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a b s t r a c t

In the present study, we report about the Langmuir–Blodgett thin film fabrication and gas sensing prop-
erties of metal free 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine and its derivatives containing iron
chloride, cobalt and magnesium. The isotherm graphs are recorded to investigate the optimum con-
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ditions for the thin film deposition. Gas sensing performances of these thin films for volatile organic
compounds (VOCs) including chloroform, benzene, toluene and ethyl alcohol are studied using quartz
crystal microbalance (QCM) technique. The experimental results showed that these materials are suitable
to produce a sensing layer for VOCs compounds. The best response was recorded against toluene vapour
for all thin films where the dominating effects for gas sensing mechanism was considered as interaction

l ato
uartz crystal microbalance (QCM)
as sensing mechanism

between the central meta

. Introduction

Developments in gas sensing technology became a serious
spect because of the need to control the air quality as an impor-
ant environmental issue. The need to improve the performance of
he gas sensing devices mostly depends on the sensitivity and the
electivity of the sensing materials. In the last decade the use of
rganic materials as gas sensing materials has increased because
f their simple and low cost synthesis, wide range of physical and
hemical properties that can be tailored by changing their com-
osition. Porphyrins are known as promising organic gas sensing
aterials because of their strong �–�* interactions which helps

o increase aromatic compounds adsorption [1,2]. Optical proper-
ies of porphyrins have also attracted great interest in gas sensing
tudies [3–5].

The thin film fabrication can be made using several tech-
iques including spin coating, spray coating, vacuum sublimation,
elf-assembly and Langmuir–Blodgett (LB) thin film deposition
echnique [6]. Among these techniques LB thin film deposition
echnique is one of the most convenient method which enables to
abricate high quality films with significantly improved molecular

rder and a uniform surface [7,8]. It is well known that the intro-
uction of gas molecules towards porphyrin thin films may cause
ome changes in their physical properties such as optical or electri-
al in the case of inorganic gas interactions and this aspect has been
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m and conjugated � electron system.
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used to investigate the gas sensing properties of these thin films
[3,9,10]. However to the best of our knowledge gas sensing prop-
erties of porphyrin thin films towards volatile organic compounds
have not been investigated as extensively as inorganic vapours due
to their low response compared with the inorganic ones.

In this work thin films of metal free, iron (III) chloride, mag-
nesium and cobalt derivatives of octaethyl porphyrins have been
fabricated using LB thin film fabrication technique. Their charac-
terisations have been made using atomic force microscopy (AFM)
and gas sensing properties towards saturated vapours of some
volatile organic compounds (VOCs) such as chloroform, benzene,
toluene and ethyl alcohol have been investigated using quartz
crystal microbalance (QCM) technique. The gas sensing responses
through LB thin films of porphyrins were investigated and the
dominating effects on gas sensing mechanism were proposed. It
is found that central metal atom and conjugated � electron system
interaction effects are important in the interaction mechanism of
porphyrin thin films with the VOCs in the investigated concentra-
tion range.

2. Experimental

Four different porphyrin chemicals as 2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphine, 2,3,7,8,12,13,17,18-octaethyl-21H,

23H-porphine iron(III) chloride, 2,3,7,8,12,13,17,18-octaethyl-
21H,23H-porphine magnesium(II) and 2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphine cobalt(II) were purchased from
Sigma–Aldrich and used without further purification. The chem-
ical structures of them are given in Fig. 1 and coded as porp1,

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:inci.capan@gmail.com
mailto:ibasaran@baikesir.edu.tr
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ig. 1. Chemical structures of (a) free porphyrin and its (b) iron(III) chloride, (c)
agnesium(II) and (d) cobalt(II) derivative.

orp2, porp3 and porp4 respectively. Other chemicals: chloro-
orm, toluene, benzene and ethyl alcohol were also purchased
rom Sigma–Aldrich and used without further purification.

Alternate layer Nima 622 model LB film trough provided with
filter paper Wilhemly balance has been employed to record the

urface pressure–area (˘–A) isotherm graphs and to fabricate the
hin films. The porphyrins have been dissolved in chloroform with
he concentration of 0.2 mg ml−1. 500 �l of these solutions have
een spread onto the pre-cleaned water subphase using a Hamilton
yringe allowing 10 min for the solvent to evaporate. The isotherms
ere recorded with the compression speed of 30 cm2 min−1 at

oom temperature. Y-type LB films have been fabricated at the
onstant surface pressure value of 15 mN m−1. Transfer speeds
or both downstroke and upstroke deposition were 15 mm min−1

ith a transfer ratio value of approximately 0.95. Ten layers of
orphyrins have been deposited onto quartz crystal substrates
or gas sensing experiments and onto glass substrates for AFM

easurements.
An in-house built QCM has been employed to investigate the gas

ensing properties of the thin films. The block diagram of the QCM
ystem is shown in Fig. 2. The alternating voltage applied across to
uartz crystal oscillator electrodes by the power supply provides
he quartz crystal oscillator to oscillate in its oscillation frequency.
unction generator is used to monitor the changes in the resonance
requency where the oscilloscope is used to see the changes in the

ystem. The sensitivity of the QCM system was 1–2 ng/Hz. Detailed
nformation can be found elsewhere [11,12]. The AT-cut quartz
rystal with a nominal frequency of 3 MHz sandwiched between
wo metal electrodes and coated with the porphyrin thin film was

Fig. 2. Block diagram of the quartz crystal microbalance system.
Fig. 3. ˘–A isotherm graphs of the porphyrins with the porp3 isotherm in the inset.

inserted into the QCM system which is connected to the oscillator
circuit. The frequency was monitored using the function generator
during exposure to toxic gas and its recovery. Diluted amounts of
saturated toxic gas ranging between 20% and 100% was introduced
into the gas cell for 2 min followed by flushing with dry air for 2 min.
All measurements were made at room temperature.

3. Results and discussion

3.1. Fabrication of the thin films

The isotherm graphs which give information on the behaviour of
the monolayers on the air–water interface are given in Fig. 3 for all
porphyrins. Isotherm graphs show that the porphyrins form reg-
ular monolayers on the water subphase with three of the phases
as gas, liquid and solid phases are seen in the graph. The surface
pressure values corresponding to these three phases are given in
Table 1. Similar results on the behaviour of porphyrin monolayers
at the air–water interface have been observed and already have
been reported [13–15]. The surface pressure value of 15 mN m−1

is a common value for the solid phases for all porphyrins there-
fore it is suitable to be selected as the fabrication pressure value.
Collapse has been observed for 3 of the porphyrin monolayers
except porp1. Moreover a phase transition value for porp3 has been
observed at 21 mN m−1 which has been pointed out in the inset of
Fig. 3.

The reduction in the surface area of the monolayer versus dipper
position during the deposition of the LB layers onto the substrates
are known as deposition graphs which give information on the
quality of the monolayers. In Fig. 4 the deposition graph of porp1
monolayer onto quartz substrate for 10 layers is shown. The aver-
age reduction in surface area of the monolayer due to its transfer

onto substrate is similar for all layers where for the last 4 layers
it starts to be less than the first layers. The deposition graphs for
other 3 thin films are similar to those shown in Fig. 4 and they are
not reported in this work.

Table 1
The ˘–A isotherm data.

Surface pressure
(mN m−1)

Gas phase Liquid phase Solid phase Collapse

Porp1 0–1 1–14 14–30 Not observed
Porp2 0–1 1–14 14–30 30
Porp3 0–1 1–10 10–21 25
Porp4 0–1 1–14 14–28 28
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Fig. 4. Deposition graph of 10 layers of porp1 thin film.

.2. Atomic force microscopy results

AFM is an excellent tool to obtain information on surface
orphology which is an important parameter on the interaction

etween the thin film and the gas molecules. The roughness, pore
ize and surface area of the thin film can influence the gas sensing
erformance when the gas molecules interact with the surface. The
FM results of 10 layers of porp1 thin film fabricated onto glass
ubstrate have been given in Fig. 5(a) and (b). Fig. 5(a) shows a
arger surface area with the dimensions of 10 �m × 10 �m. In this
mage it is clearly seen that the thin film fabrication is success-
ully made onto the substrate. The pores observed on the surface
ay be a result of aggregated porphyrin groups on the surface [16].
detailed investigation can be made using the image shown in

ig. 5(b) which shows a selected part of the first image with a
maller area with the dimensions 3 �m × 3 �m. The average height
n the surface and the rms value have been calculated as 24.83 nm

ig. 5. AFM image of 10 layers of porp1 thin film (a) 10 �m × 10 �m and (b)
�m × 3 �m.
Fig. 6. Kinetic gas response of the porp1 thin film in exposure to different concen-
trations of organic vapours.

and 7.067 respectively. The pores that have been observed in the
larger image also exists in this smaller image which can be con-
sidered as an advantage for gas sensing capability of the surface
where in this situation the surface gives more active area for the
gas molecules to interact [17].

3.3. Film sensing properties using QCM

The quartz crystal microbalance system is well known with its
gravimetric sensitivity in terms of nanograms. The piezoelectric
behaviour of the quartz crystal was firstly described by Sauerbrey
[18] and the resonance frequency shift (�f) on a quartz crystal
against a mass change per unit area (�m) is given by;

�f = −2f 2
0

�1/2
q �1/2

q A
�m (1)

where f0 is the resonant frequency of the fundamental mode
of the crystal, A the piezoelectrically active area, �q the density
of quartz (2.648 g/cm3) and �q is the shear modulus of quartz
(2.947 × 1011 dyn cm2).

The resonance frequency change of the quartz crystal after thin
films were 158, 102, 176 and 121 Hz for porp1–4 deposition thin
films respectively. Assuming that equal amounts of material have
been deposited onto the quartz crystal during the deposition pro-
cess the mass deposited onto the quartz crystal is calculated as
262 ng for each layer for porp1 material. For porp2–4 materials the
deposited mass value for each layer is calculated as 169, 285 and
200 ng respectively.

Fig. 6 shows the kinetic gas response of the porp1 thin film in
exposure to different concentrations of organic vapours in terms of
the change in resonance frequency (�f) with time. The analyte gas
was injected into the gas cell for 2 min followed by 2 min recov-
ery with dry air. Here the concentration of analyte gas was 20%,
40%, 60%, 80% and 100% diluted saturated gas with dry air in a
sequence of exposures respectively. The resonance frequency of
the quartz crystal resonator decreases with the introduction of gas
vapour into the gas cell where increasing gas concentration leads
to higher response as can easily be predicted.
Although the interaction of gas molecules with the thin film is
not fully understood there are a number of hypothesis made to
explain the mechanism of interaction. We can summarise these
interactions as:
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Fig. 7. Calibration curve for the porp1 thin film.

(a) Central metal atom effect which is believed to effect the sensi-
tivity of the porphyrins through different gases [3,4].

b) Molecular size effect of the gas molecules where it is evident
fact that the smaller size of the gas molecule enables the inter-
action in terms of diffusion into the thin film matrix [16].

(c) Interaction with the conjugated � electron system which leads
to a charge transfer between interacting sites [19].

d) Condensation of organic vapours in the nanoporous cavities
within the film matrix which is more descent in the case of
high concentrations [20].

In the case of interaction with the VOCs, the adsorption and des-
rption of gas molecules onto the thin film during exposure and
ushing with dry air respectively can be an additional informa-
ion for the gas sensing mechanism [21,22]. During the exposure,
as molecules are believed to interact with the adsorption sites
n the thin film surface; moreover, the diffusion into the thin film
atrix may also be possible at high concentrations till the inter-

ction reaches the equilibrium (number of absorbed an desorbed
olecules reach equilibrium). In Fig. 6 the fast response that takes

lace over the first few seconds for all analyte gas vapours which
s believed to be a result of fast adsorption and the equilibrium is
eached after 30–40 s. The kinetic studies for porp2–4 thin films
ives similar kinetic graphs which are not given in this article.

The calibration curves which give the dependence of the change
n resonance frequency with the increasing gas concentration are
hown in Fig. 7 for porp1 thin film. The linear dependence is seen
n the graph for all analyte gas vapours where the deviation from
inearity is seen in the low concentration region for some gases. The
alibration curves for the other 3 thin films give similar behaviour
roviding the linear dependence.

The saturated vapour concentrations for different analyte
apours are not the same in ppm. Taking this into account to make
comparison between the sensing performances of the thin films

owards analyte gas molecules sensitivities have been calculated.
he sensitivity of a thin film towards an analyte vapour has been
efined as the response corresponding to 1 ppm of this individ-
al gas vapour. Fig. 8 shows the sensitivity values of the thin films
owards different gas vapours calculated using the slope of the cali-

ration curves in terms of �f/concentration (Hz/ppm). It is obvious

n Fig. 8 that toluene has shown the highest response on expo-
ure to all four types of thin films. It has already been shown that
he sensitivity of porphyrin and phthalocyanine LB films increases
uring interaction with gas molecules having planar structure with
Fig. 8. Calculated sensitivity values of each thin films in exposure to analyte vapours.

conjugated double bonds and high degree of symmetry [2]. These
molecules are believed to make optimum interaction with por-
phyrins due to large portion of their molecular body contacting
with the porphyrin molecules and enable high sensitivity [23]. The
high sensitivity of toluene demonstrates the importance of this
claim.

Benzene molecule however has a similar planar structure as
toluene molecule, lowest sensitivity of all porphyrins to benzene
molecules due to interaction with thin films may be explained by
the fact that the polarizability and dipole interactions are not suf-
ficient to compete with both the coordination to the metal atom
and the hydrogen bond interactions [1]. This effect is believed to
be more effective in the case of benzene interaction. The results in
Fig. 8 also suggest that the higher sensitivity values of the metal-
lated porphyrins’ as compared with the metal-free porphyrins’. It
is clearly seen that for all analyte vapours the sensitivity has the
lowest values for the porp1 thin film which is metal free indicat-
ing the importance of metal atom effect on sensitivity [24]. The
highest response among metallated porphyrins (porp2, porp3 and
porp4) has been obtained for porp4 thin film. This behaviour may
be attributed to the highest electron affinity of Co atom in porp4
porphyrin compared with the Fe and Mg atom in porp2 and porp3
thin films respectively [25].

4. Conclusion

In this paper the LB thin film fabrication of the four different
chemicals: metal free porphyrin and its three metallated deriva-
tives have been used to fabricate Langmuir–Blodgett thin films.
The thin film fabrication process has been monitored using quartz
crystal microbalance technique and surface morphology of the thin
films has been investigated using atomic force microscopy. These
investigations showed that the transfer of the porphyrin mono-
layers onto suitable substrates has been successfully carried out.
The surface morphology investigations showed that the thin films
surface is suitable for gas sensing experiments with randomly scat-
tered aggregated porphyrin groups on it.

The interaction of VOCs with the LB thin films have been
investigated using QCM technique. The entire interaction of gas
molecules with the thin films however is a complicated phenom-
ena with a number of predicted mechanisms, metal atom effect

and conjugated � electron system interaction effect are found to
be dominating effects in gas sensing mechanism.

Finally these results clearly show the promising gas sensing
capabilities of the selected porphyrins. Porp1–4 thin films can find
extensive utilization in electronic nose applications. Future work
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