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	 Enantiomers are molecules whose structures are nonsuperimposable mirror images. 
Enantiomeric molecules have the same chemical and physical properties but may undergo 
different biological reactions. Therefore, distinguishing between enantiomers using most 
equipment is difficult. Thus far, enantiomers can only be identified using expensive analytical 
methods, such as gas chromatography, and active studies are underway on methods that 
distinguish between enantiomers using inexpensive gas sensors. Various weak enantiomeric 
gases are generated from living organisms and pharmaceuticals where asymmetric synthesis is 
performed. We can obtain detailed chemical information about living organisms and spaces by 
identifying these gases as different components. In this study, we focused on the charge bias 
caused by the differing geometric structures of enantiomers. We propose a grid that can apply 
electric fields of various strengths to a gas flow path. We believe that the electrical force acts on 
the charge held by the gas molecules, steepening the gas sensor output waveform and increasing 
the output value. We confirmed that molecules with enantiomeric relationships can be identified 
using grids. This research is expected to enable gas sensors to detect chemical components in 
more detailed classifications.

1.	 Introduction

	 Gas analysis is an essential analytical technology in the food, healthcare, and conservation 
fields. This study aimed to analyze aromas and putrid components in food, detect diseases such 
as diabetes by analyzing the concentration of volatile organic compounds (VOCs) in exhaled 
gas, and measure harmful volatile substances in the air and soil. Gas chromatography-mass 
spectrometry (GC-MS) is frequently used for the qualitative and quantitative analyses of 
complex vaporized components at low concentrations.(1,2) However, a GC-MS system is 
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expensive and is generally used as a stationary device; therefore, it has the disadvantage of poor 
portability. In contrast, gas sensors are not as accurate for detecting gas components as the GC-
MS system, but they are small, inexpensive, and easy to use for detecting gas components. 
Various detection methods exist for gas sensors, such as semiconductor,(3–6) electrochemical,(7,8) 

quartz crystal micro-balance (QCM),(9–12) and membrane-type surface stress (MSS)(13,14) gas 
sensors. These are used, for instance, to measure the components of automobile exhaust gas or 
alcohol in human breath. Gas sensors are small and can be manufactured at a low cost. Therefore, 
new gas sensing systems that use multiple gas sensing methods and incorporate machine 
learning to identify and quantify gas molecules are being developed. However, the number and 
types of gas molecules present in air are enormous. Therefore, it may be difficult to use a gas 
sensor unless the identity of the gas is known, and collecting data based on various properties, 
such as the composition and polarity of the gas components, is necessary.
	 Although enantiomers generally exhibit the same chemical and physical properties, their 
physiological activities may differ. To humans, (+)-limonene has a similar smell to lemons and 
(−)-limonene has a similar smell to oranges.(15) Gaseous enantiomers play important roles in 
various chemical and biological processes, including food,(16) plant physiology,(17,18) nerve drug 
production,(19) and essential oils.(20) Methods for analyzing enantiomers using GC-MS include 
measuring the optical purity, that is, ee using a special chiral column. In addition, by installing 
an isotopic ratio mass spectrometer downstream of the GC device, ionized gas molecules are 
separated using magnetic force to identify and quantify enantiomers.(21,22)

	 When a gas sensor is used in a typical way to discriminate between enantiomers, the 
waveforms of the gas sensor outputs are similar. Furthermore, the output value may vary 
depending on measurement experiment settings. In contrast, because the sensitivity of gas 
sensors varies depending on environmental conditions, such as humidity, their output value does 
not only reflect the target gas. Therefore, to realize enantiomer discrimination using a gas 
sensor, additional elements that vary the gas sensor output depending on the target gas and 
measurement environment are required. Several methods for identifying enantiomers using gas 
sensors have recently been reported. (23–25) For instance, Maity et al. stated that enantiomers can 
be detected using the chiral-induced spin selectivity effect in which electrons in a molecule are 
aligned in a specific direction by an electric or magnetic field.(24) They designed a device using a 
molecular spin-sensitive antenna (MSSA) receptor and identified (+)- and (−)-butanol on the 
basis of the difference in electrical signal. In their proposed device, the MSSA was coated on 
conductive graphite, and organic ligands were connected to the MSSA in a manner perpendicular 
to the graphite surface. A change in the resistance of graphite occurs only when the molecule 
adsorbed on the organic ligand is polarized, and the enantiomers are discriminated by an 
increase or decrease in resistance. In addition, Okur et al. proposed a QCM-type gas sensor in 
which a film coated with different metal–organic frameworks (MOFs) was attached to the 
surface of a crystal, and the functions were determined using five pairs of gaseous 
enantiomers.(25) MOFs comprise metal ions and organic ligands. Some organic ligands have 
enantiomeric relationships and may exhibit different adsorption properties for the enantiomers 
of gas molecules.(25) However, in previous studies, the sample concentration was on the order of 
ppm, and the measurement time was limited because of the adsorption phenomenon. Using the 
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grid introduced below, we can perform long-term measurements and clearly obtain the 
waveforms of samples with concentrations on the order of ppb.
	 The grid can change the physical or chemical properties of different gases; thus, a simple 
sensor system can identify the various gases. We previously proposed slit-structured elements 
(grids) that sieve gas molecules before they reach the gas sensor (Fig. 1).(26,27) A grid is a device 
that changes the output of a gas sensor by filtering gas molecules on the basis of their properties. 
Thus far, we have verified the sieving of gas molecules by changing the grid spacing, applying 
an electric field around the grid, and using a metal with a catalytic effect, such as platinum, in 
the grid. First, we measured the gas sensor output for the same concentration of ammonia with 
and without the grid installed along the gas flow path. Subsequently, the gas sensor output 
decreased owing to the installation of the grid. Furthermore, when the grid spacing was changed 
to 10 and 7.5 µm, the output of the 7.5 µm gas sensor became smaller.(26) Regarding this result, 
we believe that narrowing the grid pitch makes it difficult for most of the gas to enter the gaps in 
the grid, impeding the permeation of the gas toward the gas sensor. Second, an electric field was 
applied to the grid to allow the gas to pass through, and the output of the gas sensor for ammonia 
improved as the applied voltage increased. In contrast, the gas sensor output did not change for 
ethanol and decreased for acetic acid as the applied voltage increased.(26) Finally, when the grid 
material was Pt, the gas sensor output for ammonia was measured by heating it with electricity. 
The output can change depending on the current value because of the decomposition of ammonia 
owing to the catalytic effect of Pt.
	 Among these cases, applying a voltage to the grid (Fig. 2) allows for differences in applied 
voltage dependence to be used to identify the gas. This implies that the grid does not need to be 
replaced to change its dimensions or target gas, meaning measurements can be performed 
continuously. In this study, we focused on the charge bias caused by the differing geometric 
structures of enantiomers. We believe that by creating an electric field and increasing its 
strength, the Coulomb force acts on the charge held by the gas molecules, steepening the gas 
sensor output waveform and increasing the output value. Consequently, molecules with 
enantiomeric relationships can be identified.

Fig. 1.	 (Color online) Schematic of a grid installed in front of a gas sensor.
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2.	 Materials and Methods
	
2.1	 Grid design

	 A grid was formed on a 10 × 10 mm2 silicon substrate. The silicon substate has 6 × 6 through 
holes with dimensions of 300 × 300 µm2 and aluminum wires are laid out at 15 μm intervals on 
the silicon substate. The Al wires were wired such that positive and negative voltages can be 
applied alternately, and when a voltage was applied, an electric field was generated between the 
Al wires. Therefore, when gas passes through a through hole, it passes through the electric field 
(Fig. 3). The electric field strength was varied by varying the applied voltage. Figure 3 shows an 
enlarged view of one of the 36 through holes. 

2.2	 Grid fabrication

	 A 2 inch silicon wafer was used as the starting material. The fabrication of the grid was based 
on the MEMS process, and the steps were as follows (Fig. 4).
(a)	A 2 inch silicon wafer was thermally oxidized to form a 400-nm-thick oxide film.
(b)	The oxide film (front side) of the through hole portion was removed.
(c)	An 800-nm-thick Al film was then sputtered and patterned onto the surface.
(d)	The oxide film in the thorough hole area on the rear side was removed.
(e)	The silicon wafer was deep-etched from the back side by reactive ion etching.
(f) 	Through holes were formed by XeF2 isotropic etching.
	 Finally, the fabricated grid chips were cut from the silicon wafer by laser dicing. The grid 
after fabrication is shown in Fig. 5.

Fig. 2.	 (Color online) Scenario where gas molecules reach the detection area of a semiconductor-type gas sensor. 
(a) Molecules affected by the electric field of the grid reach the gas sensor. (b) Molecules reach the gas sensor without 
being affected by the electric field of the grid.

(a) (b)
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2.3.	 Characterization procedure

	 First, the printed circuit board (PCB) with the grid fixed was placed on top of the jig that will 
fix the gas sensor. In this experiment, we used a semiconductor gas sensor module [CCS-811 
(ams-OSRAM AG)], which detects gases through changes in conductivity. The concentration 
output of the gas sensor was expressed as equivalent total volatile organic compound (eTVOC). 

Fig. 3.	 (Color online) Cross-sectional diagram of a through hole, silicon wafer, and Al wire.

Fig. 4.	 (Color online) Cross-sectional diagram showing the grid fabrication process. (a) Thermal oxidation. (b) 
SiO2 etching (front side). (c) Al patterning. (d) SiO2 etching (back side). (e) Deep RIE. (f) XeF2 etching.

Fig. 5.	 (Color online) Photograph of the fabricated grid. (a) PCB with fixed grid. (b) Through hole arrangement. (c) 
Microscopic photo of one through hole.

(a) (b) (c)

(d) (e) (f)

(a) (b) (c)
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CCS811 is a metal oxide gas sensor with a microcontroller unit (MCU) that includes an analog-
to-digital converter and an I²C interface. eTVOC is calculated using an algorithm in the MCU 
from the raw measurement values from the gas sensor. In addition, the values range from 0 to 
32768, and the units are expressed in ppb.(28) However, the method of analyzing VOCs in indoor 
air is specified in ISO16000-5. The general method is to sample VOCs using synthetic adsorbent 
tubes, such as Tenax tubes, and to analyze the VOCs that have been thermally desorbed from the 
adsorbent using GC-MS.(29) Therefore, directly citing the detection results of gas sensors is not a 
general analytical method. 
	 In a semiconductor gas sensor, when the surrounding air is filled with inert N2 gas, the 
electrons inside the detection section area are attracted to the surface oxide film and the output is 
0. When gas molecules reach the detection section, electrons are supplied from the molecules to 
the oxide film via a redox reaction, and the electrons inside the detection section are released. 
The number of electrons emitted at this time is the output.
	 The unit also has a φ6 hole for gas to pass through that must be aligned on the PCB (Fig. 6). 
A pump was placed downstream of the jig and a gas bag was placed upstream. They were 
connected with a urethane tube with an inner diameter of 6 mm (Fig. 7). The gaps in the gas 
flow path were filled with adhesive rubber to prevent gas leakage.

Fig. 6.	 (Color online) (a) Photograph of the designed jig. (b) Cross-sectional diagram of the jig. (c) Attaching the 
grid to the jig.

(a) (b) (c)

Fig. 7.	 (Color online) Block diagram of the experimental system.
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	 We selected three pairs of enantiomers as targets, namely, (+)- and (−)-α-pinene, (+)- and 
(−)-limonene, and (+)- and (−)-carvone. Studies on sensing (+)- and (−)-α-pinene as an indicator 
of plant health are underway.(17) Additionally, (+)-limonene has a similar smell to oranges, 
whereas (−)-limonene has a similar smell to lemons. (+)-carvone has a similar smell to caraway 
seeds, whereas (−)-carvone has a similar smell to spearmint.(30) Figure 8 shows the structures of 
the enantiomers. α-Pinene, limonene, and carvone all have a six-membered ring with one double 
bond. α-Pinene and limonene belong to the lipophilic terpene group. In addition to the six-
membered ring, α-pinene has three methyl groups (–CH3) and a four-membered ring, and 
limonene has one –CH3 and one –C=CH2–CH3 group. In comparison with α-pinene, limonene 
has a larger functional group with a double bond outside the six-membered ring; thus, it is prone 
to collisions with surrounding radicals and ions. Limonene is more susceptible to the effects of 

(a) (b)

(c) (d)

(e) (f)

Fig. 8.	 Structures of α-pinene, limonene, and carvone. (a) (+)-α-pinene, (b) (−)-α-pinene, (c) (+)-limonene, (d) 
(−)-limonene, (e) (+)-carvone, and (f) (−)-carvone.
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an electric field because the electric field produces more radicals and ions. Carvone has an 
additional carbonyl group in the limonene structure. The enantiomer gas was produced using a 
Permeator PD-1B (GASTEC Corporation). A total of 2 mL of the liquid sample was placed in a 
diffusion tube (D-10, GASTEC Corporation). Next, the diffusion tube was placed in the 
permeator at 40 ℃. The flow rate of N2 for dilution was set to 0.5 L/min. After exhausting the 
gas for approximately 30 min, the sample gas was introduced into a flek sampler (Omi Odor Air 
Service Co., Ltd.) with a capacity of 20 L while maintaining a flow rate of 0.5 L/min. The gas 
produced from (+)- and (−)-α-pinene was confirmed to have a concentration of 300 ppb using a 
detection tube (121SP, GASTEC Corporation).
	 The gas sensor was exposed to N2 gas for 100 s, to the enantiomer gas for 100 s, and again to 
N2 gas for 100 s. The N2 gas did not affect the gas sensor output. The gas sensor output was 
sampled every 5 s. The voltages applied to the grid were in the following order: 0, 10, 20, 30, 40, 
50, 60, 70, and 80 V. Each was repeated thrice and the average value was reported.

3.	 Results

	 Figure 9 shows time series data of the gas sensor output for the enantiomers of α-pinene, 
limonene, and carvone when voltages of various strengths were applied to the grid. When the 
enantiomers were each made to respond to the sensor alone, no difference in output was 
observed. The vertical axis was normalized such that the saturation value was 1 when 0 V was 
applied. When a voltage was applied to the grid, the gas sensor output values for (+)-α-pinene 
and (−)-limonene increased significantly compared with their respective enantiomers. Regarding 
carvone, the gas sensor output gradually increased as the applied voltage increased for both 
enantiomers. Among them, (−)-carvone exhibited a relatively large increase.
	 Figure 10 shows the dependence of the saturation value of the normalized eTVOC on the 
applied voltage. The saturation value of (+)-α-pinene changed significantly at 10 V, increasing by 
approximately 1.5 times, and gradually decreased as the applied voltage was increased from 20 
to 80 V. In contrast, the output of (-)-α-pinene did not change significantly even when voltage 
was applied. Therefore, when a voltage in the range from 10 to 30 V was applied to α-pinene, the 
difference in gas sensor output between the enantiomers increased and discrimination could 
occur. For (−)-limonene, the saturation value changed significantly at an applied voltage of 20 V, 
increasing by approximately 2.7 times, and the saturation value gradually decreased at an 
applied voltage in the range of 30–80 V. In contrast, the output of (+)-limonene did not change 
significantly even when voltage was applied. Therefore, when a voltage of 20 V or more was 
applied to limonene, the difference in gas sensor output between the enantiomers increased, 
making it possible to identify the enantiomers. The saturation value of (−)-carvone gradually 
increased as the applied voltage value increased. For (+)-carvone, the saturation value gradually 
increased up to an applied voltage of 50 V, but gradually decreased for an applied voltage in the 
range of 60–80 V. No notable difference existed in the response of (+)- and (−)-carvones owing 
to voltage application, but the gas sensor output increased to a greater extent for (−)-carvone than 
for (+)-carvone. From this perspective, we can distinguish between carvone enantiomers.
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4.	 Discussion

	 On the basis of the differences in their chemical structures (Fig. 8), enantiomers should 
respond differently to an applied electric field. (+)-α-pinene, (−)-limonene, and (−)-carvone, 
which are more strongly affected by electric fields, have functional groups that bond 
perpendicularly to the six-membered ring. In components in which the sensor output increases 
because of an external electric field, the functional groups formed on the outside of the six-
membered ring may electrically repel other atoms. Therefore, the molecules become less stable, 
and the movement of electrons becomes active, which is considered to cause the increase in gas 
sensor output. In contrast, the other enantiomers did not strongly repel other atoms, even when 

(a) (b)

(c) (d)

(e) (f)

Fig. 9.	 (Color online) Time series data of gas sensor output for various chiral molecules.
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exposed to an external electric field, because the functional group was bonded in a stable 
conformation. In a semiconductor gas sensor, when molecules reach the detection section, a 
redox reaction occurs, and electrons are released from the oxide film, increasing the 
output.(3–6,27) The more active the movement of electrons in the arriving molecule, that is, the 
higher its energy level, the more likely it is that a redox reaction will occur. The energy level of 
molecules affected by an electric field differs depending on their molecular structure, resulting 
in differences in gas sensor output when it reaches the detection section. Furthermore, when the 
concentration of molecules affected by the electric field around the gas sensor reached a peak, 
the gas sensor output was considered saturated. Because peak values are present ​​in the plots, we 
consider that optimizing the applied voltage can improve the ability of the gas sensor to identify 
gas molecules.

5.	 Conclusions

	 In this study, we focused on the bias in molecular charge caused by the geometric structure of 
enantiomers. Such effects were confirmed by applying electric fields of various strengths to a 
grid installed along the gas flow path.
	 For α-pinene, when the applied voltage is in the range of 10–30 V, and for limonene, when the 
applied voltage is 30 V or more, the difference in gas sensor output between enantiomers 
increases, making it possible to distinguish between their enantiomers. Carvone exhibits no 

(a) (b)

(c)

Fig. 10.	 (Color online) Applied voltage dependence of the saturation value of normalized eTVOC.
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significant difference in response between (+)- and (−)-carvones when a voltage is applied. 
However, because the gas sensor output of (−)-carvone is much higher than that of (+)-carvone, 
we can distinguish between enantiomers.
	 In a semiconductor gas sensor, when molecules reach the detection part, a redox reaction 
occurs and electrons are released from the oxide film, increasing the output. Enantiomers have 
different gas sensor outputs after being affected by an electric field owing to differences in their 
energy levels, and they can be identified. The results of the procedure developed herein are 
expected to be applicable to isomers other than enantiomers, provided that the components have 
different charge biases (dipole moments). 
	 In this study, a single component was used. In future studies, we will use the developed gas 
sensor to analyze mixtures. However, there is a high possibility that it is difficult to analyze a 
mixture of components having similar applied voltage values ​​when the gas sensor output value is 
maximized.
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