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A novel 18-crown-6 substituted phthalocyanine was synthesized. LB films of this material were prepared by a
vertical dipping method and the structures of the films were characterized by absorption spectra, polarized
absorption spectra and X-ray diffraction experiments. The results indicate that the films possess highly ordered
structures. The LB films display good gas sensing properties to NO, with a high sensitivity, quick response and

good reversibility at room temperature.

Introduction

As functional materials, phthalocyanine and many of its
derivatives exhibit properties which are interesting for appli-
cations in many fields such as optical storage, electrochromic
displays, electrophotography, photovoltaic cells and gas sens-
ing devices.! The study of phthalocyanines as gas sensing
materials has been an active area of research over several
decades.*® The principles and the mechanisms of gas
response*> have been studied. Sublimed,® cast’” and
Langmuir-Blodgett (LB) films® of phthalocyanines are used
in the studies of the gas sensing properties. Crown ether
substituted phthalocyanines are newly developed members of
the phthalocyanine family. They have been prepared by several
groups® ! and it was found that alkali ions with an appropriate
diameter can induce their aggregation.!?'* Wright and cowork-
ers discovered that cast films of tetra-crown ether substituted
phthalocyanines display very good gas sensing properties with
high sensitivity, quick response and good reversibility at room
temperature.”** This is the first example of phthalocyanine
films that display quick response and good reversibility at
room temperature.

The orderless structure and the difficulty in controlling the
thickness precisely’ of the cast film which was used by Wright
in his research work are the main defects of this kind of
material. The high sensitivity to humidity is also an obstruction
to practical applications. For the purpose of fabricating crown
ether substituted phthalocyanines into highly ordered LB films
and reducing the sensitivity to humidity we have introduced
three hydrophobic alkyl chains into the phthalocyanine ring
and prepared a series of mono-crown ether substituted phthalo-
cyanines. These phthalocyanine analogues containing hydro-
philic crown ether rings and hydrophobic alkyl chains are
amphiphilic and suitable for fabricating into LB films.'> We
have studied the LB films and the gas sensing properties of
mono 15-crown-5 substituted phthalocyanines.!® The results
indicate that this kind of material can form very stable LB
films with a very ordered and compact structure. The LB films
display a very slow response and reversible process while the
corresponding spin coated films display a quick response and
good reversibility at room temperature. This indicates that the
structure of the film determines the gas sensing properties.
The slow response and reversal process may be ascribed to
the compact structure which slows down the diffusion of NO,
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molecules in the film. For the purpose of fabricating phthalocy-
anine into an ordered but loosely packed structure, 18-crown-
6 (with a bigger bulk than that of 15-crown-5) was introduced
into the phthalocyanine ring (1) (Fig. 1a). The minimized
molecular structure of the 18-crown-6 substituted phthalocyan-
ine (Fig. 1b) shows that the ring of 18-crown-6 in the molecule
bends to one side of the phthalocyanine ring. This confor-
mation hinders the molecules of phthalocyanine from arrang-
ing tightly. A large space may be left in the film. The structures
and the gas sensing properties of this kind of LB film have
been studied. Here we report the results.

Results and discussion
The film forming properties

Fig. 2 shows the n-A isotherms of 1 on a water surface. It
indicates that the compound can form a very stable monolayer
on a water surface with a collapse surface pressure of
40 mN m~!. The monolayer can be transferred to substrates
freely by a vertical dipping method to form Y type LB films
(average transfer ratios are 0.85 and 0.92 for down and up
strokes respectively). The transfer processes were monitored
by the absorption spectra of the films (Fig. 3). The linear
relationship between the layer number and the absorbance
(inset of Fig. 3) at the absorption peak (650 nm) indicates
that the transfer is complete and stable.

The molecules of phthalocyanines always form aggregates
(face to face) in LB films and give a broad absorption peak
at 620-630 nm.'® The absorption spectra of compound 1
display a peak at 650 nm; there is a red shift of about 20 nm
compared with that of the aggregate and a blue shift of about
15 nm compared with that of 1 in solution (two peaks, at 665
and 705 nm respectively). The n-A isotherms of 1 on a water
surface also tell us that the mean molecular area of 1 is bigger
than that of mono 15-C-5 substituted phthalocyanines.!” These
results indicate that compound 1 forms a loosely arranged LB
film with a relatively big space between phthalocyanine
molecules.

Fig. 4 gives the polarized absorption spectra of the LB films
of 1. The big differences between the absorbances in response
to different polarized light indicated that the films are highly
ordered. The orientations of the molecules of 1 in the film
were calculated by the method of Yoneyama.'® The results
(Table 1) indicate that the molecules of 1 are inclined to the
surface of the substrate at an angle of 55°.

The X-ray diffraction pattern (Fig.5) gives two peaks
ascribed to the first and the second grade diffraction respect-
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Fig. 1 Structure of the 18-crown-6 substituted phthalocyanine (a) and
the minimized molecular structure (b).

ively. This indicates that the film possesses good layer struc-
tures. The layer thickness of the film calculated from the value
of 0 is 2.2 nm. It is smaller than the diameter of the molecule
calculated from a molecular model. So we estimate that the
hydrophobic chains of 1 in different layers may overlap
each other.
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Fig. 2 The n-A isotherms of 18-crown-6 substituted phthalocyanine
on a water surface.
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Fig. 3 Absorption spectra of the LB film with different layer numbers
(the inset shows the changes of the absorbance at 650 nm vs. the
layer number).
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Fig. 4 Polarized absorption spectra of the LB film (21 layer on
CaF, crystal).

Table 1 Results of the polarized absorption spectra®®

Incidence angle

of light/° Absorbance

0 4, 0.080
A, 0.346
D¢ 0.231

45 A, 0.088
A, 0.345
Dy 0.255

“n=1.4.5 "Angle between the plane of the phthalocyanine ring and
the surface of the substrate, 0, is 55°. ‘D=A4/A4,.

The gas sensing properties of the LB film

The semi-conductance of the LB film will increase significantly
when exposed to NO, in air and will recover to the original
state when exposed to fresh air. The gas sensing properties
include the response time, the recovery time and the changes
of the conductance.!” The gas sensing properties of the film
are listed in Table 2. The results indicate that this kind of film
possesses very good gas sensing properties to NO, at room
temperature with a quick response and reversal process. It can
detect 2.5 ppm NO, in air.

The response and recovery process are distinctively quick
compared with those of mono 15-crown-5 substituted phthalo-
cyanine LB films.!” It is believed that the electron transfer
reactions between phthalocyanine and NO, are a response to
increasing conductance. The response process can be divided
into three steps. The first one is the molecule of NO, diffusing
to the surface of the film. The second step is the NO, molecules
diffusing into the body of the film and the third step is the
electron transfer reaction between NO, and phthalocyanine.
The first and the third steps are very quick processes. The
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Fig. 5 X-ray diffraction patterns of the LB film (21 layer on
CaF, crystal).

slowest step is the diffusion of NO, in the film which determines
the rate of response. The big spaces between the molecules in
the LB film of 1 provide routes for the diffusion of NO, and
the molecules of NO, can easily reach phthalocyanine mol-
ecules and be adsorbed to them. So the response is quick. The
fast reversal process is also ascribed to the fact that the
molecules of air can be easily diffused into the film and
substitute the molecules of NO, which are adsorbed on the
molecules of phthalocyanine.

For the purpose of determining the stability of the response
we exposed the LB film to 5 ppm NO, for 2 min and then to
fresh air for 2 min, repeating the process many times. Fig. 6
shows a few cycles of these experiments. The results indicate
that the response is stable and no change in the response was
observed.

Anisotropy of the film’s gas sensing properties

The LB films on the surface of the electrode with different
dipping directions (Fig.7) display different conductances
(Fig. 8). The conductance of the film in the direction parallel
to the axis of the phthalocyanine aggregates is bigger than
that of the perpendicular direction. The difference in conduc-
tance induced the different responses to NO, (Fig.9). The
films prepared by dipping in the X direction display good
conductivity and also display a big response. The anisotropy
of the conductance and the gas sensing properties provide
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Fig. 6 The response cycles of the film to 5 ppm NO, in air.
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Fig. 8 The conductance anisotropy of the LB film (21 layer).

more evidence for the phthalocyanine molecules being in a
highly ordered arrangement in the LB film.

Conclusion

18-Crown-6 substituted phthalocyanine 1 can form a very
stable monolayer on a water surface and the monolayer can
be transferred to different substrates easily by a vertical dipping
method. The n-A isotherms and the absorption spectra of the

Table 2 The response behaviour of the LB film (21 layer) to NO, with different concentrations®

Concentration of Time for Time for Changes of the
NO, in air (ppm) response/s’ recovery/s‘ conductance/107°Q !
10 3 54 39

5 3 42 3.6

2.5 4 45 34

“With an 8 V additional voltage on the LB film. *The response time is defined as the time after a 50% change in the stationary signal of the
conductance. ‘The recovery time is defined as the time needed for the conductance of the film to decrease to the zero point in fresh air.
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Fig. 9 The gas sensing anisotropy of the LB film (21 layer) to
10 ppm NO,.
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Scheme 1 Synthesis of the crown ether substituted phthalocyanine.

LB film show that there is a big gap between the molecules of
phthalocyanine. This big gap provides ways for the diffusion
of NO, in the film. This kind of film displays very good gas
sensing properties to NO, in air with a quick response, a
complete and quick reversal process and a relatively high
sensitivity. The conductance and the gas sensing properties of
the LB film display a bigger anisotropy which provide evidence
for the LB film having a highly ordered structure.

Experimental
Materials

The solvents and materials used in the synthesis were all of
analytical grade and were used without further purification
except where specified.

The synthesis of the 18-crown-6 substituted phthalocyanine
(1) is shown in Scheme 1. It was prepared from the mixed
condensation of 4,5-dicyanobenzo-18-crown-6 (2) and 4-hep-
tyloxyphthalonitrile (3)!° (mole ratio 1:9) in N,N-dimethylam-
inoethanol with vigorous refluxing under the protection of
ammonia gas for 12 h. The solvent was removed under reduced
pressure then the product was purified by column chromatog-
raphy on silica gel several times (with chloroform-—methanol
9:1 as eluent). The second fraction was collected and evapor-
ated to dryness to give compound 1 in 3% yield based on 2.
m/z (FAB): 1113 (M* +Na™); 'H NMR (300 Hz, CDCl,) é
7.3-7.9 (11H, br), 4.0-4.5 (20H, br), 2.35 (6H, m), 1.5 (30H,
m), 1.15 (9H, m); elemental analysis calcd. for Cg3H,gNgOg:
C 69.36, H 7.16, N 10.28; found: C 69.27, H 7.23, N 10.36%.

Instruments and experimental methods

The monolayers were prepared by spreading a chloroform
solution of the phthalocyanine with a concentration of 1073
mol L~! on water (doubly distilled, resistivity greater than 18
mQ cm 1) surface. The n-A isotherms were recorded on a
KSV-5000 twin-compartment LB set. The compression speed
of the barrier is 6 mm min ~!. The LB films were prepared by
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a vertical dipping method with a dipping speed of 5 mm min ™!

and the surface pressures were kept at 30 mN m~!. The LB
films for the characterization of the structure were deposited
on a CaF, or silicon crystal. The LB films for the gas sensing
determination were deposited on a glass substrate bearing
interdigital electrodes consisting of 50 finger pairs of electrodes
(the structure and the preparation of the interdigital electrode
are illustrated in ref. 8).

UV-vis absorption spectra of the film were recorded on a
Hitachi 557 spectrometer and the polarized spectra were
determined by adding a polariscope in the light path. Low
angle X-ray diffraction experiments were carried out on a
D/max-rA X-ray diffraction meter; a Cu Ko ray was used
with a Ni filter. The scan range is 1.3 to 15°.

The lateral conductance and dynamic gas sensing response
characteristics of the LB films were determined using a labora-
tory made instrument (structure and principles are illustrated
in ref. 8). All the experiments were carried out at room
temperature (25-30°C)!® and the air of the laboratory was
used as the ‘fresh air’ without further purification and drying.
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