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INTRODUCTION

Phthalocyanines (Pcs) and their metal complexes 
have been the most studied class of functional organic 
materials for almost a century. Their conjugated 18π- 
electron systems have rich electron transfer ability which 
depend mainly on the metal centers and peripheral or 
non-peripheral substituents. Their interesting physical, 
chemical, biological and spectral properties have received 
increasing attention for applications of Pcs as chemical 

sensors, optical discs, laser dyes, electrocatalysis, data 
storage, printing inks and display devices [1], have 
received increasing attention due to their interesting 
physical, chemical, biological and spectral properties 
[1]. In recent years, applications of their complexes 
have expanded to nonlinear optics [2, 3], liquid crystals  
[4], gas sensors [5, 6], electrochromism [7, 8], solar cells 
[9, 10], catalysts [11, 12] and photodynamic therapy 
(PDT) [13, 14].

Pcs can be prepared by many different routes and at 
different temperatures. Several formation mechanisms 
have been postulated depending on starting compounds 
and in some case on isolated intermediates: it is not 
necessary that all routes proceed through a common 
mechanism [1, 15]. In recent years, a new class of Pcs, 
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ball-type, have been synthesized at high temperatures 
in five minutes using solvent or without solvent. The 
formation mechanism of these ball-type Pcs can be 
explained according to the reaction route which proceeds 
over monomer Pc in some cases first then by further 
reaction in solvent using excess of metal salts [16a].

Due to strong intermolecular interactions between 
the macrocycles, most of the peripherally unsubstituted 
Pcs are hardly soluble in common organic solvents and 
water. These interactions result in aggregation, which 
causes difficulties in Pcs separation or identification and 
minimizes their applications. For this reason, one of the 
important aim of this investigation is to enhance solubility. 
When functional groups such as alkyls, alkoxyls, crown 
ethers and phenoxyls are bound in the peripheral benzene 
rings of the phthalocyanine structure, solubility of Pcs 
can improve exceedingly in protic or non-protic solvents 
[17, 18].

Volatile organic compounds (VOCs) are composed of 
several gasses: hydrocarbons, solvents and other organic 
compounds, which usually cause respiratory difficulties 
and irritation, and which have important effects on low 
atmospheric cycles, agriculture, medicine and foods. 
Therefore, the detection of VOCs has become a serious 
task due to regulations in many countries in the world. Pcs 
as a group of potential gas sensing materials, have become 
a natural choice for the detection of VOCs because of 
their open coordination sites for axial ligation, their large 
spectral shifts upon ligand binding and their intense 
coloration [19]. Previous investigations on Pc thin films 
as gas sensing materials have revealed a high sensitivity to 
the various organic vapors [5, 20–24]. Unlike the ensign 
properties and the effect of environmental conditions on 
the sensing performance of Pc-based sensors, adsorption 
kinetics of organic vapors on novel metallophthalocyanine 
thin films have not been widely studied.

Our research has been devoted mostly to face-to-
face or ball-type phthalocyanines for the past 15 years 
and we pioneered research on those compounds, which 
showed intrinsically more versatile chemical and physical 
properties. Unfortunately, there papers in the literature 
on this new class of Pcs are rare. It is well known that 
depending on the organic groups of the peripheral or non-
peripheral positions of phthalocyanines the electronic 
properties change drastically. Therefore, changing bridged 
compounds with electron-donating or electron-accepting 
properties affects the chemical and physical properties 
of the ball-type phthalocyanines on a large scale. The 
electronic nature, stereo chemistry of the bridged 
compounds and the reaction conditions have large effects 
on the obtained Pcs’ structures and properties. For instance, 
one can obtain direct ball-type, or four-substituted open- 
or cross adjacent ring-formed Pcs [5, 16a,b], all of which 
show different chemical and physical properties.

In the present paper, instead of the expected of ball-
type Pc, novel mononuclear Pcs have been prepared from 
[(4,4′-hex-3-ene-3,4-diyl)bis(4,1-phenylene)bis(oxy)

diphthalonitrile] (Scheme 1). This study also highlights 
the adsorption kinetics of four main groups of organic 
vapors on 4–6. Kinetic models evaluated include 
the Elovich equation, the first-order rate equation of 
Lagergren and Ritchie’s equation.

Scheme 1. Synthesis of compounds 3,4,5 and 6
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EXPERIMENTAL

Materials and instruments

Our starting materials, 1 and 2, were commercially 
available. FT-IR spectra were recorded by a Schimadzu 
FTIR-8300 spectrophotometer. Electronic spectra were 
recorded by a Schimadzu UV-1601 spectrophotometer. 
Mass spectra were acquired by a Voyager-DETM PRO 
MALDI-TOF mass spectrometer (Applied Biosystems, 
USA) equipped with a nitrogen UV-Laser operating at 
337 nm. Spectra were recorded in positive ion, linear 
and reflectron modes with an average of 100 shots. 
Elemental analyses were performed by the Instrumental 
Analysis Laboratory of TUBITAK-Marmara Research 
Centre. 1H-NMR spectra were recorded in CDCl3 with a 
Mercury-VX 400 BB instrument.

Synthesis and characterization

[(4,4′-hex-3-ene-3,4-diyl)bis(4,1-phenylene)bis(oxy)- 
diphthalonitrile] 3. 4-Nitrophthalonitrile 1 (0.693 g, 
4.0 mmol) and diethylstilbestrol (DES) 2 (0.537 g, 
2.0 mmol) were dissolved in 30 mL dry dimethylform-
amide (DMF). After stirring for 5 min, dry potassium 
carbonate (K2CO3) (1.656 g, 12.0 mmol) was added to this 
solution with stirring. The reaction mixture was stirred at 
room temperature for 24 h under a N2 atmosphere. Then the 
mixture was poured into cold water (100 mL) and stirred. 
The formed precipitate was filtered off and washed with 
water until neutral. The product was obtained by column 
chromatography with silica gel using chloroform (CHCl3) 
as eluent. Yield: 0.9886 g (94%). Compound 3 is soluble 
in CHCl3 dichloromethane (CH2Cl2), tetrahydrofuran 
(THF), DMF, dimethylsulfoxide (DMSO), acetone 
(C3H6O) and acetonitrile (CH3CN). Mp: 255 °C. Anal. 
Calc. for C34H24O2N4: C, 78,44; H, 4,65; N, 10,76%. 
Found: C, 78,21; H, 4,56; N, 10.93. FT-IR (nmax/cm-1): 
827, 953, 1091, 1168, 1248, 1287, 1423, 1482, 1562, 
1591, 1677, 2232, 2968. 1H-NMR (400 MHz, CDCl3): 
dH, ppm 0.84 (t, J = 7.4 Hz, 6H), 2.20 (q, J = 7.4 Hz, 4H), 
7.10 (d, J = 8.5 Hz, 4H), 7.31 (dd, J = 8.5 and 2.5 Hz, 2H), 
7.31 (d, J = 8.5 Hz, 4H), 7.32 (d, 7.33, J = 2 Hz, 2H), 7.75 
(d, J = 8.6 Hz, 2H). MS (MALDI-TOF): m/z 522 [M+H]+.

[2,10,16,24{tetrakis(4,4′-hex-3-ene-3,4′′-diyl) bis- 
(4,1-phenylene)oxydiphthalonitrile}phthalocyaninato-
cobalt(II)] 4, zinc(II) 5, and copper(II) 6. A mixture of 
compound 3 (2.1  ×  10-1 g, 0.40 mmol) and the metal salts 
[1.0 × 10-1 g, 0.40 mmol Co(OAc)2 . 4H2O or 8.8 × 
10-2 g, 0.40 mmol Zn(OAc)2 . 2H2O or 7.3 × 10-2 g, 
0.40 mmol Cu(OAc)2] were transferred into a reaction 
tube. DMF (0.7 mL) was added to this reaction mixture 
and the mixture was heated under dry N2 atmosphere in 
a sealed glass tube for 10 min at 360 °C. After cooling 
to room temperature, 4 mL of DMF was also added to 
the residue to dissolve the product. The reaction mixture 
was precipitated by adding acetic acid. After filtration, 

the crude product was washed with acetic acid, water 
and methanol for 24 h in a Soxhlet apparatus, in order 
to eliminate the unreacted starting materials. The solid 
product was purified by column chromatography with 
silica gel using CHCl3 as eluent. Compound 4 was dark 
blue, 5 was blue and 6 was blue; all were soluble in DMF, 
THF and DMSO. 

Yield 4: 31 mg (15%). Mp > 350 °C. Anal. Calc. for 
C136H98O8N16Co: C, 76,21; H, 4,61; N, 10,46%. Found: 
C, 76,49; H, 4,53; N, 10,67. FT-IR (nmax/cm-1): 751, 854, 
954, 1091, 1163, 1228, 1277, 1408, 1472, 1502, 1593, 
1738, 1774, 2232, 2871, 2967. UV-vis (DMF): lmax/nm 
(log e): 665 (4.529), 606 (4.067), 325 (4.465). MS 
(MALDI-TOF): m/z 2145 [M + H]+.

Yield 5: 47 mg (23%). Mp > 350 °C. Anal. Calc. for 
C136H98O8N16Zn: C, 75,98; H, 4,59; N, 10,42%. Found: 
C, 75,63; H, 4,45; N, 10,61. FT-IR (nmax/cm-1): 744, 822, 
1043, 1088, 1163, 1227, 1278, 1398, 1475, 1502, 1597, 
1714, 1770, 2233, 2870, 2965. UV-vis (DMF): lmax/nm 
(log e): 679 (4.542), 610 (3.837), 354 (4.153). 1H-NMR 
(400 MHz, CDCl3): dH, 0.91 (t, J = 7.5, 24H), 2.20–2.30 
(m, 16H), 7.05–7.20 (m, 16H), 7.30–7.40 (m, 32H), 7.80 
(d, J = 8.5, 8H). MS (MALDI-TOF): m/z 2148 [M + H]+.

Yield 6: 36 mg (18%). Mp > 350 °C. Anal. Calc. for 
C136H98O8N16Cu: C, 76,05; H, 4,60; N, 10,43%. Found: 
C, 75,82; H, 4,69; N, 10,25. FT-IR (nmax/cm-1): 745, 
821, 1090, 1163, 1226, 1277, 1404, 1474, 1501, 1594, 
1714, 1770, 2233, 2871, 2964. UV-vis (DMF): lmax/nm  
(log e): 677 (4.533), 611 (4.047), 337 (4.310). MS 
(MALDI-TOF): m/z 2149 [M + H]+.

MALDI sample preparation 

MALDI matrix 2,5-dihydroxybenzoic acid was pre-
pared in THF-ACN-H2O (1:3:1, v/v/v) containing 0.2% 
trifluoroacetic acid at a concentration of 5 mg/mL. 
The MALDI samples were prepared by mixing sample 
solutions (0.5 mg/mL in ACN-THF-H2O mixture (1:3:1, 
v/v/v) having 0.3% trifluoroacetic acid) with the matrix 
solution (1:10, v/v) in a 0.5 mL Eppendorf® micro tube. 
Finally 0.5 mL of this mixture was deposited on the sample 
plate, dried at room temperature and then analyzed.

VOC vapor sensing measurements 

Metallophthalocyanine-based gas sensors were 
prepared as reported previously [25]. Substrates were 
10 × 10 mm2 glass slides with photolithographically 
patterned gold interdigitated electrodes (IDEs); the IDEs 
contained 10 finger pairs with a channel length of 50 mm 
and a width of 50 mm. The 120-nm-thick sensor films 
of MPcs were deposited on IDEs by the spin coating 
method using a spinner (Speciality Coatings Systems 
Inc., Model P6700 Series). The elipsometric technique 
was used to measure the thickness of the Pc film. Because 
of the good solubility of the compounds, DMF was used 
as the solvent. Substrate temperature during deposition 
was held constant at 25 °C to maintain constant film 
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morphology across all sensors. The sensing properties of 
the coating material were tested in a cylindrical chamber 
of Teflon, 8 cm long and 4 cm diameter, through which 
a gas could be passed. During sensing experiments, the 
chamber temperature was maintained at 25 °C. Zero 
grade air was used as the carrier gas, with a constant flow 
rate of 100 standard cubic centimeter per min (sccm). 
Analytes were chosen to span a range of organic vapors. 
These included alcohols (methanol and 2-proponal), 
amines (diethylamine and triethylamine), chlorinated 
hydrocarbons (dichloromethane and trichloromethane) 
and alkanes (n-hexane and n-octane). The variation of the 
sensor currents were measured by applying a constant dc 
bias of 1 V and monitoring the current using a Keithley 
model 6517A electrometer. 

RESULTS AND DISCUSSION

Synthesis and characterization

The substituted diphthalonitrile compound 3 was 
obtained by reaction between 4-nitrophthalonitrile 1 
and diethylstilbestrol 2. In this reaction, dry K2CO3 and 
dry DMF were used as a base and solvent, respectively. 
Next, the complexes 4–6 were synthesized by heating 
3 with Co(OAc)2 . 4H2O, Zn(OAc)2 . 2H2O or Cu(OAc)2, 
respectively, under N2 atmosphere in a sealed tube 
(Scheme 1). 

All the new compounds obtained in this study have 
been characterized by spectroscopic techniques such 
as elemental analyses, FT-IR, 1H-NMR, UV-vis and 
MALDI-TOF mass spectrometry. The spectroscopic data 
of compounds 3–6 confirmed the proposed structures.

The IR spectra of compounds 3–6 showed CN group 
peaks at 2232–2233 cm-1 as a single peak, Ar-O-Ar 
peaks at 1250–1280 cm-1, aromatic C=C peaks at 1560– 
1590 cm-1, C=N peaks at 1715–1737 cm-1, C=C peaks 
at 1675 cm-1 and aliphatic CH peaks at 2870–2960 cm-1.

The UV-vis spectra of the phthalocyanine core is 
dominated by two intense bands, a Q band in the visible 
part of the spectrum around 600–700 nm, is attributable 
to the π→π* transitions from the highest occupied 
molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO) of the phthalocyanine ring. 
The other bands (B) in the UV region at about 300–
400 nm were observed due to the transitions from the 
deeper π levels to the LUMO. Electronic spectra of 
the studied Pcs (4–6) in DMF are given in Fig. 1. The 
UV-vis spectra of novel mononuclear Pcs (4–6) exhibited 
Q-band absorption of the π→π* transitions at 610 and 
680 nm. The ground-state electronic absorption spectra 
of 5 and 6 showed monomeric behavior evidenced by 
a narrow Q band at 675 nm, whereas the Q band of 4 
is observed at 666 nm, which is broadened and blue 
shifted, indicating H aggregation. Aggregation is usually 
depicted as a co-planar association and is dependent on 

concentration. In the aggregation state, the electronic 
structure of complexed Pc rings is perturbed, resulting 
in alteration of the ground- and excited-state electronic 
structures [26, 27]. This causes the broadening or split of 
the absorption bands, especially at high concentrations 
[28]. The B bands of these Pcs appeared in the UV region 
at around 325–355 nm and were usually stronger than the 
Q bands in the case of aggregation [26].

Positive ion and linear mode MALDI-TOF MS spectra 
of cobalt, zinc and copper complexes were obtained and 
are given in Fig. 2, respectively. 2,5-dihydroxybenzoic 
acid MALDI matrix yielded intense protonated molecular 
ion signals and low fragmentation under the MALDI-
TOF MS conditions for these compounds. Positive ion 
and reflectron mode MALDI-TOF MS spectra for zinc 
complexes (Fig. 2b) were obtained successfully without 
any fragmentation. Mass spectra of the cobalt and copper 
complexes could be obtained only in positive ion and 
linear modes. To increase the solubility, not only analytes 
but also the MALDI matrix solution mixture (THF-ACN-
H2O), 1:3:1, v/v/v) were used, and trifuloroacetic acid 
concentration was increased from 0.1% to 0.3%. Cobalt 
and copper complexes showed up to 3 water adduct signals 
showing the water sensitivity of these complexes in the gas 
phase (Figs 2a and 2c). In the case of cobalt complexes, 
the main intense fragmentations were because of the 
dicyanophenyl leaving group. However, the intensities 
of these fragmentation signals are very low compared to 
protonated and water adduct signals. From these results, 
it could be concluded that the metal complexes were 
synthesized in correct routes in this study as designed. 

Sensing properties and adsorption kinetics

In order to investigate the adsorption kinetics of four 
main groups of organic vapors on thin films of 4–6, 

Fig. 1. UV-vis spectra of 4–6 in DMF at 3 × 10-5 M. Absorption 
spectra of 4 (black), 5 (red) and 6 (blue)
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response-recovery characteristics of the films towards 
alcohols, amines, chlorinated hydrocarbons and alkanes 
were carefully examined. As a representative result, the 
effect of the 400 ppm concentrations of dichloromethane 
vapor on the conductivity of the 4–6-based sensors 
is shown in Fig. 3. It is obvious from Fig. 3 that the 
interactions between the phthalocyanine film and the 
dichloromethane vapor molecules cause a fast increase 
of sensor current in the initial doping stage, followed by 
a drift to the steady-state value. 

After several minutes of exposure to dichloromethane 
vapors, purging with dry air led to an initial fast decrease 
followed by a slow drift, and the sensor current reached 
its initial value after the dichloromethane vapors were 
turned off, proving that the adsorption processes are 
reversible. Although the origin of the VOC vapor response 
of a Pc film is not yet fully understood, this effect can 
be attributed to generating acceptor levels by vapor 
adsorption. It is believed that adsorption take places at 
the active adsorption sites on the sensing layer and the 
magnitude of the sensor response is proportional to the 

number of the adsorption sites. The adsorption of a vapor 
molecule at an active adsorption site leads to the creation 
of an acceptor level near the band edge of the Pc. When 
the number of trapped electrons reach a sufficient value, 
the Fermi level shifts toward the valence band [29]. This 
shift in the Fermi level causes a reduction in the speed of 
the trapping process and the rate of increase in the current 
slows down. The exposure of the sensor to a reference 
gas (dry air in our case) leads to the desorption of the 
adsorbed vapor molecules from the surface of the active 
sensing layer, decreasing the acceptor concentration 
and thus the sensor current. The same type of response–
recovery characteristics were also obtained for other 
organic vapors investigated. Figure 4 shows the room 
temperature response-recovery characteristics of the 6 
coated sensors to the four main groups of analytes.

As one of the most important parameters of gas 
sensors, sensitivity (S) has been attracting more and more 
attention and much effort has been made to enhance the 

Fig. 2. Positive ion MALDI mass spectra of the complexes were 
obtained in 2,5-dihydroxybenzoic acid MALDI matrix using 
nitrogen laser (at 337 nm wavelength) accumulating 100 laser 
shots. (a) C136H98CoN16O8 in linear mode, (b) C136H98ZnN16O8 
in reflectron mode and (c) C136H98CuN16O8 in linear mode

Fig. 3. Effect of 400 ppm dichloromethane vapor on the 
conductivity of the 4–6 coated sensors

Fig. 4. Response-recovery characteristics of the 6 to the same 
concentration (400 ppm) of analyte molecules
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sensitivity of gas sensors. Usually, sensitivity can be 
defined as (Equation 1):

 ∆
=   i 0

1
  

I
S

C I
 (1)

where DI is the changes in current at an organic vapor 
concentration of Ci, I0 stands for the current of the device 
in the reference gas. Figure 5 shows the sensitivity of the 
sensors to the four main groups of analyte molecules. 
Maximum sensitivity for the lower and upper limit 
of analyte concentrations were obtained for amines. 
Apparently, the sensor with 6 showed maximum 
sensitivity for all analytes investigated. It was found that 
the general trend for the order of the sensor sensitivity, 
observed for the investigated compounds, is S (6) > S (4) 
> S (5), except for methanol and diethylamine vapors. 

It is well documented that the sensing mechanism 
of VOC vapors by phthalocyanines is not well known. 
More recent studies indicated that many elementary 
physicochemical processes should be taken into 
account to interperet the VOC vapor adsorption onto the 
phthalocyanine thin film surface. For a particular gas, 
the intensity and kinetics of the interactions between 
the phthalocyanine films and the gas molecules are 
related to the nature of the phthalocyanine compound 
used as the sensitive material, the charge transport 
process, the relative orientation and the separation of 
adjacent molecules. According to Spadavecchia et al. 
[30] the delocalized π-electron system, the presence 
of heteroatoms and the central metal ion are important 
features in the organic vapor/MPc interaction mechanism. 
It is the current opinion that the central metal ion together 
with the peripheral substituents acts as two different sites 
of interaction with the analyte molecules. A primary 
interaction involves the Pc metal and the heteroatoms on 
the analyte molecule, while a secondary interaction is 

determined by the peripheral substituents. It is also well 
established that central metal ions have many influences 
on the HOMO, LUMO and energy level structures of 
the complexes, sequentially do the gas sensitivity. It was 
reported by Bohrer et al. [31] and Park et al. [32] that 
the detection of analyte molecules by phthalocyanines 
is governed primarily by coordination to the metal 
center. The interaction between the analyte and the 
metallophthalocyanine surface produces a modulation in 
the electronic levels of phthalocyanine available for π–π* 
transitions. As results, a doping effect due to the adsorbed 
analytes onto the phthalocyanine film is basically the 
cause of the changes in the conductivity of the sensing 
layer. These results demonstrate that the organic vapor 
sensing properties of the [2,10,16,24{tetrakis(4,4′-hex-
3-ene-3,4′′-diyl)bis(4,1 phenylene)oxydiphthalonitrile} 
phthalocyaninatocobalt (II)], zinc(II), and copper (II) 
phthalocyanines are determined by the central metal ion. 
This findings is consistent with previous observations 
[33] that observed sensitivities of copper phthalocyanine 
and nickel phthalocyanine films are different in spite of 
their similar bond numbers, indicating the significant role 
of the central metal ion in interaction mechanisms.

Comparisons of kinetic models

Many attempts have been made to formulate a 
general expression describing the kinetics of sorption 
on solid surfaces for gas-solid phase sorption systems. 
However, little has appeared in the literature comparing 
these different models for gas adsorption on solids. In 
order to investigate the adsorption mechanism of the 
four groups of organic vapors onto compounds 4–6, the 
experimental data were modelled using the first-order rate 
equation of Lagergren [34], the Elovich model [35] and 
Ritchie’s equation [36], and an attempt has been made 
to compare them in this work. The conformity between 
the experimental data and the model predicted values was 
expressed by the correlation coefficients (R2).

Elovich model

In reactions involving adsorption of gases on a solid 
surface, the rate decreases with time due to an increase in 
surface coverage. The Elovich equation was developed to 
describe the kinetics of such type of activated sorption of 
a gas onto solids [37]. The equation defining the Elovich 
model is based on a kinetic principle assuming that the 
adsorption sites increase exponentially with adsorption, 
which implies a multilayer adsorption. This model has 
been applied satisfactorily to some chemisorption data 
and the equation is often valid for systems in which the 
adsorbing surface is heterogeneous. It is expressed by the 
relation (Equation 2):

α= - S 
dS

ae
dt

 (2)

Fig. 5. Sensitivity of the sensors to four main groups of organic 
vapors
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where S is the sorption capacity at time t, a is the initial 
sorption rate and a is the desorption constant during 
any one experiment. In the Elovich equation, constant 
a is regarded as the initial adsorption rate because dS/
dt approaches a when S approaches 0 and it depends on 
the activation energy. Constant a is related to a measure 
of the extent to which the surface has been screened by 
the potential barrier for successive adsorption. Assuming 
that S = 0 at t = 0; S = S at t = t, integrating Equation 2 
with these conditions gives Equation 3:

= α +
α
1

 ln[   1]S a t  (3)

By assuming that aat >>1, as suggested by Chien and 
Clayton [38] , Equation 3 becomes Equation 4:

= + α
α α
1 1

 ln(  )   ln( )S t a  (4)

By assuming that the change in the current is 
proportional to the change in surface coverage [39], a 
plot of DI vs. ln (t) should be a straight line. Figure 6 
demonstrates the fitting of the adsorption kinetic 
data and Elovich equation. The validity of the kinetic 
models is tested by the magnitude of the regression 
coefficient R2. It is important to note that for the Elovich 
equation, the correlation coefficient is always less 
than 0.98 for methanol, 2-propanol, dichloromethane 
and trichloromethane which is indicative of a bad 
correlation. This confirms that the Elovich model is not 
appropriate to predict the adsorption kinetics methanol, 
2-propanol, dichloromethane and trichloromethane 
onto compound 6 for the entire adsorption period. 
On the other hand, the Elovich equation provides the 
best correlation for n-octane, n-hexane, diethylamine 
and triethylamine sorption processes and also fits the 
experimental data well with the regression coefficient 
larger than 0.99.

Ritchie’s equation

Ritchie’s [36] equation is also widely used in the 
adsorption of gas particles onto solid systems. Assuming 
that the rate of adsorption depends solely on the fraction 
of sites which are unoccupied at time t, Ritchie’s second 
order equation based on adsorption equilibrium capacity 
is expressed in the form Equation 5:

θ
θ m= (1– )

d
b

dt
 (5)

where θ is the fraction of surface sites which are 
occupied by adsorbed VOC vapor, m is the number 
of surface sites occupied by each molecule of the 
adsorbed VOC vapor, and b is the rate constant. By 
applying the boundary conditions: θ = 0 at t = 0 and θ = 
qt/qe at t = t, the integr ated form of Equation 5 becomes 
Equations 6 and 7: 

= +
θ m–1

1
  ( –1)   1

(1– )
m bt  for m ≠ 1 (6)

θ = -1 – bte  for m = 1
 (7)

It is assumed that no site is occupied at t = 0. When 
introducing the amount of adsorption qt at time t, then 
Equation 7 becomes Equation 8:

= +
–1

–1
e t

( –1) 1
( – )

m
e

m

q
m bt

q q
 (8)

If the VOC vapor adsorption is considered to be a 
second-order reaction, then Equation 8 can be rewritten 
as Equation 9: 

= +
1 1 1

t e eq bq t q  (9)

According to Equation 9, if the adsorption processes 
follows Ritchie’s equation, a plot of (1/qt) vs. 1/t should 
be a straight line. Figure 7 shows (1/qt) vs. 1/t plots for 
all analyte vapors at room temperature. As can be seen 
from Fig. 7, the correlation coefficients, R2, are in the 
range of 0.537–0.860 for all analytes investigated, which 
is indicative of a bad correlation. This confirms that 
Ritchie’s equation is not appropriate to use as a model 
to predict the adsorption kinetics of these analytes’ vapor 
onto compound 6.

The pseudo-first-order model

Lagergren [34] suggested a model for the sorption 
system based on the adsorption capacity. This model 
assumes that the rate of occupation of adsorption sites is 
directly proportional to the number of unoccupied sites. 
When adsorption is preceded by diffusion through a 
boundary, the kinetics follows the pseudo-first-order rate Fig. 6. Elovich plots for the adsorption of analytes on 6

J.
 P

or
ph

yr
in

s 
Ph

th
al

oc
ya

ni
ne

s 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 I

ST
A

N
B

U
L

 T
E

C
H

N
IC

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

02
/1

7/
19

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



1st Reading

Copyright © 2019 World Scientific Publishing Company J. Porphyrins Phthalocyanines 2019; 23: 8–9

8 E. KAKI ET AL.

equation of Lagergren and can be represented as follows 
(Equation 10): 

ads= ( – )t
e t

dq
k q q

dt
 (10)

where qe and qt are the amounts of analyte vapor adsorbed 
at equilibrium and at any time t, respectively. kads is the 
first-order adsorption rate constant. Integrating Equation 
10 for boundary conditions at t = 0 to t = t and qt = 0 to  
qt = qt, results in the following (Equation 11):

  
=    ads

e t

ln
– 
eq

k t
q q

 (11)

which may be rearranged to (Equation 12): 

= − ads
t elog( – )  log  

2.303e

k
q q q t  (12) 

To quantify the applicability of the first-order model, 
the correlation coefficient was calculated from the 
response-recovery characteristics of the sensors. Figure 8 
shows a plot of the linearized form of the first-order model 
for all analytes investigated. A considerable deviation 
from the theoretical model is clear for n-octane, n-hexane, 
diethylamine and triethylamine vapors, the pseudo-first-
order equations do not give a good fit to the experimental 
data for the adsorption of these organic vapors on 6. The 
low correlation coefficients for the first-order kinetic 
model obtained for these organic vapors suggests that this 
adsorption system is not a pseudo first-order reaction.

CONCLUSION

The novel substituted diphthalonitrile compound 3 and 
its mononuclear Pcs (4–6) have been synthesized for the 
first time in this study. The complexes were characterized 
by elemental analysis, UV-vis, IR and MALDI-TOF mass 
spectroscopies. Spin-coated films of compounds 4–6 
were used to sense four main groups of organic vapors 
based on the changes in the electrical conductivity. It was 
found that the interaction of the organic vapors with the 
spin-coated films led to significant changes in electrical 
conductivity. The response and sensitivity are dependent 
on the central metallic ion, which shows the possibility of 
changing the sensor sensitivity with minor modifications 
of the synthesis process. Maximum sensitivity was 
obtained with 6 coated sensors for all organic vapors 
investigated. A comparative study of the applicability of 
kinetic models of Elovich equation, Ritchie’s equation and 
first-order model to describe the experimental adsorption 
data of the analyte vapors on Pc compounds has been 
carried out. Comparing the regression coefficients, R2, 
shows that adsorption kinetics depend on the nature of 
the reactant vapor molecules but are independent from 
the metal ion of the sensing film. The results reveal that 
the adsorption of alkanes and amines onto Pcs can be 
successfully described by the Elovich equation. On the 
other hand, it was found that the adsorption of alcohols 
and chlorinated hydrocarbons on Pcs follow the first-
order rate equation of Lagergren. 
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