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Abstract: This study was focused on the investigation of novel hybrid organo/inorganic systems for oxygen sensing applications. As a host
material, a synthetic clay mineral Sumecton SA was chosen, while, as guest materials, metalloporphyrins containing Pt(ll) and Pd(ll)
were chosen. These are known to be very efficient agents for sensing applications because of a “heavy atom effect”. This effect
promotes a spin-orbit coupling, resulting in the fact that almost all of the radiation from a singlet excited state undergoes intersystem
crossing, followed by a de-excitation via a triplet state. The combination of metalloporphyrin and layered materials enables unique oxygen
sensing properties due to the steric effects of layered materials. The result is that the emission from the membrane was sensitive at the
range around aerobic conditions. The spectroscopic analysis of hybrid systems — clay/porphyrin membranes (CPMs) showed that these
materials can serve as prospective candidates for the construction of effective, reliable and economical oxygen sensors.
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1. Introduction

One of the most important groups of materials in present
material chemistry is represented by clay minerals.
These perspective and widely used materials have
been the subject of investigation in various fields for
their unique properties including swelling, ability to form
stable colloidal suspensions, a large surface area and
especially their capacity to incorporate both organic and
inorganic compounds [1-3]. Due to their versatility, they
provide a tremendous potential for a development of
novel functional organic/inorganic hybrid materials with
clay minerals in a role of an inorganic carrier component
[4-6]. The formation of the hybrid materials composed
of clay minerals and organic compounds can be easily

controlled via ion-exchange reaction, intercalation or
adsorption. Hence, the interaction between various
layered inorganic materials and organic chromophores
has been the subject of numerous studies [7-14].

The quantitative determination of oxygen in a gas or
liquid phase is of high importance in several fields, e.g.
environmental monitoring, chemical and food industry,
medical and biological applications, analytical chemistry,
etc. [15-17].

Recently, a new class of oxygen sensors based on
luminescence quenching has been reported and has
attracted a considerable amount of attention. Optical
oxygen sensors (OOSs) are a group of materials that
are expected to fulfill several conditions, ie., to be
economically affordable, miniaturized, easy to use,
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with high sensitivity and reversibility, as well as not
suffering from factors such as electrical interference or
oxygen consumption. The utilization of OOSs depends
on a three main parameters: optical sensing probes,
supporting materials and determination methods [18].
In case of OOSs, the main mechanism is based on
a luminescence quenching of the luminophore in a
presence of oxygen, while the oxygen is a highly efficient
quencher of the electronically excited states of dye
molecules. The excited-state lifetime or the emission
intensity of the luminophore alters with changes in
oxygen concentration. Luminescent probes utilized as
oxygen sensors are generally classified as oxygen-
quenchable luminescent complexes and luminescent
nanomaterials [19].

From this point of view, the most promising
luminescent probes are the stable platinum metal
porphyrin dyes, that have the lowest triplet excited state
population probability close to unity due to the heavy
atom effect [20]. For instance, platinum and palladium
octaethylporphyrins embedded in a different polymer
matrix are commonly used [21]. However, the challenge
is to find and utilize a suitable luminescent indicator
in which a phosphorescence is effectively quenched
by a molecular oxygen, as well as a suitable material
permeable to oxygen in which a luminophore molecules
can be easily incorporated. Both the components should
show a photostability to continuous light irradiation,
used for the excitation of luminophore. Moreover,
complexes of cationic water-soluble porphyrins with
platinum metals (Fig. 1) are known to have a relatively
long phosphorescence lifetime at room temperature
[22]. Furthermore, their phosphorescence emission can
be very effectively quenched by a molecular oxygen in
aqueous solutions [23].

Finally, in order to form highly efficient, stable and
reliable oxygen sensing hybrid systems, the choice of
a suitable supporting material is of crucial importance.
Clay minerals have been proven to be very promising
candidates while the adsorption of sensing porphyrins is
an easily achievable and controlled process, eliminating
non-desirable processes such as dye molecular
aggregation [24].

2. Experimental procedure

2.1. Materials

Synthetic clay mineral Sumecton SA (Kunimine
Industries Co., Ltd.) was used as the inorganic carrier for
the preparation of clay/porphyrin membranes (CPMs).
Cationic metalloporphyrins, Pt(ll) meso-tetrakis(N-
methyl-4-pyridyl)porphine tetrachloride (Pt(I)TMPyP)

Figure 1. Pt
tetrachloride.

meso-tetrakis(N-methyl-4-Pyridyl)porphine

and Pd(ll) meso-tetrakis(N-methyl-4-pyridyl)porphine
tetrachloride (Pd(Il)TMPyP) were obtained from Frontier
Scientific, Inc. and used as received. In a preparation of
CPMs, Polytetrafluoroethylene (PTFE) membrane filters
(Toyo Roshi Kaisha, Ltd., pore size - 0.1 ym, diameter
- 25 mm) were employed. Quartz slides were obtained
from SPI Supplies (USA). Needles used for the directing
the gas flow into a cell were purchased from Terumo
(Japan). Deionized water (Millipore Q-system) was used
for all of the experiments.

2.2. Methods
The clay-porphyrin  membrane was prepared as
follows according to the literature [25]. Aqueous clay
suspensions were prepared by adding the calculated
amount of Sumecton SA into water and left under
mild stirring until the suspension was transparent. The
calculated volumes of Pt(I)TMPyP and Pd(I)TMPyP
solutions were added into a clay suspension under
stirring. Dye loading was set to a value of 5-15% vs.
cation exchange capacity (CEC) in order to eliminate the
possible negative effects of higher dye concentration. A
small amount of dioxane was added into a suspension
to accelerate clay stacking. The prepared clay/porphyrin
suspension was then vacuum-filtrated through a PTFE
membrane, followed by deposition of a filter cake to
a quartz slide. The prepared clay/porphyrin membrane
should be homogeneous, without obvious defects (i.e.,
without regions not covered by a filter cake) and is ready
to use for oxygen sensing experiments.

The absorption spectra of clay/porphyrin
suspensions and CPMs were recorded using a
Shimadzu UV-3600 UV-vis spectrophotometer. While
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Figure 2. Absorption spectra of PATMPYP solution (solid line), CPM/PdTMPyP (dashed line) and phosphorescence spectra of CPM/PdTMPyP

upon excitation at 466 nm (dotted line).
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Figure 3. Phosphorescence spectra od PATMPyP in the presence of molecular nitrogen, air and molecular oxygen.

the scattering effect of clay particles (due to a low
concentration in a suspension) was very low, there
was no need to perform the corrections for absorption
measurements.  Steady-state fluorescence spectra
were recorded using a Jasco FP-6500 luminescence
spectrophotometer upon excitation at 450 nm (A
absorption of PtTMPyP membrane) and 466 nm (A
absorption of PATMPyP membrane).

max

max

3. Results and discussion

At the first stage, visible and phosphorescence spectra
of clay-immobilized metal complexes of porphyrins
were studied. As expected, porphyrins showed
characteristic absorption, as well as room temperature
phosphorescence characteristics (Fig. 2). It was found
that the adsorption of porphyrins leads to a spectral
band shift of pure PATMPyP solution of ~50 nm when

compared to CPM complex (Fig. 2). This is a rather
common phenomenon, related to stabilization of dye
molecules upon adsorption on a clay mineral’s surface,
as described elsewhere [5,8, and references therein]. In
the case of clay minerals, the flattened or slightly tilted
orientation of adsorbed porphyrins takes place [5,9]
while their photophysical and spectral characteristics
are preserved. Owing to these facts, one can judge clay
minerals as exceptionally suitable and economically
affordable carrier substances, suitable for utilization in
efficient optical oxygen sensors.

The phosphorescence of porphyrins was effectively
quenched by molecular oxygen (Fig. 3).

Room temperature phosphorescence, as well as a
photostability over time, are important characteristics
of OOSs. However, there are other requirements for
the OOSs to be fulfilled, i.e., sensitivity of quenching
membrane, expressed as a ratio //l,,,, where [ and

l,, represent the phosphorescence intensities in
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Figure 4. Gas dependent phosphorescence of CPM/PdTMPyP system.

the presence of 100% nitrogen and 100% oxygen,
respectively. A material suitable for optical oxygen
sensing should have the ratio / /I, > 3 [23], which is
fulfilled in a demonstrated case of CPM with PATMPyP
(Fig. 3). Key requirements include quenching response,
response time and recovery time. Quenching response
(Q) is defined as a ratio Q = (I, — 1,,) / Iy, and was
determined to be approximately 80% for the system
containing PATMPyP (see Fig. 3). It should be noted
that the emission from CPM is sensitive at normal
aerobic conditions.

Another important parameter employed in the
characterization of OOSs includes response time and
recovery time. The response time is described as a
time when the phosphorescence intensity decreases by
95% by introducing oxygen (t,, (N, — O,)). Analogically,
recovery time is the time needed for CPM to reach
the original phosphorescence intensity by introducing
the nitrogen, i.e. (t,; (O, — N,)). Fig. 4 depicts a gas
dependent phosphorescence of CPM/PdTMPyP over
time (“on-off’ sensing). From the data, response and
recovery time for this system were found to be around
10 and 800 seconds, respectively. It can be seen that
oxygen permeation is different (faster) when entering
the membrane than the rate of intensity increase of
oxygen diffusion outward the CPM. This observation
is in accordance with previous theoretical studies [26]
and may be related to the homogeneity of the clay
mineral surface available for a porphyrin adsorption.
In the case of present CPM, the interlayer distance
determined by XRD was estimated to be c.a. 0.5 nm.
This narrow space would limit the diffusion of gas. It is
known that the interlayer space of clay can be controlled
by a change of atmosphere or by the use of a pillar.

This indicates that it is possible to control the sensitivity
against oxygen concentration as needed by changing
the interlayer distance.

In the case of the CPM/PtTMPyP system (not
shown), the above mentioned characteristics and
requirements for OOS were determined to be similar,
although the CPM/PdTMPyP system was proven to
be a more prospective candidate for OOSs because
of higher sensitivity, photostability and better overall
spectral properties.

4. Conclusions and

remarks

In this present study, novel hybrid materials based
on synthetic clay and platinum metal porphyrins for
optical oxygen sensing are proposed. It was found that
clay minerals are economically affordable substances
that can serve as reliable inorganic carriers for
immobilization of phosphorescently active porphyrin
molecules, preserving their luminescence activity that is
sufficient to reach oxygen sensing processes at aerobic
conditions. The results indicate that the hybrid system
containing PATMPyP is a better candidate for OOSs
applications than its platinum counterpart, although the
latter is worth investigating in further studies. In these
systems, the role and parameters (such as variable
expandability) of clay mineral matrix is important while
the layered structure can affect oxygen permeation,
thus having an influence on response and recovery time
parameters of the oxygen sensor. More detailed studies
on such factors is in progress and will be published in
the near future.

concluding
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