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Nano-assembled thin film gas sensors. I. Ammonia detection by a porphyrin-based
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A thin film of porphyrin deposited by the layer-by-layer method is employed as the active
element for an optical sensor. The usefulness of this film technology and the resulting
nanoscale matrix for the detection of volatile organic compounds (VOCs), aromatics and
amine-containing substances has been studied. The sensing principle is based on monitoring
the optical changes of the Q band at 700 nm, as induced by the analyte in the electrostatic
interaction between tetrakis(4-sulfophenyl)porphine (TSPP) and poly(diallyldimethylam-
monium chloride) (PDDA) layers. Three thin film samples with different thicknesses were
prepared to assess the effect of film thickness on the sensitivity. For ammonia, the sensor
shows a linear sensitivity in the concentration range 0—100 ppm and the sensor response was
within 30 seconds. Sensor response could be regenerated by rinsing in distilled water.
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1. INTRODUCTION

The pollution of outdoor air by industrial activities
and mechanized means of transport has caused concern
for many years. Governments in many countries have
made efforts to protect human health from the effects of
air pollution in occupational and general outdoor
environments. However, in reality many people nowadays
spend most of their time indoors, either in offices or in
their homes. Consequently, there is growing concern to
understand the effects of pollutants on the indoor
environment. This concern is exemplified by the recognition
of conditions such as “sick building syndrome”.

In 1987 the World Health Organization (WHO)
introduced guidelines to help protect public health from
the adverse effects of air pollution [1]. Since then, many
countries have introduced standards and guidelines for
specific pollutants both in the outdoor and indoor air
environments. Some countries have produced lists of
pollutants and guideline exposure values [2—4] in indoor
environments, while others propose using specific indicators
of good air quality, rather than defining exposure
guidelines [5]. More recently, WHO has updated its “Air
Quality Guidelines for Europe” to include indoor pollutants.

To be effective however regulation and standards
require the ability to measure accurately and in real time
pollutant exposure in both outdoor and indoor environ-
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ments, especially in relation to the agreed values published
in the guidelines. Consequently, much research effort
has been applied to the development and creation of
low-cost, reliable and robust sensors able to detect
environmental gas pollutants [6-10]. A number of
different sensor techniques have been employed for the
detection of chemical species, based on the measure-
ment of electronic [11], amperometric [12], optical [13]
and other physical parameters [10—14]. Optical sensors
possess several advantages over other sensor systems
and they enable remote, real-time measurements with
high sensitivity and selectivity [6].

The key component of an optical sensor is the
sensitive element or transducer that converts the chemical
recognition step into a detectable optical response that
yields a measurable signal. Current research in the field
of optical sensors focuses on the creation and develop-
ment of new sensitive elements that can expand the areas
of application and increase the number and range of the
analytes measurable by optical sensors [15-18].

Over the past decades the porphyrins and their
derivatives have been considered as sensitive elements
for electrochemical gas sensors [19], optical sensors
[20-23], the quartz crystal microbalance (QCM) [24] and
surface acoustic wave (SAW) devices [25], due to their
ability to change their optical properties when exposed to
various chemical species. Porphyrins are tetrapyrrole
pigments, which occur widely in nature and play an
important role in many biological systems [26]. The
optical spectrum of solid state porphyrin is modified
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compared to that of porphyrin in solution due to the
presence of strong m-m interactions [27]. Interactions
with other chemical species can produce further optical
spectral changes, thus creating the possibility that they
can be applied to optical sensor systems. The high extinc-
tion coefficient (> 200000 cm 'M ") makes porphyrin
especially attractive for the creation of optical sensors.

The layer-by-layer method has been shown to be
useful for the preparation of molecularly assembled films
[28, 29]. It was introduced in 1966 by ller [30], and
subsequently extended by Decher and coworkers to
encompass the alternate adsorption of polycations and
polyanions onto a surface [31-33]. The technique is still
expanding its potential because of its versatility for the
fabrication of ordered multilayers.

In this study a thin porphyrin film, deposited by the
layer-by-layer method, is employed as the sensitive
element for an optical sensor. The usefulness of this film
technology and the resulting nanoscale matrix for the
detection of amine-containing gaseous substances have
been investigated.

Ammonia gas was chosen as a target compound
because its sensitive detection is desired but not yet
effectively achieved in the environmental, automotive,
chemical and medical areas of human activity [34]. Two
sensor techniques, optical and the quartz crystal microbalance
(QCM), are used to compare the sensitivity, selectivity
and reversibility towards different chemical species.

2. EXPERIMENTAL

2.1 Materials

Tetrakis(4-sulfophenyl)porphine (TSPP), poly(sod-
ium 4-styrenesulfonate) (PSS, M,: 70000), and poly(dial-

lyldimethylammonium chloride) (PDDA, M, =200000—
350000, 20% “/w in H,0), (see Scheme 1), were purchased
from Tokyo Kasei, Japan. Gelatin (GE, M, = 30 000)
was purchased from Sigma. All of these chemicals were
reagents of analytical grade and used without further
purification. Deionized pure water (18.3 M€ cm) was
obtained by reverse osmosis followed by ion exchange and
filtration in a Nanopure Diamond installation (Barnstead,
Ohio).
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Scheme 1.

2.2 Sample preparation

The electrostatic layer-by-layer (alternating) adsorption
method was used for the preparation of three porphyrin
thin films of different thicknesses onto quartz plates. A
schematic illustration of this method used with oppositely
charged PDDA and TSPP is given in Figure 1.

Before the assembly, the quartz plates were cleaned
with concentrated sulfuric acid (96%), rinsed several
times with deionized water, treated with 1% “/,, ethanolic
KOH (ethanol/water = 3:2 ¥/,) for a few minutes, rinsed
with deionized water, and dried in a stream of nitrogen.

Quartz plate
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Figure 1. Schematic illustration of the electrostatic layer-by-layer adsorption.
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The films were assembled onto such activated quartz
plates. In a typical procedure, precursor films were
assembled on a quartz plate by repeating three alternate
adsorptions of PDDA and PSS. The quartz substrates were
alternately immersed for 20 min in aqueous solutions of
PDDA (5 mg/mL) and PSS (5 mg/mL), followed by
rinsing in pure water and blowing off excess liquid with
nitrogen after each immersion. The outermost layer was
modified positively to allow the subsequent deposition of
the first layer of TSPP. Subsequently, three alternate
films of 5, 10 and 15 cycles (one cycle results in a
PDDA'/TSPP~ bilayer) were prepared by alternate
adsorption of PDDA (5 mg/mL in water) and TSPP (1 mM
in water) on the quartz plates with an intermediate stage
of rinsing with ultrapure water and drying in a stream of
nitrogen (see Fig. 1). In every case, the film had an
outermost surface of TSPP. The assembly process was
monitored by using a JASCO V-570 spectrophotometer
to measure the optical absorption.

Additionally, TSPP molecules were immobilized in a
gelatin matrix in order to assess matrix effects on sensitiv-
ity and selectivity towards ammonia. A 1 mL solution was
prepared by mixing 0.5 mL of TSPP (1 mM, 0.1 mM, 0.01 mM
and 1 nM) with 0.5 mL of 6% “/, hide-derived gelatin
solution. Films were prepared by casting 0.1 mL of the
mixed solution onto 2 cm?® quartz substrates and were
allowed to dry for 24 hours under atmospheric conditions
prior to measurements.

2.3 Quartz crystal microbalance (QCM) measurements

A quartz crystal microbalance (QCM, 9 MHz)
manufactured by USI Systems, Fukuoka, Japan, was
used for monitoring layer-by-layer film assembly. Gold-
coated quartz resonators were treated with “piranha”
solution (96% sulfuric acid: 30—35% hydrogen peroxide,
3:1v/,), rinsed with deionized water, and dried in a stream
of nitrogen. They were then immersed in an ethanolic
solution of 2-mercaptoethanesulfonate (10 mM) for
12 hours, followed by rinsing with ethanol and drying with
nitrogen. The film assembly was carried out onto the
2-mercaptoethanesulfonate-modified gold-coated quartz
resonators with the procedure essentially identical to that
used for the quartz plates. The mass increase due to
adsorption can be estimated from the QCM frequency
shift by using the Sauerbrey equation [35]. The following
relation between adsorbed mass M and frequency shift
AF, taking into account the characteristics of the
particular quartz resonators used:

AF Hz=-1.832% 10 (M /g)/(4 /em®), (1)

where 4 is the surface area of the resonator (0.159 cm?).
In the system employed for this work, a frequency decrease
of 1 Hz corresponds to a mass increase of ca. 0.9 ng.
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2.4 Optical measurements

Figure 2 shows a schematic diagram of the experi-
mental apparatus used for the optical measurement. A
fibre optic spectrophotometer (Ocean Optics USB2000)
was used for monitoring the optical changes induced by
the gaseous chemical species that came into contact with
the porphyrin film. Optical fibres with a diameter of 400 um
were used for the transporting light to and from the
sample holder in which the porphyrin film was fixed. The
sample holder was placed in the chamber in which the
desired gas concentration could be set up using a two-arm
flow system, as shown in Figure 3.

Gas outlet

b

Gas inlet

¥

Measurement chamber

SF OF

Sample holder

Figure 2. Schematic illustration of the experimental apparatus
for investigation of the chemically induced optical changes of
the porphyrin film. OF, optical fibres; SF, spectrophotometer;
LS, light source; and PF, porphyrin film.

Compressed air —|

bubbler

measurement chamber

7
Flowmeter & Valve

Figure 3. Two-arm flow gas generation system.

Compressed air was used as a carrier gas and
passed through a bubbler containing the analytes to be
detected, the analyte vapour being in equilibrium with its
liquid. Both the bubbler and the measurement chamber
were double jacketed and the carrier gas was
administered at a flow of 1 L/min. Before each test, a
baseline measurement was recorded by passing dry air
through the measurement chamber at a flow of 1 L/min.
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3. RESULTS AND DISCUSSIONS
3.1 Optical spectra of PDDA"/TSPP" alternating films

The assembly of the PDDA and TSPP layers after
each deposition cycle was measured by monitoring the
absorbance changes and the QCM frequency shifts. In
order to determine the wavelength where the biggest
changes were observed, the optical spectra in the UV-vis
spectral region were recorded. The dynamic changes
were monitored at three wavelengths, 425, 486 and 700
nm, corresponding respectively to the first and second
Soret and Q absorption bands of the (PDDA"/TSPP")
film, as shown in Figure 4a. Optical spectra of the
(PDDA"/TSPP") film are different from that of a TSSP
solution in water (Figure 4b). The Q band and Soret
bands are shifted towards the red from 645 nm to 700 nm
and from 413 to 425 nm, respectively, which can be
explained by the formation of J-aggregates of TSPP in
the film [33].

The largest absorbance changes due to deposition of
the (PDDA"/TSPP") bilayer were observed at 425 nm.
The absorbance increases in proportion to the number of
adsorption cycles up to at least 15 cycles (Figure 4a,
inset). Absorbance spectra of the (PDDA'/TSPP") films
are characterized by a double peak in the Soret band
occurring at 425 nm and 485 nm, and by a pronounced
peak of the Q band at 700 nm. The double peak in the
Soret band is attributed to ordered aggregation of the
TSPP moiety [33, 36]. On the other hand, the intensity of
the Q band at 700 nm is influenced by the electrostatic
interaction with (attraction towards) PDDA. In general,
the Q band of a free-base porphyrin is weak because the
transition is pseudoparity-forbidden, because of the alter-
nancy symmetry. Hashimoto et al. reported that the Q
band in the visible region can be intensified if the pairing
property is broken and this is achieved by various chemical
modifications to the basic structure of free-base
porphyrin, such as adding peripheral substituents, changing
the conjugation pathway, and changing the central
substituent [37]. This suggests that the symmetric structure
of TSPP in the present study can be changed by the
electrostatic interaction of TSPP and PDDA layers [38, 39].

Figure 5 shows the frequency shift due to the
alternate adsorption of PDDA and TSPP. The frequency
decreases linearly with the adsorption cycles, indicating
the regular growth of the PDDA"/TSPP multilayer film.
Average frequency changes for the adsorption of PDDA
and TSPP were 20 + 9 Hz and 86 £ 21 Hz, respectively.
In the current setup, a QCM frequency decrease of 1 Hz
corresponds to a thickness increase of 0.233/p A, where
p (g/cm?) is the density of the adsorbed film, and we can
readily estimate the thicknesses of the PDDA and TSPP
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Figure 4. (a) Absorbance changes due to deposition of PDDA'/
TSPP bilayers onto a quartz substrate. The inset shows the
absorbance change monitored at 425 nm, which corresponds
to the Soret band. (b) Absorbance spectrum of an aqueous
solution of 1 mM TSPP.
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Figure 5. QCM frequency shifts during alternate deposition of
PDDA/TSPP bilayers on a gold-coated quartz resonator. (e),
PPDA" and (°), TSPP", 5 mg/mL in water and 1 mM in water,
respectively.
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layers from the AF values. Using the density of the
polyelectrolyte (1.2 g/cm’) [38], the AF value 0f 20 +9 Hz
therefore corresponds to a thickness increase of 5+2 A
for the PDDA layer. Similarly, the thickness of the TSPP
layer was calculated to be 18 + 4 A from the AF value
(86 + 21 Hz) and the bulk density (1.3 g/cm’) [40].
Therefore, the thickness of the alternate PDDA/TSPP~
film is estimated to be 23 A per bilayer.

The UV-vis spectrum of the porphyrin embedded in
the gelatin matrix film is shown in Figure 6. In gelatin the
absorption spectrum shows features different from those
of the solution and the thin film fabricated by alternating
adsorption. The Soret band has an absorption band at
419 nm, while the Q band in this structure is characterized
by an absorption at 519 nm as compared to 645 and 700 nm
in solution and in the (PDDA"/TSPP"),; film, respectively.
This can be attributed to the free state of TSPP
molecules in the gelatin matrix.

4 7 Soret band

Absorbance
N
1

Q bands

— T T T T T T T T T T T o1 T
350 400 450 500 550 600 650 700 750

Wavelength / nm

Figure 6. Optical absorption spectra of the porphyrin embedded
in a gelatin matrix film.

3.2 Optical response to ammonia

Absorbance changes in the spectrum of the
(PDDA"/TSPP"),; film are induced by the presence of
ammonia, as shown in Figure 7. As the ammonia
concentration increased from 0 to 100 ppm, the
absorbances at 485 and 700 nm decreased. Upon
exposure of (PDDA"/TSPP"),s film to ammonia, the
largest absorbance change was observed at 700 nm, but
no changes were observed at 425 nm (1st Soret band). In
other words, this result suggests that the absorption of
ammonia molecules affects the electrostatic interaction
between the TSPP and PDDA layers rather than
modulating the ordered structure of TSPP. Dynamic
changes of the absorbance of the (PDDA'/TSPP"),s
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induced by ammonia were monitored at 485 and 700 nm
(Figure 8). Sensor response (S.R.) is calculated using the
following equation:

_ (4, — ANH3)
AO
where 4, and ANH3 are the absorbances without ammonia
and at a given ammonia concentration, respectively. The
response time (,,) to increasing ammonia concentrations
was always within 30 seconds. The calibration curve
was plotted from the recorded spectra at given ammonia
concentrations using the absorbance change at 700 nm.
The sensor shows a linear response to the ammonia

concentration (Figure 9).
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Figure 7. Optical absorption spectra of the (PDDA"/TSPP"),s
film measured for ammonia concentration increasing from
0-100 ppm. The inset shows the decrease of the Soret band
absorbance (encircled in the main plot) at 485 nm induced by
ammonia.
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Figure 8. Dynamic responses of the (PDDA"/TSPP"),; films
induced by ammonia, monitored at 700 nm (line 1) and 485 nm
(line 2).
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Figure 9. Calibration curves constructed from the spectra
recorded at different concentrations of ammonia for the 15
cycle film. Slopes: —0.070 + 0.003 at 485 nm (filled circles) and
—0.143 £0.005 at 700 nm (filled squares).
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Figure 10. Absorbance spectral changes of the (PDDA/TSPP"), 5
film after binding ammonia (dotted line 1) and after rinsing in
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Figure 11. Calibration curves for the (PDDA"/TSPP"), (n=5, 10,
and 15 cycles) films monitored at 700 nm. Slope: —0.030 +
0.005 (r=0.912,n=5, squares); —0.071 £0.004 (r=0.988,n =10,
circles); —0.143 £ 0.005 (»=0.994, n = 15, triangles).
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The ammonia-induced changes were reversible, but
the time needed to regenerate the sensor’s original
absorbance was around one hour, when the measurement
chamber was flushed with clean air at a flow of 1 L/min.
In order to achieve faster regeneration, the film can be
rinsed in distilled water. The absorbance spectra
measured after 100 ppm NH; exposure for 5 min and
after rinsing for a few seconds in distilled water are
compared in Figure 10. After rinsing in distilled water, the
absorbance decreased at 485 and 700 nm, while no
changes at 425 nm were observed. This suggests that
ammonia molecules adsorbed on the sensor film can be
readily removed.

Three TSPP/PDDA" films of 5, 10 and 15 cycles
and porphyrin in a gelatin matrix were exposed to
ammonia. The highest sensitivity was observed in the
(PDDA"/TSPP"),; film (Figure 11). The porphyrin in the
gelatin matrix showed no response to ammonia, probably
due to the absence of any supramolecular structural features
that can be perturbed by electrostatic modulation. The Q
band does not play an important role in this composite film
(see Fig. 6).

4. CONCLUSIONS

Thin solid films of porphyrin were prepared by
alternating electrostatic layer-by-layer adsorption, and
were used as the sensitive element for the construction of
an ammonia optical sensor. The optical response is
explained by ammonia-induced changes in the electrostatic
interaction between TSPP and PDDA layers, and can be
measured by monitoring the absorbance change of the
Q-band at 700 nm. Three thin film samples with different
thicknesses were prepared in order to assess the depen-
dence of the sensitivity on film thickness. The optical
response showed a linear relation at ammonia concentra-
tions of 0—100 ppm and the effective response time was
less than 30 seconds. A faster regeneration was achieved
by rinsing the film in distilled water after each test.

This work was a first step in the development of a
family of fibre-optic gas sensors employing (PDDA"/
TSPP") thin films as the sensitive element for the
detection of different gases. The results have demonstra-
ted that detailed investigation of the alternate film structure
is required in order to elucidate the sensing mechanism.
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