore complex in a host,
because the intrinsic “molecular” photophysical proper-
ties of the emitter can be modified and controlled
“supramolecularly” by its interaction with the host. In
particular, competing radiationless deactivation decays
arising from collision or conformational mobility are
generally thwarted by immobilization on a rigid support
leading as a general effect to an enhancement of the
emission efficiency.25,26

Herein, we describe the ship-in-a-bottle synthesis of
boron Q and MQ complexes encapsulated in a series of
tridimensional (Beta, MCM-22, and Ferrierite) and
novel bidimensional (ITQ-2 and ITQ-6) delaminated
zeolitic materials and how their luminescence properties
varied significantly from one zeolite to other. Our ship-
in-a-bottle methodology is innovative because the boron
is initially in zeolite framework positions and upon mild
heating it becomes partially dislodged, and this coordi-
nation rearrangement permits the formation of new
B-O bonds with Q or MQ complex located within the
micropores.

Results and Discussion

For this work we have prepared a series of boron
zeolites in which we have varied the zeolite structure
and the boron content. A brief comment on the geometry
of each of the zeolites employed in the present work is
pertinent to understanding the ability of boron zeolites
to form boron-quinolinate complexes. The internal
pores of zeolite Beta are defined by oval cages of about
11 Å of longest axis defined by the intersection of two
perpendicular 12-membered ring channels whose axes
are somewhat shifted.27 Zeolite MCM-22 structure also
has oval cages (7.4 × 12 Å) that are accessible through
10-membered ring openings (∼5.3 Å).28-31 Ferrierite
(FER) contains two channel systems, one straight 10-
ring channel (4.2 × 5.4 Å) intersected by a 8-membered
ring channel.27 Delaminated zeolites ITQ-2 and ITQ-6
are zeolitic materials that derive formally from delami-
nation of laminar precursors of MCM-22 and FER,
respectively.32,33 The layers of ITQ-2 in particular
contain open cups (5.4 × 6 Å) in which a guest can be
accommodated. Figure 1 illustrates the structural re-
lationship and pore structure of the zeolites used in the

present work, and their main analytical and structural
properties are summarized in Table 1.

Herein, we demonstrate an innovative way to prepare
encapsulated blue-emitting quinolinate complexes in
which by starting from a crystalline, boron-containing
zeolite, the corresponding ligand either Q or MQ is
adsorbed, and then the system is submitted to mild
heating at the required temperature to control the
partial dislodging of B from framework positions. By
doing this, it was intended that during the thermal
reorganization of boron, formation of a boron-quinoli-
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Figure 1. Structural relationship and pore structure of the
zeolites used in this work. A: preparation procedure and
structures of zeolites MCM-22 and ITQ-2; B: preparation
procedure and structures of zeolites FER and ITQ-6; C:
structure of zeolite Beta.
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nate complex would occur as indicated in Scheme 1. If
the heating temperature were increased more than the
required optimum, then undesirable massive deborona-
tion with formation of nonemissive boron oxide clusters
as well as thermal decomposition of the boron-quino-
linate complex would occur.

According to the equation shown in Scheme 1, it
should be possible to control the properties of the
complex, including the photoluminescence properties,
in at least three ways besides the obvious one of
changing the ligand: (i) by varying the zeolite structure
and the space available for the formation of the boron-
quinolinate complex (either 1:1 or 1:2 stoichiometry); (ii)
by controlling the extraframework migration of the
boron (temperature of the migration), and (iii) by
varying the boron content of the zeolite. As we will show
below, our expectations were indeed realized. What is
important to note is that an effective control of the
“intrinsic” photoluminescence of the boron-quinolinate
complex is achieved by embedding it inside zeolite hosts
of different structure.

The procedure followed for the ship-in-a-bottle syn-
thesis of the boron-quinolinate complexes was the same
in all cases and consists of heating (typically at 200 °C)
a mechanical mixture of a given amount of Q or MQ
(typically 5 wt %) and the boron-containing zeolite for

a period of 4 h. We observed that higher calcination
temperatures do not increase further the photolumi-
nescence of the solid as indicated in Scheme 1. After
the thermal treatment, the solid sample was submitted
to exhaustive solid-liquid extraction to remove uncom-
plexed Q or MQ ligand. In no case was any product
observed in the extract other than unreacted ligand. For
the ligand/zeolite ratios studied, no ligand was recovered
for (B)Beta and (B)MCM-22, suggesting that the ad-
sorption has been successful and that the boron complex
has been formed. The large size of the resulting BQ
complex and/or its covalent binding to the zeolite
framework should impede the complex from diffusing
outside the zeolite, and, therefore, BQ would remain
unextractable inside the zeolite voids or on the zeolite
cups.

This interpretation agrees with the subsequent char-
acterization of the solids (see below). In contrast, in the
case of medium-pore- size (B)FER most of the ligand
could not enter the pores, instead remaining on the
external surface without reacting with framework B,
and it was recovered after the thermal treatment by the
solid extraction.

In the case of the layered (B)ITQ-2 and (B)ITQ-6 a
percentage of the Q or MQ ligands is recovered in the
extraction, but a significant amount of the ligands still
remains adsorbed after the extraction. Blank controls
in which an analogous mechanical mixture of the
ligands and (B)ITQ-2 or (B)ITQ-6 (not heated) was
thoroughly extracted indicates that over 90% of the
ligands are recoverable by our extraction protocol. Thus,
we suggest that for (B)ITQ-2 or (B)ITQ-6, the fraction
of unextractable Q and MQ should correspond to that
actually forming boron complexes, and that the covalent
bonding of the boron atoms to the framework is respon-
sible for the failure of the complete recovery of the ligand
in agreement with Scheme 1. Interestingly, (B)ITQ-2
that has a structured surface formed by cups of ∼7 × 8
Å2 retains significantly larger amounts of ligands than
the analogous delaminated material (B)ITQ-6 that does
not present such “cups” at the surface. Comparison of
the loadings achieved for (B)ITQ-2 and (B)ITQ-6 sug-
gests that Q and MQ are not retained because of
adsorption on the large external surface of the delami-
nated zeolites, but it really takes place in the external
cup-type cavities of the (B)ITQ-2. The final Q or MQ
loading of the complexes was determined by combustion
C and N analysis and some of the data are collected in
Table 2 to give an idea of the typical loading obtained
for each boron-containing zeolite under the standard
preparation procedure.

Firm evidence that the presumed boron-quinolinate
complex has been formed during the ship-in-a-bottle

Table 1. Analytical and Structural Properties of the
Zeolites Used in This Work

BET (m2/g)
micropore volume

(cm3/g) Si/B

(B)MCM-22 400 0.16 12
(B)ITQ-2 700 0.09 12
(B)Beta 460 0.19 50
(B)FER 279 0.10 25
(B)ITQ-6 595 0.03 12

Scheme 1

Table 2. Combustion Analysis and Absorption Maximum
(λLMCT) of the Quinolinate Samples Prepared

% N % C λLMCT

BQ@Beta 0.51 4.30 364
BMQ@Beta 0.40 3.35 365
BQ@MCM-22 0.46 3.86 362
BMQ@MCM-22 0.10 0.81 357
BQ@ITQ-2 0.26 2.01 358
BMQ@ITQ-2 0.23 1.83 360
BQ@FER 0.07 0.43 a

BQ@ITQ-6 0.20 1.70 364
a Not observed.
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synthesis and remains encapsulated after the extraction
can be obtained by diffuse reflectance UV-Vis (DRUV)
spectroscopy. Figure 2 shows the DRUV of two repre-
sentative samples prepared in the present work. For the
sake of comparison the transmission UV/Vis spectrum
of Q has also been included. As can be seen in this
Figure 2 after addition of Q and mild heating, the boron
zeolite samples exhibit a ligand-to-metal charge transfer
(LMCT) absorption band at about 360 nm, absent in the
starting zeolites or ligands, and that is characteristic
of the metal-quinolinate complexes as reported in the
literature.22 Table 2 also lists the actual λLMCT for this
band.

In agreement with the DRUV spectra of the BQ@
zeolite or BMQ@zeolite samples, all the solids exhibit
intense emission upon excitation at the corresponding
λLMCT (∼360 nm). Figure 3 shows four selected emission
spectra of boron-quinolinate complexes encapsulated
in zeolites recorded under identical conditions. In each
case, the excitation spectrum obtained monitoring at the
emission maximum coincides with the LMCT band of
the boron-quinolinate complex in the absorption spec-
trum (inset of Figure 3), thus confirming these boron
complexes as the actual emitting species. Blank controls
demonstrate that this intense emission is totally absent
when the same preparation procedure is followed using
zeolites lacking boron in their structure.

Two important features arise from the emission
measurements. First, the emission intensity recorded
under identical experimental conditions depends not

only on the ligand loading (Table 2), but on the pore
dimensions and geometry of the zeolite. The spatial
constraint certainly will have an effect on the structure
of boron-quinolinate complexes (bond distances and
angles) and/or on the level of confinement and conse-
quently on the emission quantum yields.25,34 As men-
tioned earlier, variations on the structure and bonding
of the boron-quinolate complexes are manifested in the
emission properties of these complexes.

The second emission feature observed was that the
maximum emission intensity wavelength (λem) also
varies significantly in a range of 50 nm from one zeolite
to another. The λem value is an important parameter
because the luminescence color is related to this value.
Herein, Figure 3 demonstrates that by simply varying
the zeolite host, a certain degree of control in λem can
be achieved. Target values for λem are about ∼500 nm.
There are two reasons that can explain the variations
in the λem by varying the zeolite host. The first is the
zeolite confinement effect consisting in the perturbation
of HOMO-LUMO band gaps by incorporation of a guest
in a restricted space.35 This confinement effect has been
demonstrated to be responsible for variations of the λem
of naphthtalene,36 anthracene,37 and diazabicyclohep-
tene38 within zeolites of different spaces. The second
possible reason is variation in the structure and stoi-
chiometry of the actual boron-quinolinate emitters.

A general methodology to learn about the distribution
of photolumophores among different populations is to
study the temporal profile of the emission. Figure 4
shows two selected emission decays monitored at the
corresponding λem of the sample. Emission decays were
fitted to three superimposed first-order kinetics. The
calculated τ values and corresponding populations are
collected in Table 3 and they also reflect once again the
influence of zeolite host on the kinetics decay. Figure 4
also shows the theoretical fittings from which the
lifetimes and population distribution have been ob-
tained. Comparison of the experimental decays and
theoretical fitting gives a visual indication of the quality
kinetic analysis.
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E. J.; Garcia, H. J. Phys. Chem. B 2001, 105, 9973-9979.
(38) Márquez, F.; Marti, V.; Palomares, E. J.; Garcia, H.; Adam,

W. J. Am. Chem. Soc. 2002, 124, 7264-7265.

Figure 2. Optical (transmission, curve a) spectrum of Q in
CH2Cl2 solution and diffuse reflectance UV-Vis spectra (plot-
ted as the Kubelka-Munk function of the reflectance) of the
samples BMQ@ITQ-2 (b) and BQ@Beta (c). The plot shows the
characteristic ligand-to-metal charge transfer (LMCT) band
specific of the boron-quinolinate complexes.

Figure 3. Emission spectra (λex ) 360 nm) of the samples
BQ@MCM-22 (a), BQ@ITQ-2 (b), and BMQ@ITQ-2 (c) recorded
under the same conditions. The inset shows the emission (EM
λex ) 360 nm) and the excitation (EX λem ) 510 nm) spectra of
the sample BMQ@MCM-22.

Figure 4. Emission decays monitored at the corresponding
λem of the N2-purged samples BMQ@MCM-22 (O) and BQ@
MCM-22 (b).
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From the above emission data it can be concluded that
(B)MCM-22 and (B)ITQ-2 are the most suitable host
materials for boron-quinolinate complexes in terms of
shorter wavelength emission and higher intensity. The
two solids are morphologically related (Figure 1) and
they contain one open half cavity at the external surface
(ITQ-2 and MCM-22) plus a complete closed cavity with
10-membered ring openings with the same internal
diameter for MCM-22. Assuming that the complex is
located inside these cavities, geometry optimization at
the semiempirical AM1 level and molecular modeling
using molecular mechanics of the zeolite cluster and the
complex indicate that the boron complex can only have
a 1-to-1 boron/quinolinate ligand stoichiometry. Figure
5 shows a visualization of BQ complex located on
(B)ITQ-2 cups. As far as we know, this 1-to-1 stoichi-
ometry for the BQ or BMQ complexes has never been
reported in solution and can only be accomplished
because of the restricted space available in the interior
of the zeolite pores. Precedents in which the stoichiom-
etry of the europium complexes change depending on
the zeolite cavity size can be found in the literature.39,40

Concerning the influence of the complex stoichiometry
on the emission properties, it should be reminded that
the LMCT electronic transition from which the emission
arises is a property that, in principle, requires only a
single boron-quinolinate moiety.

Concerning the influence of the nature of the quino-
linate ligand on the emission of the encapsulated
complexes, this is only marginal in the case of (B)MCM-
22 and (B)ITQ-2, whereas it plays a notable effect in
the case of the large pore size (B)Beta zeolite. In
solution, the change from Q to MQ produces a signifi-
cant shift in λem toward the desired blue as a conse-
quence of the weakening of the undesirable boron-
nitrogen bond. The fact that there is a notable shift
between Q and MQ for (B)Beta can be rationalized
considering that in this large pore zeolite, due to the
larger dimensions of the internal void spaces, Q can
interact with boron atoms such as in solution through
the O and N atoms, whereas due to the steric con-
straints in (B)MCM-22 and (B)ITQ-2 only the O atom
interacts. The absence of λem shift for BQ and BMQ
recorded for (B)MCM-22 and (B)ITQ-2 relative to (B)-
Beta could reflect that there is no occurrence of boron-
nitrogen interactions in MCM-22 or ITQ-2 zeolites.
Then, the change in the ligand from Q to MQ should
not produce any effect in (B)MCM-22 or (B)ITQ-2, but
it could be reflected in the emission of (B)Beta. Another
difference between the ligands related to a more im-
peded diffusion of MQ relative to Q inside the pores is
a decrease in the loading for MQ that is accompanied
by a significant decrease in the emission intensity.

Our photochemical study of the BQ and BMQ com-
plexes adsorbed on zeolites was completed by perform-
ing laser flash photolysis of the BQ@ITQ-2 and BMQ@
ITQ-2 as two selected samples. It has been reported that
in OLEDs,41 quinolinate complexes act as the light-
emitting layer and also as the electron transport layer.
The electron transport ability of an organic compound
or a metallic complex is frequently related to the
occurrence of thermal or photoinduced electron-transfer
processes with the intermediacy of the corresponding

(39) Alvaro, M.; Fornés, V.; Garcı́a, S.; Garcı́a, H.; Scaiano, J. C. J.
Phys. Chem. B 1998, 102, 8744-8750.

(40) Hashimoto, S.; Kirikae, S.; Tobita, S. Phys. Chem. Chem. Phys.
2002, 4, 5856-5862.

(41) Heinrich, L. M. H.; Muller, J.; Hilleringmann, U.; Goser, K.
F.; Holmes, A.; Hwang, D.; Stern, R. Trans. Electron Devices 1997,
44, 1249-1252.

Table 3. Photoluminescence Data of the Encapsulated Boron Complexes (Numbers in Brackets Correspond to the
Relative Percentage of the Lifetime Contributing to the Overall Signal Decay)

λem (nm) τ1 (ns) τ2 (ns) τ3 (ns)

BQ@MCM-22 557 7.33 (44.63%) 1.65 (11.80%) 18.90 (43.58%)
BMQ@MCM-22 507 0.34 (23.61%) 4.45 (46.65%) 14.23 (39.74%)
BQ@ITQ-2 524 1.08 (16.16%) 5.49 (58.1%) 13.91 (25.75%)
BMQ@ITQ-2 518 1.46 (13.49%) 6.61 (52.55%) 16.89 (33.96%)
BMQ@Beta 550 13.54 (30.57%) 5.31 (44.11%) 1.40 (25.32%)

Figure 5. Two views of molecular modeling of the ligand Q
covalently bonded to framework boron inside the ITQ-2 cups.
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radical ions. Thus, we submitted the encapsulated
boron-quinolinate complexes to nanosecond laser flash
photolysis that is a fast technique with submillisecond
time resolution allowing detection of short-lived reaction
intermediates.42,43 In fact, upon 355-nm laser excitation,
the generation of transient species decaying in hundreds
of microseconds was detected (Figure 6). It is interesting
to note that the species responsible for the spectra of
Figure 6 have to be different from the excited-state
responsible for the emission, since the lifetime and
temporal profiles of the emitting excited states are in
the nanosecond time scale. Thus, light absorption causes
at least two different phenomena. In a percentage of
cases, some photons absorbed by the boron-complex are
re-emitted as photoluminescence, but in some other
cases, light absorption originates different species as
indicated in Scheme 2.

Careful inspection of the signal decay recorded at
different wavelengths upon laser excitation shows that
the profile varies depending on the wavelength, indicat-
ing that there is more than a single intermediate. It is
worth noting at this point that typical organic radical
cations are not quenched by oxygen. Therefore, the
signal recorded in the presence of oxygen can be due to
radical cations. Moreover, oxygen quenches the signal
differently depending on each wavelength. Figure 7
shows some selected decays to illustrate the previous
point. Although an exhaustive study is still necessary
to fully understand the transient spectra recorded by
laser flash photolysis, all the available data support that
besides the emitting excited state, light absorption
produces longer lived species that can be responsible
for the electron transport ability of the quinolinate
complexes (particularly those not quenched by oxygen).
We propose that one of the transients observed could
be the species generated by electron photoejection from
the complex as indicated in Scheme 3. The electron
would be captured by framework electron acceptor sites

or by charge compensating cations, a phenomenon that
has been previously observed to occur in zeolites.26 Then,
the electron transport would take place through electron
hoping from a photogenerated radical cation to a
neighbor boron complex (Scheme 3). The above results
indicated that the zeolite entrapped quinolinate com-
plexes also exhibit the dual behavior observed for the
nonencapsulated complexes.

With the above data at hand, a preliminary test of
BMQ@ITQ-2 as electroluminescent active layer was
carried out by preparing a film of this solid by dipcoating
it onto an ITO electrode, using Al as back electrode.

(42) Wilkinson, F.; Kelly, G. In Handbook of Organic Photochem-
istry; Scaiano, J. C., Ed.; CRC Press: Boca Raton, FL, 1989; Vol. 1, p
293.

(43) Bohne, C.; Redmond, R. W.; Scaiano, J. C. In Photochemistry
in Organized and Constrained Media; Ramamurthy, V., Ed.; VCH:
New York, 1991; pp Chapter 3, pp 79-132.

Figure 6. Transient diffuse reflectance UV-Vis spectra of
the sample BQ@ITQ-2 recorded 30 (b) and 300 (O) µs after
355 nm laser excitation under N2 atmosphere. The inset shows
the decays monitored at 340 (a), 400 (b), and 500 (c) nm.

Scheme 2

Figure 7. Decays monitored at different wavelengths (340,
400, and 500 nm) recorded under N2 (b) and O2 (O) atmosphere
after 355 nm excitation of the sample BQ@ITQ-2.

Scheme 3
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Working at high voltages (12 V), a electroluminescence
emission (λ max 500 nm) was recorded, thus, demon-
strating the potential of zeolite encapsulated in LEDs.

In summary, we have demonstrated that blue-emit-
ting boron quinolinate complexes can be prepared by
ship-in-a-bottle synthesis inside zeolites or on the open
cavities or pores at the surface of layered zeolites
through a strategy based on the thermally promoted
deboronation of framework boron zeolites. We have
shown that emitting properties, such as emission in-
tensity, maximum wavelength, and emission lifetimes,
are strongly modulated by the zeolite host. Among the
series studied, zeolites MCM-22 and ITQ-2 are the most
promising hosts for this purpose. Besides photolumi-
nescence, other longer-lived transient species presum-
ably related to electron transport are also photochem-
ically generated. Electroluminescence has been observed
for the BMQ@ITQ-2 films deposited on ITO electrode.

Experimental Section

The boron-containing beta, pre-MCM-22, and pre-ferrierite
zeolites used in this work have been prepared in our laboratory
following the hydrothermal crystallization procedure previ-
ously reported in the literature for the synthesis of each

material,32,44,45 with the only difference of the presence of
B(OH)3 as boron source in the mother gel. Upon calcinations
under air at 650 °C, pre-MCM-22 and pre-ferrierite render the
corresponding (B)MCM-22 and (B)ferrierite used in this work
(Table 1). Alternatively, the layered pre-MCM-22 and pre-
ferrierite were ion-exchanged with cetyltrimethylammonium
and the swolled materials submitted to ultrasonic irradiation
as described32,33 to obtain the delaminated (B)ITQ-2 and (B)-
ITQ-6, respectively. The Si/B ratio of the crystallization gel
was varied in the range 50 to 10.

Characterization Techniques. Chemical analyses (C, N,
H) were carried out by combustion using a Perkin-Elmer
analyzer. Diffuse reflectance UV-Vis spectra of pressed
powders were recorded on a Cary 5G spectrophotometer using
a praying mantis accessory and BaSO4 as standard. Fluores-
cence spectra and emission lifetimes were recorded on an
Edinburgh Analytical Instruments FL900 spectrophotometer.
Laser flash photolysis experiments were carried out using the
third (355 nm, e 20 mJ×pulse-1) harmonic of a Surelite Nd:
YAG laser for excitation (pulse e 10 ns). The signal from the
monochromator/photomultiplier detection system was cap-
tured by a Tektronix 2440 digitizer and transferred to a
computer that controlled the experiment and provided suitable
processing and data storage capabilities.
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