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Introduction

The development of chemistry can benefit from high-
throughput (HT) techniques that allow the generation, char-
acterisation and determination of the properties of large li-
braries of compounds and materials.[1–3] More specifically,
the development of HT physico-chemical characterisation
techniques has been the subject of intense research, as this
is normally a tedious, time-consuming step that may cause a
bottleneck when a large number of related samples is pro-
duced. Gravimetric, thermoanalytical,[4] X-ray diffraction[5–7]

and some spectroscopic techniques[8–14] combined with auto-
matic handling, data acquisition and supporting software
have been applied to speed up the characterisation of large
libraries.

Herein we describe a HT system for characterisation of a
library of materials by photoluminescence, which is able to
record the emission spectra and to analyse the photolumi-
nescence kinetics. This characterisation system can be ap-
plied to a wide range of functional materials, such as those
that contain aromatic and other organic compounds, metal-
lic complexes, transition-metal ions and some inorganic
oxides and chalcogenides.

An advantage of photoluminescence compared to other
spectroscopic techniques is that the samples do not need to

be in solution because the emission spectra of opaque pow-
ders can also be recorded. Another characteristic of the
photoluminescence technique described here is its high sen-
sitivity, in which only very small amounts of sample (less
than 20 mg) and very short analysis times (less than 2 s for a
single wavelength) are required. In addition, this technique
permits different types of information, derived from the
study of the spectral and temporal profiles of the emission,
to be obtained.

The overall photoluminescence intensity under a given
condition is related to the concentration of the lumophore
and, consequently, photoluminescence measurements can be
used to determine the presence and loading of the emitting
species. In addition, photoluminescence through time-re-
solved measurements is particularly suited to reveal the in-
teraction of the lumophore with the environment or with
other molecules. This fact can be of special relevance in
host–guest supramolecular systems and in catalysis.

There has been considerable interest in the encapsulation
of conducting organic polymers inside porous aluminosili-
cate matrices to stabilise these highly degradable and labile
conducting polymers.[15,16] The preparation of polyaniline,
polyacetylenes, polyfuran and other conjugate polymers en-
capsulated within zeolites and mesoporous matrices has
been reported.[17,18] However, as far as is known, the synthe-
sis of poly(p-phenylenevinylene) (PPV) oligomers encapsu-
lated within zeolites has never been attempted. In the first
part of the present work, the high-throughput system will be
described and evaluated by screening a 96-well sample li-
brary of the [Ru(bpy)3]

2+ encapsulated in different zeolites.
In the second part, the potential of the HT technique will
be shown through the accelerated optimisation of the syn-
thesis of two host-guest materials with photoluminescent
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Abstract: An automatic system for high-throughput (HT) characterisation of large
libraries of solid materials by photoluminescence spectroscopy is described. The
system provides time-resolved transient emission spectra in the microsecond scale
and can be employed for characterisation of materials of interest in the fields of
catalysis and electroluminescence, amongst others. Here, we present its application
to the optimisation of the ship-in-a-bottle synthesis of a novel electroluminescent
polymer (PPV) and a photocatalyst (TP+ ), both encapsulated in large-pore zeo-
lites.
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properties, which can find application as active components
in electroluminescent devices or as photocatalysts.

Results and Discussion

Two different libraries aimed at the optimisation of the syn-
thetic preparation of two guests incorporated within zeolite
hosts are shown here. The first one was the oligomerisation
of 1,4-phenylenemethylene bis-S,S’-(tetrahydrothiophen-1-
ium) to form phenylenevinylene oligomers (PPV) according
to the process described in Scheme 1. Herein, we wanted to

proceed to the in situ synthesis of this polymer by mimick-
ing the solution synthetic route, in which, starting from a
bis(tetrahydrothiophenium)phenylenedimethylene, a con-
densation is performed under strong basic conditions. Photo-
luminescence measurements are especially suited to charac-
terise PPV samples because the main potential application
of this conjugate polymer is as an active component in elec-
troluminescent devices. The main experimental parameters
to be controlled during the ship-in-a-bottle synthesis are the
strength and population of basic sites, the oligomerisation
temperature, monomer loading and the zeolite matrix.

To demonstrate that PPV can be obtained inside the zeo-
lite pores, as well as to optimise the preparation conditions,
a library was prepared based on a factorial design (2I32I5)
of the synthesis. The experimental design considers the fol-
lowing preparation factors (level): synthesis temperature
(3), ranging from 200 to 300 8C; zeolite structure (3), includ-
ing three large-pore zeolites (X, Y and Beta); nature of the
alkali-metal ion (5) exchanged in the zeolite (H+ , Li+ , Na+ ,
K+ and Cs+); and two different monomer loadings (2), at 4
and 6 wt%. The total number of PPV@zeolite samples syn-
thesised and tested by using this factorial design was 90. A
summary of the relative emission intensity obtained by HT

photoluminescence screening is shown in Figure 1. Figure 2
shows the surface plots of the emission profiles, in which the
global maximum occurs, obtained for a selected building

block of the experimental design (250 8C, 6 wt%). It must
be noted that self-quenching excimer emission and other
photophysical processes can occur at high guest loadings
and this can cause a decrease in the overall photolumines-
cence intensity.[19] However, as the desired outcome of PPV
is blue-green emission, our HT photoluminescence tech-
nique is still useful to determine the optimum loading. The
time required to complete the test of 90 samples was 5 h. As
can be seen from Figures 1 and 2, this test shows that the
most photoluminescent samples are those in which the high-
est loading of the monomer was adsorbed in KY, CsY and
KX, when the oligomerisation was conducted at 250 8C. In
addition to the characteristic PPV photoluminescence, evi-
dence for the formation of PPV inside the channels of KY
and KX zeolites was obtained by optical and MAS 13C
NMR spectroscopy. Particularly important was the data re-
corded for a sample prepared independently under the opti-
mum conditions found here. Using MAS 13C NMR spectros-
copy to study this sample, we observed sp2 carbon atoms of
the monomer at around 120 ppm, whereas there was a com-
plete absence of sp3 carbon atoms for those PPV samples
that showed the most intense photoluminescence (see Sup-
porting Information). These spectral features indicate the
disappearance of the starting material and its transformation
into PPV, a process that is accompanied by a strong increase
of the photoluminescence.

The synthesis temperature and the nature of the alkali-
metal ion present in the zeolite were identified as the most
important experimental parameters to be controlled in the
synthesis of PPV@zeolite. The influence of the alkali-metal
ion on the formation of PPV can be rationalised by consid-

Scheme 1. Oligomerisation of 1,4-phenylenemethylene bis-S,S’-(tetrahy-
drothiophen-1-ium) to form phenylenevinylene oligomers (PPV).

Figure 1. Photoluminescence characterisation results of the PPV@zeolite
library. The 2I32I5 factorial design shows the influence of synthesis var-
iables on emission performance (time range: 1.2 ms, wavelength: 480–
800 nm). The upper block contains 4 wt% monomer content, and the
lower block contains 6 wt%. Three temperature values are given: 200,
250 and 300 8C.
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ering that the charge density of the alkali-metal ion influ-
ences the basicity of the framework oxygen atoms. In this
regard, it is known that the basicity of the zeolites decreases
in the order Cs+>K+>Na+>Li+>H+ , and zeolites X are
more basic than zeolites Y. Therefore, the finding that PPV
is formed in the strongest alkali metal ion exchanged zeo-
lites is in agreement with the need for strong bases in the
synthesis.

The second electroluminescent system studied by means
of HT luminescence characterisation was the 2,4,6-triphenyl-
pyrylium (TP+) incorporated within large-pore zeolite hosts.
This study allowed the optimisation of the synthesis condi-
tions for the encapsulation of 2,4,6-triphenylpyrylium inside
zeolites. TP+ is one of the most widely used electron-trans-
fer photosensitisers; this is because of its high oxidation po-
tential in the excited state allowing it to abstract one elec-

Figure 2. Photoluminescence spectra recorded for the factorial design block of PPV@zeolites in which the maximum emission intensity was achieved
(synthesis temperature=250 8C, monomer loading=6 wt%).

Figure 3. Photoluminescence characterisation results of the TP@zeolite library. The 2I32I4 factorial design shows the influence of synthesis variables on
emission performance (time range: 1.2 ms, wavelength: 480–800 nm).
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tron from a large number of organic molecules, generating
the corresponding radical cation. Although this cation is not
stable in water, in which it undergoes a hydrolytic ring open-
ing to 1,3,5-triphenyl-2-penten-1,5-dione, when encapsulated
inside zeolites it becomes indefinitely stable due to the spa-
tial constraints imposed by the rigid zeolite framework on
hydrolysis. TP@zeolite has been used as an organic photo-
catalyst for the degradation of pesticides in water by solar
light.[20,21] Preparation of TP@zeolite samples under the opti-
mum conditions is crucial to produce samples with the high-
est photocatalytic activity. The TP@zeolite library was pre-
pared according to a factorial design (2I32I4) for the study
and optimisation of the aldol condensation of chalcone with
acetophenone. In this case, the following factors (level)
were considered for the factorial design: reaction time (4),
between 1 h and seven days; reaction temperature (3), be-
tween 60 and 110 8C; zeolite acidity (3); and zeolite struc-
ture (2). The two last parameters include zeolites Y and
Beta in their neutral Na+ form, as well as H+-exchanged
zeolites at a determined percentage of Na+-to-H+ ion ex-
change. In addition, the library contained some blanks, and
the reliability of the system was checked by repeating the
same sample in different positions of the sample holder. A
description of the TP library and the photoluminescence
spectra obtained for each material is shown in Figure 3.

As expected, in view of the previous photoluminescence
measurements, the emission from TP+ encapsulated in zeo-
lites contains a combination of fluorescence (lfl=470 nm;
t1/2<25 ns) together with phosphorescence (lph=560 nm;
t1/2@800 ns) in variable proportions. In this work we have
considered the total emission intensity as a measurement of
the TP+ content. According to the experimental results of
this technique, the optimum synthesis conditions are those
using zeolite Y or Beta in their H+ form, prepared at 110 8C
for two or three days. This outcome of the HT technique
was used to prepare a batch under the optimum conditions,
with the resulting sample showing the spectral features char-
acteristic of TP+ . This sample, having a high TP+ , was
tested as a photocatalyst and showed high activity for the
degradation of phenol and aniline (see Supporting Informa-
tion). Controls using a pristine zeolite in the absence of TP+

did not show significant photocatalytic activity under identi-
cal irradiation conditions, as compared to the optimised
TP@zeolite.

Conclusions

A new high-throughput characterisation technique for solid
materials based on photoluminescence has been described
and validated. This novel technique allows the measurement
of fluorescence and phosphorescence emission in the range
of 350–800 nm; the temporal profile of the emission process
(luminescence decay) can also be determined in the micro-
second range. As a demonstration of the potential of this
technique, two electroluminescence systems based on PPV@
zeolite and TP@zeolite have been optimised, and the results
have been rationalised. This technique can, therefore, be
used as an evaluation assay for optimisation of the prepara-

tion conditions of emitting compounds. The high-throughput
luminescence characterisation described here can also be ap-
plied to other materials, such as catalysts and sensor/probe
molecules.

Experimental Section

The HT photoluminescence assembly[12] consists of: 1) a pulsed Nd-YAG
laser (7 ns pulse width, 1–5 mJpulse�1), which can operate at wavelengths
of 266, 355 or 532 nm; 2) a 96-sample holder made of a material transpar-

Figure 4. Schematic diagram of the high-throughput assembly for photo-
luminescence characterisation.[12]

Figure 5. Detailed images of the 96-sample holder.
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ent to the laser beam; 3) an X-Y linear robotic system with a repeatabili-
ty of �10 mm, which controls the positioning of the library holder; 4) an
optical fibre to transfer the photoluminescence from the emitting sample
to the detector; and 5) the detection module containing a monochroma-
tor, a photomultiplier and an oscilloscope to digitalise the signal that is fi-
nally transferred to a computer. The system also contains the appropriate
set of prisms, lens, mirrors and filters. The system is fully automated and
controlled by a PC. Data management and analysis is carried out using
in-house developed software. A schematic diagram of the HT assembly
and its working principle is provided in Figure 4.

The sample-holder geometry is similar to the 96-well microtiter plate cur-
rently used in biochemistry. Therefore, this holder can be handled by
commercial robotic liquid/solid handling systems for its automated load-
ing, or even the library preparation can be carried out in the same
holder. The amount of solid required for the characterisation is 10 to
20 mg, and samples are deposited as a powder without any pre-treatment.
For the examples illustrated below, the holder used was made of poly-
methacrylate or glass (Pyrex), but quartz may be necessary when using a
266-nm laser as the excitation source. The sample holder is covered with
an optical-quartz lid to isolate the samples from the ambient and, when
required, it is possible to expose the samples to a controlled atmosphere
or mild vacuum. In addition, the glass or quartz holder can be heated, al-
lowing thermal pre-treatments such as drying or calcinations to be car-
ried out. Thus, the system enables the performance of operando photolu-
minescence spectroscopy during adsorption or catalytic processes with
different probe molecules. Figure 5 gives a detailed image of the 96-well
sample holder. For convenient operation and loading or unloading, the
sample holder can be easily removed from the zone exposed to the laser
beam. The holder is placed horizontally and excitation and emission de-
tection is carried out from the top of the holder. Problems arising from
laser scattering reaching the detector are minimised by the geometry of
the system focusing the optical fibre out of the laser reflection angle and
by placing a cut-off filter on the optical fibre. (The details of the opera-
tion of the system, its validation and control software are given in the
Supporting Information.)

Figure 6 shows different representations of the three-dimensional data
acquired for a single sample of [Ru(bpy)3]

2+@zeolite ITQ-2, used in the
validation of the system, to provide a fast visualisation of emission spec-
tra and the photoluminescence kinetics of each sample.
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Figure 6. Representation of the three-dimensional data acquired by HT-photoluminescence for a single sample, [Ru(bpy)3]
2+@beta (time range: 4 ms,

wavelength: 380–860 nm).
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