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ABSTRACT: The demand for hydrogen is on a continuous rise in view of its application as a
clean-burning and alternate carbon-free energy source. It is flammable at concentration above
4 % in air and is odorless. Fabrication of highly sensitive and selective hydrogen sensors
based on small organic molecules which operate at room temperature is challenging. This
work describes the fabrication of a hydrogen sensor containing z-conjugated organic semi-
conductor based on a N,N-dimethylamine substituted tetraalkynylatedanthracene that can de-
tect H2 at concentrations as low as 150 part per million (ppm) at room temperature. The N,N-
dimethyl amine containing tetraalkynylatedanthracene (AnPhNMe2) has been synthesized by
tetra-fold Sonogashira reaction employing a catalyst system based on Pd(CH3CN)2Cl2 + cata-
CXium® A. A precisely controlled fabrication is enabled by employing a y-gridder printing sys-
tem. The gas sensor shows excellent sensitivity, fast response and high recovery to Hz at
room temperature. Moreover, after the interaction with H2, the surface electron of the
ANPhNMe: gets enhanced and shows a decrease in the resistance of the fabricated device.
Sensor exhibits a limit of detection of 49 ppb with the highest sensitivity of 19.95% for the de-
tection of 900 ppm of Hz, with a response time of 10 to 20 seconds. This work aims to develop
a proof-of-concept for enhancing room temperature hydrogen sensing by developing a low
cost printed sensor.

Introduction

The availability of energy sources have a great impact on human life. Nowadays, the demand
of energy has increased with increase in human population and industrial revolution. The main
sources of energy are petroleum, coal, and natural gas.! The fossil fuels are non-renewable
resources of energy and their combustion results in the emission of greenhouse gasses.? Over
the years, air pollution has been a sensible concern due to the emission of hazardous and poi-
sonous gases in the atmosphere which causes severe health diseases. Unlike combustion of
fossil fuels, in fuel cell that converts Hz to electrical energy® water is produced as the only side
product without any CO2 emission.*
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Hence, currently, researchers are greatly focused on utilization of hydrogen gas as re-
newable energy source*® ® for the future due to its abundance,® high gravimetric energy densi-
ty,%> 6 and high efficiency of combustion.*® But, it is highly inflammable (lower flammable limit
4%),'c tasteless, odourless and colourless which possess a threat to human health.” Humans
cannot sense the hydrogen gas and detection of its leakage is very difficult. The production,
transport and storage of hydrogen is highly risky.? 8 For these reasons, the detection of H2 with
high selectivity as well as sensitivity is desirable.” The hydrogen sensors must be power-
efficient, inexpensive and also functional in humidity at room temperature.®

In terms of detection method, gas sensors can be categorised as (i) variations on the
electrical characteristics and (i) variations in other characteristics.'® In the first category, the
sensor is fabricated based on semiconductors and works on electrical properties.’ On the
other hand, the gas can be measured by other parameters like thermal, optical, gas chroma-
tography-mass spectroscopy, mechanical and acoustic.'? Among the detection methods, elec-
trical sensors based on semiconductors have received significant interest owing to their ad-
vantage in terms of easy assembly and intrinsic qualities of converting chemical or physical
occurrences to the voluntarily observable electrical signal.'2.13
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Figure 1. Fabrication steps of electrical devices (a) Structure of the AnPhNMe;, (b) Cleaning of silicon wafer by
piranha solution, (c) Drop casting the AgNP ink, (d) Placing u-girder, (e) Patterning p-girder, (f) Drop casting of
AnPhNMe., (g) fabricated device connected to Keithly 2600 for sensing experiment.
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Over the last decades, various types of semiconductors have been reported to detect
hydrogen gas like metal oxide semiconducting materials,'® ¢ 9. 13¢. 14 carbon-based materials'®
and conducting polymers.'® The interaction of H2 with the semiconductor improves the surface
electron concentration and enhances the conductivity of the n-type semiconductor.'® '1a

Scheme 1. The synthetic route of AnPhNMe: (5)%22
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Undoubtedly, mostly metal oxide semiconductors like ZnO, TiO2, SnO2, WO3, and V205
are used to detect hydrogen gas.’® 17 Metal oxide-based semiconductors have a wide band
gap,’® 17018 g0 it is incapable of exciting them spontaneously at room temperature.’ One re-
quires UV light or heating for excitation to overcome this barrier, which is a drawback in their
broad application.’@ Modification is required to detect hydrogen gas at room temperature by
semiconductors-based sensors.?° As a result, a semiconductor material with a low band gap is
preferable for efficiently detecting hydrogen.

Organic semiconductors are widely used as active materials in electronic devices.?! Ex-
tended m-conjugated polyaromatic hydrocarbons (PAHs) are promising candidates for fabricat-
ing an electronic device due to their solution processability, light weight, mechanical flexibility,
low-cost of production, good film-forming ability, room temperature operation, and easily tai-
lored functional group for sensing applications.2'® Because of its environmental stability, elec-
tric conductivity, and intriguing redox properties associated with a nitrogen atom in the chain,
polyaniline (PANI) and polypyrrole have been reported as a hydrogen sensor.'® However, the
development of hydrogen sensors based on metal-free organic semiconductors based on -
conjugated polyaromatic hydrocarbons (PAHs) remains a challenge. To the best of our
knowledge, small 7-conjugated organic compounds, have not been studied for their ability to
detect hydrogen gas.

PAHs such as anthracene contain fused rigid three benzene ring and introduction of al-
kyne unit to anthracene moiety enhances its thermal stability, planarity and -conjugation
which are essential for intermolecular interaction and charge transport. Choi and co-workers
have reported twelve PAHs based on unsymmetrical 2,6,9,10-tetraalkynylatedanthracene
compounds and used them for the fabrication of OFETs devices.?'@ Recently our group report-
ed a library of PAHs based on symmetrical 2,6,9,10-tetraalkynylatedanthracenes.?? While
2,6,9,10-tetrakis(phenylethynyl)anthracene (CCDC 2070944)?> and 2,6,9,10-tetrakis(p-
tolylethynyl)anthracene (CCDC 2070945)%? exhibit unsymmetrical T-shaped and symmetrical
bifurcate C-H-----(C=C) interactions involving both Csp2-H donors and conjugated 1rakyne accep-
tors in solid state, such interactions are absent in 2,6,9,10-tetrakis(N,N-dimethylaniline-
ethynyl)anthracene (CCDC 2070947) which contains —PhNMe2 group which acts as a donor,
acetylene unit that acts as a m-spacer and anthracene moiety behaves as an acceptor. Apart
from exhibiting halochromism,?? 2,6,9,10-tetrakis(N,N-dimethylaniline-ethynyl)anthracene also
possesses a low band gap of 1.79 eV?22 which offers immense promise as an organic semi-

3

https://doi.org/10.26434/chemrxiv-2024-kdx9r ORCID: https://orcid.org/0000-0002-3911-3630 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-kdx9r
https://orcid.org/0000-0002-3911-3630
https://creativecommons.org/licenses/by-nc-nd/4.0/

conductor. Notably, the acetylene unit is capable of forming weak interactions with molecules
like hydrogen, allowing one to make a high-quality sensor under room temperature conditions.

Channel matenial (compound 5)
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Figure 2. Schematic representation of the fabricated device

The microfabrication technique is also required for the development of low-cost organic
semiconductor-based portable electronic devices.?® This technique is widely used in a variety
of industries to create small designs for property modification, patterning, subtractive and addi-
tive processes, and packaging. Traditional microfabrication technology is insufficient in terms
of both money and time. As a result, developing a low-cost sensor will be difficult. Printing, on
the other hand, is a relatively new microfabrication technique that has recently been investi-
gated as an alternative to decades-old technology. The fabrication of device is printed using a
low-cost additive manufacturing technology that operates at low temperature at ambient pres-
sure by a maskless process and is environmentally friendly. The primary benefit of this tech-
nology is the reduced time required for device manufacturing, which enables rapid prototyping
and device testing with minimal material waste. As a result, the cost of producing electronic
devices is significantly reduced. It also ensures that low-volume and high-volume fabrication
needs are met simultaneously and high-volume fabrication needs are met at the same cost.?*
As per our knowledge, this is the first time we report the a device which is fabricated by using
UG printing technology for small organic semiconductor to gas sensing.

Experimental Section
Material and Instruments.

To carry out the printing experiments, a silver nanoparticle (AgNP) conductive ink (Product No.
736481), is purchased from Merck-India Pvt. We also purchased a Silicon wafer from universi-
ty wafers. A calibrated cylinder containing 50000 ppm of H2 in nitrogen was used for the sens-
ing investigation. Anthracene, bromine, Pd(CH3CN)2Cl2, cataCXium® A, Cul, 4-ethynyl-N.,N-
dimethylaniline, Si, SiO2, Ag were purchased from Sigma-Aldrich, Alfa-aesar. The chemicals
was used without further purification. The solvent like, THF, EtsN, CHCI3, CH2Cl2 were pur-
chased from Merck and used by drying or distillation. THF and EtsN were dried via double dis-
tillation by using Na/benzophenone and KOH. NMR spectra were recorder by using 400 MHz
for '"H NMR and 101 or 151 MHz for *C{'H} NMR Peak characterization: s = singlet, d = dou-
blet, t = triplet. A Field Emission Scanning Electron Microscope (FESEM) [Make: JEOL, Mod-
el: JSM-7610F] is used to visualise the physical properties of the material. TEM image was
captured by using Field Emission Transmission Electron Microscopy (FETEM) [Make JEOL,
Model: JEM 2100F]. A high-resolution Rigaku TTRAX Il 18 kW X-ray diffractometer was used
to analyse the phase identification of the as-synthesized material.

Synthesis.

The target compound is synthesized by following the synthetic route as shown in Scheme 1.
The compound AnPhNMe: (5) was obtained via three step reaction according to our previous
report.??2° In the first step, 9,10-dibromoanthracene 2 was synthesized by the bromination of
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anthracene using bromine in chloroform at room temperature. Subsequently, the precursor 3
was prepared by bromination of 9,10-dibromoanthracene 2.22 This was followed by the tetra-
fold Sonogashira reaction of 2,6,9,10-tetrabromoanthracene 3 with 4-ethynyl-N,N-
dimethylaniline 4 to yield the desired product 5. The synthetic procedure and structural identifi-
cation of the all the considered compounds 1-5 are described in ESI.

(a) (b) (c)

Compound 5 experimental

Intensity (a.u)

CCDC No 2070947
Compound 5 simulated
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Figure 3. (a) Field emission scanning electron microscopy (FESEM) image of 5 (b) Field emission transmission
electron microscope (FETEM) image of 5 (c) PXRD pattern of 5

Fabrication process.

The sensor is developed on an undoped silicon/silicon oxide (Si/SiO2) substrate that was ex-
posed to UV light for 10 minutes prior to fabrication. A printing system (Make, Model: K-FAB
TECH PRIVATE LIMITED, K-FT1PS) is used to control and optimise the fabrication of the
metal contact pads. The system's printing head includes a stainless-steel micro girder pattern-
ing tool through which ink flows down to the substrate. The printing was carried out at room
temperature and with a relative humidity of approximately 50 percent.
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Figure 4. (a)The I-V characteristic of sensing devices, (b) Sensors' AER and sensitivity vs hydrogen concentra-

tion, (c) Sensor responses to various gases and VOCs (d) Temperature response of the sensor, (e) the sensor's
transient response
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Two distinct AQNP ink spots were drop-cast with a Tmm spacing on the SiO2 substrate.
The micro girder's tip is positioned to lightly tap AgNP ink on the upper surface of a spot. To
close the gap, AgNP ink is dragged closer to the other spot. The second AgNP spot is then
treated in the same manner, with the ink dragged closer to the previously printed electrode to
reduce the channel gap to approximately 20 um. For 20 minutes, the printed electrodes are
gently heated at 160°C. The entire electrode fabrication process can be completed in 30
minutes with 2 uL of AgNP ink. The solution of 5 was prepared in DCM (1 mM). The channel
material is then dropped cast over the printed AgNP electrodes, with a drop cast diameter of
about 2 mm. After that, the device is annealed for five minutes at 120°C. The schematic of the
fabricated device is shown in Figure 2

Figure 3a and b depicts the morphology of a sub-micron nanowire. Nanostructures,
such as nanowires and nanocrystals morphology, provide new and sometimes unique oppor-
tunities for sensing biological and chemical species, and thus intuitively represent excellent
primary transducers for signal production. We used Field Emission Transmission Electron Mi-
croscopy (FETEM) to examine the aspect ratio of sub-micron wires with a diameter of 0.07 mi-
cro m and a single crystal structure. Powder XRD analysis was done to analyse the phase
identification of the 5. Previously, we had reported the SCXRD of the 5 (CCDC No 2070947)
and Figure 3 confirms that the material peaks are almost same as the simulated XRD pattern.
This shows that the crystallinity and phase are intact in crystal as well as powder form (Figure
3c).

Results and discussion
Electrical characteristics.

The electrical properties of the fabricated devices were investigated using a Keithly 2600
source metre. A low-noise triaxial cable connects the device to the analyzer. To perform the
sensing experiment, an in-house designed gas sensing system (Fabricator: Genrenew India)
was connected to the above analyzer via low-noise triaxial cables. To achieve the desired gas
concentration, the gas sensing chamber is outfitted with a Mass Flow Controller (MFC) panel
composed of three MFCs with varying flow rates. The carrier gas flow is controlled by one
MFC, while the other MFCs control the analyte gas flow. The sensing experiment is carried out
in two conditions: (a) in nitrogen ambient and (b) in various hydrogen concentrations (Hz2).

To avoid cross-contamination, the gas sensing chamber is purged with nitrogen before
being evacuated three times. The baseline readings of the sensors were taken in a nitrogen
environment with less than 1% humidity and close to atmospheric pressure. The |-V character-
istic of sensing devices is examined by sweeping a voltage from 0 to 5 V. The device exhibits
an ohmic response as shown in the figure 4a.

A series of experiments are carried out to evaluate the response of the devices by vary-
ing the concentration of hydrogen gas from 150 to 900 ppm. Figure 4a depicts the device's |-V
characteristics for a sweeping voltage of 0 to 5 Volt with different hydrogen concentrations.
The electrical properties confirm an increase in current with increasing hydrogen concentra-
tion. The interaction with H2 gas reduces the device's resistance. Because H2 is a reducing
gas, interacting with it raises the concentration of surface electrons on electron rich AnPhNMe:2
semiconductors. The following equation was used to determine the response of the gas sen-
Sors.

S=(|Ry — R, |/Ry) X 100% (1)
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Where Ry is the average electrical resistance obtained by sweeping the voltage from 0 to 5V
toward varying Hz2 concentrations, and Ro is the average electrical resistance of the sensors in
the nitrogen atmosphere. Figure 4b depicts the sensors' AER and sensitivity vs H2 concentra-
tion plots. The AER response confirms that a significant shift in the fabricated device. Accord-
ing to the results, the sensor has a high sensitivity of 19.95 percent to 900 ppm and 0.86 per-
cent to 50 ppm.

Figure 4c depicts the sensor's sensitivity to various gasses and volatile organic com-
pounds (VOCs) at 900 ppm concentration. The desired VOC concentrations were achieved by
combining it with deionized water and injecting it into the bubbler connected to the chamber.
VOCs exhibit significantly lower responses than Hz gas at the same concentration. When the
sensor's limit of detection (LOD) is calculated using the equation 2, it shows a value of 49

ppm.

LOD = |o|/slope (2)
Where slope denotes the average electrical resistance for the various analyte gas concentra-
tions and o is the standard deviation of the base reading.

For the sensor's response to temperature variation, a tightly sealed chamber was used.
Initially, the chamber is kept at 20°C and then heated to 160°C to analyse the sensor charac-
teristics related to resistance variation. Figure 4d depicts the variation of resistance with tem-
perature. The resistance decreases significantly in the temperature range of 20 to 160 degrees
Celsius. As a result, it is possible to conclude that the device's resistance decreases as the
temperature rises. Temperature is an external factor that can affect the sensor.

Figure 4e depicts the sensor's transient response. The sensor was continuously flashed
to seven pulses of Hz gas at various concentrations of 100, 250, 400, 550, 700, and 900 ppm,
accompanied by a mild evacuation of the gas in the sensing chamber at a constant voltage of
5 V. For different Hz2 concentrations, the transient response provides an excellent response
time ranging from 0 to 15 s with a good recovery time of 40 to 60 s. The gas in-conditioning
process begins when the gas sensing chamber is pressurised to atmospheric pressure, and
the gas out-conditioning process begins when the flow of the analyte gas is stopped and
evacuated. A mild baseline shift was observed when the sensor shifted back and forth be-
tween mild vacuum and test gas environment.

Conclusions

This work employs a different fabrication approach to fabricate low-cost hydrogen gas sensors
based on dimethylamine substituted alkynylated anthracene. The sensing response of all the
devices is validated. The u grider-based printing technology offers a simple method for creat-
ing low-cost, high-quality sensors. The specificity of the sensors was verified against some of
VOCs. When the device is exposed to hydrogen gas, the surface electron of the zconjugated
organic semiconductor got enhanced and shows a good response and recovery time. Fur-
thermore, the response and recovery of the sensor is excellent.
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