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The synthesis of novel alpha tetra,  beta tetra and beta octa 4-(4-methoxyphenyl)-8-methyl-coumarin-7-

oxy, and beta octa 4-chloro-5-(4-(4-methoxyphenyl)-8-methylcoumarin-7-oxy substituted iron(II) 

phthalocyanines has been achieved by the reaction of corresponding  phthalonitriles with iron(II)acetate. 

The compounds were characterized by elemental analysis, FT-IR, UV–vis, and MALDI-TOF mass 10 

spectrometry. The reduction and oxidation properties of the compounds were identified by voltammetric 

and in situ spectroelectrochemical measurements. The gas sensing behavior of the spin coated films of the 

differently substituted iron(II) complexes towards CO2, CO and SO2 were investigated at various 

temperatures between 300 K and 500 K. While exposure to SO2 had no considerable influence on the 

sensor current, the presence of CO and CO2 gases led to large increase in sensor currents. The effect of 15 

relative humidity on the CO and CO2 sensing capability of the spin coated films was also studied. The 

results showed that the presence of water vapor, acting as interference gas, causes a decrease of the CO2 

sensitivity, but an increase of the CO sensitivity of the sensors. The experimental adsorption data were 

analyzed using Elovich kinetic model. Linear regression analysis results show that Elovich equation 

provides the best correlation for the CO2 and CO adsorption processes under humid conditions. However, 20 

the experimental data deviated considerably from the theoretical model in dry atmosphere. 

1. Introduction 

Phthalocyanines (Pcs) are macrocyclic compounds with the 
highly conjugated planar hetero aromatic 18π−electron system. 
These compounds display highly thermal and chemical stability 25 

and unique physical, electrochemical and photochemical 
properties.1,2  Pcs usually have a blue or green colour due to the 
intense π −π* electronic transitions associated with the π-
conjugated ring system. The previous studies on the physical, 
chemical, electronic and electrochemical properties of Pc 30 

compounds clearly showed that these properties, determining 
their applicability in technology can be improved by the 
molecular modification through careful selection of the central 
metal ion and utilization of substituents with varying numbers 
(tetra and octa substitution) and different connecting positions 35 

(peripheral and non-peripheral substitution).3,4 Iron(II) Pc is a 
special complex for Pc researchers because it is the first metallo 
Pc complex discovered by accident in 19285,6 and its derivatives 
display excellent catalytic activities for various chemical, 
biochemical and electrochemical reactions.7-12 In addition, 40 

iron(II) Pcs have been receiving increasing interest because of its 
close analogy to the iron porhyrin and blood hemine.13 
Considerably high chemical inertness and thermal stability of the 
FePc and other transition MPc complexes led the researchers to 
explore the technological utility of the metallo Pcs as display 45 

devices, data storage, chemical sensors, gas sensors, biosensors,14 
solar cells, organic light emitting devices, photovoltaic cells, 
semiconductive materials and photodynamic therapy.6,15-21   
 On the other hand, coumarin (2H-1-benzopyran-2-one) 
derivatives are a group of natural compounds found in a variety 50 

of plant sources.22 Many natural and synthetic coumarin 
derivatives are widely used as laser dyes,23 chemosensors for 
metal detections, pH sensors, liquid crystals and organic non-
linear optical materials, due to their high emission yield, excellent 
photostability and extended spectral range.24 Therefore, the 55 

combination of coumarin and Pc functional groups into a single 
hybrid compound via a suitable synthetic methodology is 
expected to produce highly functional compounds with intriguing 
physicochemical properties. Accordingly, numerous studies have 
been carried out with the goal of moderating their properties and 60 

optimizing their performance for advanced materials.23,25-27 

Furthermore, a set of study reported by our group included the 
synthesis, characterization and investigation of electrical,  
electrochemical, in situ spectroelectrochemical, photochemical 
and photophysical properties of alpha tetra,  beta tetra and beta 65 

octa 4-(4-methoxyphenyl)-8-methyl-coumarin-7-oxy, and beta 
octa 4-chloro-5-(4-(4-methoxyphenyl)-8-methylcoumarin-7-oxy 
substituted metal-free, zinc(II), cobalt(II) and Mn(III) Pcs.4,28-30 
These studies showed that the metal in the central position in 
these compounds remarkably change their properties.    70 
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Scheme 1 Synthesis of 5, 6, 7 and 8. Reagents and conditions: i. b) Fe(CH3COO)2, dimethylformamide, N2, 420 οC, 20 min. 

 

 In this study, the preparation of alpha tetra,  beta tetra and beta 5 

octa 4-(4-methoxyphenyl)-8-methyl-coumarin-7-oxy, and beta 
octa 4-chloro-5-(4-(4-methoxyphenyl)-8-methylcoumarin-7-oxy 
substituted iron(II) Pcs has been presented for the first time  
(Scheme 1). The characterization of the compounds was achieved 
by elemental analysis, UV–vis, FT-IR and matrix assisted laser 10 

desorption/ionization-time of flight (MALDI-TOF) mass 
spectrometry. These complexes display both metal- and Pc ring-
based redox processes.31,32  In   most cases, it  is  not possible to  

identify the nature of the redox processes, i.e., whether it occurs 
at the  ring  or  on  the  metal center,  using only  electrochemical 15 

techniques such as voltammetry and controlled-potential 
coulometry. However, the use of in situ UV–vis  spectro-
electrochemistry, a technique applied by the combination of UV–
vis spectroscopy with the electrochemical technique of 
controlled-potential electrolysis, and then the evaluation of the 20 

results together with those of voltammetric methods make the 
identification of the nature of the redox processes possible.31 
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Thus, in this study, the effect of the position and the number of 
substituents on the redox and aggregation properties of the 
complexes has been examined by cyclic voltammetry and in situ 
UV–vis spectroelectrochemistry.  
 The studies in the literature show that carbon dioxide is 5 

responsible for about two thirds of the greenhouse effect, and 
thus plays a primary role in global warming.33 It may also cause 
respiratory organ disease. Due to high importance of the detection 
and the control of its concentration, much effort has been made 
on the development of the sensing methods for CO2 gas. For 10 

these reasons, sensing properties of the thin films of the 
synthesized complexes for CO2, CO and SO2 were also 
investigated in this study. The kinetics of the adsorption of CO2 
and CO gases onto the compounds were analyzed using Elovich 
equation. 15 

2. Experimental Section 

2.1. Material and methods 

FT-IR and electronic spectra were recorded on a Shimadzu FTIR-
8300 (KBr pellet) and a Shimadzu UV–1601 spectrophotometer, 
respectively. Elemental analyses were performed by the 20 

Instrumental Analysis Laboratory of TUBITAK–Ankara. Mass 
spectra were acquired on an Autoflex III MALDI-TOF mass 
spectrometer (Bruker Daltonics, Germany) equipped with a 
nitrogen UV–Laser operating at 337 nm in reflectron mode with 
average of 50 shots. 25 

2.2. Sample and matrix preparation 

The compound, α-cyano-4-hydroxycinnamic acid (ACCA) was 
prepared in THF at a concentration of 10 mg/mL as matrix. 
MALDI samples were prepared by mixing sample solutions (2 
mg/mL in chloroform) and matrix solution (1:10 v/v) in a 0.5 mL 30 

eppendorf® micro tube. Finally, 0.5 µL of this mixture was 
deposited on the sample plate, dried at room temperature, and 
then analyzed. 

2.3. Synthesis 

2.3.1. General procedure for synthesis of iron(II)Pcs (5, 6, 7 35 

and 8) 
A mixture of one of the phthalonitrile compounds (1, 2, 3 or 4) 
(4.50 x10-4 mol) and Fe(CH3COO)2 (0.087 g, 5 x10-4 mol)  was 
powdered in a quartz crucible and transferred in a reaction tube. 
0.30 mL of DMF was added to this reaction mixture, and then the 40 

mixture was heated in the glass tube for 20 minutes under dry N2 
atmosphere at 420 oC. After cooling to room temperature, 3 mL 
of DMF was added to the residue to solve the product. The 
reaction mixture was precipitated by adding acetic acid. The 
precipitate was filtered and washed with acetic acid, water, 45 

ethanol and acetonitrile for 12 hours respectively in the soxhlet 
apparatus. The crude product was purified by column 
chromatography with silica gel eluting with a gradient of 
chloroform-THF mixture up to 5% THF.  
2.3.1.1. 1(4),8(11),15(18),22(25)- tetra(4-(4-methoxyphenyl)-8-50 

methylcoumarin-7-oxy)phthalocyaninatoiron(II) 5 

The compound is soluble in dichloromethane (DCM), chloroform 
(CHCl3), THF, DMF, and dimethylsulfoxide (DMSO). Mp >300o 

C. Yield: 15.20 mg (7.62%). Anal calculated for C100H64FeN8O16: 
C 71.09%; H 3.82%; N 6.63%; found C, 69.91%; H, 3.75%; N, 55 

6.81%. IR (KBr pellet) νmax/cm-1: 742, 833, 956, 1025, 1044, 
1083, 1115, 1175, 1244, 1325, 1366, 1421, 1480, 1511, 1582, 
1603, 1723, 2837, 2927, 3000, 3069. MALDI-TOF-MS: m/z 
1689.67 (M)+, 1706.75 (M+H20)+. UV–vis (DMSO): λmax (nm), 
(log ε): 315 (5.53), 605 (4.88), 669 (5.23). 60 

2.3.1.2. 2(3),9(10),16(17),23(24)-tetra(4-(4-methoxyphenyl)-8-
methylcoumarin-7-oxy)phthalocyaninatoiron(II) 6 

The compound is soluble in DCM, chloroform, THF, DMF, 
DMSO. Mp >300o C. Yield: 18.3 mg (9.16%). Anal calculated for 
C100H64FeN8O16: C 71.09%; H 3.82%; N 6.63%; found C, 65 

70.89%; H, 4.01%; N, 6.74%. IR (KBr pellet) νmax/cm-1: 747, 
832, 955, 1080, 1174, 1248, 1366, 1469, 1511, 1595, 1728, 2837, 
2929, 3065. MALDI-TOF-MS: m/z 1689.63 (M)+, 1706.72 
(M+H20)+. UV–vis (DMSO): λmax (nm), (log ε): 328 (5.32), 631 
(5.12). 70 

2.3.1.3.  2,9,16,23-tetra(chloro)-3,10,17,24-tetra(4-(4-methoxy-
phenyl)-8-methylcoumarin-7-yloxy)phthalocyaninatoiron(II) 7 

The compound is soluble in DCM, chloroform, THF, DMF, 
DMSO. Mp >300o C. Yield: 39.1 mg (19.66%). Anal calculated 
for C100H60Cl4FeN8O16: C 65.73%; H 3.31%; N 6.13%; found C, 75 

65.57%; H, 3.43%; N, 5.95%. IR (KBr pellet) νmax/cm-1: 744, 
838, 897, 1045, 1085, 1178, 1250, 1369, 1410, 1456, 1513, 1604, 
1731, 2854, 2926, 3007, 3071. MALDI-TOF-MS: m/z 1827.26 
(M)+, 1850.25 (M+Na)+. UV–vis (DMSO): λmax (nm), (log ε): 
316 (5.56), 594 (4.74), 631 (5.04), 656 (5.13). 80 

2.3.1.4.   2,3,9,10,16,17,23,24-octa(4-(4-methoxy-phenyl)-8-met-
hylcoumarin-7-yloxy) phthalocyaninatoiron(II) 8 

The compound is soluble in DCM, chloroform, THF, DMF, 
DMSO. Mp >300o C. Yield: 19 mg (9.60%). Anal calculated for 
C168H112FeN8O32: C 71.79%; H, 4.02%; N, %3.99; found C, 85 

71.61%; H, 3.88%; N, 4.11%. IR (KBr pellet) νmax/cm-1:747, 836, 
888, 1087, 1178, 1252, 1369, 1398, 1438, 1513, 1599, 1732, 
2905, 2956, 2999, 3071. MALDI-TOF-MS: m/z 2810.74 (M)+, 
2833.81 (M+Na)+. UV–vis (DMSO): λmax (nm), (log ε): 344 
(5.24), 595 (4.60), 657 (5.09). 90 

2.4. Electrochemical and in situ spectroelectrochemical 
measurements  

Voltammetric measurements were carried out with a PAR 
VersoStat II model potentiostat/galvanostat controlled by an 
external PC and utilizing a three-electrode configuration at 25 ˚C. 95 

The working electrode was a Pt plate with a surface area of 0.10 
cm2. A Pt spiral wire served as the counter electrode. A saturated 
calomel electrode (SCE), separated from the bulk of the solution 
by a double bridge was employed as the reference electrode. 
Electrochemical grade tetrabutylammonium perchlorate (TBAP) 100 

in extra pure DMSO was employed as the supporting electrolyte 
at a concentration of 0.10 mol dm-3. High purity of N2 was used 
for deoxygenating the solution at least 15 minutes prior to each 
run and to maintain a nitrogen blanket during the measurements. 
In situ spectroelectrochemical measurements were carried out by 105 

an Ocean Optics HR2000+ diode array spectrophotometer 
equipped with the potentiostat/galvanostat and utilizing an 
optically transparent thin layer (OTTLE) cell as three-electrode 
configuration at 25° C. The working electrode was transparent Pt 
gauze. A Pt wire counter electrode and a SCE reference electrode 110 

separated from the bulk of the solution by a double bridge were 
used. 

2.5 Gas sensing experiment 
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The devices suitable for gas sensing measurements have been 
prepared by spin-coating the solutions of Fe(II)Pc compounds as 
chemiresistive thin films with a thickness between 60 and 600 nm 
over the electrode arrays. The electrodes used in the gas sensing 
measurements consisted of an interdigital array of Au metal 5 

electrodes which were photolitographically patterned and etched 
to provide 10 fingers pairs of electrodes with a width of 50 µm 
and a space of 50 µm between the adjacent electrodes. A series of 
films with different thickness have been deposited by varying the 
number of coatings and the concentration of coating solutions. An 10 

elipsometric technique was used to measure the thicknesses of the 
films. The substrate temperature during the deposition process 
was held constant at room temperature (~25 °C) to maintain 
constant film morphology across all sensors. The gas sensing 
properties of the coating material were tested in a cylindrical 15 

chamber of Teflon, 8 cm long and 4 cm diameter, through which 
a gas could be passed. The concentration of a target gas was well 
adjusted by mixing it with the reference gas. All sensing 
experiments were carried out by using two different carrier gases, 
dry nitrogen and air, with the aim of clarifying the effect of 20 

carrier gas on the gas sensing performance. The carrier gases had 
a purity level of 99% and water content less than 3%. The 
concentration of the target gas was varied from 200 to 1000 ppm 
by using mass flow controllers (MKS Inst. Co.). In order to 
overcome the complicating effect of an interface gases, such as 25 

O2 and water vapour, and achieve the activation of a sensor 
before the measurement, the carrier gas was introduced first in 
the test chamber to clean the interface gas molecules adsorbed on 
the surface of sensing layers. Then, a small amount of analyte 
molecules was introduced into the test chamber to activate the 30 

sensing layer. Finally, pure carrier gas was introduced again to 
clean the analyte molecules left in the chamber and on the surface 
of the sensing layers. After these treatments, the sensing 
properties of the synthesized Pc films were investigated as a 
function of temperature and analyte concentration. The sensor 35 

current was measured by applying a constant bias of 1 V to each 
device and monitoring the current with a Keithley Model 6517 A 
electrometer. Sensor responses were reported as the change in 
sensor current at constant voltage on dosing with analytes. A 
typical gas sensing experiment consisted of repeated exposure to 40 

target gases and subsequent purging with carrier gas to reset the 
baseline. To avoid any fluidic and background pressure effect, the 
total flow rate was adjusted as 100 standard cubic centimeter 
(sccm) during both in exposure and purging experiments. Gas 
sensing data were recorded using an IEEE-488 data acquisition 45 

system incorporated to a personal computer. The results obtained 
under these conditions were reproducible with an uncertainty 
smaller than 4%. 

3. Results and Discussion 

3.1. Synthesis and characterization 50 

The starting materials, phthalonitrile derivatives (1-4), have been 
synthesized by the method reported previously in the 
literature.4,28,29 The syntheses of iron(II) Pcs bearing (4-
methoxyphenyl)-8-methylcoumarin-7-oxy and/or chloro 
substituents have been achieved with the yields of 7.62% for 5, 55 

9.16% for 6, 19.66% for 7, and 9.60% for 8. The characterization 

of the new products was carried out by the co-evaluation of the 
data obtained from the FT-IR, UV–vis, and MALDI-TOF mass 
spectrometry and elemental analysis. The results are consistent 
with the proposed structures (Table S1). 60 

 The FT-IR spectra of 5-8 showed Ar-O-Ar, -C=C-, -C=O,        
-CH3 and aromatic –CH- peaks within the ranges of 1244-1251, 
1595-1604, 1723-1732, 2837-2956 and 3066-3071 cm-1, 
respectively. In addition, the absence of -C≡N peaks within the 
range of 2229-2235 cm-1 in the spectra clearly indicated that 65 

starting compounds 1-4 could be converted to 5-8 (Table S1). 
 The UV–vis spectra of 5-8 in DMSO showed characteristic Q 
band and vibrational absorptions within the range of 656-669 and 
594-605 nm, respectively, which can be attributed to the π→π* 
transitions from the highest occupied molecular orbital (HOMO) 70 

to the lowest unoccupied molecular orbital (LUMO) of the Pc 
ring. The Q-band absorptions within the range of 656-669 nm 
below 700 nm confirm that the central metal in the complexes are 
in the form of Fe(II). The B bands within the UV range of 294-
311 nm were due to the transitions from the deeper π levels to the 75 

LUMO (Fig. S1 and Table S1). The comparison of the UV–vis 
spectra of 5-8 in DMSO with each other suggests that the spectra 
of 7 and 8 exhibit approximately a blue shift of 15 nm in the Q-
band in comparison with those of 5 and 6. It appears that the π-π* 
transition energy from the HOMO to the LUMO of the Pc ring 80 

increases with increasing number of electron withdrawing 
chlorine or coumarin substituents since the complexes 7 and 8 
have more electron withdrawing group than the others. The 
spectra of 6-7 showed characteristic H-aggregated bands 
approximately at 630 nm. The aggregation tendency of these 85 

compounds can be attributed to their planar molecular shape. 
 The molecular ion peaks for 5-8 appeared at 1689.67, 1689.63, 
1827.26 and 2810.74 Da, respectively. Beside the molecular ion 
peaks of the complexes, water adducts for 5 and 6, sodium ion 
adducts for 6, 7 and 8, and potassium adduct for 6 were also 90 

monitored. The intensities of the sodium adduct peaks of 5 and 8 
were equal to those of their molecular ion peaks, which indicates 
that sodium selectivity of these complexes is higher than that of 
the others. All high resolved experimental peaks matched 
perfectly the theoretical peaks of the complexes determined by 95 

isotropic software calculation. Thus, MALDI-TOF mass 
spectroscopy analyses confirmed the structures of all Pc samples 
(Fig. S2).  

3.2. Electrochemistry  

Electrochemical and in situ spectroelectrochemical measurements 100 

of the complexes 5-8 were performed in de-aerated DMSO/TBAP 
electrolyte system on a Pt working electrode. Table 1 lists the 
assignment of the redox couples and determined electrochemical 
data, which included half-wave peak potential (E1/2), anodic to 
cathodic peak potential separation (∆Ep), and difference between 105 

the first oxidation and reduction potentials (∆E1/2). ∆Ep values at 
0.010 V s-1 scan rate were within the range of 0.050 to 0.200 V 
reflecting reversible or quasi-reversible behaviour. Controlled-
potential coulometry measurements suggested that all redox 
processes involve the transfer of one electron per molecule. 110 

 Figure 1 shows the cyclic voltammograms of alpha tetra 
coumarin substituted Fe(II)Pc (5) in DMSO-TBAP at various 
scan rates. The complex 5 undergoes a one-electron oxidation and 
two one-electron reductions. The first reduction R1 and oxidation  
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 10 

 
 
 
 

Fig. 1 Cyclic voltammograms of 5 (5.00 x 10-4 mole dm-3) at 15 

various scan rates on Pt in DMSO/TBAP. 
 
O1 processes are probably metal-based whereas R2 process is 
ring-based.  
 In situ UV–vis spectroelectrochemical measurements were also 20 

carried out to assign the redox processes, especially the first 
reduction and the first oxidation processes of 5 certainly. Fig. 2 
represents the spectral changes during the first reduction of 5 at -
0.85 V vs. SCE, corresponding to the redox process labelled R1 
in Fig. 1. The Q band at 671 nm decreases in intensity and two 25 

new bands at 518 and 810 nm appear. The formation of the new 
band at 518 nm and the shifting of the Q band indicate the 
formation of [Fe(I)Pc(−2)]− species, confirming the CV 
assignment of the couple R1 to Fe(II)Pc(−2)/[Fe(I)Pc(−2)]− 
process.34 During the further reduction at −1.40 V vs. SCE, the Q 30 

band at 671 nm decreases, while a new band is recorded 646 nm 
(Fig. 2B). These spectral changes at the potential of the couple 
R2 are characteristics for a ring-based reduction in Fe(I)Pc 
complex and confirm our voltammetric assignment of this 
process to [Fe(I)Pc(−2)]−/[Fe(I)Pc(−3)]2−.34 During the potential 35 

application of +0.75 V, shifting of the Q band from 671 to 700 
nm and the formation of a band at 512 nm indicate a metal-based 
process which is assigned to [Fe(II)Pc(−2)]/[Fe(III)Pc(−2)]+ (Fig. 
2C).  
 Cyclic and square wave voltammograms of beta tetra coumarin 40 

substituted complex 6 in DMSO are shown in Fig. 3. The 
compound gives three reductions and two oxidations signals with 
anodic to cathodic peak separations within the range of 0.050-
0.200 V at 0.010 Vs-1 scan rate (Table 1). The cathodic 
component of the first reduction couple is split into two peaks 45 

(R1 and R1′). Considerably small difference between the O1' and 
O1'' couples also suggest that these couples correspond to 
splittting of the metal-based first oxidation process, i.e., the O1'' 
couple is not due to the oxidation of singly oxidized species of 6. 
Furthermore, the voltammetric peaks are considerably rounded. 50 

All these observations indicate clearly the presence of aggregated 
species in the solution. The aggregation tendency of this beta-
substituted  complex can be  attributed to  its  planar  nature. The 
splitting and/or broadness of the redox processes of various metal 
phthalocyanine complexes due to their aggregation have been 55 

observed previously in the literature.34-36  
 In situ UV–vis spectroelectrochemical measurements may 
provide support for the existence of the aggregated species and  

 
 60 
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Fig. 2 In situ UV–vis spectral changes during the controlled 
potential electrolysis of 5 at (A) -0.85 V, (B) -1.40 V and (C) 
+0.80 V vs. SCE. 

 110 

thus, aggregation–disaggregation equilibrium in solution. On the 
contrary of the Q-band in the first spectrum of alpha-substituted 5 
in Fig. 2A, that in the first spectrum of beta-substituted 6 in Fig. 
4A is somewhat broad and blue shifted, which really confirms the 
presence of the aggregated species of the latter.  Therefore, the  115 
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Fig. 3 Cyclic voltammograms of 6 (5.00 x 10-4 mole.   dm-3) at 
0.010 Vs-1 on Pt in DMSO/TBAP. 

 
shifting of the band at 632 nm to 656 nm during the first group of 
in situ UV−vis spectral changes monitored through the 5 

electrolysis of 6 in deaerated DMSO/TBAP solution at −0.65 V 
vs. SCE, corresponding to the redox process labelled as R1' in 
Fig. 3 are probably due to chemical exchange associated with the 
aggregation–disaggregation equilibrium before the first reduction 
process (Fig. 4A). Further electrolysis of 6 at −0.95 V vs. SCE 10 

leads to decrease in the Q-band with small red shift and the 
formation of a new band at 521 nm. These spectral changes are 
characteristic for the formation of [Fe(I)Pc(−2)]− species, 
confirming the CV assignment of the couple R1'' to Fe(II)Pc(−2)/  
   15 

Table 1. The electrochemical data for 5-8. 

Pcs Redox Processes aE1/2 

(V vs. SCE) 

b∆Ep(V) 

5 Fe(II)Pc(-2) / [Fe(III)Pc(-2)]       O1 0.51 0.12 

 Fe(II)Pc(-2) / [Fe(I)Pc(-2)]-        R1          -0.63 0.11 

 [Fe(I)Pc(-2)]- / [Fe(I)Pc(-3)]2-   R2         -1.05 0.12 

    

6 Fe(II)Pc(-2) / [Fe(III)Pc(-2)]         O1′ O1′′  (0.37) 0.51 rev 

 Fe(II)Pc(-2) / [Fe(I)Pc(-2)]-      cR1′ R1′′                   (-0.53)-0.67 - 

 [Fe(I)Pc(-2)]- / [Fe(I)Pc(-3)]2-   R2                  -1.13 0.20 

    

7 Fe(II)Pc(-2) / [Fe(III)Pc(-2)]     O1′ O1′′ (0.27) 0.60 rev 

 Fe(II)Pc(-2) / [Fe(I)Pc(-2)]-     cR1′ R1′′ (-0.18)-0.40 - 

 [Fe(I)Pc(-2)]- / [Fe(I)Pc(-3)]2-    R2′ R2′′ (-0.68)-0.90 0.20 

    

8 Fe(II)Pc(-2) / [Fe(III)Pc(-2)]    O1′ O1′′ (0.45) 0.60 rev 

 Fe(II)Pc(-2) / [Fe(I)Pc(-2)]-     cR1′ R1′′ (-0.28)-0.50 - 

 [Fe(I)Pc(-2)]- / [Fe(I)Pc(-3)]2-   R2 -0.96 0.15 

    
 

a:   E1/2=(Epa+Epc)/2 at 0.010 Vs-1.  
b:    ∆Ep= Epa-Epc at 0.010 Vs-1. 
c: E1/2 and ∆EP could not be determined due to ill defined cyclic 20 

voltammetry waves, associated with aggregation-deaggregation 
equilibria. 
 
[Fe(I)Pc(−2)]− process (Fig. 4B). It is well known from the 
electrochemical behaviour of Fe(II) Pcs that the reduction   25 

 

Fig. 4 In situ UV–vis spectral changes during the controlled 

potential electrolysis of 6 (A) -0.65 V, (B) at -0.95 V and (C) -

1.40 V vs. SCE. 

processes following the Fe(II)/Fe(I)-based process are ring-based. 30 

Thus, the R2 process corresponds to [Fe(I)Pc(−2)]−/ 
[Fe(I)Pc(−3)]2− couple. The spectral changes in Fig.4C 
corresponds  to this ring-based reduction process. On the other 
hand, it is clear from the studies in the literature on Fe(II) Pcs that 
the O1' and O1'' couples are metal-based, and correspond to the  35 
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Fig. 5 Comparison of CO2, CO and SO2 sensing properties of the 
6 coated sensor at 298 K in (a) N2  and (b) air. 
 5 

Fe(II)Pc(−2)/[Fe(III)Pc(−2)]+ process of  aggregated and 
nonaggregated species of 6.37 The comparison of their 
electrochemical behaviour shows that the aggregation tendency 
of the tetra alpha substituted Fe(II)Pc 5 is higher than that of the 
tetra beta substituted one 6. This type of behaviour was observed 10 

previously in the literature34,36 and can be attributed to higher 
planarity of the molecule of 6 than that of 5. The general redox 
character of Fe(II)Pc core was not affected significantly by octa 
substitution instead of beta substitution (Table 1). However, the 
redox processes of octa substituted Fe(II)Pc complexes (7 and 8) 15 

shift slightly toward more positive potentials with respect to  
those  of  tetra  substituted  complexes. This shifting can be 
attributed to easier reduction and more difficult oxidation with 
increasing number of electron withdrawing coumarin and/or 
chlorine substituents. The position and the number of 20 

substituents, and their electron withdrawing or repelling character 
were reported in the literature to affect in various ways the redox 
and aggregation behaviour of metal Pcs compounds.37-40 

3.3 Gas sensing properties 

The sensing properties of the spin coated films of the differently 25 

substituted iron(II) complexes 5-8 towards CO2, CO and SO2 
were carefully examined on the basis of the critical sensing 
parameters which included dynamic response, sensitivity, and 
response and recovery time. Figure 5 compares the response-
recovery characteristics of the sensor coated with 60 nm film of 6  30 

Fig. 6 Response characteristics to 200 – 1000 ppm CO2 gas of 5-
8 based sensors with thickness of 60 nm in (a) N2 and (b) air at 
298 K. (Inset of Fig.6 (a) and (b) show the response 35 

characteristics of 7 and 8 coated sensors at an extended scale.) 
 
for various concentrations of CO2, CO and SO2 gases at 298 K in 
(a) N2 and (b) air. It is clear from this comparison that SO2 
adsorption ability of the compound in both N2 and air atmosphere 40 

is negligibly low, even at a concentration of 1000 ppm. In 
addition, the sensor current goes through a maximum and then 
decreases even in the presence of SO2 gas. The reason for the 
drop in sensor current in the presence of SO2 gas is not clear. It is 
probably associated with a surface process. On the other hand, the 45 

exposure of the sensor to various concentrations of CO2 and CO 
gases causes a fast increase of sensor current in the initial stage of 
adsorption. This increase is followed by a drift to the steady state 
value. After several minutes of exposure to these gases, purging 
with carrier gas leads to a fast decrease at first, and then, it is 50 

followed by a slow drift, and the current reaches finally its initial 
value after the target gas is turned off. This behavior proves that 
the adsorption processes are reversible. The same type of 
response-recovery characteristics were also obtained with other 
compounds. Furthermore, the results revealed that  the  SO2  55 

sensitivity  of the compounds is ignorable, which motivated us to 
study the applicability of the complexes for CO2 and CO 
detection. Therefore, the effect of the film thickness and 
operating temperature on the CO2 and CO sensing properties of 
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the films were investigated. The effect of the relative humidity on 
the CO2 and CO sensing capability of the spin coated films of the 
compounds has also been studied. It was found from the 
thickness dependent measurements that not only the base line 
current (before exposure to CO or CO2) but also the sensor 5 

sensitivity shows a strong dependence on Pc layer thickness. It 
was observed that the CO and CO2 sensitivities decrease while 
the base line current increases with increasing Pc layer  thickness. 
For example, the initial current values of the films of 8 with 60  
and 600 nm thicknesses were about 3.42x10-11 A and 5. 38x10-10 10 

A, respectively. For all compounds, the sensitivity was observed 
to increase with the decrease in the film thickness. Therefore, 60 
nm thickness was chosen as the optimum film thickness through 
the experiments. It is well established that the structural 
arrangement and the overlap of the π-electron systems between 15 

the neighbour molecules in the thin film play a fundamental role 
in the electrical properties of Pc compounds. Therefore, a more 
reasonable explanation for the increase of the base line current is 
the change in the degree of crystallinity, grain size and stacking 
arrangement of the Pc molecules with increasing film thickness. 20 

Senthilarasu et al.41 observed that the degree of crystallinity and 
grain size increase with the film thickness. The increase in the 
degree of crystallinity and grain size may result in altering the 
interaction of the π-electron systems between the different 
molecules, which may affect the conduction processes in the Pc 25 

films. It should be mentioned here that the base line current were 
dependent on the number of the substituent groups and their 
positions. The order of initial current values observed for these 
compounds are 5 > 6 > 8 > 7 at all temperatures investigated. 
 30 

3.3.1 CO2 sensing properties of the compounds 
The variation of the sensor currents as a function of sensing time 
for the 60 nm 5-8 coated films at room temperature and exposed 
to various concentrations of CO2 gas in N2 and air is shown in 
Fig. 6 (a) and (b), respectively. It appears that the interaction of 35 

the CO2 molecules with the spin coated films of 5-8 leads to an 
increase in sensor current in both N2 and air (Fig. 6). The rate of 
increase in the sensor current is high initially; however, it 
decreases gradually during the later stages of CO2 detection. The 
original sensor current is restored approximately 10 minutes after 40 

the gas flow is turned off. This behaviour proves that the 
adsorption processes are reversible. This observation is consistent 
with the results of Dariani et al.42 who find that exposure to CO2 
causes a sharp increase in current of 38 nm bromoaluminum Pc 
thin film, as in our case. Although, the origin of the gas response 45 

of a Pc films is not fully understood yet, this effect can be 
attributed to generating acceptor levels by the CO2 adsorption. 
The adsorption of a CO2 molecule on the Pc layer leads to the 
creation of an acceptor level near the band edge of the Pc. These 
acceptor states, which lie below the Fermi level at the initial stage 50 

of adsorption, make easy the trapping of valance electrons. When 
the number of the trapped electrons reaches to a sufficient value, 
Fermi Level shifts toward to valance band.43,44 This shift in the 
Fermi level causes the reduction in the speed of trapping 
processes, and the rate of increase in current slows down. The 55 

exposure of the sensor to carrier gas (dry nitrogen or air) leads to 
desorption of adsorbed CO2 molecules from the surface of the 
active sensing layer, decreasing in the acceptor concentration and 
thus in the sensor current. The decrease in the rate of increase in 

the sensor current with time may be attributed to the increase in 60 

surface coverage.45 
 The shape of the response and reversal curves in Fig. 6 clearly 
show that the electrical response of the films exposed to the same 
concentrations of CO2 gas is also different depending on the 
number of the substituent groups and their positions. Although  65 

much work has been devoted to the understanding of the 
adsorption of gas molecules on a solid surface, the adsorption 
mechanism associated with substituents is still not clear. The 
relevant factors in the gas/MPc interaction mechanisms are the 
conjugated π-electron system, the presence of heteroatoms and 70 

the central metal atom.46 In the case of substituted Pcs, the 
substituents in macrocycle may offer another possible site for 
complexation. The conjugated π-electron system constitutes a 
highly polarizable electronic cloud, producing intense dispersion 
forces between adjacent molecules of Pc. Due to the weak bound 75 

of the π-electrons to the Pc molecules, the Pcs are relatively good 
electron donors. Since the ionization energy of Pcs is low, the 
energy required for the formation of charge transferred states is 
also low. The relatively low ionisation energy favours the charge-
transfer interactions when electron acceptor molecules are 80 

adsorbed onto the Pc surface. It is also believed that the central 
metal ion together with the peripheral substituents acts as two 
different sites of interaction with the analyte molecules. 
Spadavecchia et al. reported in one of their studies that a primary 
interaction involves the Pc metal and the heteroatom on the 85 

analyte molecule while a secondary interaction is determined by 
the peripheral substituents.47 On the other hand, the properties of 
the MPcs, particularly their sensing properties, can be affected by 
the metal ion coordination and the peripheral attachment of 
additional atoms or groups that enhance or diminish the 90 

ionisation energy.48  Ma et al. reported that the conductivity of 
ZnF16Pc increased in the presence of ammonia whereas ZnPc 
exhibited no or weak sensitivity to this gas.49 Lee et al. showed 
that the recovery rate of a tetra-(tert-butyl) substituted CuPc film 
is superior to that of the unsubstituted CuPc film.50 It is well 95 

known that the electrical conduction processes in Pc compounds 
depend on several factors that include the chemical nature of Pc, 
the polymorphic phase of the microcrystallites comprising the 
film, the film thickness, the presence of impurities or molecular 
doping and the electrode materials. It is also well known that 100 

substituents can change the energetic position of the HOMO or 
LUMO level, respectively, via mesomeric or inductive effects 
and the charge carrier injection depends on the energy barrier at 
the semiconductor metal interface, and is strongly influenced by 
the structural and electronic properties of the organic films at the 105 

contacts.51 For a particular gas, the intensity and kinetics of the 
interactions between the Pc films and gas molecules are related to 
the nature of the Pc compound used as the sensitive material, the 
charge transport process, relative orientation and separation of 
adjacent molecules etc. The results obtained here prove that the 110 

main role is played by the number of the substituent groups and 
their positions in the CO2 gas sensing by 7-oxy-4-(4-
methoxyphenyl)-8-methylcoumarin substituted iron(II) Pcs. This 
finding is consistent with the literature presented above.  
 The effect of the substituent on the main sensor parameters 115 

such as sensitivity (S) for the 5–8 coated sensors was also 
investigated as a function of CO2 concentration, film thickness 
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and temperature. The ratio of the measured current after and 
before exposing the sensor surface to target gas gives sensitivity, 

0i I

∆I

C

1
  S =                                                                    (1)            

where ∆I is the changes in current at a concentration of the target 

gas  (Ci)   and   I0  is  the  reference  value  of  the  coated  devices  5 

exposed to carrier gas (dry nitrogen and air in our case). Figure 
S3 shows the room temperature sensitivity of the 60 nm films of 
5-8 coated sensors as a function of CO2 concentration in (a) N2 

and (b) air. The comparison of the sensor sensitivities in these 
figures suggests that the type of the carrier gas has practically  10 

very small influence on the CO2 sensitivity of the compounds. As 
shown in Fig. S3, the sensitivity of the thin films of 5-8 increased 
approximately linearly with the CO2 gas within the concentration 
range of 200–1000 ppm. The sensor designed with beta tetra 
coumarin substituted complex 6 exhibited significantly higher 15 

CO2 sensitivity than the sensors constructed from 5, 7 and 8 when 
tested under identical experimental conditions. For CO2 at level 
of 200, 400, 600, 800 and 1000 ppm, the sensitivity of the 60 nm 
6 coated sensor is about 5.82x10-3, 7.76x10-3, 9.38x10-3, 1.10x10-

2 and 1.21x10-2 ppm-1, respectively. The slope of the sensitivity–20 

concentration relationship was found to be 7.82x10-6 ppm-1 in N2 
and 4.80x10-6 ppm-1 in air for the same compound at room 
temperature. On the other hand, minimum sensitivity was 
obtained with 7 involving beta octa coumarin substituent. The 
room temperature sensitivities of the 6 and 7 coated sensors for 25 

CO2 gas were in the range of 5.82x10−3 – 1.21x10−2 and 2.55x10−3 

–3.88x10−3  (ppm)-1, respectively.  It is important to note that the 
thin film of 6  showed a significant three fold enhancement in 
sensitivity for all concentrations of CO2 gas when compared with 
the results obtained previously by using ball-type dicopper 30 

phthalocyanine thin film [42].  At  the  room  temperature,  a  
linear  relationship between the sensitivity and CO2 concentration 
for 6 coated sensor indicates that the sensors match with linear 
amplifying circuits for practical application in the detection range 
of 200-1000 ppm CO2 gas. The correlation coefficient R2 of the 35 

sensor fit curve was 0.984. In addition, the 5-8 thin film gas 
sensors were very stable in the high concentration CO2 gas 
atmosphere. These results demonstrate that the substituent has 
influence on the gas sensitivity to some extent. 
  As a representative result, the variation of the CO2 sensitivity 40 

with film thicknesses for 6 coated sensor in both N2 and air is 
shown in Fig. 7 (a) and (b), respectively. It is clear that the CO2 
sensitivity of the film decreases first up to a certain value of the 
film thickness and then, becomes nearly thickness independent 
for both carrier gases. The dependence of the sensor sensitivity 45 

on the film thickness indicates that the interaction between the 
sensor and target gases does not involve bulk phenomena. This 
observation can be attributed to the decrease of the active surface 
area of the film with increasing film thickness. As the film 
thickness increases the grain size also increases steadily and 50 

reaches a constant value. Thus, a large grain structure gives a 
smaller adsorption area. The present results also indicate that 
during the film deposition of each layer, interface states or pores 
do not form at the interface. This is the reason why the initial 
current values for thicker films are larger than those for thinner 55 

films. 
 The temperature dependence of the sensitivity for 600 ppm of  

 

 

Fig. 7 The dependence of the room temperature (298 K) 60 

sensitivity on the film thickness for 6 coated sensor in (a) N2  and 
(b) air. 
  
CO2 gas in (a) N2 and (b) air is shown in Fig. S4. As shown in 
this figure, the sensitivity of the films decreases as the testing 65 

temperature increases. Similar results on sensitivities have been 
reported for some other gases coated with different sensing 
materials.52 The interpretation of the decrease in sensitivity as the 
temperature increases requires taking into account many 
elementary physico-chemical processes. The temperature 70 

dependence of the sensitivity suggests that the temperature either 
decreases the number of active sites on the surface or complicate 
the adsorption of target molecules into the existing sites. The 
observed effect can be attributed to the thermally induced 
structural changes, at least partly.  75 

 To compare the response and recovery characteristics of the 
films, the response and recovery time were estimated from the 
measured dynamic response characteristics. The response time 
(τ90) is defined as the time it took the sensor to reach 90% of its 
saturation value after exposure to a target gas. Likewise, the 80 

recovery time (τ10) is defined as the time required returning to 
10% below its equilibrium value in carrier gas atmosphere. 
According to this definition, a small value of response time 
represents a quick response of the film to CO2 gas. Figure 8 (a) 
and 8 (b) show the variation of response and recovery time of the 85 

sensors with CO2 concentration at the room temperature (298 K). 
On close analysis of the response time plots for these films, it 
becomes clear that the response time is decreasing function of the  
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Fig. 8 Variation of response (a) and recovery (b) time of the 
sensors with CO2 concentration in N2 at 298 K. 
 5 

CO2 gas concentration for all films.  The lowest response time 
was observed with the 8 coated device for all concentration of 
CO2 gas. It was also observed from these measurements that 
elevation of the sensing temperature leads to a smaller value of 
response time for all films. Figure 8 (b) shows the variation of the 10 

recovery time with CO2 gas concentrations. It is clear from the 
figure that the recovery time is also a decreasing function of the 
gas concentration.   
 To see the effect of the relative humidity (RH) on the CO2 

sensing properties of the Pc films, the response and recovery 15 

characteristics of the sensors were recorded for various RH levels 

(0%-80%RH). As a representative result, the dependence of the 

sensing characteristics of the 60 nm 6 coated sensor in the 

presence of 600 ppm CO2 on the relative humidity in (a) N2 and 

(b) air atmosphere, respectively was shown in Fig. S5. The 20 

response and recovery characteristics of the 6 coated sensor in 

various RH atmosphere appeared to be very similar to that 

observed in a dry atmosphere (see Fig. 6). The behavior in Fig.S5 

shows that the initial value of the sensor current increases with an 

increase in the RH. It was also observed that CO2 sensitivity of 25 

the sensor decreases with increasing RH for both carrier gases. 

The humidity dependence of the sensor parameters (S, τ90 and 

τ10) are presented in Table S2.  One possible reason to explain the 

increase in the initial value of sensor current and decrease in 

30 

 

Fig. 9 CO sensing properties of the 6 coated sensor in the 
condition of different RH at 298 K in (a) N2 and (b) air. 
 
sensor sensitivity may be the competitive sorption of CO2 gas and 35 

water molecules on the sensor surface. When the film is exposed 
to humid atmosphere, before introducing CO2 gas, the water 
molecules interact with the film surface, and are adsorbed on it, 
resulting in an increase of the sensor current. The adsorption of 
water molecules reduce the number of available sites for CO2 40 

adsorption and thus, leads to less adsorption of CO2 molecule on 
the sensor surface and decrease in sensor sensitivity. 
 
3.3.2 CO sensing properties of the compounds 
The effect of relative humidity, functioning as the interference 45 

gas, on the response of the sensors used for CO gas detection  
was evaluated because it is easily expected that the Pc films 
adsorb not only CO gas but also water vapour. The response 
characteristics of the sensors in the condition of different RH was 
also measured with the aim of examining the effect of the relative 50 

humidity (RH) on the sensing characteristics of the Pc films. The 
sensors fabricated using compound 6 as the sensitive layer 
showed high sensitivity to CO gas, which means that the CO 
sensing properties of these compounds also depend on the 
position and the number of substituent groups. Figure 9 shows the 55 

response-recovery characteristics of 60 nm 6 film towards five 
different  concentrations  of  CO  under  various RH conditions at 
298 K in (a) N2 and (b) air. The plot demonstrates that the film of  
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Fig. 10 Plot of ∆I vs. ln (t) according to Elovich equation for 
compound 6 in dry N2 atmosphere at 298 K. 
 
6 is very sensitive and show very fast response and recovery to 5 

the concentrations between 200 and 1000 ppm of CO gas. The 
baseline current of the 6 film gradually increases from 0.045 nA 
to 0.110 nA when the RH increases from 0% to 70%. It can be 
seen from Fig. 9 that CO gas induces  similar increase in sensor 
current as in the case of CO2. It is quite evident that when 10 

switching on CO, the sensor reached saturated current in about 10 
min and when switching off, it returned to the original value in 
about 7 to 8 min. This behaviour proves that the CO adsorption 
process on the film of 6 is reversible. A possible explanation for 
the observed CO response of the compounds can be given by the 15 

reversible doping process as described for the CO2 sensing 
mechanism.  
 The sensitivity of the sensors to various concentrations of CO 
gas was determined from the measured response-recovery 
characteristics using Eq.(1). The average values of main sensor 20 

parameters such as sensitivity (S) and response (τ90) and recovery 
times (τ10) are calculated from the analysis of the measured 
response-recovery characteristics. As listed in Table S3, the CO 
sensitivity of the sensor increases with increasing RH. This 
observation can be related to the catalytically conversion of CO 25 

to CO2. It is also clear from Table S2 that the response time of the 
sensor is always shorter than recovery time for all RH levels.  

3.4 Adsorption kinetics 

Adsorption kinetic, which describes the adsorbate adsorption rate, 
is an important characteristic in evaluating the efficiency of 30 

adsorption. A number of equations have been used to describe the 
kinetics of the adsorption of gas molecules on solids. The kinetics 
of CO2 and CO adsorption onto 5-8 was analyzed using Elovich 
model. 
3.4.1. Elovich Model 35 

Elovich equation, in which the interaction between adsorbates is 
taken into account, has been widely used to describe the 
adsorption of gas onto heterogeneous solid and adopted to 
examine the mechanism of the adsorption process. It is also used 
successfully to describe second order kinetics assuming that the 40 

actual solid surfaces are energetically heterogeneous. In reactions 
involving adsorption of gases on a solid surface, the rate Eq. (3) 
is  commonly  used  in  the  kinetics of chemisorption of gases on  

  

Fig. 11 Plot of ∆I vs. ln (t) according to Elovich equation for 45 

compound 6 in humid (50%RH) atmosphere at 298 K. 

solids.decreases with time due to an increase in surface coverage. 
The Elovich equation is generally expressed as53 

 

               )βθ-exp(α=
dt

θd
                        (2) 50 

where θ is the sorption capacity at time t, α is the initial sorption 
rate and β is the desorption constant during any one experiment. 
To simplify Elovich’s equation, Chien and Clayton54 assumed 
that αβt >>1 and by applying the boundary conditions θ = θ at t = 
t and θ = 0 at t = 0, the integrated form of Eq. (2) becomes55 55 

    

 ( ) )tln(
1

ln
1

  








β
+αβ









β
=θ     (3) 

By assuming that the change in the current (∆I) is proportional to 
the change in surface coverage56, the applicability of Eq. (3) can 
now be checked by the plot of ∆I vs. ln(t). According to Eq. (3) 60 

the plot of ∆I versus ln (t) should result in a straight line. A set of 
∆I-ln(t) plots for the adsorption of CO2 and CO on the compound 
6 for some of the experiments at different concentrations of CO2 
and CO in dry atmosphere are shown in Fig. 10. It is clear that the 
plots have linear regions, but straight lines deviate from linearity 65 

and change slope at one, two or three points. It is interesting to 
note that the number of breaks in the   ∆I-ln(t) plots do not 
depend on the gas concentration. As shown in Fig. 10, the graph 
splits into three different linear regions for all concentrations of 
target gases. Similar discontinuities were observed by Taylor et 70 

al.57 in the θ-log t plots for the adsorption of hydrogen on zinc 
oxide. 
 It was suggested that if the β is the characteristic of the nature 
of sites involved in the adsorption, and then the break in the 
linear plot indicates a change from one kind of site to another. In 75 

order to investigate the influence of relative humidity on 
adsorption kinetics, Elovich model was also employed to CO2 
and CO adsorption on the compounds at various relative 
humidity. Figure 11 shows the Elovich plot for CO2 and CO (600 
ppm, 800 ppm and 1000 ppm) adsorption on compound 6 in 50% 80 

RH atmosphere. It also reveals that, the plots of ∆I versus ln (t) 
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are linear for all concentrations of CO2 and CO gases 
investigated, indicating that the interaction obeys the Elovich 
equation. 

Conclusions 

The iron(II) Pcs 5, 6, 7 and 8 have been synthesized by the 5 

reaction of iron(II)acetate salt with 3-(4-(4-methoxyphenyl)-8-
methyl-coumarin-7-oxy)phthalonitrile 1, 4-(4-(4-methoxyphenyl) 
-8-methylcoumarin-7-oxy)phthalonitrile 2, 4-chloro-5-(4-(4-met-
hoxyphenyl)-8-methylcoumarin-7-yloxy)phthalonitrile 3 and 4,5-
bis(4-(4-methoxyphenyl)-8-methylcoumarin-7-loxy)phthalonitrile 10 

4, respectively. The compounds were characterized by UV–vis, 
IR and MALDI-TOF mass spectrometry, and elemental analysis. 
The electronic absorption spectra of the iron(II)Pc compounds 
showed that aggregation tendencies of 6 and 7 are higher than 
those of 5 and 8. The electrochemical and in situ spectro-15 

electrochemical measurements of tetra beta, tetra alpha and octa 
beta coumarin substituted iron(II)Pcs showed that these 
compounds display both metal- and Pc ring-based redox 
proceses. Furthermore, it was concluded that aggregation and 
redox behaviour of these complexes are affected by the position 20 

and the number of substituents, and their electron withdrawing or 
repelling character. The effect of concentration, operating 
temperature and humidity, acting as interference gas, on the gas 
sensing properties of these compounds were studied and 
discussed. The thin films of the compounds 5-8 in fabricated gas 25 

sensors showed high sensitivity to CO2 depending on the 
substituent group even at room temperature. The results of the 
sensing measurements illustrated the importance of the number 
and type of substituents in the Pc ring in term of the modulation 
of the sensors' response. The sensitivity and the response time of 30 

the sensors were strongly dependent on temperature. The 
substituent dependence in gas sensing performance and electrical 
behaviour of the devices suggested that band structures of the Pc 
films were modified significantly by the change in the number 
and position of the substituents.  The nature of interaction of the 35 

investigated films with CO2 and CO molecules was discussed in 
terms of Elovich models. In dry atmosphere, the linear regression 
values obtained from the Elovich kinetic model were lower than 
humid environment.  
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The synthesis of novel alpha tetra,  beta tetra and beta octa 4-(4-methoxyphenyl)-8-methyl-

coumarin-7-oxy, and beta octa 4-chloro-5-(4-(4-methoxyphenyl)-8-methylcoumarin-7-oxy 

substituted iron(II) phthalocyanines has been achieved by the reaction of corresponding  

phthalonitriles with iron(II)acetate. The compounds were characterized by elemental analysis, 

FT-IR, UV–vis, and MALDI-TOF mass spectrometry. The reduction and oxidation properties 

of the compounds were identified by voltammetric and in situ spectroelectrochemical 

measurements. The gas sensing behavior of the spin coated films of the differently substituted 

iron(II) complexes towards CO2, CO and SO2 were investigated at various temperatures 

between 300 K and 500 K. While exposure to SO2 had no considerable influence on the 

sensor current, the presence of CO and CO2 gases led to large increase in sensor currents. The 

effect of relative humidity on the CO and CO2 sensing capability of the spin coated films was 

also studied. The results showed that the presence of water vapor, acting as interference gas, 

causes a decrease of the CO2 sensitivity, but an increase of the CO sensitivity of the sensors. 

The experimental adsorption data were analyzed using Elovich kinetic model. Linear 

regression analysis results show that Elovich equation provides the best correlation for the 

CO2 and CO adsorption processes under humid conditions. However, the experimental data 

deviated considerably from the theoretical model in dry atmosphere. 
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