Iran. J. Chem. Chem. Eng.

Research Article
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Arshadi, Sattar**; Abdolahzadeh, Fatemeh; Vessally, Esmail
Department of Chemistry, Payame Noor University, Tehran, I.R. IRAN

ABSTRACT: The butadiyne-linked four-metalloporphyrin nanoring (Zn4P4) is a promising
candidate in future nanoelectronic applications such as nanosensors for small gas molecules.
The aim of this work is to analyze the CO gas sensing capacity of Zn4P4 using Density Functional Theory (DFT)
calculations at CAM-B3LYP/6-31G (d,p) level of theory. To predict the gas adsorption properties of
the Zn4P4 system the geometrical structures, binding energies, band gaps, the Density of States (DOS),
adsorption energies (EZ55E), HOMO and LUMO energies, Fermi level energies (Er.), Natural Bond
Orbital (NBO), and Frontier Molecular Orbital (FMO) were calculated. Here it should be remarked
that the adsorption of CO gas molecule on Zn4P4 nanoring from the outer side is higher than
the inner side. Moreover, the adsorption from the Carbon site of the CO gas molecule is stronger than
from the Oxygen site. Also, the closest distance of CO with the Zn4P4 molecule is in the range of 2.505-2.7064".
Moreover, the range of EZ52% values was from -6.50 to -9.40 kCal/mol. The results revealed that
during the adsorption of CO gas molecule on Zn4P4 the amounts of Eg and consequently, o have been
considerably changed. Based on the calculated EZ52€and a notable decrease in the Eg, it is expected

that the Zn4P4 is sensitive to CO molecules. Amazingly, the Zn4P4-CO records favorable values
of recovery times for different attempt frequencies. Therefore, the results open a way for the development
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of a new and selective CO nanosensor.
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INTRODUCTION

Carbon monoxide (CO) is an odorless, toxic gas that
harms humans due to its high binding ability with
hemoglobin. Because of that, in order to reduce
environmental pollution and health risk, it is necessary to
use methods and techniques to detect this gas and
commercialize them in the form of CO sensors [1].

Recently, alkyne-linked m-conjugated metalloporphyrin
oligomers have drawn much attention as artificial light-
harvesting and photosynthetic antennae [2]. The primary

attention in these systems arose as the role of porphyrin
rings as building blocks in biological macromolecules
such as hemoglobin and chlorophyll was well-known.
Porphyrins are a group of heterocyclic macrocycle
compounds containing a large m-conjugated system
formed by four pyrrole subunits interconnected via
methine bridges with unique biochemical properties [3].
Linear conjugated porphyrin oligomers show strong long-
range electronic coupling [4] and rich nonlinear optical
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behavior [5], so providing a drive for the synthesis of
cyclic conjugated porphyrin oligomers. Porphyrin units
are connected with a various number of linking carbon
atoms or “fused”, i.e. with no linker which greatly affects
the electronic properties of cyclic porphyrin oligomers [6].
The cyclic supramolecular structures with large fully
n-conjugated porphyrin arrays were synthesized and
characterized including the nanorings, the hierarchical ring
in ring assemblies such as Russian doll complexes [7],
the discrete m-conjugated metal porphyrin nanotubes,
the directly fused tetrameric porphyrin sheets [8] and
the porphyrin nano balls [9]. The large butadiyne-linked
n-conjugated metalloporphyrin nanorings have attracted
particular attention because of their structural, electronic,
and topological features, which make them proper
nominees for light-harvesting applications [10].

Recently, the study of template-bound
metalloporphyrin nanorings has attracted much attention.
These may be generated either as a direct product of
synthesis, where the template acts as a framework for the
coupling of porphyrin subunits [11] or via the addition of
an excess of molecules to a solution of the free nanoring [12].
Despite the role of templates as scaffolding in the synthesis
process, their complex with nanorings has noteworthy
structural and dynamical properties in their own right,
specifically in boosting the stabilization of novel ring
conformations. The growing fascination with these
structures arises from the fact that the templates lead
rigidity into the otherwise flexible nanorings, leading
to fully conjugated cyclic porphyrin frameworks which
may be shape-persistent in solution.

Regarding the novelty of this paper, it can be stated that
the DFT theoretical studies used to describe the adsorption
behavior of the CO gas molecule on butadiyne-linked
4-Zn-porphyrin nanoring has not been considered in
previous studies. Our aim is to characterize the 4-Zn-porphyrin
nanoring (Zn4P4) and thus explore the possibility of
the Zn4P4 as CO gas sensor. The frontier molecular orbital
(FMO) [13], the Density of State (DOS), and the Natural
Bond Orbital (NBO) [14] were analyzed to understand the
sensing mechanism of Zn4P4 upon such gaseous species.
Definitely, the obtained results shed light on a comprehensive
understanding of Zn4P4 as a selective and sensitive sensor
of CO gas which could provide some guidance to the
experimentalists in the near future to realize its application
[15,16].
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THEORETICAL SECTION
Computational methods

In order to study the structural parameters and
electronic properties of the Zn4P4 as CO, gas sensor,
the DFT calculations were carried out. The equilibrium
geometries, adsorption energies, FMO, and Density of
State (DOS) analyses were done for these complexes.
Al calculations were performed using GAMESS software [17]
at the level of CAM-B3LYP/ 6-31G (d,p). The relaxed
structures were further subjected to the computations for
harmonic vibrational frequencies in order to be aware of and
validate the actual minimization. The basis set superposition
error (BSSE) for the adsorption energy was corrected
using BSSE correction through the counterpoise method
with “ghost” atoms [18] according to the following equation:

EfdssSE = EZn4P4/gas _(EZn4P4/gas ghost T Egas/Zn4P4 ghost )

Where the EZSSE is the BSSE-corrected adsorption
energy. The “ghost” atoms correspond to additional basis
wave functions centered at the position of the gas and the
Zn4P4 without any atomic potential.

The Eq is the energy gap between HOMO which
is calculated using Eq = E_umo-Enomo equation.

The work function (® = E, - Ef) can be defined
as the minimum quantity of energy needed to separate
an electron from the Fermi level (Er) to a point far enough
not to sense any efficacy (E.). It can be said that the Fermi
level in a molecule at T = 0 K is located nearly in the
middle of the HOMO-LUMO gap [19]. The variation of
the work function of an adsorbent during the gas
adsorption  process changes its field emission
characteristics which can be monitored via suspended gate
field-effect machines [20]. Subsequently, the equation j =
AT? exp (- ®/KT) describes the current densities
of an emitted electron in a vacuum. In this equation,
A (A/KZm?), T (K), and @ (eV) were defined as the Richardson
constant, temperature, and work function, respectively.

According to the Koopmans theorem [21], chemical
hardness (1) can be approximated by 1 = -1/2(I-A) equation.
Chemical potential (p) is described according to p = -y =
-1/2(1+A) equation. In these equations, y (-w), I (-Exomo), and
A (-ELumo) are defined as the electronegativity, ionization
potential, and electron affinity of the molecule, respectively.

Electrophilicity index (o = p%2n) which was stated
for the first time by Parr et. al. [22] and also Softness
(S = 1/2n) were determined.
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The amount of charge transfer between the gas
molecules (A) and Zn4P4 (B) was calculated using
the AN = (ug-pa)/2(natng). A positive value of AN shows
that charge flows from B to A and A act as an electron
acceptor [23].

In order to study the stabilization energies of donor-
acceptor orbitals and obtain the charge transfer energy,
the natural bonding orbital (NBO) calculations were done
on all optimized structures [24].

RESULTS AND DISCUSSION

Primarily, the accuracy of the applied method was
analyzed to understand the relative stability of the studied
compounds. The calculated binding energies (Ep,) of
butadiyne-linked ~ four-porphyrin ~ nanoring  (P4;
C96H40N16) and butadiyne-linked four-metalloporphyrin
nanoring (Zn4P4; CgsHaoN1sZns) are -6.22 and -7.96 eV,
respectively. The negative values of Ep revealed that
the studied compounds are stable [25].

In this research, the adsorption of CO gas molecules
through Zn4P4 was investigated by using DFT
calculations. At first, all the studied structures were
optimized in order to get a structure with minimum energy.
After optimization of all primary structures including
P, and Zn4P4, gotten data was used for comparing
electronic and structural properties after adsorption of
mentioned gases.

Effect of Zn?* ion adsorption on the electronic properties
of P4

The Zn4P4 is a porphyrin nanoring with four
porphyrins (P.) that were linked together by 1,3-Butadiyne
bridges, and four Zn*? ions localized in the center of
porphyrin rings. It should be noted that since P4 has
8 negative charges on nitrogen atoms of porphyrins so,
the whole system (Zn4P4) is neutral.

The adsorption energy of 4 Zn*? inserted in the
porphyrins cavity of P, was -229.10 eV (Fig. 1 and Table 1)
and indicated a desirable and exothermic process. Hence,
the chemisorption of Zn*? ions into P4 is very strong and
inhibits from clustering of metal ions.

To study the effect of Zn?* ions adsorption on
the electronic properties of P4, the HOMO, and LUMO
energies were obtained using optimization and NBO
calculations. According to Table 1, the HOMO and LUMO
energies of P4 have been strongly decreased after the
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chemisorption of Zn?* ions into cavities of this molecule.
Also, the Eq of P4 has been increased from 0.95 to 1.40 eV
(%AEg about 47%) with the chemisorption of Zn?* metal
ions into cavities of P4. Furthermore, a major change
was observed in the proximity of Fermi level in the DOS
plot of the Zn4P4 system (Fig. 1). Such changes showed
that owing to this chemisorption, the Eq of Zn4P4 system
has increased significantly. Consequently, the electrical
conductivity (o) is expected to decrease. As a result
of the positive AN value (Table 1), electrons have flowed
from a definitely occupied orbital of P4 into a definite
empty orbital on Zn?* metal ions.

In quantum chemistry, a bimolecular interaction
is described by the Frontier Orbitals Theory (FOT) [26, 27].
Our calculations indicated that the energy span between the
HOMOznups and the LUMOp: was 16.37 eV. While
the energy span between the LUMO zq4ps and the HOMOeg4
was 14.01 eV (Table 1). According to FOT, the smaller
value is favorable and belongs to the interaction
which occurs mainly between the HOMOps and
the LUMOgznps. These results are in agreement with
the calculated AN.

However, during the chemisorption of Zn?* ions into
porphyrin cavities, the bond lengths of C-C in methine
bridges and butadiyne linkages display shorter values while
the C-N bonds of pyrroles show longer values (Fig. 1). Such
change could be due to the weakening of = interactions
between ring atoms after the formation of the metal complex
and this is in consistent with electron transfer to metal.

The electric dipole moment vector of species is
an important property that shows the charge distribution
in the system. The dipole moments of P4, Zn4P4 with
symmetrical structures are approximately equal to zero
(Tablel). As shown in Table 1, the @ value of Zn4P4 is
about 3.19 eV.

The calculated values of molecular quantum descriptors
including o, S, n, and p in the gas phase for Zn4P4. compounds
were reported in Table 2. The values of S and n for Zn4P4
were 0.70 and 0.71 eV, respectively. This evidence
indicated that the Zn4P4 is a weak electrophile with high
chemical activity.

Effects of CO gas molecule adsorption on Zn4P4

We have found that in CAM-B3LYP/6-31G (d,p) level
of theory the C-O bond length in CO is 1.137 A’. This fact
is in agreement with previous studies [28].
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Table 1: BSSE corrected adsorption energy (EZ53E), equilibrium distance (Rgasizn), HOMO and LUMO energy,

Arshadi S. et al.

the energy of Fermi level (ErL), energy difference of HOMO and LUMO orbitals (band gap; Eg),

the electron transfer number (AN) and dipole moment (DM) work function (®).

Vol. 41, No. 3, 2022

/ Systems Cco P4 Zn4P4 \
EBSSE (ev) -229.10
Eromo(€V) -6.81 10.82 -4.59
Er(eV) -5.84 11.30 -3.89
ELumo (V) -4.88 11.78 -3.19
Eq(eV) 1.93 0.95 1.40
%AE 47.37
DM(debye) 0.00 0.00 0.00
AN 0.82
\ d(eV) 5.84 -11.30 3.19 /
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Fig. 1: The optimized structures and bond length (A") obtained
at CAM-B3LYP/6-31G (d,p) level for P4, Zn4P4 .
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Generally, by adsorption of gas molecules on Zn4P4,
near the adsorption place, the bond length of Zn-N and also
C-C in methine bridges increased while the bond length
of C-C in butadiyne linkage and C-N in pyrrole rings
decreased (Figs. 1-3).

During the adsorption of CO gas molecule on
Zn4P4 the symmetry of this nonpolar system is disturbed
and so, the dipole moments increase considerably
(Tables 1 and 3).

Effects of CO molecule adsorption on Zn4P4

The optimized structures of CO adsorption on Zn4P4
compound were shown in Fig. 2. Obviously, in Zn4P4,
the CO gas molecules have interaction with Zn*2ions from
inside or outside of the nanoring.

The optimization results and counterpoise corrected
calculations showed that the EZ53 values were negative
for CO interaction with Zn4P4 which indicated that
the adsorption process was exothermic and favorable
in standard temperature and pressure (Table 3).

Here it should be remarked that the adsorption of CO
gas molecule on Zn4P4 nanoring from the outer side is
higher than the inner side. Moreover, the adsorption from
the Carbon site of CO gas molecule is stronger than from
the Oxygen site. Also, the closest distance of CO with
Zn4P4 molecule is in the range of 2.505-2.706A°.
Moreover, the range of EBSSE values were from -6.50
to -9.40 kCal/mol. The results revealed that during the
adsorption of CO gas molecule on Zn4P4 the amounts

of Eg and consequently, ¢ have been considerably changed.
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Table 2: Chemical potential (), hardness (), softness (S), and electrophilicity (w) of Zn4P4 and Zn4P4.-Te.

- Systems u(eV) n (eV) S (1/eV) ® (eV) )
CcoO -5.84 0.96 0.52 17.70
Zn4P4 -3.90 0.71 0.70 10.81
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Fig. 2: The optimized structure, bond length (A”), and DOS plots obtained at CAM-B3LYP/6-31G (d,p) level for CO adsorption
on Zn4P4.

Also, it was found that as a result of CO adsorption,
through all configurations, on Zn4P4 the DOS plots
have been significantly changed in near the Fermi level.
Furthermore, the amount of AN shows that the minor
electron flow is directed from HOMO of Zn4P4 into
LUMO of CO gas molecule. As a result, it is expected that
the Zn4P4 could be a promising nominee in gas sensor design
for the detection of CO gas. According to this evidence,
all the adsorption process was physisorption and so, could
be suitable candidates for CO sensing.

According to Tables 1-3, significant changes in the values
of ® and molecular quantum descriptors were observed.
It means that CO molecule adsorption has a considerable
effect on the field emission properties of Zn4P4 nanoring.
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Effect of simultaneous adsorption of two CO gas molecules
on Zn4P4

The adsorption configurations of two CO molecules
in ortho-like (2CO-ORTHO), para-like (2CO-PARA), and
2CO-IN-OUT positions on the Zn4P4 nanoring were
considered. The optimized structures of these three
adsorption configurations were shown in Fig. 3.

The structural studies showed similar results to the way that
one CO molecule approach. By approaching two CO molecules,
the C-O bond length decreased after adsorption on Zn4P4
from 1.137 to 1.131 A’. However, there was a considerable
change in the structural properties of Zn4P4 nanoring.

As can be seen in Table 3, by simultaneous adsorption
of two CO gas molecules on Zn4P4, in ortho and para like
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Table 3: BSSE corrected adsorption energy (EZ53E
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), HOMO and LUMO energy, energy of Fermi level (EFL), energy difference of

HOMO and LUMO orbitals (band gap; Eg), the electron transfer number (AN) and dipole moment (DM) work function (D).

-

~

Zn4pP4
Systems CO-IN-C CO-0UT-C CO-0UT-0 2CO-IN-OUT 2CO-ORTHO 2CO-PARA
EBSSE (kCal/mol) 9.1 -9.4 -6.5 -14.7 -17.7 -17.7
Etowmo (8V) -5.51 -5.48 -5.49 -5.47 -5.44 -5.45
Er (eV) -1.2 -1.18 -1.19 -1.19 -1.17 -1.17
ELumo (eV) -2.4 -2.37 -2.37 -2.38 -2.34 -2.34
Eqg (eV) 3.1 3.11 311 3.09 31 31
%AEq 121.76 122.38 122.81 120.75 121.62 121.66
AN 0.09 0.11 0.09 0.09 0.09 0.09
DM (Debye) 0.85 17 1.46 0.65 243 0.01
@ (eV) 12 1.18 1.19 1.19 1.17 117
K %AD (cV) -69.11 -69.52 -69.5 -69.35 -69.87 -69.87 j
BSSE

adsorption configurations, the E;3;" has been increased
nearly two times (about -17.70 kCal/mol) than the state
that one CO gas molecule approaches (-9.40 kCal/mol).
Although, in Zn4P4-2CO-IN-OUT  adsorption
configuration, the EB$SE has been increasingly less than
two times (about -14.70 kCal/mol) relative to the state that
one CO gas molecule approaches. This is due to the fact
that the adsorption of CO gas from the exterior site is
stronger than the inner surface of nanoring. In ortho/para-
like adsorption configurations, the Zn4P4-2CO-IN-OUT
two and one CO gas molecules are approached from
the outer surface of nanorings, respectively.

However, the different positions of two CO molecules
on Zn4P4 approximately have similar EZ53F values.
According to this evidence, the all adsorption process was
physisorption.

For all three 2CO adsorption configurations, the energy
of HOMO and LUMO and their difference (Eg)
was obtained using optimization calculations and DOS
diagrams (Table 3 and Fig. 3). These values show
equal HOMO and LUMO energies, as well as, Eg.
According to the conductivity equation, the ¢ amount of
Zn4P4 is expected to be constant for all three adsorption
configurations. These results confirmed that the Zn4P4
nano ring is suitable as a sensor for CO gas molecules.
Here, it should be highlighted that since the simultaneous
approach of two CO molecules have no significant effect
on Eg.
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According to (t = volexp (-EE3SE/KgT)) equation, the
lower values of EZ33 in the physisorption process showed
the more easily separation and short recycle time (t) of CO
gas molecule [29-30]. In this equation T, Kg and vo were
temperatures, Boltzmann’s and attempt
frequency, respectively.

For the judgment of the recovery time, we have employed
three attempt frequencies, viz.,, the frequency
corresponding to IR light (~ 1x10%? Hz), yellow light
(~ 5.2x10** Hz), and the UV light (~ 1x 10 Hz).
Subsequently, the recovery time has been calculated at two
different temperatures (300 and 500 K).

The values of recovery time calculated using the IR
light (1), yellow light (ty), and UV light (ty) are reported
in Table 4. Obviously, the more negative adsorption
energy corresponds to the higher recovery time. At 300 K
temperature, all adsorption configurations record
promising values of 1, tv, and ty. Here, it should be noted
that at 500 K temperature, the recovery time of all systems
further decreases as expected. However, by changing
the attempt frequencies a significant improvement
in the recovery time of all systems was observed.
In another word, when UV light is applied, the recovery
times show a further decrease than when other lights are used.

The molecular quantum descriptors values for
adsorption configurations of CO on Zn4P4 were given
in Table 5. The results showed that the CO gas adsorption
has a noticeable effect on i, ®, n, and S values of Zn4P4.

constant,
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Table 4: Recovery time of CO adsorbed on the 4-Zn-porphyrin nanoring using IR, yellow and the UV light
at temperatures 300 K and 500 K.

/ Orientation Eads (kj/mol) | Eads (kj/mol) for each CO T (K) 7 (uS) ty(nS) tu(pS) \
300 4.2 8.1 423.1
Zn4P4-CO-IN-C -38.07 -38.07
500 0.0 0.0 0.9
300 7.0 135 699.6
Zn4P4-CO-C-OUT -39.33 -39.33
500 0.0 0.0 1.3
300 0.1 0.1 5.4
Zn4P4-CO-O-OUT -27.20 -27.20
500 0.0 0.0 0.1
300 50602.7 97312.9 5060271.0
Zn4P4-2CO-IN-OUT -61.50 -30.75
500 2.6 51 264.5
300 7739252.9 14883178.7 773925294.7
Zn4P4-2CO-ORTHO -74.06 -37.03
500 54.1 104.0 5410.3
300 7739252.9 14883178.7 773925294.7
Zn4P4-2CO-PARA -74.06 -37.03
500 54.1 104.0 5410.3 /
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Fig. 3 The optimized structure and DOS plots obtained at CAM-B3LYP/6-31G (d,p) level for CO adsorption in ortho, para,
and 2CO-IN-OUT orientation on Zn4P4.
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Table 5: Chemical potential (u), hardness (1), softness (S), and electrophilicity (o) of CO adsorption configurations on Zn4P4.

/ Systems Orientation n n S ® \
CO-IN-C -3.962 1.559 0.780 5.034
CO-OUT-C -3.952 1.563 0.782 5.022
CO-0OUT-0 -3.870 1.564 0.782 4.993
Zn4P4
2CO-IN-OUT -3.954 1.559 0.780 4.803
2CO-ORTHO -3.958 1.565 0.782 4.995
K 2CO-PARA -3.890 1.564 0.782 5.008 j

Changes in molecular quantum descriptors values in the
Zn4P4 confirm the greater ability of Zn4P4 in the
identification and diagnosis of CO molecules [31].

The work function values of Zn4P4 (3.19eV)
compound after adsorption of CO molecule, have been
decreased to 1.20. A decrease of ® makes field emission
properties of Zn4P4 compound and the separation of
electrons from their surface easier and decreases the
electron affinity.

The calculated AN values show that the direction
of electron flow is from HOMO of Zn4P4 into LUMO
of CO gas molecules. To study the direction of electron flow,
the frontier orbitals of Zn4P4CO systems were investigated.
The results showed that the energy span between HOMOznapa
and LUMOco gas molecules is smaller than the energy
difference between HOMOco and LUMOznsrs. According to
the points, it was found that the electron flow direction
is from HOMO zups to LUMOco which are in agreement
with AN values inserted in Table 3.

Generally, by adsorption of gas molecules on Zn4P4,
the bond length of CO decreased. This fact was confirmed
by the greater value of AN from Zn4P4 to CO gas molecule.

Natural population analysis: Donor—-acceptor interactions

The natural bond orbital analysis is one of many
available options for ‘translating’ computational solutions
of a given wave function into localized form,
corresponding to the two-center (bonds) and one-center
(lone pairs) elements of the Lewis structure. The NBO
analysis provides an efficient method for studying inter
and intramolecular bonding and interaction among bonds
and also provides a convenient basis for the investigation
of charge transfer or conjugative interactions in the molecular
system [32]. In NBO analysis, the input atomic orbital basis
set is transformed via Natural Atomic Orbitals (NAOs) and
Natural Hybrid Orbitals (NHOs) into NBOs [33].
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Fig. 4: Schematic presentation of various stabilization energy
interactions of donor-acceptor orbitals for Zn4P4-CO systems.

The NBO was developed by Winhold [34]. The
stabilization energy related to i-j transfer is estimated from
E@=AE;j= qi(F(i,j)¥¢j- &) equation. In this equation, g; is
the occupied number of donor orbital, F(i,j) are non-diagonal
elements, and &;, & are diagonal elements of the Fock matrix.

The NBO calculations were performed in order to
understand various interactions between the (donor)
Lewis-type NBOs and empty (acceptor) non-Lewis NBOs.
The stabilization energies (E?) of the most important
interactions between electron-donor orbitals (i) and
electron-acceptor orbitals (j) in P, Zn4P4 systems was given
in Table 6 and Fig. 4.

The most important interactions in P4, Zn4P4, and
Zn4P4-CO as shown in Fig. 4, are:

nDonor_)n*Acceptor TEDonor_)TE*Acceptor
Z (c-c) (C-N) ’z (C-N) (c-c) ’

Donor *Acceptor Donor *Acceptor
Z(LP ™ 2wt ) B (LR = LR )

Donor *Acceptor
and Z(LP(C) > LP )

(zn)
The two equal delocalization in Py:
2 Donor *Acceptor 2 Donor *Acceptor
E = E
DL UARE S i EDLLNE S s

causes a monotone distribution of & electrons in this nanoring.
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Table 6: The calculated stabilization energies of donor-acceptor orbitals for P4, Zn4P4 —CO-OUT-C systems.

4 Donor (i)— Acceptor (j) P4 (kCal/mol) Zn4P4 (kCal/mol) Zn4P4 - CO-OUT-C (kCal/mol) "\
z E2 (mdonor _ q*donory 109.82 252.00 30.02
Z E2 (mdonor — qrrdoner) 110.27 157.01 22.04
z E2 (LPAGM" - mdomery 32.54 43.45 139.12
Z E2 (LPGZ"T — LP*3omr) - 227.02 144.90
_ Z E2 (LRIS™" > LP*39m") _ - 26.05 J

In Zn4P4 the stabilization energy order of interactions are

D *Al t D *A t
ZEA (oLl ) > BEA (N LSy )

aswell as

SE2(LPRITLP o P") > ZEZ(LPRS e o™,
These facts lead to electron current from C to N atoms and
also, from N to Zn in Zn4P4 Structure.

The study of interactions in the adsorbed state, Zn4P4-CO,

indicates that the interactions are as follows:

2 Donor
> E (n(cic) -

and

*Acceptor 2 Donor
b P )>ZE (Tt >

*Acceptor
(C-N) (C-N) )

(¢-¢)

2 Donor *Acceptor 2 Donor *Acceptor
S E (LP(N) S LR )>ZE (LP(N> ol )

Undoubtedly, this phenomenon revealed that the
delocalized electrons were transferred remarkably from C
and N atoms to CO gas molecules through Zn bridge.

Also, the interaction ZEZ(LP(%()’T’FLP&‘;)“GPM) leads

to the backward transfer of a few electrons from O atom of
CO molecule to Zn atom.

This work and other research showed that the
nanostructures play the main role in the sensing ability
and synthesis of organic compounds [35-84]

CONCLUSIONS

In this study, the DFT calculations were used at CAM-
B3LYP/6-31G (d,p) level of theory to scrutinize the CO
sensing ability of Zn4P4 nanoring.

Geometrical structures, electronic properties, binding
energies, AN, FOM, DOS, distribution of the HOMO-LUMO,
and NBO basis analysis were scrutinized. The Zn4P4
nanorings, however, showed significant electrical
variation with CO adsorption. During the CO adsorption,
the cavity size in Zn4P4 will be increased and conjugated

Research Article

atoms of nanorings transfer charge to CO gas via nitrogen
porphyrin-Zn bridge and increase the negative charge
on its surface.

The amount of Ey; has been considerably increased
with adsorption of CO gas molecule on Zn4P4. Based on
calculated EZ35E and %AERq, it is expected that the new
electric sensor could be a promising candidate for
the detection of CO with fast response. Simultaneous
adsorption of two CO gas molecules on Zn4P4, in ortho and
para-like adsorption configurations, the EESSE has been
increased nearly two times than the state that one CO gas
molecule approaches. However, the different positions of
two CO molecules on Zn4P4 approximately have similar
EBYSE values
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