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Abstract: A comparative analysis of the chemiresistive sensor response of thin films of a series
of tetrasubstituted phthalocyanines of various metals with F-substituent in peripheral (MPcF4-p,
M = Cu, Co, Zn, Pb, VO) and non-peripheral (MPcF4-np) positions in macroring to low concentrations
of ammonia (1–50 ppm) was carried out. It was found that MPcF4-p films exhibit a higher sensor
response than MPcF4-np ones. A CoPcF4-p film demonstrated a calculated LOD of 0.01 ppm with a
recovery time of 215 s, while a VOPcF4-p film had LOD of 0.04 ppm and the recovery time of 270 s.
The selectivity test showed that CO2, ethanol, acetone, benzene, and formaldehyde did not interfere
with the determination of ammonia, while H2S at a concentration of more than 10 ppm could act as
an interfering gas. It was shown that, as a result of quantum-chemical calculations, the observed
regularities are best described by the interaction of NH3 with phthalocyanines through the formation
of hydrogen bonds between NH3 and side atoms of the macroring. In the case of MPcF4-p, the
NH3 molecule approaches the macrocycle more closely and binds more strongly than in the case of
MPcF4-np. The stronger binding leads to a stronger effect of the ammonia molecule on the electronic
structure of phthalocyanine and, as a consequence, on the chemiresistive sensor response of the films
to ammonia.

Keywords: metal phthalocyanines; fluorine substituents; ammonia; chemiresistive sensors;
DFT calculations

1. Introduction

Ammonia (NH3) is one of the most toxic gases in nature. It has a toxic effect on
the human body, an irritating effect on the mucous membranes and skin, and causes
pulmonary edema and severe damage to the nervous system [1,2]. Ammonia is one of the
main products in the chemical industry; for example, it is widely used in the production
of fertilizers, explosives, medicine and agriculture, as well as the production of polymers,
nitric acid, and also as a refrigerant [3,4]. Normally, the gas content in the ambient air
should not exceed 2 mg/m3. The human sense of smell is able to detect the characteristic
sharp ammonia smell only at a gas concentration of 37 mg/m3, when it poses a direct
danger to health and life [5,6]. Therefore, it is important to use gas sensors to monitor the
ammonia content in the atmosphere [6,7]. The release of large amounts of NH3 can lead to
serious poisoning. Thus, constant monitoring of the amount of ammonia in enterprises or
in the surrounding atmosphere is necessary to prevent environmental disasters. This fact
prompted the search for new materials for the rapid, selective, and sensitive detection. At
the same time, the sensors must be able to operate at variable humidity and temperature.

In addition to the determination of ammonia in the surrounding atmosphere, one
of the important directions where analysis of NH3 concentrations is required is the non-
invasive diagnosis of various diseases by the composition of exhaled air. Conclusions about
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changes in metabolism or the presence of a disease can be made by changing the ratio of
substances released during exhalation. For example, an ammonia concentration of more
than 1 ppm indicates renal insufficiency in nephritis, atherosclerosis of the renal arteries, or
toxic kidney lesions [8,9]. The test for the content of ammonia in exhaled air can also be
used to monitor hemodialysis in acute or chronic renal failure [10]. Therefore, the search
for new materials that are selective with respect to ammonia and sensitive to such low
concentrations is also an urgent task.

Several types of gas analyzers are used to control the concentration of ammonia [11].
Among them, electrochemical ammonia sensors have become the most popular due to the
best combination of price and reliability of results [12]. The disadvantage of such ammonia
sensors is the dependence of their readings on temperature and humidity. Semiconductor
ammonia sensors have a low cost, but the main disadvantages of this type of ammonia
sensors include selectivity. Therefore, the search for new materials that can act as active
layers of sensor devices is constantly underway.

Thin films of metal oxides (SnO2, In2O3, Ga2O3, WO3, V2O5, etc.) [13,14], carbon nano-
materials [15,16], conducting organic polymers [17,18], and metal phthalocyanines [19,20] are
most often used as materials of sensitive layers of chemiresistive sensors to detect ammonia.
Among these materials, phthalocyanines are distinguished by high sensitivity, exceptional
chemical and thermal stability, and the ability to form ordered thin films during deposition by
both physical vapor deposition (PVD) [21] and solution methods (e.g., spin coating, Langmuir
Blodgett, and drop casting) [22]. The properties of phthalocyanines can be regulated by
introducing various central metals and substituents into their aromatic macroring.

In a number of early studies, it was shown that the introduction of electron-acceptor
substituents, such as fluorine, led to an increase in the sensitivity of the sensor to electron-
donating gases, which include ammonia [21,23,24]. The introduction of fluorine sub-
stituents leads to a decrease in the electron density of the aromatic macrocycle and an
increase in the oxidative potential of the phthalocyanine molecules [25,26]. Apart from this,
the introduction of F-substituents leads to a lower level of LUMO energy, which promotes
the injection of electrons and, consequently, affects their semiconductor properties [27,28].

In our previous studies, the chemiresistive sensor response of unsubstituted (MPc)
phthalocyanines, tetra- (MPcF4) and hexadecafluorosubstituted (MPcF16) phthalocyanines
of Cu, Zn, and Co to ammonia was studied and it was shown that the sensor response
increased in the following order: MPc < MPcF16 < MPcF4. MPcF4 (M = Zn, Co) layers
were shown to demonstrate the best sensor performance, with the calculated detection
limit of NH3 reaching to 0.01 ppm and an average response time of 15 sec [21]. It has been
mentioned that thin films of tetrafluorinated phthalocyanine of other metals (viz. with
M = Pb, VO, Fe) also exhibited sensor response to ammonia, but the detailed characteristics
of the sensors were not investigated. In addition, it is known that in the case of tetraflu-
orosubstituted MPc substituents can be introduced into both peripheral (MPcF4-p) and
non-peripheral (MPcF4-np) positions of the aromatic ring of phthalocyanine (Figure 1). At
the same time, it should be noted that there are only sporadic works on the study of the
sensor properties of MPcF4-np films in the literature [29].

This work is aimed at a comparative analysis of the sensor response of thin films
of a series of tetrasubstituted phthalocyanine of various metals with F-substituent in
peripheral (MPcF4-p, M = Cu, Co, Zn, Pb, VO) and non-peripheral (MPcF4-np) positions
in macroring to low concentrations of ammonia (1–50 ppm). The quantum-chemical
calculations are performed to study the interaction nature between the phthalocyanine
and analyte molecules and to explain the observed regularities. This contributes to a
more complete understanding of the relationship between structure and properties, and
allows the selection of phthalocyanine films with the most attractive properties (sensitivity,
detection limits, response and recovery times) for the development of active layers of
chemiresistive gas sensors for the determination of ammonia.
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Figure 1. Structure of tetrafluorosubstituted metal phthalocyanines with F-substituents in non-pe-
ripheral (MPcF4-np, left) and peripheral (MPcF4-p, right) positions. 
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uum (10−5 Torr) gradient sublimation; the sublimation temperature was 420–450 °C. 

Thin films of the phthalocyanines with a nominal thickness of about 100 nm were 
deposited by a PVD method in vacuum of 10−5 Torr. Glass slides with pre-deposited inter-
digitated Pt electrodes (IDE, G-IDEPT10, Metrohm, DropSens, Spain) were used as sub-
strates; the substrate temperature was 60 °C. The IDE has the cell constant of 0.0188 cm−1, 
the number of digits of 125 × 2 and the digit length of 6760 µm. 

The XRD study of thin films was carried out using a Bruker D8 advance powder dif-
fractometer (vertical θ-θ goniometer in Bragg–Brentano geometry, Cu-anode sealed tube 
40 mA at 40 kV, LYNXEYE XE-T compound silicon strip detector, motorized divergence 
slit in fixed sample illumination area mode) with 2θ scan step of 0.01023°, and the acqui-
sition time of 2 s/step. 

The morphology of the MPcF4-p and MPcF4-np films was studied by atomic force 
microscopy (AFM) in the semicontact mode using the Ntegra Prima II nanolaboratory 
(NT-MDT, Russia). The parameters of the HA_NC probe were as follows: thickness—3 
µm, probe length—123 µm, width—34 mm, force constant—17 N/m, resonant fre-
quency—230 kHz. A Nova SPM software (standards ISO 4287-1, ISO 4287, and ASME 
B46) was used to calculate roughness parameters. 
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Figure 1. Structure of tetrafluorosubstituted metal phthalocyanines with F-substituents in non-
peripheral (MPcF4-np, left) and peripheral (MPcF4-p, right) positions.

2. Materials and Methods
2.1. Synthesis of MPcF4 and Deposition of Their Films

MPcF4-p and MPcF4-np derivatives were synthesized by the method of template
synthesis by fusing a mixture (1:4) of a salt (chloride or acetate) of the corresponding
metal with 4-fluorophthalonitrile (Sigma-Aldrich, CAS 65610-14-2) or 3-fluorophthalonitrile
(Fluorochem, CAS 65610-13-1), respectively, as was described in our previous works in
more detail [30,31]. The prepared MPcF4-p and MPcF4-np powders were purified by
vacuum (10−5 Torr) gradient sublimation; the sublimation temperature was 420–450 ◦C.

Thin films of the phthalocyanines with a nominal thickness of about 100 nm were
deposited by a PVD method in vacuum of 10−5 Torr. Glass slides with pre-deposited
interdigitated Pt electrodes (IDE, G-IDEPT10, Metrohm, DropSens, Spain) were used as sub-
strates; the substrate temperature was 60 ◦C. The IDE has the cell constant of 0.0188 cm−1,
the number of digits of 125 × 2 and the digit length of 6760 µm.

The XRD study of thin films was carried out using a Bruker D8 advance powder
diffractometer (vertical θ-θ goniometer in Bragg–Brentano geometry, Cu-anode sealed tube
40 mA at 40 kV, LYNXEYE XE-T compound silicon strip detector, motorized divergence slit
in fixed sample illumination area mode) with 2θ scan step of 0.01023◦, and the acquisition
time of 2 s/step.

The morphology of the MPcF4-p and MPcF4-np films was studied by atomic force mi-
croscopy (AFM) in the semicontact mode using the Ntegra Prima II nanolaboratory (NT-MDT,
Moscow, Russia). The parameters of the HA_NC probe were as follows: thickness—3 µm, probe
length—123 µm, width—34 mm, force constant—17 N/m, resonant frequency—230 kHz. A
Nova SPM software (standards ISO 4287-1, ISO 4287, and ASME B46) was used to calculate
roughness parameters.

2.2. Investigation of the Chemiresistive Sensor Response

Sensor properties of the investigated films were studied by measuring the change in
the resistance when exposed to ammonia in a wide range of concentrations (1–100 ppm).
The change in the resistance was measured using a Keithley 236 universal electrometer by
applying a constant DC voltage (10 V). The normalized sensor response was calculated
as Rn = (R − Ro)/Ro; where R is the steady resistance of the MPcF4 film at a certain NH3
concentration and Ro is the baseline resistance of the film in air. Three different samples
were used to calculate the standard deviation of the values of sensor response. The scheme
of the installation for studying sensor properties and a photograph of a flowing gas cell
were presented in our previous publication [29].

Pure commercial NH3 gas (Company “Chistye Gasy”, Novosibirsk, Russia) was used as
an analyte source; air was used as a carrier and diluent gas. The gas flow was regulated using
mass flow regulators and passed through the cell at the constant flow rate of 300 mL·min−1.
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2.3. Quantum-Chemical Calculations

Quantum-chemical calculations of the geometric structure and total energies of MPcF4-p
and MPcF4-np with ammonia molecules were carried out by the DFT method using the BP86
GGA functional [32,33], def2-SVP basis set of atomic orbitals [34], DFT-D3 dispersion inter-
action corrections [35,36], RI approximation [37–42], and the corresponding Def2/J auxiliary
basis set [43]. The ORCA software package (version 5.0.2) was used for the calculations [44,45].
After optimizing the geometry of the compounds under consideration, their vibrational spec-
tra were calculated to make sure that there were no negative frequencies and, as a result,
that the calculated geometries corresponded to the ground states. The choice of the BP86
functional and the def2-SVP basis set was due to the fact that this combination allowed us
to accurately describe the geometric structure of 3D metal complexes [46]. Visualization of
the structure of the compounds under consideration was carried out using the ChemCraft
program and the AIMStudio module of the AIMAll software package [47].

The location of four fluorine atoms in the peripheral and non-peripheral positions of
cobalt phthalocyanine corresponded to the Cs symmetry point group of both CoPcF4-p and
CoPcF4-np molecules, since it was previously shown that the formation of these isomers
was preferable to the molecules with D2h, C2v, or C4h symmetries [48]. However, symmetry
constraints were not used during the calculations. The location of four fluorine atoms in
the case of VOPcF4-np and VOPcF4-p was analogous (Figure 1). The spin multiplicity of
all compounds, including those containing an ammonia molecule, was equal to two, so
the calculations were performed in the framework of the spin-unrestricted Kohn–Sham
theory (UKS).

After optimizing the geometry of the considered aggregates, the binding energy Eb
of the NH3 molecule with phthalocyanine was calculated from the difference in the total
energies of both molecules separately, the geometry of which was also optimized, as well
as their aggregate, as

Eb = ENH3 + EMPcF4−(p)np − EMPcF4−(p)np/NH3
− ∆EBSSE (1)

where ∆EBSSE is the correction to the binding energy, taking into account the basis set
superposition error [49,50], which in turn was estimated as follows:

∆EBSSE =
(

E∗MPcF4−(p)np + E∗NH3

)
−

(
E∗MPcF4−(p)np∗ + E∗NH∗3

)
(2)

Here, an asterisk in the superscript indicates that MPcF4-(p)np and NH3 geometries,
respectively, were taken from an optimized aggregate of phthalocyanine and ammonia
molecules, while their geometry optimization was not carried out, but only the total energies
calculation was performed. An asterisk in the subscript means that the indicated fragment
of the whole aggregate was considered, while the points described by the corresponding
basis sets of atomic orbitals were considered instead of the second fragment atoms.

Next, the electron wave functions of the optimized MPcF4-(p)np/NH3 aggregates
were calculated using the cc-pVTZ basis set of atomic orbitals [51]. Using these wave
functions and the AIMAll software package [47], a topological analysis of the electron
density distribution ρ(r) in the considered structures was performed in the framework
of the QTAIM theory [52–54]. In particular, the values of ρ(r) and its Laplacian ∇2ρ(r)
were obtained at bond critical points (BCPs), characterizing the interaction of ammonia
molecules with phthalocyanine atoms.

3. Results
3.1. Characterization of MPcF4 Films

XRD patterns of MPcF4-p and MPcF4-np thin films are shown in Figure 2. Diffrac-
tion patterns of all thin films except VOPcF4-np contain single strong diffraction peak in
6÷7 ◦2θ area, which may indicate a preferred orientation of crystallites within thin film. For
the films of Cu, Co and Zn phthalocyanines (both –p and –np), the positions of diffraction
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peaks match well with the first peak on their powder diffraction patterns calculated from
respective crystal structure data [31,55,56]. An additional weak (0–12) diffraction peak
is also visible on the diffraction pattern of a CuPcF4-p film, indicating that its preferred
orientation is weaker compared to others. The diffraction pattern of the VOPcF4-p film
also contains a second peak, but its corresponding interplanar distance is half of the po-
sition of the first peak, which means that both of these peaks belong to the same group
of lattice planes, which is often observed for films with a strong preferred orientation.
The positions of these peaks do not coincide with the calculated diffraction pattern, in-
dicating that the VOPcF4-p film consists of another crystalline phase with an unknown
crystal structure [56]. On the other hand, the position of the diffraction peak observed
on the VOPcF4-np diffraction pattern coincides with the calculated diffraction patterns
of both known VOPcF4-np polymorphs (peak (−222) or (004)). However, both of these
VOPcF4-np polymorphs have a similar structure, with molecules packed in 2D layers, and
these diffraction peaks correspond to the distance between these molecular layers.

Chemosensors 2022, 10, 515 5 of 21 
 

 

distribution ρ(r) in the considered structures was performed in the framework of the 
QTAIM theory [52–54]. In particular, the values of ρ(r) and its Laplacian ∇2ρ(r) were ob-
tained at bond critical points (BCPs), characterizing the interaction of ammonia molecules 
with phthalocyanine atoms. 

3. Results 
3.1. Characterization of MPcF4 Films 

XRD patterns of MPcF4-p and MPcF4-np thin films are shown in Figure 2. Diffraction 
patterns of all thin films except VOPcF4-np contain single strong diffraction peak in 6÷7 
°2θ area, which may indicate a preferred orientation of crystallites within thin film. For 
the films of Cu, Co and Zn phthalocyanines (both –p and –np), the positions of diffraction 
peaks match well with the first peak on their powder diffraction patterns calculated from 
respective crystal structure data [31,55,56]. An additional weak (0–12) diffraction peak is 
also visible on the diffraction pattern of a CuPcF4-p film, indicating that its preferred ori-
entation is weaker compared to others. The diffraction pattern of the VOPcF4-p film also 
contains a second peak, but its corresponding interplanar distance is half of the position 
of the first peak, which means that both of these peaks belong to the same group of lattice 
planes, which is often observed for films with a strong preferred orientation. The positions 
of these peaks do not coincide with the calculated diffraction pattern, indicating that the 
VOPcF4-p film consists of another crystalline phase with an unknown crystal structure 
[56]. On the other hand, the position of the diffraction peak observed on the VOPcF4-np 
diffraction pattern coincides with the calculated diffraction patterns of both known 
VOPcF4-np polymorphs (peak (−222) or (004)). However, both of these VOPcF4-np poly-
morphs have a similar structure, with molecules packed in 2D layers, and these diffraction 
peaks correspond to the distance between these molecular layers. 

 
Figure 2. XRD patterns of MPcF4-p and MPcF4-np thin films in the 2θ range of 5–30°. 

The X-ray pattern of the PbPcF4-p film has several weak diffraction peaks in addition 
to the main peak, which coincide with the data of the single crystal [20]. This indicates a 
weak preferred orientation in the thin film. Finally, the diffractogram of the PbPcF4-np 
film has one strong diffraction peak and one weak diffraction peak, neither of which cor-
respond to the data of the single crystal. This means that the PbPcF4-np film consists of an 
unknown crystalline phase but has a more preferred orientation compared to PbPcF4-p. 

5 10 15 20 25 30 5 10 15 20 25 30

3.461Å
(211)

5.906Å
(3−10)

6.647Å
(220)

9.380Å
(020)

13.43Å (110)
FWHM = 0.494°

6.781Å

13.55Å
FWHM = 0.108°

13.18Å (001)
FWHM = 0.525°

13.08Å (001)
FWHM = 0.266°

5.944Å (0−12)

PbPcF4-p

VOPcF4-p

ZnPcF4-p

CoPcF4-p

2θ(°)

CuPcF4-p

13.46Å (001)
FWHM = 0.346°

7.001Å

12.27Å
FWHM = 0.314°

6.546Å
(−111)/(002)

3.278Å (−222)/(004)
FWHM = 0.336°

13.08Å (−101)
FWHM = 0.154°

13.2Å (200)
FWHM = 0.178°

13.33Å (200)
FWHM = 0.130°

2θ(°)

PbPcF4-np

VOPcF4-np

ZnPcF4-np

CoPcF4-np

CuPcF4-np

Figure 2. XRD patterns of MPcF4-p and MPcF4-np thin films in the 2θ range of 5–30◦.

The X-ray pattern of the PbPcF4-p film has several weak diffraction peaks in addition
to the main peak, which coincide with the data of the single crystal [20]. This indicates a
weak preferred orientation in the thin film. Finally, the diffractogram of the PbPcF4-np film
has one strong diffraction peak and one weak diffraction peak, neither of which correspond
to the data of the single crystal. This means that the PbPcF4-np film consists of an unknown
crystalline phase but has a more preferred orientation compared to PbPcF4-p.

Using the FWHM values of the observed diffraction peak, it is possible to estimate the
size of the coherent scattering region for all investigated films using the Scherrer equation.
Taking into account the instrumental broadening of the peak, which is 0.05◦ for the Bruker
D8 advance powder diffractometer (measured using LaB6 SRM-660a powder as a reference),
the coherent scattering regions are 30 nm for CuPcF4-p, 41 nm for CoPcF4-p, 19 nm for
ZnPcF4-p, 150 nm for VOPcF4-p, and 20 nm for PbPcF4-p. For CuPcF4-np, CoPcF4-np,
ZnPcF4-np, VOPcF4-np, and PbPcF4-np films, these values are 110 nm, 69 nm, 85 nm,
32 nm, and 34 nm, respectively.

Finally, knowing the plane of preferred orientation and the crystal structure of the film,
it is possible to calculate the angle between the substrate surface and the phthalocyanine
molecules inside the crystallites. The obtained inclination angles are 82.72◦ for CuPcF4-p,
81.07◦ for CoPcF4-p, 80.28◦ for ZnPcF4-p, 90◦ for PbPcF4-p (due to the tetragonal space
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group), 83.36◦ and 89.08◦ for CuPcF4-np, 78.15◦ and 80.99◦ for CoPcF4-np, 78.51◦ for
ZnPcF4-np and 0.39◦ for VOPcF4-np. Two values are given for CuPcF4-np and CoPcF4-
np, since their crystal structures contain two symmetrically unequal molecules. A visual
representation of the orientation of the molecules relative to the substrate surface is shown
in Figure 3.
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Figure 3. Orientation of MPcF4-p and MPcF4-np molecules relative to the substrate surface.

The morphology of the films was studied by atomic force microscopy. The AFM
images of films of tetrafluorosubstituted phthalocyanines of cobalt, vanadyl and zinc are
shown in Figure 4 as examples. The morphology of CoPcF4-np and CoPcF4-p films is very
similar. The surface of CoPcF4 films is formed by elongated crystallites with a width of 50
to 100 nm and a length up to 200 nm. The root mean square (RMS) roughness is 4.04 nm
and 4.18 nm for the CoPcF4-p and CoPcF4-np films, respectively. The VOPcF4-p film is also
formed by elongated crystallites that are oriented parallel to the substrate surface with their
larger face, while in the VOPcF4-np film, the crystallites are oriented almost perpendicular
to the substrate surface. The RMS roughness of VOPcF4-p and VOPcF4-np films are 7.6
and 5.9 nm, respectively. The surface of both films of ZnPcF4 consists of slightly rounded
crystallites with the size reaching 70 nm. The RMS roughness of ZnPcF4-np and ZnPcF4-np
films are 9.54 and 4.44 nm, respectively.

3.2. Sensor Properties of MPcF4 Films
3.2.1. Comparative Study of the Sensor Response of MPcF4-p and MPcF4-np Films
to Ammonia

A typical chemiresistive sensor response, which is an increase in the resistance of the
film when ammonia is injected into the cell and the resistance returns to its original value,
after purging the cell with air, is shown in Figure 5 for the film of CoPcF4-p as an example.

The films of all investigated MPcF4-p and MPcF4-np films demonstrate an increase in
the resistance of the film when ammonia is injected into the cell, which is typical for metal
phthalocyanines, exhibiting p-type semiconductor behavior [57]. When NH3 adsorption
occurs on the surface of a phthalocyanine film, the electron density transfers from the
NH3 molecule to the film. This reduces the concentration of the main charge carriers and
increases the resistance. After purging the gas cell with air, NH3 removes from the film
surface, which leads to a return of resistance to its initial value. The sensor response to
ammonia in the investigated concentration range from 1 to 50 ppm is completely reversible
at room temperature.
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Figure 5. Typical chemiresistive sensor response of a CoPcF4-p film to ammonia (1–5 ppm), measured
at room temperature.

To compare the sensor properties of MPcF4 with different central metals and positions
of F-substituents, the sensor response of all films was measured at the same experimental
conditions. The resulted dependencies of the value of the sensor response of all investigated
films on ammonia concentration in the range from 1 to 50 ppm are shown in Figure 6.
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tration (1–50 ppm), measured at room temperature.

Figure 6 shows that, in the case of MPcF4-p, the sensor response increases in the order
CuPcF4-p < PbPcF4-p ~ ZnPcF4-p < VOPcF4-p < CoPcF4-p, while in the case of MPcF4-
np the order is slightly different: PbPcF4-np < CuPcF4-np ~ ZnPcF4-np < VOPcF4-np <
CoPcF4-np. For both types of substitution, cobalt phthalocyanine derivatives demonstrate
the maximal value of the response to ammonia, followed by vanadyl phthalocyanines.
The sensor response of cobalt phthalocyanine derivatives to 10 ppm NH3 is more than
3–14 times higher than in the case of other MPcF4-p, and 1.5–10 times higher than in the
case of other MPcF4-np, depending on the type of central metal ion. When comparing
phthalocyanines with different positions of F-substituents in the macroring, MPcF4-p films
exhibit a higher sensor response than MPcF4-np ones. For example, the sensor response of
CoPcF4-p to 10 ppm NH3 is about six times higher than that of CoPcF4-np.

All investigated phthalocyanine films demonstrate linear dependencies of the sensor
response on ammonia concentration in the range from 1 to 10 ppm. The limits of ammonia
detection (LOD), calculated as 3σ/m (σ is the standard deviation of the sensor response to
1 ppm NH3 and m is the slope of the calibration plot in the linear region of 1–10 ppm) are
summarized in Table 1. The values of the response and recovery time determined upon
exposure of the films with 5 ppm NH3 (Figure 7) are also given in Table 1.

Table 1. Limits of ammonia detection (LOD), response and recovery times of MPcF4-p and MPcF4-
np films.

Sensing Layer LOD, ppm Response Time, s
(at 5 ppm)

Recovery Time, s
(at 5 ppm)

CoPcF4-p 0.01 55 215
VOPcF4-p 0.04 48 270
ZnPcF4-p 0.01 45 210
PbPcF4-p 0.65 40 250
CuPcF4-p 0.75 40 240

CoPcF4-np 0.11 60 215
VOPcF4-np 0.87 62 350
ZnPcF4-np 0.08 35 155
PbPcF4-np 1.82 40 110
CuPcF4-np 1.49 55 90
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Figure 7. Sensor response of MPcF4-p and MPcF4-np films (M = Co, VO) to ammonia (5 ppm),
measured at room temperature.

3.2.2. Quantum-Chemical Modeling of the Interaction of the NH3 Molecule
with Phthalocyanines

To explain the effect of the stronger sensor response of MPcF4-p phthalocyanines
compared to MPcF4-np toward ammonia, quantum-chemical modeling of the interaction
of the NH3 molecule with them was carried out. In this case, the complexes of cobalt and
vanadyl, which are examples of phthalocyanines with a planar and non-planar structure,
were considered.

Despite the fact that the bond of ammonia with the central metal in the phthalocyanine
molecule is stronger, we considered the interaction of NH3 with the side atoms of the
macrocycles (Figures 8 and 9). This choice of sites for the adsorption of NH3 molecules
was due to two reasons. First, the strong binding of ammonia to metal atoms with the
formation of a coordination bond complicates its desorption under normal conditions,
and, as a consequence, can lead to an irreversible sensor response, which contradicts
experimental data [29]. Second, the typical distance between phthalocyanine molecules
in a stack is about 3.4 Å [55]. This is slightly larger than the van der Waals diameter of
the nitrogen atom, and approximately equal to the diameter of the carbon atom, which
is due to the π-π-interaction between macrocycles. Therefore, there is not enough space
for the ammonia molecule between two phthalocyanine macrocycles. That is precisely
why the probability of the formation of a strong bond between a metal atom and the NH3
molecule is low. Moreover, Chia et al. [58] demonstrated that ammonia did not interact
with the metal center of the unsubstituted copper phthalocyanine, using the methods of
in situ X-ray absorption spectroscopy (XAS) and EXAFS. The EXAFS study showed that
the interaction occurred at the benzene ring or bridging nitrogen atom of the macrocycle.
We have previously proposed and considered the mechanism of the sensor response of
hybrids of carbon nanotubes with phthalocyanines, which is associated with a decrease in
their electrical conductivity during the formation of hydrogen bonds between the ammonia
molecule and side atoms of phthalocyanines [59].
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Figure 8. Structure of CoPcF4-np/NH3 and CoPcF4-p/NH3 aggregates and bond critical points
(BCP) in them. Red circles indicate BCPs characterizing the interaction of the ammonia molecule with
phthalocyanine atoms.

In the process of geometry optimization, it was found that in all cases, except for
VOPcF4-np/NH3-1 and CoPcF4-np/NH3-1, the NH3 molecule occupies an equilibrium
position in such a way that its nitrogen atom is approximately in the same plane as the
phthalocyanine molecule. In this case, the distance of ammonia from the macrocycle can
be characterized using the distance d between the nitrogen atom of the NH3 molecule
and the nearest bridging nitrogen atom of phthalocyanine (Tables 2 and 3). In the case of
VOPcF4-np/NH3-1 and CoPcF4-np/NH3-1, the ammonia molecule occupies an equilibrium
position above the macrocycle plane, which contradicts the above idea that this molecule
cannot fit into the space between two adjacent phthalocyanines in the stack. Therefore,
these two aggregates were excluded from further consideration.
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Table 2. The interaction parameters of the NH3 molecule with cobalt phthalocyanines.

Compound Eb, eV d, Å BCP Atoms * ρ(r), e/Å3 ∇2ρ(r), e/Å5

CoPcF4-np/NH3-2 0.036 4.251
1 H-N 0.083 0.880
2 F-H 0.066 1.058

CoPcF4-np/NH3-3 0.035 4.270
1 H-N 0.083 0.885
2 F-H 0.066 1.060

CoPcF4-np/NH3-4 0.130 3.236
1 H-N 0.137 1.526
2 N-H 0.123 1.238
3 H-N 0.099 1.070

CoPcF4-p/NH3-1 0.160 3.192
1 H-N 0.146 1.567
2 N-H 0.135 1.334
3 H-N 0.094 1.009
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Table 2. Cont.

Compound Eb, eV d, Å BCP Atoms * ρ(r), e/Å3 ∇2ρ(r), e/Å5

CoPcF4-p/NH3-2 0.161 3.209
1 H-N 0.137 1.502
2 N-H 0.131 1.300
3 H-N 0.095 1.023

CoPcF4-p/NH3-3 0.162 3.207
1 H-N 0.137 1.504
2 N-H 0.131 1.304
3 H-N 0.095 1.023

CoPcF4-p/NH3-4 0.158 3.203
1 H-N 0.138 1.516
2 N-H 0.133 1.312
3 H-N 0.093 1.005

* The first atom belongs to the phthalocyanine molecule and the second one belongs to the ammonia molecule.

Table 3. The interaction parameters of the NH3 molecule with vanadyl phthalocyanines.

Compound Eb, eV d, Å BCP Atoms * ρ(r), e/Å3 ∇2ρ(r), e/Å5

VOPcF4-np/NH3-2 0.035 4.213
1 H-N 0.085 0.904
2 F-H 0.065 1.050

VOPcF4-np/NH3-3 0.034 4.220
1 H-N 0.085 0.904
2 F-H 0.065 1.053

VOPcF4-np/NH3-4 0.144 3.227
1 H-N 0.137 1.519
2 N-H 0.125 1.256
3 H-N 0.096 1.038

VOPcF4-p/NH3-1 0.174 3.179
1 H-N 0.148 1.570
2 N-H 0.139 1.360
3 H-N 0.091 0.979

VOPcF4-p/NH3-2 0.173 3.196
1 H-N 0.138 1.502
2 N-H 0.135 1.327
3 H-N 0.093 0.997

VOPcF4-p/NH3-3 0.173 3.195
1 H-N 0.138 1.504
2 N-H 0.135 1.328
3 H-N 0.092 0.996

VOPcF4-p/NH3-4 0.170 3.190
1 H-N 0.140 1.518
2 N-H 0.137 1.338
3 H-N 0.091 0.980

* The first atom belongs to the phthalocyanine molecule and the second one belongs to the ammonia molecule.

The binding energy in CoPcF4-p/NH3-x (x = 1–4, Figures 8 and 9) aggregates varies
from 0.158 eV to 0.161 eV, which exceeds the values of 0.035–0.130 eV obtained for CoPcF4-
np/NH3-x (x = 2–4) (Tables 2 and 3). Stronger binding of the NH3 molecule has a stronger
effect on the electronic structure of phthalocyanine and, as a result, on the conductivity
of the macrocycle stack. At the same time, in the case of the peripheral position of F-
substituents, the ammonia molecule is located deeper in the cavity between adjacent
benzene rings and closer to the bridging nitrogen atom; that is, d varies in the range of
3.192–3.209 Å. In the case of a non-peripheral position of the F-substituents, this distance is
larger and equal to 3.236–4.270 Å.

The CoPcF4-np/NH3-4 aggregate, in which there are no fluorine atoms in the cavity
where the ammonia molecule is embedded, should be separately noted. This arrangement
allows the ammonia to approach the phthalocyanine nitrogen bridge atom in such a way
that the corresponding distance d is 3.236 Å, and the binding energy is 0.130 eV. These
values are close to those obtained for all four CoPcF4-p/NH3-x aggregates. This means that
fluorine atoms in non-peripheral positions, due to their size and the larger carbon-fluorine
distance compared to the carbon–hydrogen distance, prevent the NH3 molecule from
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approaching the macrocycle closely, which causes a weaker binding of ammonia and its
lesser effect on the electronic phthalocyanine structure.

The topological analysis of the electron density distribution in aggregates with CoPcF4
made it possible to find the bond critical points between the atoms of ammonia and phthalo-
cyanine (Figure 8). In particular, it was shown that in all cases of CoPcF4-p/NH3-x there
are three such points, two of which (BCP1 and BCP3) are located between the hydrogen
atoms of phthalocyanine and the nitrogen atom of the NH3 molecule, and one (BCP2), on the
contrary, between one of the ammonia hydrogen atoms and the bridging nitrogen atom of
phthalocyanine. A similar situation is observed in the case of CoPcF4-np/NH3-4. The values
of ρ(r) and∇2ρ(r) at these points are in the ranges of 0.093–0.146 e/Å3 and 1.005–1.567 e/Å5

(Table 1), respectively. This indicates the formation of hydrogen bonds between the ammonia
and phthalocyanine molecules since it was previously shown that the criterion for this is
the values of the electron density and its Laplacian in the ranges of 0.013–0.236 e/Å3 and
0.578–3.350 e/Å5 [60].

Since the fluorine atoms in the considered phthalocyanine molecules are located
asymmetrically relative to the rotation axis passing perpendicular to the macrocycle plane
through the metal atom, there are four nonequivalent sites for attaching the NH3 molecule
in each phthalocyanine. These sites are located between adjacent benzene rings opposite
the bridging nitrogen atom. Consequently, in the case of each phthalocyanine, all four
positions of the attachment of ammonia molecule were considered, and the corresponding
aggregates were further designated as MPcF4-p/NH3-x or MPcF4-np/NH3-x, where x = 1,
2, 3, or 4 (Figures 8 and 9).

In the case of the CoPcF4-np/NH3-2 and CoPcF4-np/NH3-3 aggregates, the interaction
of the NH3 molecule with phthalocyanines can be characterized by the presence of two
BCPs: the first one (BCP1) is between the phthalocyanine hydrogen atom and the ammonia
nitrogen atom, and the second one (BCP2) is between the phthalocyanine fluorine atom
and one of the ammonia hydrogen atoms (Figure 8). The values of ρ(r) and ∇2ρ(r) at these
points are significantly lower than in the case of CoPcF4-p/NH3-x, which is consistent with
the lower Eb values, but they also indicate the formation of hydrogen bonds.

The results of quantum-chemical calculations of the VOPcF4-np/NH3 and VOPcF4-
p/NH3 aggregates are almost completely equivalent to those obtained for the cobalt
complexes, namely the binding energy of NH3 with VOPcF4-p is higher than in the case
of VOPcF4-np derivative. The topological analysis of the electron density distribution in
the VOPcF4-np/NH3 and VOPcF4-p/NH3 aggregates showed that the values of ρ(r) and
∇2ρ(r) at the bond critical points between the ammonia and phthalocyanine atoms are
close to those obtained in the case of cobalt complexes. Consequently, the formation of
hydrogen bonds is also observed during the interaction of the NH3 molecule with the side
atoms of vanadyl phthalocyanines. However, it is necessary to mention that the binding
energy values in the VOPcF4-p/NH3-x and VOPcF4-np/NH3-4 aggregates (Table 3) are
slightly higher than in the case of the corresponding cobalt phthalocyanine derivatives.

If we compare the calculation data with the data of the experimental study of the
sensor response, it can be noted that the sensor response of VOPcF4 derivatives, on the
contrary, is lower than CoPcF4, whereas their relaxation time is higher in the case of CoPcF4.
It should be noted here that the bond strength is not the only factor affecting the sensor
response. The proposed model is applicable only to explain the effect of the position of
substituents on the value of the sensor response; however, it does not allow for taking into
account the influence of the central metal. Perhaps this was due to the fact that an isolated
phthalocyanine molecule was considered. In crystals and films, phthalocyanine molecules
are packed in stacks and the conductivity of the films and charge transfer are determined
by intermolecular interactions. Taking into account the different packing of cobalt and
vanadyl phthalocyanines, ways of overlapping π-orbitals of neighboring macrocycles, and
the nature and location of the central metals, it can be assumed that the charge transfer
processes in these structures as a result of ammonia adsorption will differ. This issue
requires further in-depth consideration, and, apparently, quantum chemical calculations of
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individual molecules will not be enough. Therefore, in the future, in order to consider the
influence of various central metals on the sensor response, it will be necessary to model
stacks of phthalocyanine molecules in the form of large clusters or periodic structures.

These statements are also confirmed by additional quantum-chemical calculations of
the binding energy of the ammonia molecule with other phthalocyanines MPcF4-p and
MPcF4-np, where M = Cu, Zn, and Pb, performed using the same approach. The results are
similar to those observed in the case of cobalt and vanadyl phthalocyanines. Firstly, the
peripheral positions of fluorine atoms are a more favorable factor for the stronger binding
of the NH3 molecule than the non-peripheral positions (Table 4). Secondly, the binding
energies of the ammonia molecule with MPcF4-p and MPcF4-np where M = Cu, Zn, and
Pb are close to those obtained in the case of cobalt and vanadyl phthalocyanines. Thirdly,
when passing from one metal phthalocyanine to another, the tendency of changing Eb
values does not agree with the experimentally established order, changing the value of the
sensor response.

Table 4. The binding energies (in eV) of the NH3 molecule with MPcF4 (M = Cu, Zn, Pb) phthalocyanines.

Compound NH3 Position M = Cu M = Zn M = Pb

MPcF4-np/NH3

2 0.037 0.037 -
3 0.036 0.036 -
4 0.145 0.151 0.144

MPcF4-p/NH3

1 0.172 0.179 0.173
2 0.172 0.179 0.172
3 0.173 0.179 0.172
4 0.169 0.176 0.169

It is necessary to mention that, in the case of lead phthalocyanines, the planar structure
of the macrocycle is strongly distorted. For this reason, the size of the cavities in which
the location of ammonia is considered decreases. As a result, the NH3 molecule cannot
be localized in positions two and three, where fluorine atoms are present, and in the
process of geometry optimization, a structure with NH3 above the macrocycle is formed as
shown in Figure 10. For this reason, the binding energies of NH3 in PbPcF4-np/NH3-2 and
PbPcF4-np/NH3-3 aggregates were not calculated (Table 4).
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Thus, there are significantly fewer places for ammonia adsorption in PbPcF4-np than
in all other MPcF4-np, and attachment can occur only at position four (Figure 10), at which
there are no fluorine atoms in the considered cavity. This result is consistent with the fact
that PbPcF4-np films have the lowest sensor response in the experiment.
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3.2.3. Detailed Study of the Sensor Characteristics of MPcF4-p (M = Co, VO) Films
to Ammonia

For the films of CoPcF4-p and VOPcF4-p, which demonstrate the highest sensor
response among those investigated, the more detailed investigation of the sensor properties
was carried out. Figure 11 shows the sensor response of CoPcF4-p and VOPcF4-p films to
ammonia (3 ppm) and the change in their resistance at a different relative humidity (RH).
An increase in RH causes a growth of the films’ resistance, since, like ammonia, water is an
electron donating molecule. At the same time, an increase in RH up to 40% does not affect
the base resistance and the response, while an increase in humidity up to 80% results in a
noticeable (1.6 time for a CoPcF4-p film and 4.7 time for a VOPcF4-p film) increase in the
sensor response.
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Figure 11. The sensor response of CoPcF4-p and VOPcF4-p films to ammonia (3 ppm) and the change
in their resistance at different humidity.

The operating temperature is a unique characteristic of each sensor. The sensor
response of cobalt and vanadyl phthalocyanine layers to ammonia was tested at 25, 40, and
80 ◦C. An increase in temperature leads to an increase in response (Figure 12). This behavior
appears to be associated with an increase in the concentration of charge carriers in p-type
semiconductors with an increase in temperature [61]. The increase in the concentration
of charge carriers is also confirmed by a slight decrease in base films resistance of the
films with temperature. An increase in the operating temperature activates the desorption
process, which leads to a decrease in response time. For example, in the case of CoPcF4-p,
when the operating temperature increases from 25 to 80 ◦C, the recovery time decreases
from 215 to 145 s.

The stability and repeatability of the sensor based on cobalt and vanadyl phthalocya-
nines were also tested. The sensor response of a fresh CoPcF4-p film to 3 ppm of ammonia
and the same film after 7, 14, 28, and 120 days is shown in Figure 13a as an example. The
change in both the sensor response and the base resistance does not exceed the measure-
ment error, which indicates good repeatability and long-term stability of the investigated
sensing layer.

To investigate the selectivity with respect to NH3, the response of MPcF4 layers toward
other gaseous analytes was studied (Figure 13b). Pure dry NH3, CO2, and H2S were
used as analytes. Ethanol, acetone, benzene, and formaldehyde vapors were generated by
evaporation of their liquids using an evaporator located inside the test chamber.

It was found that, among reducing gases and volatile organic vapors, the layers
exhibited the maximal response to ammonia, but at a concentration of more than 10 ppm,
hydrogen sulfide can act as an interfering gas.
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Table 5 shows the sensor properties of CoPcF4 films in comparison with the charac-
teristics of some chemiresistive sensors to ammonia described in the literature [62–65].
The presented sensor characteristics of a CoPcF4-p film are comparable to or even exceed
the characteristics of sensors based on semiconductor oxides and nanomaterials listed in
Table 5. Thus, active layers based on CoPcF4-p and VOPcF4-p are promising materials for
creating sensors for the detection of low concentrations of ammonia in the air.

Table 5. Sensor characteristics of various chemiresistive sensors to ammonia.

Material Concentration
Range, ppm LOD, ppm Response, % Response/Recovery

Time, s Ref.

polyimide-SnO2/rGO 50–800 15 5.16 (100 ppm) 94/57 [62]

MXene/Graphene
composite 0.5–100 0.056 25 (100 ppm) 26/148 [63]

ZnO and WO3·H2O
composite 2–100 0.76 ~15 (10 ppm) 2.4/1.2 [64]

SWCNT-TiOPc 5–50 n/a 1.76 (50 ppm) 120 (fixed)/~40 [65]

CoPcF4-p 1–50 0.01 42 (5 ppm) 55/215 Our work

VOPcF4-p 1–50 0.04 15 (5 ppm) 48/270 Our work
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4. Conclusions

A comparative analysis of the chemiresistive sensor response of thin films of a series of
tetrasubstituted phthalocyanine of various metals with F-substituent in peripheral (MPcF4-p,
M = Cu, Co, Zn, Pb, VO) and non-peripheral (MPcF4-np) positions in macroring to low
concentrations of ammonia (1–50 ppm) was carried out. It was found that, in the case of
MPcF4-p, the sensor response increases in the order CuPcF4-p < PbPcF4-p ~ ZnPcF4-p <
VOPcF4-p < CoPcF4-p, while in the case of MPcF4-np the order is slightly different: PbPcF4-np
< CuPcF4-np ~ ZnPcF4-np < VOPcF4-np < CoPcF4-np. When comparing phthalocyanines
with different positions of F-substituents in the macroring, MPcF4-p films exhibit a higher
sensor response than MPcF4-np ones. The sensor response to ammonia was completely
reversible at room temperature. For the films of CoPcF4-p and VOPcF4-p, which demonstrate
the highest sensor response among those investigated, the more detailed investigation of
the sensor properties was carried out. It was shown that a CoPcF4-p film demonstrated the
calculated LOD of 0.01 ppm with the recovery time of 215 s, while a VOPcF4-p film had a LOD
of 0.04 ppm and the recovery time of 270 s. Both sensors had good repeatability and long-term
stability. The selectivity test showed that CO2, ethanol, acetone, benzene, and formaldehyde
did not interfere with the determination of ammonia, while H2S at the concentration more
than 10 ppm could act as an interfering gas.

It was shown as a result of quantum-chemical modeling that the observed regularities
are best described by the interaction of an ammonia molecule with cobalt and vanadyl
phthalocyanines through the formation of hydrogen bonds between NH3 and side atoms of
the phthalocyanine. In the case of phthalocyanine with a peripheral position of F-substituents,
the NH3 molecule approaches the macrocycle more closely and binds more strongly than in
the case of phthalocyanines with non-peripheral positions of F-substituents. The stronger
binding leads to a stronger effect of the ammonia molecule on the electronic structure of
phthalocyanine and, as a consequence, on the electrical conductivity of the film. This, in
turn, causes a stronger sensor response of MPcF4-p films to ammonia than in the case of
MPcF4-np ones. However, the proposed model is applicable only for explaining the effect
of the position of substituents on the value of the sensor response; it does not allow for
taking into account the influence of the central metal. Perhaps this was due to the fact that
an isolated phthalocyanine molecule was considered. Therefore, in the future, in order to
consider the effect of central metals on the sensor response, it will be necessary to model
stacks of phthalocyanine molecules in the form of large clusters or periodic structures.
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zinc(II) phthalocyanines: Spectral properties and structure of thin films. Thin Solid Film. 2022, 754, 139301. [CrossRef]

31. Klyamer, D.D.; Sukhikh, A.S.; Gromilov, S.A.; Kruchinin, V.N.; Spesivtsev, E.V.; Hassan, A.K.; Basova, T.V. Influence of fluorosub-
stitution on the structure of zinc phthalocyanine thin films. Macroheterocycles 2018, 11, 304–311. [CrossRef]

32. Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 1988, 38,
3098–3100. [CrossRef] [PubMed]

33. Perdew, J.P. Density-functional approximation for the correlation energy of the inhomogeneous electron gas. Phys. Rev. B 1986,
33, 8822–8824. [CrossRef] [PubMed]

34. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn:
Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305. [CrossRef]

35. Grimme, S.; Ehrlich, S.; Goerigk, L. Effect of the damping function in dispersion corrected density functional theory. J. Comput.
Chem. 2011, 32, 1456–1465. [CrossRef] [PubMed]

36. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]

37. Baerends, E.J.; Ellis, D.E.; Ros, P. Self-consistent molecular Hartree-Fock-Slater calculations I. The computational procedure. Chem.
Phys. 1973, 2, 41–51. [CrossRef]

38. Dunlap, B.I.; Connolly, J.W.D.; Sabin, J.R. On some approximations in applications of Xα theory. J. Chem. Phys. 1979, 71, 3396–3402.
[CrossRef]

39. Van Alsenoy, C. Ab initio calculations on large molecules: The multiplicative integral approximation. J. Comput. Chem. 1988, 9,
620–626. [CrossRef]

40. Kendall, R.A.; Früchtl, H.A. The impact of the resolution of the identity approximate integral method on modern ab initio
algorithm development. Theor. Chem. Acc. 1997, 97, 158–163. [CrossRef]

41. Eichkorn, K.; Treutler, O.; Öhm, H.; Häser, M.; Ahlrichs, R. Auxiliary basis sets to approximate Coulomb potentials. Chem. Phys.
Lett. 1995, 242, 652–660, Erratum in Chem. Phys. Lett. 1995, 242, 652–660. [CrossRef]

42. Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, R. Auxiliary basis sets for main row atoms and transition metals and their use to
approximate Coulomb potentials. Theor. Chem. Acc. 1997, 97, 119–124. [CrossRef]

43. Weigend, F. Accurate Coulomb-fitting basis sets for H to Rn. Phys. Chem. Chem. Phys. 2006, 8, 1057–1065. [CrossRef] [PubMed]
44. Neese, F. The ORCA program system. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2012, 2, 73–78. [CrossRef]
45. Neese, F. Software update: The ORCA program system, version 4.0. Wiley Interdiscip. Rev. Comput. Mol. Sci. 2017, 8, 73–78.

[CrossRef]
46. Bühl, M.; Kabrede, H. Geometries of transition-metal complexes from Density-Functional Theory. J. Chem. Theory Comput. 2006, 2,

1282–1290. [CrossRef]
47. Keith, T.A. AIMAll, version 19.10.12; TK Gristmill Software: Overland Park, KS, USA, 2019. Available online: aim.tkgristmill.com

(accessed on 5 September 2022).
48. Bonegardt, D.; Klyamer, D.; Krasnov, P.; Sukhikh, A.; Basova, T. Effect of the position of fluorine substituents in tetrasubstituted

metal phthalocyanines on their vibrational spectra. J. Fluor. Chem. 2021, 246, 109780. [CrossRef]
49. Boys, S.F.; Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some

procedures with reduced errors. Mol. Phys. 1970, 19, 553–566. [CrossRef]
50. Simon, S.; Duran, M. How does basis set superposition error change the potential surfaces for hydrogen-bonded dimers? J. Chem.

Phys. 1996, 105, 11024–11031. [CrossRef]
51. Dunning, T.H. Gaussian basis sets for use in correlated molecular calculations. I. The atoms boron through neon and hydrogen.

J. Chem. Phys. 1989, 90, 1007–1023. [CrossRef]
52. Bader, R.F.W.; Essén, H. The characterization of atomic interactions. J. Chem. Phys. 1984, 80, 1943–1960. [CrossRef]
53. Bader, R.F.W. A quantum theory of molecular structure and its applications. Chem. Rev. 1991, 91, 893–928. [CrossRef]
54. Bader, R.F.W. Atom in Molecules: A Quantum Theory; Oxford University Press: Oxford, UK, 1994.
55. Sukhikh, A.; Bonegardt, D.; Klyamer, D.; Basova, T. Effect of non-peripheral fluorosubstitution on the structure of metal

phthalocyanines and their films. Dye. Pigment. 2021, 192, 109442. [CrossRef]

http://doi.org/10.1016/S0040-6090(98)00830-X
http://doi.org/10.1016/S0022-0728(99)00381-2
http://doi.org/10.1016/j.dyepig.2016.05.020
http://doi.org/10.7567/JJAP.53.01AB03
http://doi.org/10.3390/chemosensors9060137
http://doi.org/10.1016/j.tsf.2022.139301
http://doi.org/10.6060/mhc180794b
http://doi.org/10.1103/PhysRevA.38.3098
http://www.ncbi.nlm.nih.gov/pubmed/9900728
http://doi.org/10.1103/PhysRevB.33.8822
http://www.ncbi.nlm.nih.gov/pubmed/9938299
http://doi.org/10.1039/b508541a
http://doi.org/10.1002/jcc.21759
http://www.ncbi.nlm.nih.gov/pubmed/21370243
http://doi.org/10.1063/1.3382344
http://doi.org/10.1016/0301-0104(73)80059-X
http://doi.org/10.1063/1.438728
http://doi.org/10.1002/jcc.540090607
http://doi.org/10.1007/s002140050249
http://doi.org/10.1016/0009-2614(95)00838-U
http://doi.org/10.1007/s002140050244
http://doi.org/10.1039/b515623h
http://www.ncbi.nlm.nih.gov/pubmed/16633586
http://doi.org/10.1002/wcms.81
http://doi.org/10.1002/wcms.1327
http://doi.org/10.1021/ct6001187
aim.tkgristmill.com
http://doi.org/10.1016/j.jfluchem.2021.109780
http://doi.org/10.1080/00268977000101561
http://doi.org/10.1063/1.472902
http://doi.org/10.1063/1.456153
http://doi.org/10.1063/1.446956
http://doi.org/10.1021/cr00005a013
http://doi.org/10.1016/j.dyepig.2021.109442


Chemosensors 2022, 10, 515 20 of 20

56. Klyamer, D.D.; Sukhikh, A.S.; Trubin, S.V.; Gromilov, S.A.; Morozova, N.B.; Basova, T.V.; Hassan, A.K. Tetrafluorosubstituted
Metal Phthalocyanines: Interplay between Saturated Vapor Pressure and Crystal Structure. Cryst. Growth Des. 2020, 20, 1016–1024.
[CrossRef]

57. Wisitsoraat, A.; Tuantranont, A.; Comini, E.; Sberveglieri, G.; Wlodarski, W. Characterization of n-type and p-type semiconductor
gas sensors based on NiOx doped TiO2 thin films. Thin Solid Film. 2009, 517, 2775–2780. [CrossRef]

58. Chia, L.S.; Hua Du, Y.; Palale, S.; See Lee, P. Interaction of Copper Phthalocyanine with Nitrogen Dioxide and Ammonia
Investigation Using X-ray Absorption Spectroscopy and Chemiresistive Gas Measurements. ACS Omega 2019, 4, 10388–10395.
[CrossRef]

59. Ivanova, V.; Klyamer, D.; Krasnov, P.; Kaya, E.N.; Kulu, I.; Tuncel Kostakoğlu, S.; Durmuş, M.; Basova, T. Hybrid materials
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