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Abstract

The possibility of adsorption of toxic phosgene gas (COCl,) molecule on one of the nucleobase of DNA—adenine—has been
analyzed using the first principle calculations based on density function theory. In accordance with the geometry of the
nucleobase, two possible positions have been considered for effective adsorption of gas molecule. The calculations performed
on adsorption energies suggest that the gas molecule is able to physisorb at both the considered positions with negligibly small
values of charge transfer. The in-depth analysis of electron charge densities depicts that there is no orbital overlapping between
the gas molecule and adenine. We observe a significant variation of transport properties of adenine-based molecular junction on
adsorption of phosgene molecule while calculation the transport parameters at both the equilibrium as well as non-equilibrium.
Also, the variation of HOMO-LUMO gap of adenine molecule on adsorption of phosgene leads to alteration of current and
voltage, thus implying that adenine-based sensor can be effectively utilized to sense the presence of phosgene gas in a given
environment. Small adsorption energies and recovery time suggest that the rate of desorption of phosgene is very high; thus, the
proposed adenine sensor can be effectively used as a highly stable and selective reusable sensor.

Keywords Adenine - DFT - Non-equilibrium Green’s function (NEGF) - Sensor - Phosgene gas

Introduction newer horizons for the researchers to investigate the devices at
nanometer-scale utilizing a single molecule [1]. These molec-
ular electronic devices have gained much impetus as they have
the tendency to offer a number of advantages in comparison

with the silicon-based devices. These molecular devices have

The enhanced utilization of nano-materials in the last decade
for innumerable applications motivated the researchers to ex-
tensively explore novel materials along with their uses. The

famous lecture by Nobel Laureate Professor Richard P.
Feynman “There is plenty of room at the bottom” threw open
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the benefits of integration as well as better response times [2].
A highly promising candidate which can be devised in single
molecule electronic applications is DNA. The DNA molecule
has the property of self-replication which makes it suitable to
form similar molecular electronic devices. A single chain of
DNA comprises a very long polymer formed by four nucleo-
tides which contain fundamental bases, viz., adenine (A), gua-
nine (G), thymine (T), and cytosine (C). These bases are re-
petitively attached to the sugar-phosphate backbone. The
DNA molecule offers high conductivity and exhibits ohmic
behavior when a rope of Lambda-DNA of length 600 nm is
considered [3]. A single molecule of poly DNA of length
10 nm sandwiched between metallic leads gives a nonlinear
I-V curve [4]. The adenine and guanine nucleobase of DNA
connected with gold leads on both the sides, behave as Esaki
diodes and show prominent negative resistance behavior [5].
Hanidreza et al proposed zinc and manganese doping in ade-
nine molecule sandwiched between zigzag graphene
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electrodes to enhance the spin-splitting phenomenon and con-
ductance [6]. Variations of material and orientations of elec-
trodes have been found to have major impact on the transport
properties of DNA [7, 8]. The cytosine nucleobase of DNA is
an excellent conductor while guanine nucleobase demonstrate
extraordinary negative differential behavior and tunneling
phenomenon when sandwiched between metallic leads [9].
DNA-based molecular junctions are an excellent choice to
be incorporated as biomarker to sense presence of lead and
mercury [10, 11] and to predict abnormalities in the DNA
[12]. Though a lot of research has been conducted in the field
of molecular junctions based on DNA molecule, yet the ap-
plication of DNA in sensing of toxic gases has not been fully
explored. So in this work, we attempt to explore the usage of
one of the strands of DNA, adenine, in sensing a highly toxic
phosgene gas. Adenine (A) is one of the purine bases found in
nucleic acids. When attached to ribose, it is the nucleoside
adenosine (A); when attached to deoxyribose, it is the nucle-
oside deoxyadenosine (dA) [13]. It is used in forming nucle-
otides of the nucleic acids. In DNA, adenine binds to thymine
via two hydrogen bonds to assist in stabilizing the nucleic acid
structures. In RNA, which is used for protein synthesis, ade-
nine binds to uracil. Phosgene (carbonyl dichloride—COCl,)
is a colorless gas which is extremely toxic (https:/pubchem.
ncbi.nlm.nih.gov/compound/Phosgene). Traces of this gas are
found naturally due to decomposition of chlorinated
compounds. This gas is widely used in the industries for the
fabrication of a number of chemicals like pesticides,
polycarbonates, isocyanates, dyestuffs, pharmaceuticals, and
acid chlorides. Even small dosage of this gas can be fatal for
living beings. So it becomes imperative to suggest sensors to
detect the leakage of this poisonous gas. These reasons
motivate us to explore the usage of DNA nucleobase-based
sensor in sensing phosgene gas as given below in subsequent
sections. The individual structures of adenine and phosgene
and optimized structure of both the molecules have been
shown in Fig. 1.

Computational details

In order to perform the necessary calculations, codes incorpo-
rated in the non-equilibrium Green’s function (NEGF) regime
were utilized [14] in combination with density functional the-
ory (DFT) [15-18]. Atomistic Tool Kit along with its graph-
ical interface Virtual Nano Lab is utilized to for modeling and
simulating all the configurations [19]. The nucleobase along
with the adsorbed phosgene gas molecule was optimized uti-
lizing self-consistent calculations until the forces converged to
avalue of 0.05 eV/A at a temperature of 300 K. The molecular
junctions are formulated by sandwiching a single adenine
molecule and the gas-adenine complexes between gold leads
with < 1,1,1 > miller indices to form three different devices.
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Gold is preferred as the electrode material due to its high
stability at room temperature. < 1,1,1 > orientation is chosen
for the electrodes as nanowires show stronger conduction be-
havior alongside this direction [20]. The thus-formed molec-
ular junctions constitute the left and right electrodes with a
central scattering region formed between them. The central
scattering region encompasses an extended molecule with
some part of the electrodes included alongside the molecule
to augment stronger coupling [21]. Double-zeta polarized ba-
sis set [22] is utilized for the nucleobase-gas complex while
single-zeta polarization is utilized for gold atoms as it is found
to give better results in previously published works [23]. The
calculations were performed utilizing generalized gradient ap-
proximation (GGA) correlation functional of Perdew-Burke-
Ernzerhof as these are dependent on the localized value of
electron density and gradient [24]. In order to calculate the
transport properties in the low voltage regime, we have uti-
lized Landauer-Imry system of elastic scattering in conjunc-
tion with the NEGF. To calculate the current, electron density
matrix is formulated by first solving the NEGF in self-
consistent manner followed by calculation of electrostatic po-
tential [25].

The I-V curve can be calculated by exploiting Landauer-
Buttiker formalism which employs the transmission probabil-
ity {T(E,V)} to predict the relationship between the applied
voltage and current as given below [25]:

1(V) =22 [T (E, V) [f (E-pu )~ (E-pg)dE (1)

In the above equation, p;/ug signifies the electrochemical
potential of left/right electrode and 7(E,V) denotes the trans-
mission function. To determine the transmission function, ad-
equate knowledge about the amount of coupling amongst the
molecule and the electrodes along with the information about
the location of the molecular energy levels is sufficient crite-
rion. In the study at hand, the transmission was determined in
a similar manner as [26]:

THE, V) = To[TY(E, V)G (B V)TA(E VIGY(E, V)| (2)

Here, I (E) denotes the coupling function. It profi-
ciently delivers knowledge about the type of contact
between the considered molecule and the metallic leads
and Gy (E,V) represents the Green’s function. It can be
presumed that the molecular energy levels have the pro-
pensity to float aloft with a value eV}, which is rough-
ly comparable with the value of electrostatic potential of
the considered molecule. For ease, it can be approximat-
ed that the molecular energy levels are stable while the
substrate on the other hand has a capability to float
downwards by eV,,,. Consequently, the values of elec-
trostatic potentials of both the electrodes can be calcu-
lated as given below [27]:
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Fig. 1 Molecular representation
of a adenine (CSH5NS5), b
phosgene (COCl,), and ¢
optimized structure of both the
molecules

Mty = Er—eVpo = EF_77€V (3)
pr = Ex—eV + eV = Ex + (1-n)eV (4)

In the equations given above, Er represents the equilibrium
Fermi energy, e denotes the charge on an electron, and 7 is
useful in providing information as to how the potential differ-
ence (V) is distributed amongst the two metallic electrodes. It
can be calculated as: 1) = V};,o//V. From previously implement-
ed methods utilizing a scanning tunneling microscope, it has
been inferred that 1) can be adjusted to around 0.5 by suitably
fine-tuning the contacts in a proportioned position [26-28]. n
is a valuable parameter to describe the potential profile of
molecules in molecular junctions.

Next, the differential conductance can be contemplated as
follows:

_ I(VR7 TLa TR)*](VL, TL7 TR)
Ve Vi

G

(5)

Results and discussion

To contemplate the electronic properties of nucleobase of
DNA with adsorbed gas molecule, total energies, adsorption
energies, charge transference, and electron density are deter-
mined. Furthermore, the quantum transport phenomenon is

(©)

explored by comprehending the density of states (DOS),
chemical potential, transmission spectra, HOMO-LUMO
gap, molecular energy spectra, Eigen states, [-V curve, and
differential conductance.

Total energies and adsorption energies

From the base pair A-T of DNA, adenine gives best quantum
transport behavior [12]. Adenine molecule comprises rings
formulated by nitrogen, carbon, and hydrogen atoms
(CsHsNs). As the gas molecule can adsorb at any position
on the nucleobase, we have taken two most favorable posi-
tions present vertically, since the phosgene molecule interacts
readily with the nitrogen atom of adenine at these two loca-
tions, namely position A and position B. The structures
formed post adsorptions of gas molecule on the nucleobase
are completely relaxed. The complete transitions states and
score plot for the phosgene adsorption at both the favorable
sites of adenine are shown in Fig. 2. The score plot gives
information about the most significant transition states in the
trajectory when phosgene is adsorbed on the surface of ade-
nine at positions A and B, respectively. The phosgene mole-
cule takes greater time and undergoes more number of transi-
tions when it is adsorbed at position B in comparison with
adsorption at position A.

This is followed by determination of adsorption en-
ergies which is an important parameter to garner

@ Springer
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(b)

Fig. 2 Transition states for adsorption of phosgene molecule on adenine at a position A, b position B, and ¢ score plot

knowledge about the kind of interaction between the  adsorption energy, the better is the adsorption. The op-
phosgene molecule and adenine. Positive value of ad-  timized structures of phosgene-adenine with the least
sorption energy represents repulsion while negative val-  energies are as given in Fig. 3. The adsorption energy
ue denotes attraction. The more the negative value of  is determined using the following formula:
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Fig. 2 continued.

Ead = E(adenine+phosgene) _Eadenine _Ephosgene (6)

In the above equation, E,4 denotes the adsorption energy,
E(adenine + phosgene) represents total energy of adenine-phosgene
complex, and Ejgenine and Ephosgene are the total energies of
adenine and phosgene molecules, respectively. The values of
total energies and adsorption energies of both the adenine-
phosgene complexes are tabulated in Table 1.

Adsorption of phosgene at position A

When the phosgene molecule is adsorbed at position A of the
nucleobase, there is a slight decline in bond angle from 34.52
to 34.42°. The O—C and C—Cl bond length remains almost at
same value of 1.19 A and 1.75 A, respectively. Thus, the
phosgene molecule is adsorbed on the adenine molecule in a
non-dissociative way and no visible chemical bond formation

Fig. 3 Optimized structure of
phosgene adsorbed on the surface
of adenine at a position A and b
position B

Table 1  Total energies and adsorption energies of gas and nucleobase
complexes

Structure Total energy (¢V)  Adsorption energy (eV)
Adenine —2223.43560 -

Phosgene —1507.42291 -

Phosgene at position A —3731.22192 -0.36

Phosgene at position B —3731.31331 -045

occurs between the gas and nucleobase. The binding distance
which is defined as the smallest distance between the adsor-
bent and gas molecule is found to be 2.78 A. The adsorption
energy is calculated as —0.36 eV and a charge transfer of
0.023e occurs between the gas and nucleobase. Thus, very
less value of adsorption energy and charge transfer denotes
that the phosgene molecule is physisorbed on the adenine
molecule.

Adsorption of phosgene at position B

When the gas molecule is adsorbed at position B of the DNA
strand, the bond angles lowers to a value of 34.01° and the O—
C and C—CI bond length remains almost constant at 1.19 A
and 1.75 A, respectively. The binding distance is found to be
2.70 A. The adsorption energy is determined as —0.45 eV
with a charge transfer of 0.041e. Thus, the gas molecule is
physisorbed at position B of the nucleobase in a non-
dissociative manner.

Thus, from the analysis of adsorption energies, we
deduce that the phosgene molecule is physisorbed at
both positions A and B of the DNA strand. The ob-
served adsorption is very important to decide whether
the sensor can be deployed for single or multi-use. For
physisorption, the sensor can be deployed multi-time,
but on the other hand, if the adsorption is chemisorb,
it can only be utilized for single time. As physisorption
is noticed in our phosgene-adenine structure, thus, it can
be deployed as a reusable sensor.

@ Springer
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Electron charge density

To further scrutinize the adsorption phenomenon of phosgene
gas on the nucleobase, we contemplate the electron charge
densities of the gas-nucleobase devices as portrayed in
Fig. 4. From the figure, it is clearly visualized that in both
the cases, no overlapping between the orbitals of the adsorbate
and adsorbent is visible. No overlapping along with the little
charge transfer further supports the fact that phosgene is
physisorbed on the surface of adenine. Thus, this phenomenon
plays a very significant role in defining the sensing capacity of
adenine.

Transport properties

Next, the quantum transport properties of gas-nucleobase de-
vices are determined under both the equilibrium and non-
equilibrium conditions and finally compared with pristine ad-
enine device. Figure 5 shows the molecular junction for all the
cases.

Quantum transport at equilibrium

Firstly, to gather information about the transport properties,
density of states (DOS) is determined for all the molecular
junctions. DOS provides significant details about the states
actively contributing in transmission. Figure 6 assays the com-
parative density of states of pure adenine and gas-adenine
devices.

When phosgene is adsorbed at position A, a very sharp
peak is visible around 0.3 eV. Sharp peak signifies lesser
transmission. Also, LUMO is closer to fermi level (0 eV), thus
dominating the transmission. For phosgene adsorption at po-
sition B, the curve is identical in shape to that of pure adenine.
Broader peaks are visualized confirming better transmission in
both the cases in comparison with phosgene adsorption at
position A. For both the devices, LUMO orbital is in close

Fig. 4 Electron density of
phosgene-adenine complex with
phosgene at a position A and b
position B

@ Springer

proximity with the fermi level, thus assuring the dominant
behavior of LUMO orbital in transmission. In regard to the
Lorentzian formalism, the probability of transmission is de-
pendent on two factors, viz. the amount of orbital broadening
due to the coupling between the central molecule with the
metallic leads and the orbital alignment in respect to the fermi
level. These factors are dependent on fermi level which is
further reliant on the chemical potential. Thus, a direct rela-
tionship between the chemical potential and transmission
probability can be given as follows [29, 30]:
2
rg)=—0 (7)
(- + ()]

Beebe et al. comprehended the relationship between
the barrier potential and transmission [31, 32]. Thus, the
chemical potential is determined to get insight into the
quantum transport. The values of chemical potential are
—2.30 eV, —2.30 eV, and —4.51 eV for pure adenine,
adenine with gas at position A, and adenine with gas at
position B, respectively. The chemical potential is an
important factor to determine the relation between work
function and the probability of transmission. Thus, it
can be inferred that lesser value of work function is
assayed by adenine with gas at position B while almost
same value of work function is portrayed by pure ade-
nine and adenine with gas at position A. Higher the
value of work function implies greater energy require-
ment for adding or removing electron from the system
[32]. Thus, we infer that transmission probability will
be more in the device with gas positioned at B as it
has least value of work function.

Next, the transmission spectra are analyzed for all the
molecular junctions. The positioning of the molecular or-
bitals along with the type of interaction between the cen-
tral molecule and metallic leads can be determined by
exploring the DOS and transmission spectra curves at
equilibrium. The transmission spectra at zero bias for all
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Fig.5 Molecular junction formed
using gold electrodes for a pure
adenine b Phosgene-Adenine
complex with phosgene adsorbed
at position A. ¢ Phosgene-
Adenine complex with phosgene

adsorbed

34 -

at position B
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Fig. 6 Density of states (DOS) for all the devices under consideration
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the junctions are as shown in Fig. 7. The transmission
spectra are utilized to garner information about the
HOMO-LUMO gap and the orbitals playing significant
role in transmission. From the analysis of graphs given
in the figure, we observed that for all the junctions,
LUMO orbitals are sharper and closer to fermi level and
thus play a dominant role in transmission. Transmission
spectra also gave us insight about the molecular orbital
playing significant role in transmission. Broader transmis-
sion peaks are visualized in case of pure adenine and gas-
adenine device oriented at position B. Broader peaks refer
more coupling between the central molecule and the me-
tallic leads, thus enhancing the transmission. In contrast to
this, very sharp peaks are visualized in the transmission
spectra of gas-adenine device positioned at A, thus imply-
ing poorer coupling resulting in lesser transmission.

@ Springer
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Table 2 HOMO, LUMO, and
HLG (Homo-Lumo gap) in all the Molecule HOMO (eV) LUMO (eV) HOMO-LUMO gap (eV)
molecular junctions
Adenine -1.23 0.54 1.77
Phosgene at position A -0.22 1.95 2.17
Phosgene at position B -1.12 0.57 1.69

Further, the molecular energy spectra of gas-adenine de-
vices are determined at equilibrium. The HOMO, LUMO, and
HOMO-LUMO gap are tabulated in Table 2.

The values in the above table deduced that HLG
(Homo-Lumo gap) is the highest in case of phosgene-
adenine device (position A) while the least value of
HLG is portrayed by device formed by phosgene-
adenine device (position B). Pure adenine device assay
HLG has the value in between. Thus, from the analysis
of HLG, we revealed that the transport properties of
adenine have been altered on adsorption of phosgene
molecule at both the considered positions.

T(E)

-1.0 0.5 ofo 0.5 1.0
Energy (eV)

204
1.8
1.6
1.4

1.24

T(E)

1.0 4

0.84

0.6

0.4+

Furthermore, the pictorial representation of Eigen
states of HOMO and LUMO is shown in Fig. 8. In case
of pure adenine, the delocalization of HOMO orbitals
are at the anchor positions, while for LUMO orbital, it
is more pronounced on the right side of the anchor
position. Sigma bonds are dominating in case of
HOMO in comparison with the pie bonds visualized in
LUMO orbitals. For phosgene-adenine device (position
A), the delocalization is shown on the right side of
scattering region for HOMO orbitals, while the LUMO
orbital gives eminent delocalization on the left side. In
addition to this, LUMO orbitals have higher

2.0~
1.5
) 1.0 4
[
0.5+
0.0 1
T T T T T
-1.0 0.5 0.0 0.5 1.0
Energy (eV)

0.2 .

0!0 0.5 1.0
Energy (eV)

Fig.7 Transmission spectra at 0 V for molecular junction comprising a pure adenine, b Adenine-Phosgene complex with phosgene adsorbed at position
A, ¢ Adenine-Phosgene complex with phosgene adsorbed at position B. The dotted line in all the figures represents the fermi level (0 V)
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delocalization behavior. For phosgene-adenine device
(position B), the similar kind of behavior for HOMO-
LUMO orbital delocalization has been observed with
both sigma and pie bonds participating in transmission.
Thus, the results obtained from the Eigen states are in
complete agreement with the DOS and transmission
spectra as shown in Figs. 6 and 7.

Quantum transport under non-equilibrium conditions

To further analyze the quantum transport behavior, the I-
V curve and differential conductance are comprehended at
different voltages ranging from —1 to 1 V considering a
step size of 0.5 V. In this context, the I-V curve is plotted
as shown in the Fig. 9a. From the current-voltage curve,

Fig. 8 Eigen states of a, b
HOMO and LUMO of pure
adenine device; ¢, d HOMO and
LUMO of phosgene-adenine de-
vice (position A); and e, f HOMO
and LUMO of phosgene-adenine
device (position B)

we have observed that the highest value of the current is
noticed in phosgene-adenine device (position B), while
for phosgene-adenine device (position A), least amount
of current is assayed. Intermediary current is portrayed
by pure adenine device. This is because the HOMO-
LUMO gap is highest in case of gas-nucleobase device
positioned at A while least value is depicted by gas-
nucleobase device positioned at B. The higher the value
of HLG, the lower is the current and vice versa. Thus, our
results are in complete agreement with the HLG shown in
Table 2. In addition to this, the strong coupling bond has
been observed between molecule and electrodes in case of
phosgene-adenine device (position B) and pure adenine;
thus, both these devices assay higher current. Our results
are also in agreement with the values of work function

4

7\ /\ /\ /e

AV
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Fig. 9 a I-V curve. b Differential conductance for all the molecular junctions

calculated earlier. Although the work function is the same
in case of pure adenine and phosgene-adenine device (po-
sition A), yet pure adenine device gives larger current as
coupling in this device is stronger in comparison with the
latter. From the analysis of [-V curve, we also deduce that
current varies after adsorption of phosgene gas on ade-
nine; thus, adenine can be deployed for possible sensing
application of phosgene gas.

This is followed by calculation of differential conductance.
The differential conductance for all the junctions is as shown
in Fig. 9b. From the graph, we deduce that highest differential
conductance is assayed by phosgene-adenine complex with
gas adsorbed at position B, followed by pure adenine and least
conductance is observed by phosgene adsorbed at position A
of the nucleobase. It can also be clearly seen that in case of
pure adenine and phosgene adsorption at position B, the dif-
ferential conductance curve is completely identical. Thus, the
results obtained here are also in agreement with those of the I-
V curve.

Feasibility of adenine for possible application in
sensing toxic phosgene gas

To design a practical sensor, it is necessary to overcome a few
challenges like stability, selectivity, sensitivity, and speed
(which is defined in terms of recovery and response rates)
[33]. The adenine nucleobase is highly stable at room temper-
ature. It has been noticed that even on adsorption of the phos-
gene gas molecule at both the considered positions, the ade-
nine molecule retains its structure and no deformation is vis-
ible. This specifies the stability of adenine even on adsorption

@ Springer

of toxic phosgene gas. In order to get insight about the sensi-
tivity and selectivity of adenine molecule in sensing toxic
phosgene gas, we have explored the adsorption phenomenon
of gas molecule at two positions as stated above. As we have
seen in Figs. 3, 4, and 9a, adenine can sense phosgene mole-
cule at both positions A and B, thus implying that adenine can
be used as a highly sensitive and selective sensor for detecting
phosgene gas at its entire surface.

Furthermore, in order to scrutinize the dependence of re-
covery time on the adsorption energy, we have utilized tran-
sition state theory as follows:

T= ValefE“dS/KT (8)

In the above equation, 7" denotes temperature, K represents
Boltzmann’s constant (8.62 x 10> eV/K), and v is attempt
frequency. Peng et al. used this method to determine the re-
covery time for sensing NO, utilizing carbon nanotubes
(CNTs) [34]. It was inferred that for adsorption energies in
the range — 0.34 to —0.79 eV, the recovery time varies from
5 us to 16 s at room temperature. In addition, the recovery
time was found to be 12 h for adsorption energy of — 1.00 eV.
Assuming that the value of attempt frequency is same for NO,
and phosgene gas (vo=10"%s"), we determine the recovery
time for phosgene gas at room temperature (300 K) [33]. For
phosgene adsorption at position A of the nucleobase, the re-
covery time is 1.11 ps, while for adsorption at position B, the
recovery time is 36 ps. Very small value of adsorption energy
and recovery time confirms ease of desorption of phosgene
molecule. Thus, adenine can be used as a reusable sensor for
sensing phosgene gas as the desorption phenomenon is fast.
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Thus, by analyzing total energies, adsorption energies,
charge transference, clectron density, density of states
(DOS), chemical potential, transmission spectra, HOMO-
LUMO gap, molecular energy spectra, Eigen states, [-V
curve, and differential conductance, we conclude that adenine
can be effectively employed as a reusable sensor for sensing
toxic phosgene gas.

Conclusion

The density functional theory in combination with the non-
equilibrium Green’s function approach has been utilized to
explore the likelihood of utilizing adenine nucleobase to
detect the presence of toxic phosgene gas in the environ-
ment. Calculation of adsorption energy and charge transfer
after adsorption of phosgene at two different positions on
the adenine molecule suggests physisorption of the gas on
the surface of the nucleobase. The electron density analysis
visualizes the non-overlapping orbitals of the gas and the
nucleobase, thus further implying the occurrence of
physisorption. The DOS and transmission spectra analysis
at equilibrium reveals that LUMO orbital plays a dominant
role in transmission in all the considered junctions. The
HLG varies significantly after the adsorption of phosgene
gas resulting in noticeable variation in the I-V curve and
conductance. Therefore, adenine molecular junction can
be suitably employed in sensing phosgene gas. In addi-
tion, very small values of adsorption energies and re-
covery time result in faster desorption. Thus, adenine is
a promising material to be utilized in formulating a
highly stable and selective reusable sensor for detecting
phosgene gas.
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