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Organic semiconductor materials have demonstrated extensive potential in the field of gas sensors due
to the advantages including designable chemical structure, tunable physical and chemical properties.
Through density functional theory (DFT) calculations, researchers can investigate gas sensing mech-
anisms, optimize, and predict the electronic structures and response characteristics of these materi-
als, and thereby identify candidate materials with promising gas sensing applications for targeted de-
sign. This review concentrates on three primary applications of DFT technology in the realm of organic
semiconductor-based gas sensors: (1) Investigating the sensing mechanisms by analyzing the interactions
between gas molecules and sensing materials through DFT, (2) simulating the dynamic responses of gas
molecules, which involves the behavior on the sensing interface using DFT combined with other com-
putational methods to explore adsorption and diffusion processes, and (3) exploring and designing sen-
sitive materials by employing DFT for screening and predicting chemical structures, thereby developing
new sensing materials with exceptional performance. Furthermore, this review examines current research
outcomes and anticipates the extensive application prospects of DFT technology in the domain of organic
semiconductor-based gas sensors. These efforts are expected to provide valuable insights for further in-
depth exploration of DFT applications in sensor technology, thereby fostering significant advancements

and innovations in the field.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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Therefore, there is a pressing need for a more efficient and accu-
rate research methodology to address these challenges.

1. Introduction

In recent years, organic semiconductor-based gas sensors have
gained significant attention for their wide-ranging applications in
environmental monitoring, medical diagnostics, industrial safety,
and other fields [1-3]. To develop high-performance and cost-
effective gas sensors, extensive research is required in several criti-
cal aspects, including understanding sensing mechanisms, dynamic
responses during the sensing process, and the selection and design
of sensitive materials [4-9]. However, traditional experimental ap-
proaches can be time-consuming, complex, and inefficient due to
the diverse materials and complex sensing mechanisms involved.
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In response to these challenges, density functional theory (DFT)
[10-15], a computational and simulation technique, has emerged
as a powerful tool for understanding and optimizing organic
semiconductor-based gas sensors [16-19]. DFT calculations provide
insights into the electronic structure, charge transfer processes, and
reaction mechanisms of materials, aiding in the design and opti-
mization of gas sensing materials [20-23]. By significantly reduc-
ing experimental complexity and costs, DFT simulations enable re-
searchers to gain a deep understanding of the interaction processes
between gas molecules and sensing materials and provide theoret-
ical guidance for the design and optimization of gas sensors [24-
28].

While previous literature reviews have discussed gas sensor
materials and the application of DFT, there is a need for a com-
prehensive review specifically focusing on the integration of DFT
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Fig. 1. Number of publications related to the application of DFT in organic
semiconductor-based gas sensors per year. Search keywords are organic semicon-
ductor, gas sensors and density functional theory (DFT) via web of science on
September 30, 2024.

with organic semiconductor-based gas sensors [29-34]. In recent
years, a growing number of research papers have applied DFT to
explain and predict the behavior of gas sensors based on organic
semiconductor materials, indicating sustained academic interest in
this area (Fig. 1). Especially, there is rapid increasement of publi-
cations since 2015.

In this review, we aim to address the applications and chal-
lenges of DFT techniques in the context of organic semiconductor-
based gas sensors. These applications can be broadly classified into
three categories: elucidating the interaction mechanism between
gas molecules and organic semiconductor materials, analyzing the
sensor’s response mechanism and dynamic performance, and fa-
cilitating the screening and design of novel sensitive materials
(Fig. 2).

The sensing mechanism and dynamic response are inherently
interconnected. The study of sensing mechanism involves em-
ploying DFT to analyze the interaction between gas molecules
and sensing materials, revealing the working principles of organic
semiconductor-based gas sensors. On the other hand, dynamic re-
sponse simulation utilizes DFT in combination with other compu-
tational methods to investigate the adsorption and diffusion pro-
cesses of gas molecules on the sensor surface, exploring the dy-
namic behavior of gas adsorption.

During our research, we discovered the close relationship be-
tween the sensing mechanism and dynamic response. The in-
teraction between gas molecules and sensing materials directly
influences the dynamic response of the sensor. For instance,
through DFT calculations, we can elucidate the interaction strength
between active sites on the sensing material surface and gas
molecules, thus affecting the adsorption and diffusion behavior of
gas molecules on the sensor surface. This interaction governs the
selectivity and sensitivity of the sensor towards specific gases.

By combining the studies of sensing mechanism and dynamic
response, a deep understanding of the working principles and per-
formance characteristics of organic semiconductor-based gas sen-
sors can be achieved. This not only guides the design and opti-
mization of sensors but also provides a theoretical foundation for
the development of novel organic sensing materials with outstand-
ing performance.

A comprehensive summary of the literature related to the ap-
plication of DFT in the field of organic semiconductor gas sensors
as shown in Table S1 (Supporting information). By combining the-
oretical and experimental perspectives, our review aims to deepen
the understanding and utilization of DFT techniques in this area.
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This will provide a more solid theoretical foundation for the de-
sign and optimization of organic semiconductor-based gas sensors.

2. DFT calculation for the sensing mechanism of gas sensors

In the context of utilizing organic semiconductors as sensi-
tive materials for gas sensors, the determination of adsorption en-
ergy and electron transport properties plays a pivotal role. These
parameters directly dictate the performance and response char-
acteristics of the sensors. Employing DFT to calculate these pa-
rameters provides invaluable insight into the interaction mecha-
nism between organic semiconductor materials and gas molecules,
thereby facilitating the optimization of sensor design and
performance.

DFT serves as a pivotal theoretical framework for precisely sim-
ulating the adsorption dynamics of gas molecules onto organic
semiconductor surfaces and determining the corresponding ad-
sorption energies [35,36]. For example, in NH3; detection, polyani-
line (PANI), an organic semiconductor material, holds significant
relevance due to its distinctive characteristics facilitating NH3 pro-
tonation and deprotonation. However, pure PANI exhibits dimin-
ished sensitivity to NH; and constrained NH; adsorption capac-
ity. The introduction of protonic acid doping agents is instrumen-
tal in augmenting both the conductivity and NH3 adsorption ca-
pabilities of PANI. DFT computations unveil that X-PANI (where X
denotes HCl, H3PO4, and H3BOs3) exhibits a robust m-conjugated
architecture characterized by a narrowed bandgap and heightened
chemical reactivity. Specifically, HCI-PANI manifests a pronounced
dipole moment, thereby fostering enhanced adsorption of posi-
tively charged NH3; molecules and heightened gas response [36].
Furthermore, leveraging DFT calculations provides insights into the
intricate interplay between gas molecules and organic semiconduc-
tor materials, as exemplified in Fig. 3. Discriminating the sensitivity
of diverse sensing materials towards gases necessitates scrutinizing
both adsorption energies and non-covalent bonding interactions.
DFT empowers the assessment of material adsorption capacities
for different gases by precisely predicting the adsorption propen-
sities of various gas molecules on distinct organic semiconductor
material surfaces [35]. This predictive capability is indispensable
for crafting gas sensors endowed with superior sensitivity and se-
lectivity.

Upon the adsorption of gas molecules, the electronic structure
of organic semiconductor materials undergoes alterations, exert-
ing a profound influence on sensor efficacy. Leveraging DFT, we
can meticulously unravel the intricate dynamics of charge trans-
fer and energy level modulation occurring throughout the adsorp-
tion process, discerning the nuances within the material’s elec-
tronic configuration. As illustrated in Fig. 4a, DFT facilitates an in-
depth exploration of the electrostatic potential distribution of X-
PANI, thereby pinpointing the most probable NH3; adsorption sites
[36].

Furthermore, the synthesis of experimental observations and
DFT insights reveals that NH; undergoes physical adsorption de-
void of any chemical transformations during the adsorption pro-
cess, as depicted in Fig. 4b [36]. Coulombic interactions drive the
adsorption of NH3; onto the sensor surface, orchestrating charge
transfer phenomena and bolstering the conductivity of p-type
compounds. The exchange of electrons between NH; and X-PANI,
delineated by the alterations in highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) profiles,
endows X-PANI with additional charge carriers from NHs3, culmi-
nating in an upsurge in the conductivity of organic semiconductor
materials until equilibrium is attained. Moreover, owing to their
narrower energy bands and augmented dipole moments, NH3 ad-
sorption onto HCI-PANI is more pronounced, consequently afford-
ing superior NH3 responsiveness. Examining the NH3 adsorption
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Fig. 3. (a) Geometric structure, HOMO and LOMO of X-PANI (X=HCI, H3PO4, H3BO3). Copied with permission [35]. Copyright 2023, Elsevier. (b) NCI analysis between DMMP
and P3HT, TBy4, and TBg. Copied with permission [36]. Copyright 2022, Elsevier.
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Fig. 4. (a) Electrostatic potential distribution of X-PANI before and after adsorption of NH; molecules. Copied with permission [36]. Copyright 2023, Elsevier. (b) Geometric
structure, HOMO and LOMO distribution. Copied with permission [36]. Copyright 2023, Elsevier. (c) PANI-TiO, before and after NH3 adsorption Energy band changes of Au
composite materials. Copied with permission [37]. Copyright 2017, Elsevier. (d) DOS and charge distribution of 3PPy before and after adsorption of NHs3. Reproduced with

permission [38]. Copyright 2015, Elsevier.

mechanism on the X-PANI sensor further through DFT-simulated
investigations illuminates the interplay between X-PANI and NH3,
substantiating the influence of protonation type on NHs sensi-
tivity [36]. These foundational inquiries offer a theoretical scaf-
fold for subsequent explorations into diverse doped polyaniline
derivatives.

The alteration in energy bands pre- and post-gas molecule ad-
sorption was discerned through meticulous DFT calculations, of-
fering profound insights into the underlying sensing mechanism
of the gas sensor, as delineated in Fig. 4c [37]. Utilizing PANI-
TiO,-Au composite as the sensing material, NH; molecules un-
dergo electron transfer to PANI, resulting in the depletion of
hole concentration within the polyaniline framework and con-
sequent reduction in film conductivity. Examination of the en-
ergy band variations unveils that the diminishing concentration
of holes in polyaniline triggers an expansion of the depletion
layer formed by PANI and TiO,, constricting the conductive path-
way of PANI Concurrently, electrons migrate from PANI to Au
nanorods, instigating the formation of a hole accumulation layer
within PANI and an electron accumulation layer within Au at their
interface. Consequently, it is conjectured that the hole accumu-
lation layer in polyaniline exhibits heightened reactivity towards
NH3 molecules, thereby amplifying the sensor’s responsiveness to
NHs [37].

Electronic properties between sensitive materials and gas
molecules can be meticulously scrutinized through DFT calcula-
tions. Illustrated in Fig. 4d, density of states (DOS) plots and band
gap analyses of 3-polypyrrole (3PPy) and 3PPy-NH3 complexes un-
veil remarkably similar band gaps, indicating minimal alteration
in electronic properties upon NHs interaction with 3PPy. Theo-
retical computations elucidate that NH3 interaction with PPy pri-
marily entails electron transfer from NH3 to 3PPy, resulting in al-

terations in resistance and band gap characteristics of 3PPy. This
charge transfer phenomenon significantly impacts the sensitivity
of the interaction while inducing subtle changes in the electronic
properties of 3PPy [38].

By comprehensively analyzing the results of DFT calculations
and experimental observations, we can find that the adsorption
and sensing process of gas molecules involves many physical and
chemical processes, such as charge transfer, bond formation and
energy band modulation. These processes work together to deter-
mine the sensitivity, selectivity and response speed of the sensor.
Among them, DFT calculations provide key insights into deeper un-
derstanding of these processes.

DFT simulation methods play an important role in studying
the sensing mechanisms of gas sensors. By accurately calculating
parameters such as adsorption energy and electron transfer, we
are able to better understand the interaction mechanisms between
organic semiconductor materials and gas molecules and provide
guidance for sensor design and performance optimization. How-
ever, it is worth noting that the implementation and interpre-
tation of the DFT method needs to be combined with experi-
mental validation, and there are still some limitations and chal-
lenges, such as in terms of computational complexity and model
accuracy.

The application of the DFT simulation methodology provides us
with the ability to gain insight into the working principles and
performance modulation mechanisms of gas sensors. By combining
experimental observations and theoretical calculations, we can re-
veal the operation mechanism of the sensor and the interactions of
each link, which in turn provides an important reference for sensor
design and optimization. However, more research is still needed
to further explore and improve the application of DFT simulation
methods in gas sensor research.
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Fig. 5. (a) EDOT:SS in NH; gas in MD simulation and interaction energy vs. dis-
tance. Reproduced with permission [39]. Copyright 2017, Springer Nature. (b) Ad-
sorption of gas molecules by PUA and PUA/MWCNTs composites. Copied with per-
mission [41]. Copyright 2020, Elsevier.

3. Dynamic response simulation between gas molecules and
sensing materials

The response characteristics of a sensor are not only deter-
mined by its static attributes but also by the dynamic interactions
between gas molecules and its surface [39-41]. While DFT cal-
culations provide detailed insights into the atomic and electronic
scales, they are computationally intensive and not suitable for di-
rectly modeling large-scale dynamic processes. To overcome this
challenge, researchers have integrated the adsorption energies and
diffusion coefficients obtained from DFT calculations into multi-
scale kinetic models. By combining microscopic DFT simulations
with macroscopic sensor response, these multiscale models offer a
comprehensive understanding of the dynamic interactions between
gas molecules and the sensor surface, shedding light on the com-
plex gas adsorption and diffusion processes at the sensor interface
[39-41]. This integration has proven to be invaluable for unravel-
ing the intricate dynamics that govern sensor performance, signif-
icantly advancing our understanding of gas sensing mechanisms.

Fig. 5a showcases an investigation into NHs adsorption on
3,4-ethylenedioxythiophene (EDOT), styrene sulfonate (SS), and
EDOT:SS wusing the quantum mechanics/molecular dynamics
(QM/MD) method at room temperature [39]. The results demon-
strate that NH; molecules preferentially bind to the H atoms of
EDOT and around the O atoms of SS with a higher probability com-
pared to other atoms. These findings indicate a strong affinity be-
tween NH3 and EDOT:SS, where NH3 molecules are likely to inter-
act with the H atoms of EDOT through the lone pair electrons on
the N atom. This physical adsorption results in electronic charge
transfer from NH3 to EDOT, enabling the interaction between the
hole of EDOT and the electron-donating NH3 [39]. Through DFT-
based simulations, we gain valuable insights into the dynamic be-
havior of gas molecules, which not only enhances our understand-
ing of NH3 interaction with poly(3,4-ethylenedioxythiophene) (PE-
DOT) but also elucidates the direct charge transfer sensing mecha-
nism responsible for NH3 detection by the PEDOT gas sensor.

In addition, Monte Carlo (MC) simulations have been employed
to investigate the adsorption behavior of materials, as illustrated
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in Fig. 5b [41]. Specifically, the adsorption of polyurethane acrylate
(PUA)/multiwalled carbon nanotube (MWCNT) composites on gases
such as H,, NO,, and NH3; was examined using MC simulations.
The simulations reveal that the overall system energy decreases
upon gas molecule adsorption, indicating an exothermic adsorp-
tion reaction, which is typical for adsorption processes. The inte-
gration of MC simulations with other DFT theoretical calculations
demonstrates that the presence of MWCNTs significantly enhances
the adsorption capacity of PUA and promotes adsorption reactions
between the sensor materials and gas molecules, particularly for
NO,. Therefore, PUA/MWCNT composites show great promise as
optimal candidates for gas sensor applications [41].

Moreover, the adsorption and diffusion behavior of C;H, and
CO gas molecules on the surfaces of Mn@COF (covalent organic
framework, COF), Mn@GP, and Mn@GP/COF has been analytically
studied through kinetic simulations (Fig. 6a) [42]. The variation
of the total and potential energies is investigated to analyze the
interaction between the gas molecules and the surfaces. The ob-
served increase in energy indicates the exothermic nature of the
adsorption process, signifying the stabilization of gas molecules on
the surface. Notably, the temperature versus time plots obtained
from MD simulations demonstrate the relatively high stability of
the Mn@GP/COF surface, indicating its potential as a stable and
promising material for C;H4 and CO gas adsorption (Fig. 6b) [42].
Overall, the employment of kinetic simulations provides valuable
insights into understanding and predicting the adsorption and dif-
fusion behaviors of gas molecules on the sensor surface, thereby
facilitating the design and optimization of new gas detection ma-
terials [42].

Dynamic response simulation plays a crucial role in under-
standing the mechanism of 2D COFs in gas sensing, particularly
for enhancing the detection selectivity and sensitivity of NO,. The
grand canonical Monte Carlo (GCMC) simulations also predict the
gas adsorption distribution, as shown in Fig. 7a for the adsorp-
tion distribution of benzene, toluene, ethylbenzene, and xylene
(BTEX) in Cu-TCPP-Cu (tetrakis(4-carboxyphenyl)porphyrin, TCPP)
[43]. The simulation results highlight the significance of pore size
and depth in Cu-TCPP-Cu, which play a vital role in the adsorption
and diffusion of BTEX. That is, a specific pore depth maximizes the
exposure of adsorption active sites while minimizing spatial resis-
tance during gas molecule diffusion [43]. Furthermore, kinetic sim-
ulation studies demonstrate that Cu-TCPP-Cu exhibits exceptional
detection properties for benzene vapor, exhibiting ultra-high sen-
sitivity, fast response time, very low detection limit, and excellent
selectivity.

As shown in Fig. 7b, GCMC simulations demonstrate the strong
gas adsorption capacity and charge transfer capability of COFs [44].
This research contributes to an in-depth understanding and opti-
mization of the design of two-dimensional metal-organic frame-
work (MOF)-based gas sensors through a combination of theoret-
ical simulations and experimental validation [44]. Overall, kinetic
simulation studies illustrate the potential of conjugated organic
polymers for gas sensing. The kinetic simulations allowed scien-
tists to gain a deeper understanding of the structure-activity re-
lationship, providing important insights into the study of organic
semiconductor gas sensors.

Furthermore, molecular dynamics simulations were employed
to explore the diffusion behavior of different gas molecules in a ze-
olite imidazolate frameworks-8 (ZIF-8) (Zn(mIm),) membrane, as
depicted in Fig. 8 [45,46]. Fig. 8a shows the different molecular
structure models. These simulations revealed that ethanol exhib-
ited the highest diffusion rate, followed by NO,, propane, acetone,
and ethylbenzene (Fig. 8b). The kinetic simulation study highlights
the tunability of gas molecule transport time through the thick-
ness and porosity of the ZIF-8 membrane, providing a strategy for
controlling the selectivity and response time of the sensor [45].
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This approach contributes to the development of high-performance
chemoresistive gas sensors capable of distinguishing and recogniz-
ing multiple gas molecules.

MD simulations also demonstrated that NF; and NCl3 molecules
can be released from cyclotripyrrole (CTPy) after adsorption with-
out structural damage, suggesting CTPy’s potential as a novel gas
sensor for detecting NF; and NCl3 molecules (Fig. 8c). Also, NH3
and NBrj interact strongly with CTPy (Fig. 8d). In sum, the kinetic
simulation studies provide valuable insights into the adsorption
performance and stability of CTPy on NH3, NF3, NCl3, and NBr3
molecules [46]. CTPy exhibits excellent adsorption performance for
these gas molecules due to its unique structure, especially the infi-
nite conjugated and highly active cavities. These simulation results
strongly support the potential of CTPy as a sensor material for the
detection of these gas molecules.

The dynamic response simulation, built on the foundation of
DFT, represents a novel approach in our research. Beyond ana-
lyzing static performance metrics, understanding a sensor’s re-
sponse requires considering the dynamic interactions between gas
molecules and its surface. Leveraging DFT-based dynamic response
simulation enables us to comprehensively assess these molecular
dynamics on sensor surfaces. Through meticulous analysis of ad-
sorption, diffusion, and other processes, we gain profound insights
into the response mechanism and dynamic performance of gas
sensors. With the continuous advancements in computing technol-
ogy, we expect DFT-based dynamic response simulation to play a
pivotal role in gas sensor research, providing more effective solu-
tions for addressing real-world challenges.

4. Screening and design of gas sensitive materials

Organic semiconductor materials offer great potential for ad-
vancements in gas sensor technology due to their unique prop-
erties, such as molecular modularity, tunable electrical conduc-

tivity, and cost-effective fabrication. Materials like polypyridine,
polyaniline, and polypyrrole demonstrate exceptional capabilities
in gas adsorption dynamics and electron transport phenomena,
making them suitable for detecting a wide range of gases, in-
cluding volatile organic compounds, sulfides, and nitrogen com-
pounds [47-55]. Manipulating the molecular configurations and in-
corporating functional moieties into organic semiconductors en-
ables highly selective gas detection, opening up possibilities for
real-world applications. However, the diverse nature of these ma-
terials and the intricate interplay between structure and function-
ality pose challenges, requiring systematic methodologies for ma-
terial identification and targeted design strategies. In this context,
DFT emerges as a key computational approach that enables the
study of the electronic intricacies and gas-responsive characteris-
tics of organic semiconductors. This computational framework not
only provides a foundation for material screening and design but
also generates innovative paradigms for the development of high-
performance gas sensors [56-64].

DFT calculations are instrumental in predicting crucial param-
eters such as electronic structure, adsorption energy, and charge
transfer rates in organic semiconductor materials. These predic-
tive capabilities facilitate the screening and identification of ma-
terials with superior gas sensing properties. Computational simu-
lations enable rapid and cost-effective evaluations of a wide range
of potential materials, streamlining the development process of ad-
vanced sensor materials.

As depicted in Fig. 9a, DFT calculations enable precise compar-
isons of the interactions between three organic semiconductor ma-
terials (furan, pyrrole, and thiophene) and various gas analytes. No-
tably, polypyrrole exhibits superior sensing capabilities across all
analytes compared to polyfuran and polythiophene [49]. Addition-
ally, the response of the band gap indicates the heightened sensi-
tivity of the organic semiconductors to CO, SO,, and SO3, suggest-
ing an enhancement in electrical conductivity in their presence.
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Fig. 9. (a) Interaction energy and band gap characteristics of polymers-CNX complexes. Copied with permission [49]. Copyright 2017, Springer Nature. (b) Structural geometry
of polymers-CNX (X =Br, Cl, F) complexes, analysis of charge transfer quantities and topological analysis of electron density. Reproduced with permission [65]. Copyright 2024,

Springer Nature.

These computational insights highlight the specific gas sensing be-
haviors exhibited by different organic semiconductor materials and
emphasize the superior sensitivity of polypyrrole across all ana-
lytes [49].

Furthermore, a detailed investigation into the interactions be-
tween PEDOT, polythiophene (PTh), PPy, and polyaniline emeral-
dine salt (PANI ES) with CNX (X=Br, Cl, F) was conducted using
DFT computations, as presented in Fig. 9b [65]. The analysis reveals
that CNX primarily interacts with PEDOT, PPy, and PTh through

its halogen moieties, whereas PANI ES forms hydrogen bonding
interactions via N-H functionalities. The quantification of charge
transfer and topological analyses highlight the pronounced charge
transfer and electrostatic interactions in the PANI ES-CN complex,
demonstrating PANI ES as a promising material for CNX sensing
applications [65].

The integration of DFT calculations provides valuable insights
into the dynamic behavior of organic semiconductor materials in
gas sensing. These computational approaches aid in material se-
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. PT-OCH,

Fig. 10. Schematic diagram of the structures and reaction sites of (a) PT, (b) PT-F,
(c) PT-CH3, (d) PT-OH, (e) PT-NH3, (f) PT-CN, (g) PT-CsHs, (h) PT-CCH, (i) PT-NO, and
(j) PT-OCHj3. Reproduced with permission [66]. Copyright 2021, Springer Nature.

lection, design optimization, and the development of efficient gas
sensors. The combination of computational and experimental ef-
forts fuels advancements in gas sensing technologies and paves the
way for future innovations.

In addition to its significant contribution to material screening,
DFT plays a pivotal role in guiding the precision-targeted design
of organic semiconductor materials for gas sensing applications
[36,66]. By carefully controlling the molecular architecture and ma-
nipulating dopants, DFT offers unprecedented insights into tailor-
ing the adsorption performance, selectivity, and response kinetics
of these materials. This enables researchers to optimize sensor per-
formance by enhancing selectivity and sensitivity towards targeted
gases, thus providing heightened discriminatory capacity and im-
proved sensor efficacy [36,66]. The combination of rational design
and DFT-guided molecular engineering represents a paradigm shift
in sensor fabrication, revolutionizing the field of gas sensing tech-
nologies.

In the field of gas sensing, polythiophene (PT) derivatives have
been extensively studied for their design and application. How-
ever, the synthesis of diverse derivatives and their complex interac-
tions with analytes present significant challenges in developing PT
derivatives with enhanced sensing capabilities. Experimental de-
sign through trial and error is not feasible due to the large design
space. In this context, theoretical studies based on DFT serve as
invaluable tools to guide experimental efforts and predict interac-
tions with analytes. Through molecular modeling and simulation,
we aimed to explore the modification of PT side chain functional
groups, resulting in the generation of ten different PT derivative
structures, including unmodified PT, as depicted in Fig. 10 [66].

Adsorption studies of these PT derivatives revealed that sul-
fur atoms in derivatives such as PT-F, PT-CH3, and PT-OH exhib-
ited high reactivity. Conversely, derivatives like PT-NH,, PT-CgHs,
PT-NO,, and PT-OCH;3 showed reactivity predominantly at the ter-
minal regions, indicating an efficient electro polymerization pro-
cess within these systems. Notably, PT-CN and PT-CCH derivatives
displayed pronounced reactivity on their side groups, suggesting
that the presence of reactive sites on more exposed areas en-
hances polymer-analyte interactions. Computational analyses con-
firmed that PT-CN and PT-CCH possess excellent gas adsorption
properties and stability, positioning them as promising candidates
for gas sensor applications. These DFT predictions are also vali-
dated by experimental characterization techniques. PT-CN deriva-
tives exhibited exceptional potential for the high-sensitivity detec-
tion of gases such as SO, and NH;3 [66]. The high degree of agree-
ment between computational predictions and experimental results
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confirms the reliability and accuracy of DFT in guiding material se-
lection and design. These findings underscore the importance of
leveraging DFT studies to rationally design PT derivatives with su-
perior sensing performance, thereby advancing the development of
high-efficiency sensors.

Fig. 11a showcases a meticulous exploration of gas molecule ad-
sorption behavior across various PT derivatives, facilitated by rigor-
ous DFT calculations [66]. Remarkably, PT-CN stands out among the
derivatives, exhibiting robust binding energies towards the suite of
analytes under investigation. Notably, SO, demonstrates the high-
est affinity towards PT-CN, highlighting its exceptional binding
characteristics, while H,S exhibits comparatively weaker binding
energies. Analysis of the HOMO and LUMO profiles reveals intrigu-
ing insights, with PT-OH, PT-CH3, PT-CgHs, PT-NH;, and PT-OCHj3
showing diminished chemical stability compared to pristine PT.
Conversely, PT-CN and PT-NO, exhibit enhanced stability, accom-
panied by a discernible reduction in the system’s band gap. Fur-
thermore, scrutiny of the density of states diagrams reveals sub-
tle shifts in the boundary energy levels towards higher energies in
PT-CH3, PT-CgHs, and PT-CN, indicative of altered electronic struc-
tures. Synthesizing these findings, PT-CN emerges as a compelling
contender, showcasing both stability and broad-spectrum sensitiv-
ity towards analytical gases, positioning it as a promising candidate
for integration into gas sensor platforms [66].

DFT serves as a powerful tool for unraveling the complex dop-
ing mechanisms that impact the electronic structure and adsorp-
tion properties of materials. By elucidating the principles underly-
ing dopant-material interactions, DFT enables informed decisions
regarding dopant selection and doping concentration optimization,
leading to improved sensitivity and stability of sensors. Fig. 11b ex-
emplifies the transformative potential of DFT in sensor research by
investigating the structural and electronic attributes of polypyrene
(nPy in nPy, nPy*, and nPy~ states upon exposure to formalde-
hyde [67]. Remarkably, it is evident that nPy~ exhibits the high-
est adsorption energy towards formaldehyde, accompanied by sig-
nificant changes in its conductive behavior. Analysis of HOMO,
LUMO, and density of states profiles provides insights into the
charge-dependent interactions between polypyrrole and formalde-
hyde. The strong affinity observed between negatively charged PPy
and formaldehyde highlights its potential as a superior sensing ma-
terial for formaldehyde detection. Additionally, the profound im-
pact of formaldehyde adsorption on the electronic structure of
nPy~, through alterations in the HOMO energy level and modula-
tion of the HOMO-LUMO gap, further emphasizes its suitability for
sensor applications [67]. This study not only positions polypyrrole,
particularly in its negatively charged state, as a promising sensing
material but also provides invaluable guidelines for doping strate-
gies in organic semiconductor materials and offers a theoretical
framework for the design of next-generation gas sensors.

DFT calculations offer powerful advantages in materials design
for gas sensors, but it is also important to acknowledge the limi-
tations and potential sources of error associated with this compu-
tational method. Despite its remarkable predictive capabilities, DFT
calculations are based on certain assumptions and approximations
that may introduce inherent limitations. These include the choice
of exchange-correlation functionals, the treatment of van der Waals
interactions, and the consideration of spin-orbit coupling, among
others. It is crucial to recognize that the accuracy of DFT calcula-
tions can vary depending on the specific system and level of theory
employed.

To validate and refine DFT calculations, it is essential to inte-
grate experimental techniques and other computational methods.
Experimental validation can provide crucial insights into the be-
havior and properties of gas sensing materials. It is important to
consider the influence of external factors, such as temperature,
pressure, or environmental conditions, on the performance of gas



Z. Zhou, ]. Song, Y. Xie et al.

Chinese Chemical Letters 36 (2025) 110906

PT '
PT-CCH |
H PT-CH, !
P ——PT-CH, !
- iz
a : PT A
v N : PT-OH | o
QL [\ ! | ——PT-OCH, ! /J
\ [ : PIF | | WY
= : PT :
\ A\ i PTCN )\
\ A : PT-NH, | A\
: PT-NO, |
: ~
\ : \ H
T Mw :u . T 1
-10 -8 -6 -4 2 0 2
Energy (eV)
| 9Py [ opy~ [ opy
-
“ |
O eV SRR W N 0 W I PN, W0 P x
o1 9Py-CH;0 | 9Py"-CH,0 | 9Py-CH,0

(@ o (b)
% 0.5
=
20 04
2
= 03
g
B 02
g 2
2w 8
0.0 [_'
PT PT-CCH PT-CN
1
[
2 | 2 [ _ax |_2m L an
g == T ==
B ‘ 2 [ =
- B o | i B ™ = =
“ ‘ - |
I S S G S R P A OO S O
& & & & 4\;) & & & @*‘
CH,0
% £
]
P 7 U‘H o 5
'LUMO —| "~ LUMO §
Eg-08740 i 2
U8 SRS R = iz L/
HOMO Frontier Molecular Orbitals HO.VO
nPy nPy-CH,O

-
m

m
T

P

s TYSTERRALE
30 . s e s e

Lol
C s

E(eV)

Fig. 11. (a) Adsorption energy, HOMO-LUMO and density of states of PT derivatives. Reproduced with permission [67]. Copyright 2021, Springer Nature. (b) HOMO-LUMO
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sensors. Incorporating these factors into computational modeling
can enhance the understanding of sensor behavior under realistic
conditions. By embracing a holistic approach that combines DFT
calculations with experimental validation and the application of
complementary computational methods, they can enhance the re-
liability and predictive capabilities of DFT in materials design for
gas sensors.

The use of DFT methods in gas sensing helps in material selec-
tion, design optimization and development of efficient gas sensors.
The precise manipulation of molecular architectures and careful
consideration of doping mechanisms allow for the fine-tuning of
sensor characteristics, paving the way for continuous evolution and
innovation in gas sensor technology. With the ongoing advance-
ments in computational power and the refinement of theoretical
frameworks, DFT is poised to make further strides in gas sensor
research, providing unparalleled contributions to the realization of
sensor platforms with exceptional performance metrics and cost-
effectiveness.

5. Conclusions and perspectives

In this review, we provide an in-depth discussion of the inte-
gration of DFT simulations with organic semiconductor-based gas
sensors and summarize the significant findings and advances in re-
lated research. This area of research provides us with an in-depth
understanding of the working principle and performance modula-
tion of organic semiconductor-based gas sensors.

Through DFT simulations, we can reveal the molecular-level in-
teractions and self-assembly behaviors in organic semiconductor-
based gas sensors, thus providing theoretical guidance for de-
signing efficient and selective sensor materials. Through sys-
tematic calculations and simulations, we can predict and op-
timize the response characteristics and sensing mechanisms of
the sensors, accelerating the development process of novel gas
Sensors.

By combining DFT simulation and experimental techniques, we
are able to provide important insights to further improve the per-
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formance and stability of sensors by investigating the structure-
property relationship of sensor materials. This integrated approach
provides us with new ways to study and develop novel functional
materials and devices.

In addition to the insights gained from DFT simulations, it is
crucial to explore future research directions and overcome the
challenges encountered in current research. One key area of inter-
est is the integration of emerging machine learning techniques to
improve the efficiency and accuracy of DFT in materials design. By
combining DFT with machine learning algorithms, researchers can
enhance the exploration of large chemical spaces, accelerate mate-
rial discovery, and improve the prediction of sensor performance.
Machine learning approaches can facilitate the analysis of complex
datasets, enabling the identification of correlations and patterns
that may not be apparent through traditional methods. This inte-
gration of DFT and machine learning holds promise in advancing
materials design by providing insights into structure-property re-
lationships, optimizing material properties, and reducing the need
for laborious and expensive experimental trials. Future research ef-
forts should focus on developing new machine learning algorithms
specifically tailored for DFT calculations, as well as exploring in-
novative ways to leverage existing algorithms. Moreover, collabo-
rative efforts between the materials science and machine learning
communities can further advance the development and application
of these techniques in gas sensor research. By embracing the op-
portunities offered by emerging machine learning techniques, we
can enhance the efficiency and accuracy of DFT in materials de-
sign, paving the way for the discovery of novel and improved gas
sensing materials.

The application of DFT simulation to organic semiconductor-
based gas sensors holds great promise and continued research is
needed to further advance the integration of DFT simulation with
organic semiconductor-based gas sensors. Future efforts should fo-
cus on the incorporation of novel experimental techniques to val-
idate simulation results and optimize sensor performance. More-
over, exploring the utilization of DFT simulations in multi-scale
modeling, understanding interface properties, and investigating the
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effect of environmental factors on sensor performance are promis-
ing directions for further research.

Despite the current challenges, the potential impact of DFT sim-
ulations on the development of organic semiconductor-based gas
sensors is immense. The ability to predict, design, and optimize
sensor materials using accurate theoretical models opens up new
possibilities for achieving highly efficient and reliable gas sensors.
Furthermore, the insights gained from DFT simulations can pro-
vide valuable guidance for the design and optimization of sensors
for specific applications, such as environmental monitoring and
healthcare.

The combination of DFT simulations with organic
semiconductor-based gas sensors has demonstrated tremen-
dous potential in advancing this field. By embracing emerging
computational techniques, such as machine learning, and address-
ing current challenges, we can expedite the discovery of novel
materials and optimize gas sensor performance. With continued
research and collaboration between different scientific disciplines,
we are poised to witness transformative advancements in gas
sensing technology. The future holds exciting opportunities for
the application of DFT simulations, and we anticipate that this
technology will continue to shape the development of organic
semiconductor-based gas sensors for a wide range of applications.
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