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The solution-processed thin films of a series of three sandwich-type mixed (phthalocyaninato)
(porphyrinato) europium complexes with different numbers of hydroxyl groups at the meso-substituted
phenyl groups of porphyrin ligand 1-3 were prepared by a quasi-Langmuir-Shafer (QLS) method. Exam-
ination by spectroscopic methods revealed that J-type aggregates have been formed with the increasing
degree of order of molecular stacking 1<2<3 films. The IR and XRD results reveal that, a dimeric
supramolecular structure was formed depending mainly on the -1 interaction between the tetrapyrrole

I;;{;';()lggamne cores of neighboring triple-decker molecules, which, as the building blocks, self-assembled into the tar-
Porphyrin get nanostructures through intermolecular hydrogen bonds. Competition and cooperation between the

intermolecular -1 interaction and hydrogen bonding for different compounds were revealed to result
in thin-film microstructure with a different morphology from nano-grains for 1 and 2 and nano-sheets
for 3. An increasing sensitivity to NHs3 at varied concentrations in the range of 15-800 ppm, follows the
order 3<1<2, revealing the effect of film structure/morphology on sensing performance. In particular,
excellent sensitivity, nearly complete reversibility and reproducibility to NH; even at room temperature

Rare earth triple-decker complex
Solution-processed thin films
Structure

Ammonia sensing

are obtained for the ultra-thin solution processed films from 2.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Thin films of organic materials having semiconducting prop-
erties are being extensively studied due to the very promising
applications of organic electronics [1]. As the typical represen-
tative of functional molecular materials with large conjugated
electronic structure, phthalocyanines have been intensively
studied as good molecular semiconductor materials due to their
large conjugated 7 system, unique electronic characteristics, high
thermal and chemical stability [2]. In addition, phthalocyanines,
both metalated (MPcs; M=p-, d-, and f-block elements) and
metal-free (H,Pc), are organic p-type semiconductors that are
used as chemiresistive gas sensors [3]. MPc conductivities are
increased by oxidant gases that generate charge carriers (holes)
and are decreased by electron-donating gases which trap charge
carriers [4-8]. It is worth noting that most of the devices based
on phthalocyanines have been fabricated by vacuum sublimation.

* Corresponding authors.
E-mail address: chm_chenyl@ujn.edu.cn (Y. Chen).
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From the early nineties, solution-based thin-film deposition [spin
coating, molecular assemblies, and Langmuir-Blodgett (LB)] [9-13]
methods have been attracting increasing research interest, as it
has been recognized that organic semiconductors can compete
with their inorganic counterparts only when low-cost fabrication
methods such as solution deposition or printing techniques are
available [14]. Moreover, it is well-known that sandwich phthalo-
cyaninato and/or porphyrinato metal triple-decker complexes
are more soluble in common organic solvents and therefore have
good film-forming behavior. In addition, with a special sandwich
structure and extended 7 networks along the axis perpendicular
to the macrocycle plane [15-19], this class of molecular materials
are expected to play a more important part in gas sensing appli-
cations [20-22] as well as in information storage [23] and organic
field-effect transistors [24-26] compared with their monomeric
counterparts. Very recently, the solution-processed thin solid films
of an amphiphilic tris(phthalocyaninato) rare earth triple-decker,
Euy [Pc(15C5)4]2[Pc(OC19H321)g], have been revealed to display
excellent sensitive, stable and reproducible responses to oxidizing
gas, O3 [21]. However, reports on the gas sensing behavior to
reducing gas such as ammonia from this class of complexes
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(1) Ri=Rz=t-Butyl
(2) R1=0H,R,=t-Butyl

(3) Ry=t-Butyl R;=0OH

Fig. 1. Schematic molecular structures of Euy(Pc);[T(OH)PP] (1), Euy(Pc),[cis-
T(OH),PP] (2) and Eu;(Pc);[trans-T(OH),PP] (3).

prepared via solution methods are still rare [20]. In the present
study, we describe the fabrication of thin-film chemiresistors by
employing a simple quasi-Langmuir-Shdfer (QLS) method from
three sandwich-type mixed (phthalocyaninato)(porphyrinato)
europium triple-decker complexes with different numbers
of hydroxyl groups at the meso-substituted phenyl groups
of porphyrin ligand, labeled Eu,(Pc),[T(OH)PP] [Pc=dianion of
phthalocyanine, T(OH)PP = dianion of 5-(4-droxyphenyl)-10,15,20-
tris(4-tert-butylphenyl)porphyrin] (1), Euy(Pc),[cis-T(OH),PP]
[cis-T(OH),PP dianion of 5,10-di(4-hydroxyphenyl)-15,20-di(4-
tert-butylphenyl)porphyrin] (2) and Euy(Pc),[trans-T(OH),PP]
[trans-T(OH), PP dianion of 5,15-di(4-hydroxyphenyl)-10,20-di(4-
tert-butylphenyl)porphyrin] (3) (Fig. 1). The QLS films of 1-3 were
thoroughly characterized by spectroscopic methods, atomic force
microscopy (AFM) observation and current-voltage (I-V) mea-
surements. The successive exposure of the active layers of 1-3 to
NH3 gas within the part per million range, at room temperature, is
examined and highly sensitive, stable and reproducible responses
of active layers to NH3 gas are obtained and compared. Competition
and cooperation between the intermolecular -1 interaction and
hydrogen bonding for different compounds were revealed to result
in thin-film microstructure with a different morphology, which
strongly influence their -V and gas sensor characteristics. The
present work, representing our continuous efforts in understand-
ing the relationship between the film structure, morphology and
gas sensor performance of tetrapyrrole organic semiconductors
[21,27,28], will be helpful for attracting further research interests
in the field of chemical sensors and the semiconducting properties
of phthalocyanine derivatives, in particular triple-decker mixed
(phthalocyaninato)(porphyrinato) rare earth complexes for sensor
applications.

2. Experimental
2.1. Materials and chemicals

The sandwich mixed (phthalocyaninato)(porphyrinato) rare
earth triple-decker complexes, Euy(Pc);[cis-T(OH),PP] (1),
Euy(Pc),[T(OH)PP] (2) and Euy(Pc);[trans-T(OH),PP] (3), were
used as synthesized previously [29]. All other reagents and
solvents were of reagent grade and used as received.

2.2. Thin film deposition

The nanostructures of compounds 1, 2 and 3 were fabricated by
using the solution-based method named quasi-Langmuir-Shafer
(QLS) according to the following procedure [21]. Briefly, 4.0 mL of
chloroform solution (0.30 mg mL~1) was put into a cylindrical glass
container (ca. 24 cm3 internal volume), then 2 mL water was slowly
added onto the surface of the solution, while chloroform solution
surface of the sample was incompletely covered by water. During

CHCl3 solvent evaporation, organic molecules gradually assembled
to form some fine nanostructures at the CHCls/water interface.
After complete evaporation of CHCl3, the densely packed film
remained on the water surface. After carefully adding more water
into the container, the film can be easily transferred by horizontal
lifting from the water surface onto the glass and ITO/glass interdig-
itated electrodes. The process was repeated to obtain the required
number of layers. Residual water on the substrates, between trans-
fer steps and after the final transfer, was removed with a stream of
argon. It should be noted that, prior to the deposition, substrates
were successively sonicated in dichloromethane, methanol and dis-
tilled water and dried with argon gas. In present case, 15-layer QLS
films of 1-3 are obtained for I-V and sensing experiments, respec-
tively.

2.3. Characterization

Electronic absorption spectra were recorded on a Hitachi U-
4100 UV-visible spectrophotometer. Fourier transform infrared
(FTIR) spectra were recorded using a Bruker Vertex 70 infrared
spectrometer with 2cm~! resolution. X-ray diffraction (XRD)
experiments were carried out on Rigaku D/max-yB X-ray diffrac-
tometer with copper (Ka) radiation. AFM images were collected
in air under ambient conditions using the tapping mode with a
Nanoscope IV/Bioscope scanning probe microscope from Digital
instruments.

2.4. Electrical measurements

The fundamental electrical and sensor measurements were per-
formed using a Keithley 6517 electrometer with anincorporated DC
voltage supply, always at room temperature in the range 22-25°C.
The electrometer is controlled by self-made software via the GP-IB
board. Current-voltage (I-V) curves were registered in the —10 to
10V voltage range with 1V increments, starting and finishing at 0 V
bias to avoid irreversible polarization effects. On the other hand, the
NHs-sensing properties of samples have been examined by expos-
ing the corresponding films to different concentrations of ammonia
and measuring the current changes of the films at a constantly
polarized voltage of 5V. All experiments have been conducted at
least twice to ensure reproducibility.

The interdigitated array electrode is composed of 10 pairs of
ITO electrode digits (fingers) deposited onto a glass substrate with
the following dimensions: 125-pm electrode width, 75-pm spac-
ing, 5850-wm overlapping length, and 20-nm electrode thickness.
Conductivity, o, can be calculated by the following equation,

dl

7= n-nIv 1

where d is the interelectrode spacing, I the current, n the number
of electrode digits, L the overlapping length of the electrodes, and
h the electrode thickness as the film thickness exceeds that of the
ITO electrodes in present case. For the results reported here, a dc
voltage of 5.0V was used. Ohmic behavior was observed in this
voltage range.

2.5. Gas sources for sensing experiments

The desired ammonia concentration was produced by diluting a
mixture NH3/Ar (1000 ppm NH3, from Air Liquid, France) with dry
Ar using two mass flow controllers (total mass flow: 0.5Lmin~1).
The maximum water contents in ammonia and argon cylinders
purchased were 100 ppm and 2 ppm, respectively.
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Fig. 2. Electronic absorption spectra of compounds 1-3 (A-C) in solution (solid line)
and the QLS films (dashed line).

3. Results and discussion
3.1. Electronic absorption spectra

To gain insight into the molecular packing of the mixed triple-
decker complexes 1-3, electronic absorption spectra of 1-3 in
chloroform solution and the QLS films were recorded, Fig. 2, and
the corresponding data are compiled in Table S1 (Supporting Infor-
mation). In line with those of analogous M5(Pc),(TCIPP) (M =Nd,
Gd, Dy) [30], all three of these triple-decker complexes dissolved
in CHCl3 exhibited the absorptions at 342 and 418-421 nm, which
can be attributed to the phthalocyanine and porphyrin Soret bands,
respectively, while the strong absorptions at 620 and 724 nm can be
attributed to their Q bands [29]. In QLS films of 1-3, all the Soret and
Q-bands of three triple-decker complexes were broadened and red-
shifted as compared to those in solution, which can be ascribed to
the formation of J-type aggregates, suggesting effective intermolec-
ular interactions between the neighboring triple-decker molecules
[29]. In addition, a comparison for the electronic spectra of 1 and 2
(or3)in QLS films indicates that, along with the increase of hydroxyl
number in the meso-substituted phenyl groups of porphyrin ligand,
both the phthalocyanine and porphyrin Soret and Q bands contin-
uously shift to the lower energy side in the same order, revealing
the effect of the hydrogen-bonding interaction among hydroxyl
groups on tuning the intermolecular interaction of triple-decker
molecules. Furthermore, comparison in the film electronic absorp-
tion spectra between 2 and 3, with two hydroxyl groups at two
neighboring and opposite meso-substituted phenyl groups of por-
phyrin ring, respectively, reveals the effect of hydroxyl positions
on tuning the intermolecular interaction in the aggregate due to
the directional-specific character of hydrogen bonding. Obviously,
the stronger intermolecular interactions in films of 3 and 2 than
that of 1 should be attributed to the higher level of order packing

of molecules in the films of 3 and 2, which is confirmed by the XRD
and AFM experimental results as detailed below.

3.2. FTIR spectra

The FTIR spectra of the QLS films of 1-3 obtained are shown
in Fig. S1 (Supporting Information). In the FTIR spectra of triple-
deckers 1-3, one relatively broad band appearing in the range
3293-3338cm! are assigned to the hydrogen bonding stretching
vibration [31,32]. This is in line with the X-ray diffraction (XRD)
result as detailed below, indicating the significant effect of the
hydrogen-bonding interaction on the formation of the QLS films
of 1-3.

3.3. X-ray diffraction

The quality of the QLS films of compounds 1-3 has been fur-
ther assessed using X-ray diffraction (XRD) technique. As shown in
Fig. 3A, in the low angle range, the XRD diagram of the QLS films
of 1 shows three diffraction peaks at 26 =5.64° (corresponding to
1.57 nm), 6.16° (1.43 nm), and 6.78° (1.30 nm), respectively, which
are ascribed to the diffractions from the (100), (010), and (001)
planes [29,33]. These diffraction results could be assigned to the
diffractions from a parallelepipedal lattice with cell parameters of
a=1.57nm, b=1.43 nm and c=1.30nm. It is worth noting that, in
the wide angle region, the XRD pattern presents two sharp refrac-
tions at 0.32 and 0.24 nm, respectively, which can be attributed
to the - stacking between tetrapyrrole cores of neighboring
triple-decker molecules and the distance of the hydrogen-bonding
interaction among hydroxyl groups [29,34]. Combining these XRD
data with the single crystal X-ray analysis of Eu,(Pc),(TCIPP) [35],
one may propose, during the molecular self-assembly process
of this compound, that a dimeric supramolecular structure was
formed depending mainly on the m-7 interaction between the
tetrapyrrole cores of neighboring triple-decker molecules, which as
the building block further self-assembled through an intermolec-
ular hydrogen bond between two triple-decker molecules with an
edge-to-edge ordering into the target nanostructures. One unit cell
consisting of two triple-decker molecules is given for compound
1, Fig. 3D. This seems also true for triple-deckers 2 and 3. The
XRD pattern of QLS films of 2 and 3 shows a well-defined peak
at 1.62 and 2.30 nm, respectively, Fig. 3B and C. This corresponds
with the (1 0 0) refraction of nanostructures of compound 1 appear-
ing at 1.57 nm. The increase of this lattice constant in the order of
1, 2, and 3 indicates the increasing effect of the hydrogen bond-
ing interaction between dimers on the formation of aggregate of
these complexes in the same order, Fig. 3E and F. Obviously, in the
self-assembled nanostructures with long range periodicity along
the (010) direction as revealed for triple-deckers 2 and 3, the lat-
tice parameter in this direction decreases from 1.39 nm for 2, and
to 1.33 nm for 3, which is less than that of 1 (1.43 nm), suggest-
ing that the inter-molecular -1 interaction between triple-decker
molecules gradually gets increase in the same order. This is in line
with the conclusion resulted from the electronic absorption spec-
troscopic properties as detailed above. It is worth noting that, for
compound 3 with two hydroxyl groups attached at the opposite
meso-substituted phenyl groups of porphyrin ligand, the (001)
diffraction observed at 1.30 and 1.28 nm for the nanostructures
of 1 and 2 respectively was absent. As a consequence, growth in
this direction during the self-assembly process is limited or prohib-
ited. However, one second-order diffraction from the (2 00) plane
was found at 1.09 nm for the nanostructures of 3, suggesting the
existence of long-range periodicity along this direction in the self-
assembled nanostructures of this triple-decker complex, likely due
to the efficient hydrogen bonding between dimers from the two
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Fig. 3. X-ray diffraction patterns of the QLS films of compounds 1-3 (A-C) and schematic representation of the unit cell in the QLS films of 1-3 (D-F).

hydroxyl groups attached at the opposite meso-substituted phenyl
groups of porphyrin ligand.

3.4. AFM surface topography

AFM provided information on the aspect of the films and allowed
us to correlate the morphology and electrical and gas sensing prop-
erties. Fig. 4A exhibits the surface topography of the QLS films
picked up by 1 onto glass substrate. The surface of QLS films of
1 consisted of a granular structure with an average diameter of
approximately 100 nm giving a root mean square (rms) rough-
ness value of 2.866 nm, indicating a smooth film structure covering
the glass substrate. The further increase in the number of the
hydroxyl groups at the neighboring meso-substituted phenyl group
of the porphyrin ring in the triple-decker molecules induces the
formation of a relatively uniform self-assembled nanostructures
(approximately spherical shape) with a large average diameter of
~120nm and rms roughness value of 1.599 nm for the QLS films
of 2, Fig. 4B. The increase in the domain size and decrease rms for
2 compared to that of 1 would reduce the boundaries and carrier
trapsin the film and usually have a stabilizing effect on their electri-
cal properties [36] and enhance their sensing abilities and recovery

rates [37,38].In the case of 3, the films exhibit an unusual sheet-like
surface morphology with ca. 500 nm in width (Fig. 4C), consistent
with the unique XRD pattern also observed. The rms roughness
value is about 2.485 nm. This morphology can be attributed to the
introduction of an additional hydroxyl group at the opposite posi-
tion, which provides another growing direction for the aggregates
along the direction of unlimited intermolecular hydrogen bond-
ing besides the -1 interaction direction. These results reveal that
the hydrogen bonding interaction in addition to the -1 stacking
between neighboring molecules plays an important role in con-
trolling and tuning the morphology of aggregates (nanostructures)
of these triple-decker compounds via tuning the intermolecular
interaction.

3.5. Current-voltage (I-V) characteristics

To ensure that all the devices had good electrical contact to the
electrodes, the -V curves were measured (Fig. 5). All devices exhibit
similar Ohmic behavior at low bias voltages. However, the response
increases in the order 1<2 « 3 film, which could be indicative of
subtle thin film microstructure/morphology/crystal packing effects
that modulate atmospheric charge carrier trap penetration into the
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Fig. 4. AFM images of the QLS films of compounds 1-3 (A-C). The insert one is a magnified image of nanosheets of compound 3.

semiconductor thin films. We estimated using Eq. (1) electronic
conductivity o of 1.22 x 1076 and 3.02 x 10-6Scm~1! for the QLS
films of 1 and 2, respectively. For the QLS films of 3, the value is
3.59 x 10->Scm~!, which is the largest in the QLS films of this class
of materials. In light of the previous observations, and as reported
in the literature with regard to electrical characterization of MPcs
compounds [21,39,40]: higher is the order of an densely packed
molecular architecture in the film matrix, higher is the mobility of
charge carriers, resulting in a higher current passed through the
devices.

3.6. Responses of the devices to NHs

The QLS films of compounds 1-3 are all p-type semiconductors.
Upon exposure to the electron-donating NH3 gas, the hole concen-
tration near the surface will be weakened since NH3 traps majority
charge carriers, resulting in the decrease in conductivity. Responses
of the 1-3 sensors were determined from the time-dependent cur-
rent plots when exposed to NH3 (15-800 ppm) diluted in dry argon,

120+
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Fig. 5. Representative -V characteristics of the QLS films of compounds 1-3.

at room temperature, Fig. 6. The sensing performances were stud-
ied with a duty cycle where the dynamic exposure period is fixed at
1 min and the static recovery period at 4 min. It can be seen qualita-
tively in Fig. 6, change in the current of the films of 2 clearly shows a
comparatively better reversibility and reproducibility toward NH3
at room temperature as compared to the films of both 1 and 3. The
current drift at the end of the recovery period in the QLS films is
0.0073, 0.013, and 0.21 nA per cycle for complexes 1-3, i.e. 0.48%,
0.31% and 0.43% of current for the overall experiment. The most
stable current was found for QLS films of 2. Moreover, in compar-
ison with phthalocyanine-based ammonia sensor in our previous
study [41], the QLS films of 2 in the present case has shown better
stability and reproducibility evaluated from drift of current.

In order to quantitatively analyze the sensor responses, the
percent current change was calculated for each concentration, as
follows:

I —If
% current change = x 100 (2)

Io

where [, is the current value at the beginning of an expo-
sure/recovery cycle and Iis the current value at the end of the 1 min
exposure period. That value is designated as the sensor response.
The sensor responses of the QLS films of 1-3 are all linear with
respect to various concentrations of ammonia in the range of both
15-100 ppm and 200-800 ppm (Adj. R-square >0.97), respectively
(Fig. 7) [8]. Thus, such films can be used to quantitatively ana-
lyze the concentration of NHs. For the QLS films of 1-3, the slope
(in % ppm~1) of the linear fit of the percent current change as a
function of NH3 concentration, is about 0.014, 0.019 and 0.0072
in the range of 15-100 ppm, and 0.0046, 0.0082 and 0.0026 in the
range of 200-800 ppm, respectively. An increasing sensitivity to
NHs, at varied concentrations in the range of 15-800 ppm, follows
the order 3 <1 <2, revealing the effect of both structures and mor-
phologies of the QLS films on sensing performance. In particular,
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Fig. 6. The time-dependent current plots for the QLS films of compounds 1-3 (A-C)
films exposed to NHj at varied concentration in the range of 15-800 ppm (exposure:
1 min, recovery: 4 min), while the bottom rectangular pulses for each current plot
represent the NH3 concentration as a function of time.

the time-dependent current plot of the QLS films of 2, clearly shows
an excellent separation of the different ammonia concentration
levels and nearly complete reversibility and reproducibility even
at room temperature, which is unique among the single compo-
nent solution-processable organic semiconductor-based films as
an ammonia sensor thus far reported in the literature [41-45]. The
relatively uniform granular nanostructure with a densely packed
molecular architecture and the lowest rms roughness value of the
QLS films of 2 in this class of materials might directly contribute
to the excellent sensing performance observed in our experiments.
The lower sensitivity of largely sheet-like surface morphology of
3, as compared to that of the small-granular one of 1 and 2, can
then be explained by the difference in the number of adsorption

Percent current change

0 T v T T ™ v
0 200 400 600 800
Ammonia concentration (ppm)
Fig. 7. Sensor response varies linearly with NH3 concentration of the QLS films of

compounds 1-3; slope (% ppm~!, R? > 0.97) for each may be used as a measure of
sensor response.

sites. For the QLS films of 3, continuity of the conductive path may
be disrupted by a higher distribution of inter-space between the
nanosheets containing structural defects (the inset of Fig. 4C), with
much of the NH3 molecules adsorbed on the films having little
contributions to the conductivity [46], thus the %current change
is much smaller than that of 1 and 2. It is worth noting that,
QLS films of 1-3 are more sensitive to low NH3 concentration
(15-100 ppm), which is important for the application as NH3 sensor
and/or detector. Indeed, it should be pointed out that, among pol-
lutants, ammonia (NH3) needs to be measured in the 10-100 ppm
range when detected in industrial wastes control.

Furthermore, the absolute value of relative response for either
1 or 2 (with granular film morphology) during recovery period to
each concentration is almost equal to that during exposure period,
Fig. S2A and S2B (Supporting Information). However, a lower rel-
ative response for 3 (with distinctive sheet-like film morphology)
during recovery period than exposure period has been observed
in Fig. S2C (Supporting Information). This phenomena unambigu-
ously indicates the reversibility, reproducibility and response for
present sensors are all related to the film morphology.

3.7. Sensor response kinetics
First-order kinetics analysis as developed by Tongpool et al. has
been used to model the kinetics of gas-MPc sensor interactions

[47]. The response curves appear to follow a first-order decay pro-
cess, the reaction rate, v, is

V= # = Kk[A] (3)
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Fig. 8. The kinetics plots of compounds 1-3 (A-C) films: In(I; — If) versus time are
predominantly linear for different concentrations of NH3, suggesting first-order
kinetics. Arrows indicate the direction of change with decreasing concentration of
ammonia.
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with k as the sensor response rate constant and [A] as the concen-
tration of species A. By integration, this equation becomes

In[A]; = In[A], — k[t — to] (4)

where [A]p is the initial concentration of A and [A]; is the concen-
tration of A at time t. This may be adapted to the sensors by defining
[Alr as (It — Iy) where I; is the current at time ¢ and I; is the final cur-
rent after an exposure period. Consequently, if the plot of In(l — If)
versus t is linear, the reaction is of the first order and the slope of
the straight line is —k. Fig. 8 shows plots of In(I; — If) versus t for the
QLS films of 1-3. Examination of these plots shows that the slope
variation as a function of NH3 concentration is almost similar for a
given film. The average rate constant calculated from the slopes of
kinetics plots for complexes 1-3 films is 3.52 min—1,3.49 min—! and
3.09 min~!, respectively. These data suggest that sensor adsorption
mechanisms are similar for all QLS films of 1-3 [8].

4. Conclusions

The QLS films of a series of the amphiphilic sandwich mixed
(phthalocyaninato)(porphyrinato) europium triple-deckers 1-3
have been prepared. Comparative investigation results reveal that
competition and cooperation of intermolecular hydrogen bond-
ings with the w-r interaction between tetrapyrrole rings in the
triple-decker molecules leads to different molecular packing con-
formations and in turn different morphologies in self-assembled
thin films, which strongly influence their I-V and gas sensor char-
acteristics. The QLS films of 1-3 as chemiresistive sensors exhibited
the good sensitivities to ammonia in the 15-800 ppm range and the
sensor responses obey first-order kinetics. The relatively uniform
granular nanostructure with a densely packed molecular architec-
ture and the lowest rms roughness value of the QLS films of 2 shows
an excellent separation of the different ammonia concentration
levels and nearly complete reversibility and reproducibility even
at room temperature. This sensor should have potential applica-
tions for measuring ammonia levels in chemical alarm systems.
This study can open an interesting opportunity for the use of
triple-decker heteroleptic analogs containing different tetrapyr-
role ligands in particular those with mixed phthalocyaninato and
porphyrinato ligands as sensitive materials deposited via solution
processes.
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