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Abstract

This work presents a study of the adsorption properties of nanostructures. The moving gas technique was
employed to determine the transient and steady-state response behavior of nanocrystalline gas sensors. SnO2

sensors have shown high sensitivity to low concentrations of ethanol at moderate temperature. Tin dioxide is the
most used material for gas sensing because its three-dimensional nanofilms and properties are related to the large
surface exposed to gas adsorption. This study proposes the use of SnO2 nanofilms in interaction with ethanol; we
used different percentages of SnO2 and WO3 in the adsorption of ethanol by nanofilms. The total energy, potential
energy, and kinetic energy were calculated for the interaction between nanofilms and ethanol at different
concentrations and at 300 K. The calculations were achieved by Langevin dynamics and Monte Carlo simulation
methods. The total energy decreased with additional tungsten percentage in the nanofilms and increased with
additional number of ethanol molecules and interactions between them are endothermic.
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Background
It has been suggested that nanometer-sized particles,
if properly treated, can be used to form high-surface-
area catalysts, efficiencies of which improve on exis-
ting catalytic function or sensor function [1,2]. This
might further be improved through changes in molecular
electronic structure and as a result of the development of
confined regions that accompany the transition to the
macroscopic regime for both the active elements and their
substrate supports [3]. In this paper, we used tin dioxide
because it presents great potential properties for applica-
tions such as optoelectronic devices, gas sensors, and solar
energy or even for detecting leakages of reducing gases
such as H, H2S, CO, and others [4].
Solids with a grain size of a few nanometers are nor-

mally referred to as nanocrystalline materials: they ex-
hibit properties that are significantly different from their
coarse-grained polycrystalline counterparts. A first clas-
sification of the change in the properties of a material
relies on either ‘bulk’ or ‘surface’ effects. Typically, bulk

effects involve the confinement of electrons in nano-
metric cells, which causes quantum phenomena to take
place [5]. Surface effects normally appear because of the
magnification of the specific surface of nanostructures,
leading to the enhancement of the properties related to
that, such as catalytic activity or surface adsorption [6].
Developing new solid-state gas sensors with improved

properties carries with it an obvious close relationship be-
tween the sensing performance of the active materials and
their surface chemical activity. The theoretical study of such
surface adsorption interactions provides a valuable tool to
get superior performances that are unattainable using only
a trial-and-error approach together with a powerful analytic
methodology to explain the experimental data. Tin dioxide
(SnO2) plays a key role as one of the more representative
sensing materials in solid-state gas sensors [7], presenting a
significant surface reactivity with many important reducing
(CO, NO) and oxidizing gases (O2, NO2) [8,9].
However, to explain the sensing behavior, it is neces-

sary to keep in mind that there exist interfering pro-
cesses poisoning the surface [10] and that these can
dramatically change the effective adsorptions of the tar-
get species and therefore their eventual detection as in
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sent analysis, their effects have also been studied in
order to point up their consequences on the sensing
mechanisms [13,14]. In this paper, we used SnO2 nano-
films with different replication counts in the (i.j.k) plane
that are shown in Figure 1. After structural characteriza-
tions, photoluminescence characteristics of the SnO2

nanofilms were studied, so some tin atoms were repla-
ced by tungsten atoms of different percentages in nano-
films (Figure 2).
Nowadays, first-principles methodologies are based on

using Langevin dynamics to simulate the presence of a
solvent during annealing and Monte Carlo simulation
to sample configurations from a Boltzmann-weighted
distribution. Langevin dynamics and Monte Carlo simula-
tion can provide precise calculations of the total energy
and potential energy of adsorption. Moreover, faster codes
and new computational facilities allow dealing with

numbers of surface adsorption configurations in moderate
computing times. In this context, the aim of the present
work is to provide theoretical hints for the development
of improved C2H5OH gas sensors using SnO2 and WO3

as base sensing materials, and an interaction pattern be-
tween nanofilms and 45 molecules of ethanol in a mean
distance of 13 Å is shown in Figure 3. The relevance of
surface orientation is discussed, and the most significant
adsorption sites of C2H5OH are identified.

Results and discussion
Semiconducting sensors offer an inexpensive and simple
method for monitoring gases. The change of the elec-
trical conductivity of semiconducting materials upon
exposure to a reducing gas such as C2H5OH has been
used for gas detection. Therefore, nanofilms have been
utilized as a sensing material in pressure, flow, thermal,
gas, optical, mass, position, stress, strain, chemical, and

Figure 1 Optimized configuration (top view) of SnO2 nanofilm replication count in (i.j.k) planes of the surface. (a) (1.1.2) with chirality
(3,3), (b) (1.1.2) with chirality (6,6), (c) (1.1.4) with chirality (3,3), (d) (1.1.4) with chirality (6,6).

Figure 2 Sn and W dioxide nanofilms with different percentages for nanofilm (1.1.4) with chirality (6,6). (a) 20% (W/Sn), (b) 40% (W/Sn),
(c) 60% (W/Sn), (d) 80% (W/Sn).
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biological sensors. The sensor was based on the principle
that the electronic properties of Sn and W nanofilms
change when subjected to strains. The isotropic nature
of nanofilms helps in measuring strains in multiple
locations and in different directions. This manuscript
demonstrated, using first-principles quantum transport
calculations and Langevin dynamics (LD) and Monte
Carlo (MC) simulation methods, that hydrostatic pres-
sure can induce radial deformation and therefore elec-
trical transition of Sn-W nanofilms. The measurements
were carried out in a humid air atmosphere, which has
the same condition as that of a general operation of a
sensor. The total energy, potential energy, and kinetic
energy were calculated for the interaction of Sn and
W dioxide nanofilms and different numbers of ethanol
molecules at 300 K. The calculations are shown in

Tables 1, 2, 3, 4, 5, and 6, which show that with add-
itional number of ethanol molecules, the energies
increased. Figure 4 shows that the total energy increased
with additional distance mean of ethanol molecules and
its number is related to Sn-W nanofilms.
The characteristics of the sensor were investigated by

changing of resistance in ethanol ambient with different
products in air. Formation of acetaldehyde by the oxida-
tive dehydrogenation of ethanol depends critically upon
the reaction step that requires the oxide surface to ac-
quire a negative charge: when ethanol is injected into
the micro-reactor containing either a pure nanofilm
compound or a large fraction of ethanol, it was found to
be transformed to acetaldehyde. It then may be adsorbed
in the form of ethoxide (CH3CH2O), producing an
adsorbed hydrogen atom. On the contrary, this may be

Figure 3 Interaction between SnO2 nanofilm (1.1.4) with chirality (6,6) and 45 ethanol molecules in gas phase.

Table 1 Etotal, Epot, and Ekin calculated for SnO2 nanofilms (1.1.2) with chirality (3,3) and chirality (6,6)

Number
(C2H5OH)

Nanofilm (1.1.2) with chirality (3,3) Nanofilm (1.1.2) with chirality (6,6)

Langevin dynamics Monte Carlo simulation Langevin dynamics Monte Carlo simulation

Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal

2 13,779.37 11,008.44 2,770.93 37.56 12,683.41 12,720.97 5,324.66 21,269.72 26,594.39 59.08 24,627.04 24,686.11

4 13,945.72 11,145.63 2,800.09 53.65 12,895.69 12,949.35 5,343.36 20,950.79 26,294.15 75.19 24,362.76 24,437.95

8 16,923.75 13,579.51 3,344.24 85.85 8,712.70 8,798.55 5,319.18 21,051.04 26,370.22 107.42 24,449.50 24,556.91

14 16,318.59 12,835.62 3,482.97 136.82 14,819.28 14,956.10 5,837.56 22,768.01 28,605.57 155.76 26,458.96 26,614.71

20 17,356.28 14,052.32 3,303.96 182.42 16,026.57 16,208.99 6,667.73 27,700.08 34,367.80 204.09 31,817.43 32,021.52

25 17,740.40 14,315.16 3,425.24 214.62 16,331.12 16,545.74 12,045.68 33,253.92 45,299.60 244.37 39,020.24 39,264.61

30 17,740.40 14,315.16 3,425.24 262.91 24,660.00 24,922.91 10,226.58 34,406.06 44,632.64 284.65 40,248.02 40,532.67

35 33,710.02 27,457.04 6,252.98 305.83 30,880.40 31,186.23 8,156.48 34,789.06 42,945.55 332.09 39,433.17 39,765.27

40 29,115.74 23,610.61 5,505.13 343.39 26,661.92 27,005.31 9,417.45 36,521.02 45,938.47 365.21 41,949.13 42,314.34

45 37,582.69 26,085.83 11,496.87 383.63 31,131.61 31,515.23 7,575.181 34,216.33 41,791.51 409.14 41,447.89 41,857.03

Ekin, kinetic energy; Epot, potential energy; Etotal, total energy.
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sorbed hydrogen atom:

CH3CH2OH gð Þ→CH3CH2Oads þHads

CH3CH2Oads→CH3CHOads þHads

Hads þHads→2Hþ
ads þ 2e�

:

The thermodynamic properties of this interaction are
calculated by LD and MC simulation methods that are
shown in Tables 1, 2, 3, 4, 5, and 6. Now, in the reac-
tion environment, there are ethanol and acetaldehyde,
from which methyl ethyl ketone represents the second
most important reaction product in our calculations. This

Table 2 Etotal, Epot, and Ekin calculated for SnO2 nanofilms (1.1.4) with chirality (3,3) and chirality (6,6)

Number
(C2H5OH)

Nanofilm (1.1.4) with chirality (3,3) Nanofilm (1.1.4) with chirality (6,6)

Langevin dynamics Monte Carlo simulation Langevin dynamics Monte Carlo simulation

Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal

2 3,849.76 23,508.03 27,357.79 59.61 27,401.88 27,461.49 7,003.23 50,224.76 57,227.99 102.96 57,387.37 57,490.34

4 3,854.32 23,547.65 27,401.97 75.87 27,404.67 27,480.54 6,547.44 49,269.91 55,817.34 119.22 55,931.90 56,051.12

8 3,957.76 25,348.32 29,306.08 108.38 29,290.83 29,399.21 6,577.57 49,423.27 56,000.84 151.73 56,133.21 56,284.94

14 4,132.30 26,103.75 30,236.05 157.15 30,183.79 30,340.94 6,515.96 49,721.75 56,237.71 200.51 56,312.50 56,513.01

20 4,765.51 28,782.85 33,548.36 205.92 33,470.04 33,675.97 6,745.41 51,444.96 58,190.38 249.28 58,232.85 58,482.12

25 5,406.35 30,872.80 36,279.15 238.44 36,133.77 36,372.21 7,277.62 54,127.86 61,405.48 289.92 61,375.23 61,665.16

30 6,924.91 35,111.82 42,036.73 287.21 41,727.12 42,014.34 8,819.49 57,206.89 66,026.38 330.56 65,916.92 66,247.48

35 7,785.81 40,992.63 48,778.44 327.85 48,527.43 48,855.28 8,390.91 58,664.17 67,055.08 371.21 66,948.39 67,319.59

40 6,698.72 37,052.96 43,751.68 352.24 43,504.78 43,857.02 10,691.72 60,042.44 70,734.16 411.85 70,294.60 70,706.45

45 14,169.06 42,206.06 56,375.12 409.14 54,985.96 55,395.10 8,805.78 60,143.73 68,949.51 452.49 68,732.91 69,185.41

Table 3 Etotal, Epot, and Ekin calculated for different percentages of SnO2/WO3 nanofilms (1.1.2) with chirality (3,3)

Number
(C2H5OH)

80:20 (W/Sn) 60:40 (W/Sn) 40:60 (W/Sn) 20:80 (W/Sn)

Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal

Langevin dynamics

2 15,54.04 8,165.71 9,719.75 1,822.83 8,564.03 10,386.86 2,111.08 9,380.21 11,491.29 2,291.73 9,585.20 11,876.93

4 1,610.63 8,497.87 10,108.50 1,886.40 8,935.71 10,822.11 2,168.96 9,341.16 11,510.12 2,462.70 10,241.20 12,703.91

8 606.60 6,004.59 6,611.19 692.07 6,283.64 6,975.71 724.37 6,445.04 7,169.41 860.46 7,039.84 7,900.30

14 2,376.31 10,044.76 12,421.06 2,821.23 11,139.06 13,960.29 2,901.86 11,317.48 14,219.35 31,77.64 12,005.30 15,182.93

20 2,062.18 10,732.53 12,794.71 2,295.12 11,177.52 13,472.64 2,575.76 12,020.05 14,595.81 2,825.58 12,633.59 15,459.17

25 2,137.36 11,033.01 13,170.36 2,414.31 11,442.94 13,857.25 2,694.22 12,268.44 14,962.66 2,968.88 12,751.69 15,720.57

30 3,518.02 17,802.29 21,320.30 3,769.88 18,575.42 22,345.29 4,045.41 19,496.10 23,541.51 4,350.71 20,361.66 24,712.37

35 4,940.62 23,470.34 28,410.96 5,228.05 24,372.44 29,600.49 5,511.25 25,205.43 30,716.68 5,788.76 25,976.53 31,765.29

40 4,256.95 20,159.47 24,416.42 4,504.25 20,863.25 25,367.50 4,775.13 21,383.31 26,158.44 5,091.34 22,269.85 27,361.19

45 10,020.35 22,086.69 32,107.04 10,724.36 23,433.19 34,157.56 10,927.98 24,008.3 34,936.28 11,154.76 25,011.04 36,165.80

Monte Carlo simulation

2 37.93 9,699.82 9,737.75 37.93 10,365.47 10,403.40 37.93 11,473.01 11,510.94 37.93 11,853.55 11,891.49

4 54.19 10,074.46 10,128.65 54.19 10,789.42 10,843.61 54.19 11,459.26 11,513.45 54.19 12,663.02 12,717.21

8 86.71 6,563.80 6,650.51 86.71 2,638.45 2,725.16 86.71 7,117.41 7,204.12 86.71 7,853.92 7,940.63

14 137.28 12,266.40 12,403.68 137.28 12,945.73 13,083.01 137.28 1,4078.88 14,216.16 137.28 15,015.32 15,152.61

20 184.25 12,638.92 12,823.17 184.25 13,317.37 13,501.62 184.25 14,431.49 14,615.74 184.25 15,294.36 15,478.61

25 216.76 12,992.57 13,209.34 216.76 13,671.61 13,888.37 216.76 14,771.31 14,988.08 216.76 15,513.46 15,730.22

30 265.53 21,064.32 21,329.86 265.53 22,102.00 22,367.53 265.53 23,297.03 23,562.57 265.53 24,480.90 24,746.44

35 308.89 28,135.04 28,443.93 308.89 29,333.76 29,642.64 308.89 30,410.94 30,719.82 308.89 31,456.53 31,765.42

40 346.82 24,077.90 24,424.72 346.82 25,025.62 25,372.44 346.82 25,805.99 26,152.81 346.82 27,005.35 27,352.17

45 387.46 31,136.25 31,523.71 387.46 33,105.69 33,493.15 387.46 33,842.09 34,229.55 387.46 35,119.00 35,506.46
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reaction requires H transfer from one adsorbed acetal-
dehyde, which becomes oxidized, to another adsorbed
ethanol, which is reduced to alkoxide. Some Sn atoms
are replaced by W atoms, making different nanofilms
for the adsorption of ethanol molecules in gas phase.
The energies of interaction are calculated by Langevin
dynamics and Monte Carlo simulation that are shown
in Tables 1, 2, 3, 4, 5, and 6. It was also found that the
reduction in Sn atoms and length enhances the sensiti-
vities of the sensors.
The trajectories obtained by applying this algorithm

agree with those obtained by Langevin dynamics simu-
lations. The efficiency of a Monte Carlo-based search
engine depends on the interplay of the energy update
protocol and the type of conformational movements used
to modify a given conformation. The total energy and po-
tential energy are approximating similarly in both me-
thods with additional distance mean. On the other hand,
the kinetic energy is changed with additional distance for
the Langevin dynamics method, but it is the same for the
Monte Carlo simulation. With increased W in nanofilms,
the total energy decreased at 300 K as shown in Figure 5
and Tables 1, 2, 3, 4, 5, and 6.

Conclusions
It is believed that nanofilm-incorporated sensors can
bring dramatic changes to the biomedical industry. There
are certain cases such as diabetes where regular tests
by patients themselves are required to measure and con-
trol the sugar level in the body. The SnO2 and WO3

chemical sensors for liquids can be used for blood
analysis (for example, detecting sodium or finding pH
value). Sensors and biosensors have been widely used
in the food industry to provide safety and quality con-
trol of food products as the contamination of foods
caused by bacterial pathogens may result in numerous
diseases.
The sensitivity could be measured when the detecting

gas is mixed homogeneously with air. The sensitivity de-
pends on the ethanol concentration at each work tem-
perature. The sensitivity increases with increasing ethanol
gas concentration. The response and sensitivity of the
alcohol-treated sensor are found to be very high when
compared to those of the air-treated sensor. The total
energy depends linearly on the temperature in that it
increased with additional temperature, so this interaction
is endothermic.

Table 4 Etotal, Epot, and Ekin calculated for different percentages of SnO2/WO3 nanofilms (1.1.2) with chirality (6,6)

Number
(C2H5OH)

80:20 (W/Sn) 60:40 (W/Sn) 40:60 (W/Sn) 20:80 (W/Sn)

Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal

Langevin dynamics

2 2,755.86 14,469.19 17,225.04 3,379.86 16,428.55 19,808.41 4,083.70 17,959.44 22,043.14 4,591.24 19,887.84 24,479.08

4 2,884.09 14,433.97 17,318.06 4,209.04 17,137.61 21,346.65 4,209.04 17,137.61 21,346.65 4,739.74 19,027.48 23,767.22

8 2,906.87 14,335.54 17,242.42 3,497.00 16,023.00 19,520.00 4,129.47 18,097.28 22,226.74 4,701.51 19,565.19 24,266.70

14 3,115.43 15,515.17 18,630.6 4,034.61 17,432.03 21,466.65 4,674.31 19,265.93 23,940.24 5,185.91 20,923.87 26,109.78

20 4,118.17 20,179.56 24,297.72 4,631.68 22,273.93 26,905.60 5,250.10 24,059.02 29,309.12 5,722.94 25,570.39 31,293.34

25 6,280.36 22,829.68 29,110.04 7,033.24 25,451.13 32,484.37 7,577.53 27,507.41 35,084.93 11,300.17 30,710.20 42,010.37

30 7,153.81 26,116.36 33,270.17 7,956.55 28,378.50 36,335.05 8,729.66 30,375.62 39,105.28 9,474.97 32,292.45 41,767.42

35 5,601.06 27,407.76 33,008.82 6,226.93 29,267.00 35,493.92 6,886.25 31,411.72 38,297.97 7,475.36 32,988.25 40,463.61

40 6,111.14 27,241.57 33,352.71 7,143.89 30,539.81 37,683.70 7,962.71 33,060.76 41,023.47 8,722.34 35,166.94 43,889.28

45 5,291.90 26,610.73 31,902.63 5,861.36 28,427.55 34,288.91 6,400.03 30,681.32 37,081.35 6,920.45 32,017.11 38,937.55

Monte Carlo simulation

2 59.61 17,211.98 17,271.59 59.61 19,802.09 19,861.70 59.61 22,034.24 22,093.85 59.61 24,461.49 24,521.10

4 75.87 17,295.60 17,371.47 75.87 19,464.34 19,540.21 75.87 21,308.89 21,384.75 75.87 23,738.28 23,814.14

8 108.38 17,207.22 17,315.6 108.38 19,454.75 19,563.13 108.38 22,158.35 22,266.73 108.38 24,220.12 24,328.50

14 157.15 18,519.07 18,676.22 157.15 21,369.47 21,526.62 157.15 23,836.96 23,994.12 157.15 26,010.69 26,167.84

20 205.93 24,141.29 24,347.21 205.92 26,756.81 26,962.74 205.92 29,177.39 29,383.31 205.92 31,150.51 31,356.43

25 246.57 28,681.26 28,927.83 246.57 32,102.89 32,349.46 246.57 34,708.90 34,955.47 246.57 41,270.72 41,517.29

30 287.21 32,922.91 33,210.12 287.21 35,969.44 36,256.65 287.21 38,734.81 39,022.02 287.21 41,370.23 41,657.44

35 335.08 32,712.71 33,047.78 335.08 35,199.59 35,534.67 335.08 37,971.88 38,306.96 335.08 40,148.62 40,483.70

40 368.50 32,970.01 33,338.50 368.50 37,313.49 37,681.99 368.50 40,648.02 41,016.51 368.50 43,487.41 43,855.91

45 409.14 31,531.72 31,940.87 409.14 33,912.04 34,321.18 409.14 36,741.29 37,150.43 409.14 38,581.21 38,990.35
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The total energy in the two methods decreased ini-
tially, but it increased with additional number of ethanol
molecules that have indicated interaction between SnO2

nanofilms. The percentages of WO3 were increased in
the nanofilms, so the total energy decreased which indi-
cated that the nanofilms stabled upon adsorption. The
diffusion behavior can be clearly distinguished as either
normal mode or single file mode in time scales of about
1,000 ps. It is possible to show that setting a threshold
of 1 on the movement of the dihedrals of the backbone
in a single Monte Carlo step, the mean quantities asso-
ciated with the off-equilibrium dynamics are well repro-
duced, while the good description of higher moments
requires smaller moves.

Methods
Langevin dynamics simulation
In this work, we use Langevin dynamics and Monte
Carlo simulation methods for calculation of interaction
systems. The Langevin dynamics method simulates the
motion of molecules subjected to random collisions and
frictional forces and can be used to model solvated sys-
tems without explicitly including solvent molecules [15].

It provides information on the time evolution of the
molecular system. A Langevin dynamics simulation is
set up in much the same way as a molecular dynamics
simulation, with small differences due to the addition of
the friction coefficient. Langevin dynamics is similar in
principle to regular molecular dynamics. It includes
frictional effects to simulate the presence of a solvent
implicitly, where regular molecular dynamics requires
inclusion of explicit solvent molecules. One term repre-

sents a frictional force, and the other, a random force R
→

.
For example, the effects of solvent molecules not expli-
citly present in the system being simulated would be
approximated in terms of a frictional drag on the solute
as well as random kicks associated with the thermal
motions of the solvent molecules. Since friction opposes
motion, the first additional force is proportional to the
particle's velocity and oppositely directed. Langevin's
equation for the motion of atom i is [16]:

Fi
→� γ iυi

→þ Ri
→

tð Þ ¼ mi ai
→

; ð1Þ

where Fi
→

is still the sum of all forces exerted on atom i
by other atoms explicitly present in this system. This

Table 5 Etotal, Epot, and Ekin calculated for different percentages of SnO2/WO3 nanofilms (1.1.4) with chirality (3,3)

Number
(C2H5OH)

80:20 (W/Sn) 60:40 (W/Sn) 40:60 (W/Sn) 20:80 (W/Sn)

Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal

Langevin dynamics

2 2,210.62 15,257.10 17,467.72 2,610.16 17,432.68 20,042.84 3,065.21 19,358.78 22,423.99 3,412.01 21,421.35 24,833.36

4 2,219.86 15,292.77 17,512.63 2,663.95 17,169.90 19,833.85 3,165.18 19,574.31 22,739.49 3,459.65 21,415.72 24,875.37

8 2,164.23 16,591.41 18,755.64 2,678.74 18,129.12 20,807.86 3,084.77 20,868.51 23,953.27 3,474.81 22,874.86 26,349.67

14 2,402.37 17,790.82 20,193.19 2,895.48 19,780.01 22,675.48 3,369.85 22,050.74 25,420.59 3,619.75 23,950.49 27,570.24

20 3,695.35 23,113.83 26,809.18 4,700.47 26,356.08 31,056.55 5,416.69 28,721.93 34,138.62 5,786.23 29,874.15 36,251.63

25 3,298.99 22,089.16 25,388.15 3,651.98 24,348.83 28,000.81 4,281.28 26,668.50 30,949.77 4,719.27 28,339.91 33,059.18

30 5,049.80 25,379.65 30,429.45 5,600.27 28,120.61 33,720.89 5,987.73 30,976.19 36,963.92 6,396.02 32,997.49 39,393.52

35 5,393.05 31,294.44 36,687.49 5,965.39 33,824.96 39,790.34 6,544.17 36,430.97 42,975.14 7,085.10 38,844.76 45,929.85

40 5,028.14 27,665.13 32,693.26 5,549.61 30,147.64 35,697.25 5,380.29 32,404.76 37,785.05 6,038.96 34,147.74 40,186.70

45 12,069.53 32,404.33 44,473.86 12,727.84 34,802.41 47,530.25 13,177.77 36,924.81 50,102.58 13,543.40 39,169.52 52,712.92

Monte Carlo simulation

2 59.61 17,476.86 17,536.47 59.61 20,066.75 20,126.36 59.61 22,438.33 22,497.94 59.61 24,863.32 24,922.93

4 75.87 17,508.01 17,583.88 75.87 19,847.76 19,923.63 75.87 22,757.18 22,833.04 75.87 24,888.85 24,964.72

8 108.38 18,719.21 18,827.59 108.38 20,780.24 20,888.63 108.38 23,932.30 24,040.68 108.38 26,364.94 26,473.32

14 157.15 20,113.38 20,270.53 157.15 22,613.16 22,770.32 157.15 25,379.32 25,536.47 157.15 27,531.85 27,689.00

20 205.92 26,685.96 26,891.89 205.92 30,959.45 31,165.37 205.92 34,047.59 34,253.52 205.92 30,252.63 36,985.23

25 238.44 25,209.70 25,448.14 238.44 27,869.02 28,107.46 238.44 30,811.64 31,050.08 238.44 32,930.97 33,169.41

30 287.21 30,123.06 30,410.27 287.21 33,415.40 33,702.61 287.21 35,942.61 36,761.09 287.21 39,118.61 39,405.82

35 327.85 36,439.57 36,767.42 327.85 39,539.66 39,867.52 327.85 44,457.25 44,785.11 327.85 45,686.76 46,014.61

40 352.24 32,410.93 32,763.17 352.24 35,403.28 35,755.52 352.24 37,542.95 37,895.19 352.24 39,930.83 40,283.07

45 409.14 43,147.25 43,556.39 409.14 46,068.35 46,477.49 409.14 48,902.73 49,311.88 409.14 51,386.80 51,795.94
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equation is often expressed in terms of the collision fre-
quency ζ = γ/m. The friction coefficient is related to the
fluctuations of the random force by the fluctuation-
dissipation theorem:

Ri
→

tð Þ
D E

¼ 0;

Z
Ri
→

0ð Þ:Ri
→

tð Þ
D E

dt ¼ 6KBTγi: ð2Þ

In simulations, it is often assumed that the random
force is completely uncorrelated at different times, that
is, the above equation takes the form:

Ri
→

tð Þ:Ri
→

t0ð Þ
D E

dt ¼ 6KBTγiδ t � t0ð Þ: ð3Þ

The temperature of the system being simulated is

maintained via this relationship between R
→

tð Þ and γ.
The jostling of a solute by a solvent can expedite barrier
crossing, and hence, Langevin dynamics can search con-
formations better than Newtonian molecular dynamics
(γ = 0).

The Monte Carlo method samples phase space by
generating random configurations from a Boltzmann
distribution at a given temperature. Averages compu-
ted from a properly equilibrated Monte Carlo simula-
tion correspond to thermodynamic ensemble averages.
Thus, the Monte Carlo method can be used to find
average energies and equilibrium structural properties
of complex interacting systems [17]. A sequence of
successive configurations from a Monte Carlo simu-
lation constitutes a trajectory in phase space [18,19].
The Monte Carlo method provides a more direct route to
equilibrium structural and thermodynamic properties.
However, these calculations can be quite long, depending
upon the system studied [20]. Because of imperfections of
the force field, the lowest energy base usually does not
correspond to the native state in most cases, so the rank
of native structure in those decoys produced by the force
field itself is poor. Therefore, the rank of native structure
can be relatively better when ranked by the second force
field [21-23]. The acceptance ratio is a running average of
the ratio of the number of accepted moves to attempted
moves. Optimal values are close to 0.5; varying the step
size can have a large effect on the acceptance ratio.

Table 6 Etotal, Epot, and Ekin calculated for different percentages of SnO2/WO3 nanofilms (1.1.4) with chirality (6,6)

Number
(C2H5OH)

80:20 (W/Sn) 60:40 (W/Sn) 40:60 (W/Sn) 20:80 (W/Sn)

Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal Ekin Epot Etotal

Langevin dynamics

2 3,817.97 31,158.54 34,976.51 4,041.47 32,267.54 36,309.00 5,109.32 40,236.10 45,345.42 5,758.93 44,949.41 50,708.34

4 4,246.10 35,553.67 39,799.77 4,246.10 35,553.67 39,799.77 5,142.00 40,002.49 45,144.49 5,820.00 44,520.45 50,340.46

8 3,802.52 31,103.23 34,905.74 4,431.18 35,065.37 39,496.55 5,170.54 40,022.17 45,192.71 5,799.21 44,854.30 50,653.50

14 3,817.97 31,158.54 34,976.51 4,444.51 35,444.35 39,888.86 5,109.32 40,236.10 45,345.42 5,758.93 44,949.41 50,708.34

20 3,706.21 33,321.15 37,027.36 4,466.97 37,843.44 42,310.40 5,173.90 41,796.93 46,970.82 5,878.20 46,798.62 52,676.82

25 4,359.98 36,145.42 40,505.41 5,012.30 40,023.27 45,035.57 6,279.97 45,541.76 51,821.74 6,582.70 50,952.08 57,534.77

30 4,864.99 38,000.46 42,865.45 5,994.86 42,804.52 48,799.38 7,263.04 47,117.77 54,380.81 8,065.98 52,145.61 60,211.59

35 5,050.85 39,953.08 45,003.93 5,903.17 44,866.43 50,769.60 6,776.62 49,169.95 55,946.57 7,496.28 53,577.81 61,074.10

40 7,846.96 42,015.53 49,862.49 9,853.55 51,521.68 61,375.23 9,183.96 50,993.38 60,177.34 9,926.74 54,968.60 64,895.34

45 5,399.89 41,925.54 47,325.43 6,224.97 45,811.98 52,036.95 7,047.15 50,277.66 57,324.81 7,623.16 54,855.18 62,478.35

Monte Carlo simulation

2 180.64 31,882.55 32,063.19 180.64 36,303.64 36,484.28 180.64 40,340.47 40,521.11 180.64 45,439.63 45,620.26

4 119.22 35,430.47 35,549.69 119.22 39,878.80 39,998.02 119.22 45,254.13 45,373.35 119.22 50,473.20 50,592.42

8 151.73 39,522.59 39,674.32 151.73 39,522.59 39,674.32 151.73 45,250.92 45,402.65 151.73 50,762.30 50,914.04

14 200.51 50,786.41 50,986.91 200.51 50,786.41 50,986.91 200.51 50,786.41 50,986.91 200.51 50,786.41 50,986.91

20 249.28 36,960.39 37,209.67 249.28 42,270.60 42,519.88 249.28 46,945.01 47,194.29 249.28 52,688.51 52,937.79

25 289.92 40,409.42 40,699.34 289.92 44,944.90 45,234.82 289.92 51,745.62 52,035.54 289.92 57,505.35 57,795.27

30 330.56 42,700.64 43,031.20 330.56 48,649.13 48,979.70 330.56 54,252.67 54,583.23 330.56 60,074.48 60,405.04

35 371.21 44,836.86 45,208.06 371.21 50,607.44 50,978.64 371.21 55,802.74 56,173.95 371.21 60,956.07 61,327.28

40 411.85 49,316.07 49,727.92 411.85 60,917.38 61,329.23 411.85 59,687.30 60,099.15 411.85 64,377.98 64,789.83

45 452.49 47,089.70 47,542.20 452.49 51,817.49 52,269.99 452.49 57,089.73 57,542.22 452.49 62,273.49 62,725.98
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Figure 4 Total energy (kcal/mol) calculated for interaction of SnO2 and ethanol molecules at 300 K. (a, b) Nanofilm (1.1.2) with chirality
(3,3), (c, d) nanofilm (1.1.4) with chirality (3,3).

Figure 5 Total energy (kcal/mol) calculated for interaction of nanofilms and ethanol molecules at different percentages (W/Sn).
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