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Molecular structure of organic semiconductor plays a critical role in determining the performance and
functionality of organic electronic devices, by optimizing the electrical, optical and physicochemical prop-
erties. Substituted alkyl chains are fundamental units in tailering the solubility and assemblability, among
which the asymmetric properties have been reported as key element for controlling the packing motifs
and intrinsic charge transport. Here, we expanded the scope of molecular asymmetry dependent sensing
features based on a new series of naphthalene diimides (NDI)-based derivatives substituted with a same
branching alkyl chain but various linear-shaped alkyl chains (Cn-). A clear molecular stacking change,
from head-to-head bilayer to head-to-tail monolayer packing model, is observed based on the features
of anisotropic molecular interactions with the change in the chain length. Most importantly, a unique
LUMO level shift of 0.17 eV is validated for NDI-PhC4, providing a record sensitivity up to 150% to 0.01
ppb ammonia, due to the desired molecular reactivity and device amplification properties. These results
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indicate that asymmetric side-chain engineering opens a route for breath healthcare.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the past decades, electronic gas sensors have garnered in-
creasing attention owing to their wide application prospects in en-
vironment pollution monitoring and personalized healthcare diag-
noses [1-4]. Organic thin-film transistors (OTFTs), which have de-
veloped rapidly since their invention in 1986 [5], are considered
as a promising candidate that exhibit special features in terms of
signal transition and gated amplification functionality to external
stimulates. In an OTFT based gas sensor, the current change fol-
lowed by carrier concentration and/or carrier transport following
doping, quenching, or dipole effect between the active layer and
analytes [6-8]. To improve the sensing performance, the critical
factors that must be considered are effective interactions between
the analytes and devices, and device amplification properties un-
der an electric field. Currently, organic semiconductors (OSCs) are
considered to be the primary compounds capable of manipulating
the abovementioned processes because carrier accumulation and
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transport mainly occur within the conductive layer [9-11]. Thus,
driven by the rapid development of molecular design strategies
and solution processable techniques [12-16], tremendous progress
has been achieved in OTFT in terms of applications in electronic
noses and smart systems.

In particular, there are several requirements to be fulfilled in
case of OSC molecules to facilitate excellent gas sensing perfor-
mance of OTFTs [17-21]: (i) well-balanced electron affinity (or
electron ionization energy) that promotes charge transfer with tar-
get analytes, (ii) fine-tuned functional groups and film microstruc-
ture that contribute to large contact area and more reaction sites,
(iii) high transconductance to enable efficient amplification func-
tionality. To achieve these goals, Oh et al. demonstrated a strat-
egy to enhance the sensitivity of ammonia with stable radical
anion formation via the extension of linear-shaped perfluoroalkyl
group to the w-backbone [22]. They figured out that the electron-
deficient core skeleton and electron-withdrawing substituents fa-
cilitated the adsorption of Lewis base gases, inducing a current in-
crease >1700. In addition, substituting side chain with functional
groups of OSC has been proposed to modulate molecular stack-
ing and construct sensing recognition sites for sensitive detection.

1001-8417/© 2023 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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Fig. 1. (a) Molecular structures of NDI-PhCO, NDI-PhC2, NDI-PhC4, NDI-PhC6, NDI-PhC8, NDI-PhC12. (b) Transfer characteristics and (c) device mobility of BGTC OTFTs based
on NDI-PhCn derivatives. All data were obtained from the optimized temperature. Vps = 60 V.

For instance, Yao et al. reported increased ammonia sensitivity
(LOD = 10 ppb) through the introduction of urea groups in dike-
topyrrolopyrrole (DPP)-quaterthiophene polymer [23], attributing
to the high mobility and effective charge transfer via H-bonding
formation. Recently, certain new insights have been reported in
the symmetric side-chain engineering of OSC development, which
facilitate a bilayer-to-monolayer stacking change [24-26]. Interest-
ingly, the asymmetric alkyl chain enhances charge transport along
the delocalized bilayer stacking models. Despite these enlightening
studies, the role of molecular asymmetry in controlling the sens-
ing performance remains unclear, due to the lack of an in-depth
understanding of molecular interactions and charge transfer prop-
erties.

This study explored the effect of molecular asymmetry on am-
monia sensing performance in case of naphthalene diimide deriva-
tives (NDI-PhCn) (Fig. 1a). The NDI core was substituted with
branching alkyl and phenyl-alkyl chains with different lengths.
Based on electrical and morphological characterizations, we eluci-
dated that decrease the molecular asymmetry degree of NDI-PhCn
molecules facilitated the conjugated backbone transformed from
head-to-head packing to head-to-tail packing. In addition, it not
only tuned the mobility and provided more gas diffusion path-
ways, but also induced an increase in the electron affinity (a lower
LUMO level). Hence, the charge transfer properties between OSC
and Lewis base gas can be manipulated via fine-tuned redox inter-
action. Consequently, we obtained a maximum two orders of in-
crease in magnitude in case of sensitivity to ammonia based on
NDI-PhC4 OTFTs which is the highest response among previous re-
ports. Thus, this investigation demonstrated that the asymmetry
engineering on alkyl chain can promote a method of device mo-
bility, and further open a route for the discovery of electronic sen-
Sors.

Naphthalene diimide (NDI)-based organic semiconductors have
achieved great progress in high mobility and good air stability
due to its delocalization structure and deep LUMO energy level.
Herein, we performed a systematic investigation on the asymmet-
ric side-chain dependent molecular packing and sensing perfor-
mance with NDI derivatives. These semiconductors possess iden-
tical branched N-alkyl chains of Cyp;, on one side to increase
the solubility and induced well-ordered assemblies. To obtain the
asymmetric semiconductors, different linear alkyl chains contain-
ing conjugated benzene and non-conjugated alkyl chains on the

other side were synthesized, which are named NDI-PhCn (n = O,
2, 4, 6, 8, 12). Bottom-gate bottom-contact (BGBC) and bottom-
gate top-contact (BGTC) devices were fabricated via spin-coating
methods. The devices characteristics annealed at different temper-
ature were summarized in Fig. S1 (Supporting information). The
collected data clearly demonstrated the temperature dependence
of device performance of OTFTs with different organic active lay-
ers. NDI-PhCO and NDI-PhC2 shared similar mobilities in the range
of 1.6 x 1072 ~ 1.9 x 1072 cm? V-1 571, and Ion/log of 10%. How-
ever, the device performance decreased sharply after annealing at
high temperature. In order to keep the optimized signal amplifica-
tion capabilities during gas sensing, the optimized annealing tem-
perature for NDI-PhCO is 160 °C, while it is 80 °C for other NDI
derivatives were used in the following studies.

To understand the asymmetric side chain effect on electric char-
acteristics of NDI-PhCns, we performed systematic investigation of
OTFTs annealed at the optimized temperature (Table S1 in Sup-
porting information). As shown in Fig. 1b and Fig. S2 (Supporting
information), all the devices exhibited well-defined linear and sat-
uration regions, with low contact resistance and hysteresis char-
acteristics. Slightly higher mobilities were obtained in case of the
BGTC devices owing to better carrier injection at the contact re-
gion. Clearly, NDI-PhCO, NDI-PhC2 and NDI-PhC12 shared similar
mobilities in the range of 5.7 x 1072 to 7.0 x 10~2 ¢cm? V-1 s-1,
and Ion/ly of over 104, With reducing the asymmetric degree by
n-butane substitution, NDI-PhC4 yielded a mobility of 1.6 x 102
cm? V-1 571, In contrast, NDI-PhC6 and NDI-PhC8 exhibited a max-
imum mobility of 2.9 x 1073 and 49 x 10~% cm? V-1 s7! re-
spectively, which are one and two orders of magnitude lower than
the highest value achieved in case of NDI-PhC2 OTFTs. Moreover, a
similar tendency of asymmetry-dependent mobility was observed
for NDI-PhCn-based OTFTs with both BGBC and BGTC architectures.
In this case, the mobilities first decreased and then increased, ac-
companied by a decrease in the degree of asymmetry (Fig. 1c).

Atomic force microscopy (AFM) was performed to explore the
micro morphologies of the organic semiconductor films annealed
under optimized temperature. NDI-PhCn films preferred an or-
dered, terraced surface microstructure after annealing (Fig. S3 in
Supporting information), which was consistent with our previous
study [27-29]. Fig. 2a summarized the AFM images of the opti-
mized NDI-PhCn films, in which NDI-PhCO, NDI-PhC2 and NDI-
PhC4 showed apparent terraced surface microstructure, and the
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Fig. 2. (a) AFM images and corresponding thickness profile of the terrace structure, and (b) XRD patterns of NDI-PhCO, NDI-PhC2, NDI-PhC4, NDI-PhC6, NDI-PhC8, and NDI-
PhC12 after thermal annealing at the optimized temperature. The black and red line present different diffraction sets. (c) Schematic of molecular packing of a head-to-head

bilayer, bi-mode and a head-to-tail monolayer mode, respectively.

domain size decreased from 2.1 x 10° nm? to 1.2 x 10° nm?, with
increase in the side-chain symmetry. Further, the cross-section
analysis of the AFM images demonstrated surface steps with a
height of 4.19, 4.13, and 4.01 nm for NDI-PhCO, NDI-PhC2 and
NDI-PhC4, respectively. A significant film microstructure change
was observed when increasing the symmetry to NDI-PhC6, bearing
one-branched N-alkyl chain of Cyp;; (14 carbon atoms in length)
and a benzene alkyl chain of linear C6 (6 carbon atoms). Conse-
quently, two obvious changes in the surface morphology were ob-
served: (1) large pinholes and grain boundaries, and (2) two dif-
ferent surface steps, including 4.00 and 2.32 nm (simultaneously
observed). However, this multiple molecular stacking may result
in considerable number of trap densities, which may significantly
hinder the carrier transport in the conductive channel. Moreover,
the grain boundary was further enlarged in case of the NDI-PhC8
film, which resulted in the lowest carrier mobility. Whereas, the
NDI-PhC8 and NDI-PhC12 films exhibited only one constant layer
step, which was reduced to ~2.60 nm. It should be noted that the
change of height analysis of surface steps in the terraced structure,
which did not exhibit the same tendency as the length of the sin-
gle molecule with increased value (Fig. S4 in Supporting informa-
tion), indicated the importance of asymmetric side-chain engineer-
ing in molecular stacking and electric performance.

X-ray diffraction (XRD) measurements were further performed
to test the intermolecular stacking of the NDI-PhCn molecules un-
der thermal annealing (Fig. 2b). The sharp Bragg reflections of NDI-
PhCn derivatives suggested a high degree of crystallinity in case of
these small molecules. As calculated using Bragg’s Law, d-spacing
of NDI-PhCn were calculated to show the length of repeated layer-
by-layer unit. The NDI-PhCO film exhibited a d-spacing distance
of 4.28 nm, which is consistent with the height of one terrace
layer. Here, we further measured the angle-resolved NEXAFS spec-
troscopy of NDI-PhCO to obtain information regarding molecu-
lar orientation of the conjugated backbone with respect to the
plane of the substrate. As shown in Fig. S5 (Supporting informa-

tion), the average title angles of the transition dipole moments
(TDM) was 81.3° + 0.5°, indicating that the molecules preferred
an edge-on stacking orientation. Interestingly, the d-spacing dis-
tance was two times larger than the length of one single molecule
(Fig. S4), indicating a bilayer molecular packing of NDI-PhCO stand-
ing on the substrate after annealing at 160 °C. According to UV-
spectra (Fig. S6 in Supporting information), NDI-PhCO exhibited
a bathochromic-shifted 0-1 peak because of J-aggregation along
the m-backbones [30,31]. For NDI-PhC2 and NDI-PhC4, we spec-
ulated that the molecules preferred a bilayer stacking mode, as
indicated by the uniform height of surface steps at ~4.20 nm
and large d-spacing of ~4.15 nm. The first diffraction peak at
2.07° was not probed, which may be caused by a lower degree
of crystallinity in NDI-PhC2 and NDI-PhC4. In comparation, NDI-
PhC8 and NDI-PhC12 films with lower asymmetry degree exhib-
ited a d-spacing distance of ~2.6 nm, comparable to one molecu-
lar layer. Corresponding UV-spectra also exhibited an intensity ra-
tio of 0-0 to 0-1 peak over 1, indicating a J-aggregation because of
stronger w-7 coupling. Moreover, there were two sets of diffrac-
tion peaks for NDI-PhC6 film with crystalline d-spacing distance
of 414 and 2.45 nm, respectively, thus indicating the dominate
molecular packing changes from bilayer to monolayer style.
Considering the above results and previous publications, we de-
scribed the molecular stacking models for NDI-PhCn derivatives
in Fig. 2c: (1) NDI-PhCns with high asymmetric alky-chain sub-
stitution preferred a head-to-head lamellar assembly; (2) with de-
crease in the degree of asymmetry, the molecular stacking became
more random and complex; (3) a head-to-tail monolayer lamellar
assembly was dominant after substituting with a symmetric side
chain. As expected, the interactions between NDI-PhCns along the
out of plane direction considerably influenced the molecular stack-
ing. Hence, charge transfer integral was calculated through den-
sity function theory (DFT) calculations using the Gaussian 09 pro-
gram with B3LYP/6-31G* functionals with a D3 dispersion correc-
tion [32-36]. As the molecular coupling along the J-aggregation
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Fig. 3. Molecular packing modal and corresponding interaction: (a) Dependency of
the transfer integral on the shift distance of NDI-PhCO dimer. (b) LUMO energy level
of NDI-based thin films measured through LEIPS.

directly contribute to the head-to-head/tail assembly, we simpli-
fied the transfer integrals analysis to the adjacent o-m NDI-PhCO
pairs. In this case, a dense packed NDI-PhCO bilayer was specu-
lated based on d-spacing and transition dipole moments which set
as the input configuration without molecular displacement. When
molecules packed with a head-to-head model, the distance of con-
jugated core would increase with increasing the linear alkyl chains.
Hence, we enlarged the distance between two NDI-PhCO to simu-
late the linear-alkyl chains substitution.

As shown in Fig. 3a, the charge transfer integral was estimated
from 529 meV to a maximum of 734 meV when the distance be-
tween the two molecules reached 0.54 A. This value is similar to
the reference transfer integral for the adjacent -7 pair of NDI
derivatives [37], owing to the Vans der Waals interaction between
the phenyl groups. This result contributes to efficient molecular
coupling in two directions, yielding a bilayer motif with large -
delocalized domain for high carrier mobility (Fig. 2c). A further in-
crease in the shift distance decreased the charge transfer integrals
along o-7 direction, which then disappeared at a value >2.8 A.
The distance of the transit point was equal to the length of a linear
phenyl-alkyl chain with 6-8 carbon atoms. Thus, we proposed that
the symmetric side chain engineering weakened the intermolecu-
lar force of the phenyl group and subsequently disturbed the pack-
ing orientation. Consequently, a head-to-head and head-to-tail bi-
modal packing was induced for NDI-PhC6. The multiple molecular
packing somehow induced a disorder microstructure and increased
grain boundary, which significantly hampered the carrier transport.
With increase in the length of the linear alkyl chain, NDI-PhC8 and
NDI-PhC12 became an almost symmetrical molecular, thus, tend to
be packed as the head-to-tail modal with anisotropic molecular in-
teractions. For NDI-PhC12, the film could exhibit an ordered edge-
on stacking owing to the side-chain-interdigitation assisted molec-
ular assembly, in turn yielding a higher carrier mobility. These re-
sults clearly demonstrate that the asymmetric degree of substi-
tuted alkyl-chain can manipulate molecular stacking and carrier
transport by trading off adjacent molecular interactions. Another
compelling evidence is the red shift of UV absorption at 0-0 and
0-1 and the change of 0-0/0-1 intensity ratio of NDI-PhCns with
increased asymmetry, verifying the decreased mr-conjugation delo-
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calization (Fig. S6b in Supporting information and Fig. 3a). How-
ever, it also should be noticed that if the J-aggregation along o -
7 direction becomes tight, although the intermolecular force can
be strengthened, it will also induce a vertical displacement of ad-
jacent conjugated cores and large steric hindrance which paid off
the molecular coupling effect [27,38].

As the delocalization is closely related to the molecular or-
bitals energy, we revealed electric structure of NDI-PhCns [39,40],
combined with DFT, cyclic voltammetry (CV), ultraviolet photo-
electron spectroscopy (UPS) and low-energy inverse photoemission
spectroscopy (LEIPS) (Figs. S7-S9 in Supporting information). The
highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) of NDI-PhCns in the liquid and solid
states were summarized in Table 1. Interestingly, we found that
the LUMO level of NDI-PhCns calculated from DFT in solid and
CV method were nearly identical, because of the non-aggregated
features. However, the LUMO level changed significantly for solid
NDI-PhCn (Fig. 3b). The film of NDI-PhCO and NDI-PhC2 with a
head-to-head bilayer stacking, exhibited a LUMO level of —4.36
and —4.31 eV respectively, due to higher degree of delocalized
structures owing to the coupling of conjugated cores. In contrast,
NDI-PhC4 possessed the deepest LUMO level down to —4.53 eV
owing to smaller steric hindrance compare to NDI-PhCO and NDI-
PhC2. The result coordinated to molecular asymmetric degree can
be attributed to molecular displacement enhanced transfer inte-
grals along w-m direction, resulting in a deeper LUMO. When the
molecular stacking model transits from bilayer to monolayer case,
the LUMO level in turn increase to —4.38 eV related to the varia-
tion tendency of electronic coupling. Although the electric struc-
ture is not directly related to the electron transport mobility, it
can officially reflect the charge-transfer activity response to exter-
nal analytes films. Based on a simulation, larger energy changes
(AE) were estimated for the chemical interaction between ammo-
nia with bilayer stacking NDI-PhCn dimers (Fig. S10 in Supporting
information). Simultaneously, NDI-PhC4 yielded the deepest LUMO
level of —4.53 eV, which contributed to the strongest electron ac-
cepting capacity which are expected with the strongest electron
affinity to ammonia (Fig. S10).

To systematically study the asymmetric substitution effect on
gas sensing, we conducted real-time ammonia detection based
on NDI-PhCn transistors with BGTC geometry. Ammonia is a
biomarker of renal failure and liver disease, which is in the range
of 500-2100 ppb in the breath of healthy people [41]. It fre-
quently works as an electron donor, which can donate electrons to
the NDI-based derivatives through charge transfer reaction. Fig. 4a
shows the dynamic sensing performance of NDI-PhCn based sen-
sor for ammonia gas. Notably, the device performance kept con-
stant after long-term storage (Fig. S11 in Supporting information),
which is ideal for sensing applications. The device sensitivity to
ammonia is calculated as Allly = (Ii-Ip)/lp, where I; and Iy are
the source-drain current after and before exposure to the ammo-
nia gas, respectively, and Al is the current change. Importantly, we
obtained rapid and sensitive current response to ammonia, exhibit-
ing a linear calibration curve between Al/ly and concentration in a
large range. Importantly, the devices based on NDI-PhC4 exhibited
a Allly up to 150% to 0.01 ppb ammonia, which is four orders of
magnitude higher that the devices based on NDI-PhCO, NDI-PhC6,
NDI-PhC8 and NDI-PhC12 (Fig. 4b). To the best of our knowledge,
NDI-PhC4 achieved the highest sensitivity to ammonia gas in OFET-
based ammonia gas sensors till date (Fig. 4c, Table S2 in Support-
ing information).

The question that arises is the mechanism by which the
asymmetric alkyl-chain substitution manipulates the sensitivity to
gasses. We hypothesize that molecular structure dependent elec-
tric structure originally tunes the sensing performance by trading
off the chemical reactivity of the active layer, device amplification
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Table 1

Summarized parameters of NDI-PhCn semiconductors measured in solution and thin film case.
Organic Solution Film
semiconductor

Egea (V)? Erumo(eV)° Enomo (eV)* Eg (eV)e Erumo (eV)® Eromo (eV)f

NDI-PhCO 0.105 -4.38 —6.42 2.04 -4.36 -7.09
NDI-PhC2 0.147 —4.42 —6.49 2.07 -4.31 -6.95
NDI-PhC4 0.141 -4.41 —6.47 2.06 -4.53 -6.97
NDI-PhC6 0.109 —4.38 —6.43 2.05 —4.46 -7.04
NDI-PhC8 0.121 —-4.39 —6.44 2.05 —-4.35 -7.01
NDI-PhC12 0.118 -4.39 —6.44 2.05 -4.38 -7.08

2 Estimated from electrochemical determination versus Fc/Fc*.

b Eumo= —(4.80 - Eqp, kepc™ + Eged), assuming the absolute energy level of Fc/Fc* to be 4.8 eV below vacuum.

¢ Enomo = Erumo — Eg-

d Estimated from the adsorption edge of the UV adsorption spectra.
¢ Calculated from LEIPS of the thin film.

f Calculated from UPS of the thin film.
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Fig. 4. (a) Current responses of NDI-PhCn based gas sensor to a series of ammonia
concentrations. The real-time current response is calculated by the percent change
in current AI with respect to the initial current Iy. (b) Read-out Alfly of NDI-PhCn
devices to ammonia with concentration ranging 0.01 ppb to 100 ppm (v/v). (c) The
limit of detection and sensitivity of bilayer stacking NDI-PhCn devices in compari-
son with reported sensors.

and gas diffusion pathways (Fig. 5a). The direct signal transition
originates based on the LUMO level, as discussed above, for the
chemical activity between the analyte and the conductive channel.

To quantify the extent to which the charge transfer reaction
modulated by molecular structure, we performed fluorescent de-
tection for NDI-PhCn films exposed to ammonia. As shown in Fig.
S12 (Supporting information), all NDI-PhCn films exhibited a de-
creased fluorescent intensity under 540 nm when been examined
under ammonia atmosphere, which was caused by the lone pair
electrons of ammonia fulfilled the empty orbitals which prevented
the excited molecules returning to the ground state [42]. The sens-
ing discrimination defined as 8 1/10)/8concentrations Where &(aio)
and Sconcentration represent the sensitivity change at correspond-
ing concentration variation, is extracted. Notably, the variation of
normalized fluorescence intensity (F-Fg)/Fy for NDI-PhCn deriva-
tives was consistent with §(a1/10)/8concentration) With respect to the
asymmetric substitution (Fig. 5b). These results verify that the in-
teraction strength between ammonia and semiconductors with op-
timized chemical reactivity should be the main factor for ultrasen-
sitive detection.

Further, the performance of OFET-based gas sensors is also re-
lated to the macroscopic properties, such as crystalline charac-
teristics and film morphology, and microscopic properties such
as molecular orientation, d-spacing and packing defects. Com-
pared with NDI-PhCO and NDI-PhC2, the crystal domain size of

Low Molecular symmetry
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Fig. 5. (a) Schematic illustration of molecular asymmetry dependent bilayer-to-monolayer molecular stacking variation and sensing process. (b) The sensing discrimination
(8a1/10)/8 concentration) Of OTFTs and variation of normalized fluorescence intensity ((F-Fo)/Fo) of NDI-PhCn thin films after exposure to ammonia vapors.
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NDI-PhC4 was smaller, thus facilitating gas diffusion through the
grain boundary. Although the pinholes in NDI-PhC6 and NDI-PhC8
were beneficial for the sensitive response, the low mobility and
high subthreshold swing limited the signal amplification ability of
OTFTs. Hence, OTFTs based on NDI-PhC4 film obtained the high-
est sensitivity, suggesting the necessity of maintaining a balance
between the electric LUMO level and device amplification ability.
This observation clearly demonstrates the critical role of asymmet-
ric side-chain engineering in chemical detection and contributes to
a deeper understanding of the relationship between the molecular
structure and sensitivity.

In summary, we conducted a systematic study on the carrier
transport and charge transfer properties of six NDI derivatives with
different asymmetric side chains. A combination of detailed thin-
film characterization and theoretical calculation revealed that the
molecular packing structures may change from head-to-head bi-
layer model to head-to-tail monolayer model. Notably, a tiny asym-
metry decrease of NDI-PhCn derivatives results a unique 0.17 eV
shift of LUMO level, which contributes to significant enhancement
of chemical reactivity with Lewis base gas, subsequently, manipu-
lating the charge transfer and sensitivity. Combined with high am-
plification abilities of OTFT device and comparatively more gas dif-
fusion pathways, NDI-PhC4 achieved 150% current response even at
low ammonia concentration of 0.01 ppb, which is approximately
two times larger than that previously reported. All of the results
demonstrated the critical role of asymmetric side chain in deter-
mining the molecular stacking and charge transfer process and
provided more opportunities in fabricating highly sensitive and re-
sponsive chemical sensors. We believe that further optimization of
organic semiconductor in both side chain asymmetric feature and
functional group substitution, to achieve a larger energy level ma-
nipulation, may contribute to OTFT biosensors for selective detec-
tion.
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