Chinese Chemical Letters 32 (2021) 2463-2468

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Communication

Check for
updates

Application of ion-in-conjugation molecules in resistive memories and
gas sensors: The role of conjugation

Jialiang Wei?, Jie Li®, Chuang Yu?, Qimeng Sun?, Jinghui He®*, Jianmei Lu®*

2 College of Chemistry, Chemical Engineering and Materials Science, Collaborative Innovation Center of Suzhou Nano Science and Technology, National United
Engineering Laboratory of Functionalized Environmental Adsorption Materials, Soochow University, Suzhou 215123, China
b Shanghai Institute of Measurement and Testing Technology, Shanghai 201203, China

ARTICLE INFO ABSTRACT

Article history:

Received 29 December 2020

Received in revised form 3 March 2021
Accepted 7 March 2021

Available online 9 March 2021

Ion-in-conjugation (IIC) materials are emerging as an important class of organic electronic materials with
wide applications in energy storage, resistive memories and gas sensors. Many IIC materials were
designed and investigated, however the role of conjugation in IIC materials’ performance is yet
investigated. Here we designed two molecules obtained by condensation of 4-butylaniline and
oxocarbon acid. Squaric acid derivatives squaraine named SA-Bu and a croconamide named CA-Bu which
only differ in their oxocarbon cores. While employing SA-Bu and CA-Bu as resistive memory and gas
sensory materials, SA-Bu has attained promising performance in ternary memory and detection of NO; as
low as 10 parts-per-billion whereas CA-Bu show mainly binary memory behavior and negligible NO,
response. Theoretical calculations reveal that conjugation of CA-Bu was distorted by the increased steric
hindrance, frustrating the charge transport and suppressing the conductivity. Our work demonstrates
that the conjugation plays a crucial role in ion-in-materials promoting ternary RRAM devices and high-
performance gas sensors manufacture.
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In recent years, conjugated molecules with ionic fragments in
their main chain were proposed for fabricating into various
electronic devices chemical energy storage [1-3], resistance
switching random access memory devices (RRAM) [4-6] and gas
sensors [7-11]. These molecules were defined as the ion-in-
conjugation (IIC) materials, such as derivatives of oxyallyl
substructures like the squaraine [12-14], conjugated zwitterionic
dyes [15,16], d-r-conjugated conductive coordination polymers
[17-20]. The squaraine molecule/polymers are intensively utilized
for chemiresistive sensing of trace-level gases molecules [21],
achieving the lowest limit of detection (LOD) among all
chemiresistive materials as well as environmental robustness
[22]. Due to the ion-ion/ion-dipole attractions promoted by ionic
groups located on the backbone, conjugated molecules with strong
intermolecular forces are tend to approach to each other and
crystallize easily. Additionally, owing to the introduction of
zwitterionic resonating structures, [IC materials have high thermal,
environmental and long-term stability.

On the other hand, the role of conjugation in the IIC materials
for various applications has yet to be well understood. Particularly,
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the influence of conjugation on the performance of resistive
memory and gas sensing is still unknown. This can be revealed by a
comparative study of similar IIC molecules with finite discrepancy
in its conjugated main chain. Therefore, in this work a squaraine
molecule (noted as SA-Bu) and a new croconamide (noted as
CA-Bu) were synthesized (Scheme 1) and their memory and gas
sensing performances were studied. It is demonstrated that the
SA-Bu-based devices mainly show ternary memory behavior
whereas CA-Bu only show binary behaviors. More significantly,
the sensory material CA-Bu only outputs negligible response to
NO, whereas SA-Bu-based sensors exhibit satisfactory sensitivity
and selectivity to NO,. Structural and theoretical investigations on
the croconamide and squaraine molecules reveal that the better
sensing and ternary memory performance is attributable to the
conjugation degree of these two molecules.

Preparation of two molecules: The squaraine molecule SA-Bu
was synthesized as described in our previous work [23]. A mixture
of squaric acid and 4-butylaniline in n-butanol/toluene (mixed
with volume ratio of 1:1), stirred in reflux for 12 h. The afforded
precipitate was filtered, rinsed with trichloromethane and hexane
sequentially. "H NMR (400 MHz, DMSO-dg): & 9.79 (s, 2H), 7.39
(d, 4H, J = 8.4 Hz), 719 (d, 4H, ] = 8.5 Hz), 2.55 (t, 4H, ] = 7.6 Hz), 1.54
(t, 4H, J = 7.7Hz), 1.34-1.27 (m, 4H), 0.90 (t, 6H, J = 7.3 Hz).
The croconamide molecule CA-Bu was synthesized by adding
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Scheme 1. Synthetic routes of SA-Bu and CA-Bu and their zwitterionic resonating
structures.

4,5-dihydroxycyclopent-4-ene-1,2,3-trione (croconic acid) and
4-butyaniline (molar ratio 1:2) to methanol. After stirring for
8 h under reflux, the afforded precipitate was filtered, rinsed and
dried in vacuum. "H NMR (400 MHz, DMSO-dg): § 11.48 (s, 2H), 7.34
(d,4H,J=8.0Hz), 719 (d, 4H, ] = 8.0 Hz), 2.59 (t, 4H, ] = 7.7 Hz), 1.58
(g, 4H, ] = 7.5Hz), 1.32 (q, 4H, ] = 7.4 Hz), 0.91 (t, 6H, J = 7.4 Hz).
Squaric acid, croconic acid, 4-butylaniline, n-butanol, toluene and
methanol were purchased from Tokyo Chemical Industry Ltd.
(Japan) or Sinopharm Chemical Reagent Co., Ltd. (China). All
chemical reagents used without further purification.

As shown in Fig. 1, the organic RRAM memory devices were
prepared by thermal evaporation of SA-Bu and CA-Bu powder
under high vacuum (106 Torr) onto indium tin oxide (ITO) coated
glass substrates, by depositing the metallic aluminum electrodes,
the electronic devices were obtained. To prepare chemiresistive
gas sensors, the substrate was substituted by Ag/Pd interdigital
electrode on a ceramic plate (electrode distance and channel width
both 200 wm, overall dimension 14 x 7 x 0.64 mm) in the identical
evaporation-deposition process. The fabricated sensors were used
as gas sensors to detect nitric dioxide in subsequent experiments.

Materials characterization: 'H NMR spectra were obtained on a
Bruker Avance Neo 400 MHz FT-NMR spectrometer. Shimadzu
UV-3600 spectrometer was used to obtain UV-vis absorption
spectra. Used CorrTest CS Electrochemical Workstation analyzer to
record cyclic voltammograms. The morphology of the synthesized
materials was characterized by FE-SEM (Regulus 8230). Thermog-
ravimetric analysis was performed on a Perkin-Elmer Diamond

thermal evaporation aluminum deposition

- fabricate under vacuum -

Interdigital electrode Gas sensor device

Fig. 1. Schematic diagram of the main steps to fabricate RRAM and gas sensor
devices.
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TG/DTA instrument under the protection of nitrogen gas with a
heating rate of 10 °C/min. XRD measurement was performed with a
Multiple Crystals X-ray Diffractometer (Bruker D8 Advance) using
Cu Ka radiation (A = 0.154 nm) at 30 kV and 40 mA in the 26 region
of 3°-40°.

The 'H NMR spectra confirm the product are successfully
synthesized (Figs. S1 and S2 in Supporting information). The SEM
images in Figs. S3 and S4 (Supporting information) show that SA-
Bu powder is in the form of regular microrods with approximately
2-5 microns in length, while CA-Bu is crystalized in flat pallets
with a similar dimension. Upon evaporation, the sizes of SA-Bu and
CA-Bu grains in their film states are both smaller than that in their
power state. Particularly, the grain size in the SA-Bu film is much
smaller than that in the CA-Bu film, which is plausible to contribute
the higher response of NO,. The thermogravimetric analysis results
(Fig. S5 in Supporting information) show that both the molecules
remain stable at high temperatures (313 °C for SA-Bu and 274 °C for
CA-Bu, when weight loss to 95% of the original), thus it is
appropriate to use thermal evaporation to prepare devices. The
X-ray diffraction pattern (XRD, Fig. S6 in Supporting information)
of SA-Bu and CA-Bu thin films show prominent peak at 26 ~ 4.3°,
corresponding to around 21 A interplanar spacing. This suggests
the film formation of both the molecules on the ITO glass surface
has experienced good crystallization. Two strong and sharp peaks
initially observed in the powder state of SA-Bu disappeared, and
replaced by a single prominent peak after forming the film. This
can be attributed to preferential order induced by the presence of
interface between film and substrate [24] as compared to the bulk
powder which forms a 3D powder of micron-sized lamellar
domains. All theoretical calculation performed based on density
functional theory (DFT) were on a level of GGA-UBLYP/DNP
implemented in DMol® code. Intermolecular interactions were
semi-empirically corrected by Tkatchenko-Scheffler (TS) scheme.
The converging criteria were set to a standard of 0.02eV/A in
residue force and 1x107> eV in energy. Hirshfeld partitioned
scheme was used to analyzed charge populations.

Performance measurement of fabricated devices: All electrical
measurements of devices were performed on the Keithley 4200
SCS semiconductor parameter analyzer and Lakeshore robe station
at a room temperature (25 °C). Specifically, the current-voltage
(I-V) characteristics of the memory devices were measured by
Keithley 4200 apparatus equipped with a pulse generator. The test
was carried out in voltage sweep mode at ambient conditions.
Besides, the gas sensing properties of the sensor devices was
measured by placing the sensor in a sealed 1200 mL chamber and
monitoring the change in current when the devices exposed to
different concentrations of nitric dioxide. Humidity effect test was
performed in an environment with a specified relative humidity
condition obtained by separately adjusting flow rate of dry
nitrogen and moist nitrogen after passing through a scrubber.
The relative humidity (RH) in the air chamber is monitored by a
commercial hygrometer. The relative response of sensors (R;) was
determined as the following equation:

Al

R =

(I=1Io)/Io (M

where Iy is the stable current under pure nitrogen flow (flow rate
300 mL/min) and I denotes the real-time current.

Firstly, the memory behaviors were studied by the current-
voltage curves of two typical electrical behaviors of SA-Bu-based
devices and CA-Bu-based devices, respectively (Figs. 2a and b).
These devices can switch to different resistance state during
voltage sweep. When an external voltage from 0V to —5V was
gradually applied to the SA-Bu-based memory device, two abrupt
increases of current were observed at the switching threshold
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Fig. 2. (a) Typical ternary current-voltage characteristics of SA-Bu-based memory
device. (b) The binary current-voltage characteristics of CA-Bu-based memory
device. Stability tests of SA-Bu-based device under constant voltage stress at -0.1 V.
Stability tests of memory devices under constant voltage stress at -0.1 V: (c) SA-Bu-
based memory device; (d) CA-Bu-based device.

voltages of —1.96 and —3.38 V, forming three resistive states with a
current ratio of 1:10>%3:10°4!. These can be associated with the ‘0,
‘1’, 2’ states in the terms of ternary memory storage. In contrast, as
shown in Fig. 2b, the CA-Bu-based RRAM devices behave only one
abrupt jump of current state ‘0’ and ‘1’. Therefore, the devices
exhibit binary memory characteristics. Sweeps 2 and 3 were
performed on the same cells for each types of all devices, indicating
that neither negative bias nor positive bias could turn the device
back to the poor conductive state. All multi-resistance states could
be distinguished clearly and no significant degradation was
observed after 10* s of continuous voltage bias at —0.1V
(Figs. 2c and d), suggesting a Write-Once-Read-Many Times
(WORM) properties. Further statistics on a large sample size
(120 samples) was conduct to check the reproducibility. The
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ternary device yield of the SA-Bu-based device is approximately
41%, consistent with the relevant yield mentioned in previous
publication [23,24]. In contrast, the ternary yield of the CA-Bu-
based device is only approximately 5% (Fig. S7 in Supporting
information), which is far from satisfying for commercial applica-
tion which means CA-Bu could not be used as a material capable of
multilevel RRAM storage for the logic processing of complex
information.

Subsequently, research on sensing performance of SA-Bu-base
and CA-Bu-based gas sensors was first investigated by measuring
transient response of these sensors toward N,-diluted NO, gas at
increasing concentrations from 10 ppb to 10 ppm as shown in
Fig. 3a. A gradual increase in current can be observed for SA-Bu-
based sensors. In contrast, sensors employed CA-Bu as sensory
material possess a smaller background current level, and the
corresponding current change induced by concentration variation
is indiscernible (<10~ nA). Fig. 3b shows response and recovery
performances of the SA-Bu-based sensor device. Taking the
response at 100 ppb NO, as an example, the response time was
190 s. After NO,, off, the current returned to 90% of the initial level
within 171 s under pure N, purging. The current-voltage character-
istics (Fig. 3c) indicated when the as-fabricated sensor device
exposed to N,-diluted NO, gas, the current grows linearly with the
increase in voltage. To determine the selectivity performance of
SA-Bu-based sensor, it was exposed to various inorganic gases and
10 ppm organic vapors (Fig. 3d). Although NO has the second
largest response, its sensitivity is 33-flod less than that of NO,,
causing insignificant interference in NO, detection. This selectivity
result is gratifying as to ensure the devices to maintain the ability
to distinguish gases in a complex atmosphere. In addition, these
SA-Bu-based sensors perform reliable and good batch-to-batch
reproducible response, good repeatability and long-term stability
even after being worked over one month (Figs. 3e and f).

The response of SA-Bu-based sensors to NO, under different RH
ambientes is shown in Fig. 4. Notably, the base current of SA-Bu-
based sensor in clean N; is significantly increased under constant
voltage as the ambient becomes damp. This could be associated
with a sequence of proton-transfer process dominated by the
Grotthuss mechanism [25-27] in which H* or H30" species hop
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Fig. 3. (a) Transient responses with increasing NO, concentrations at the ppb level of sensors employed SA-Bu and CA-Bu. (b) Response/recovery time to 100 ppb NO,. (c)
Current-voltage characteristics of SA-Bu-based sensor exposed to the gas flow with NO, concentrations ranging from 10 ppb to 10 ppm. (d) Selectivity.
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Fig. 4. Response to exposure to NO, at different concentrations under different RH
atmospheres, room temperature. (a) 400 ppb NO,. (b) 2 ppm NO,.

among the hydrogen-bonded water molecules. In addition, as the
RH increases, the basic current affected by ambient water
molecules and the transient current exposure to NO, have different
current trends. Our previous work has confirmed the adsorption of
water molecules and NO, molecules is a competitive phenomenon.
NO, has higher affinity compared to water molecules, but
competes with water molecules hinders the adsorption of NO,
[21] (More details of the trend comparison, see Fig. S8 in
Supporting information). As the RH increases to 60%, water
molecules contribute more to the current increase, making the NO,
response signal quite low. For RH > 60%, it is impossible to evaluate
the response and the sensitivity of NO, concentrations. The
investigation on the relationship between the response and the RH
found that the SA-Bu-based sensor maintains the ability to detect
low concentrations of NO, under 40% RH, which can suffice the
needs of practical applications under low and medium relative
humidity conditions at a room temperature.

Compared to other NO, sensors recently reported in Table 1
[28-36], the SA-Bu-based gas sensor in this work has advantages in
terms of low limit of detection, high NO, sensitivity and operation
ability at room temperature.

To understand why CA-Bu and SA-Bu have distinct performance
in memory and gas sensing, the latter showed an overwhelming
advantage, we firstly consider their discrepancies in film conduc-
tance. In the memory devices, the conductance nonlinear hopping
under different voltages, while in the gas sensors the conductivity
response to the external gas atmosphere. Both SA-Bu and CA-Bu
active films deposited on the original ITO glass show high quality
with smooth surface (relatively small root-mean-square surface
roughness = 1.05 and 0.60 nm, respectively, morphology measured
by atomic force microscopy, Figs. S9a and b in Supporting
information) due to good crystallinity of these two materials.
The thickness of the deposited molecular film is approximately
150 nm (determined by AFM, Figs. S9c and d in Supporting
information), and the thickness of deposited aluminum is
controlled at approximately 100 nm. Given the same film quality

Table 1
Comparison of some recent reported sensory materials for NO, detection.

Material Temperature Limit of detection Sensitivity® Reference
(°0)

Graphene r.t. 1 ppm 0.1 [28]
SnO,/graphene 150 1 ppm 24.7 [29]
MoS, r.t. 100 ppm 0.3 [30]
PbS/MoS, Lt 200 ppb 1.23 [31]

WO5 300 500 ppb 8 [32]

CoPc 115 1 ppm 0.25 [33]
FeHNPs-PANI  rt. 570 ppb 0.23 [34]
TPCAs r.t. 190 ppb — [35]
Pentacene L.t 100 ppb 0.3 [36]
SA-Bu r.t. 10 ppb 5.5 This work
¢ Sensitivity are calculated based on the following equation:

seee . Response
Sen51t1v1ty ~ Concentration (ppm)
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and thickness, the device performance discrepancies are attribut-
able to the film conductance. The conductivity flowing between
the electrodes can be written as a product between carrier density,
carrier mobility and effective electric field [37]:

G=NxExpu (2)

where N is the carrier density, E is the effective electric field and
is the carrier mobility, respectively.

We first survey the divergences in the carrier density N. Pristine
SA-Bu and CA-Bu are provided with optical gap of 2.76 eV and
1.89 eV estimated from its UV-vis spectrum (Fig. S10 in Supporting
information). The HOMO-LUMO energy levels are obtained
through calculations and spatial plots of the molecular orbitals
are presented in Fig. S11 (Supporting information). The figure
shows that the distribution density of SA-Bu and CA-Bu are similar.
The calculated HOMO-LUMO gaps are 2.20 eV and 1.57 eV for SA-
Bu and CA-Bu, respectively, which is of similar trend to the UV-vis
result. In this term, CA-Bu ought to have lower band gaps and in
consequence higher intrinsic carrier density N under the same
thermal condition [38-40], which cannot explain the poorer
conductivity of CA-Bu.

In the case of gas sensors, N will sharply rise due to contribution
from doped carriers when nitric dioxide interaction with our p-
type sensory materials SA-Bu and CA-Bu. We performed calculated
charge analysis predicting the binding mode between sensory
molecules and NO, (Fig. S9). The interaction model of SA-Bu
molecule and NO, with hydrogen bonds seems to be the most
stable model, which produces the greatest binding energy of
0.38 eV and 0.038 electrons transferred from SA-Bu molecule to
NO,. The interaction model of SA-Bu molecule and NO, also offer
approachable binding energy (0.21, 0.26 and 0.23 eV) and electron
transfer (0.114, 0.077 and 0.080 e~ ). Thus, the doping carrier
density offered by NO, doping in both films should be comparable.
To sum up, the large difference in the conductivity at low electric
field of memory or low NO, gas concentration in sensing, should
not stem from the difference in carrier density, neither in the case
of memory nor sensors.

Next, we consider the role of effective electric field. The electric
field intensity E that drives the charge transport also affects the
current flowing of organic electronic materials. A mechanism we
previously reported is related to this factor [24], which could
conductive channels triggers the first current level step from the
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Fig. 5. GISAXS patterns of (a) SA-Bu and (b) CA-Bu. (c, d) Schematic diagrams of
possible stacking manners, molecular models shown in the figure omit the alkyl
chains.
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Fig. 6. Molecular structures geometric optimized by DFT calculation of (a) SA-Bu and (b) CA-Bu, with two dihedral angles.

OFF to ON1 state of organic RRAM memory devices. The higher
external bias applied, the conductive channels grow wider and the
quantum conductance disappears driven by electric field, resulting
in switching from ON1 to ON2 state. Organic layers consist of SA-
Bu and CA-Bu molecule materials play a role of the matrix for
holding the top electrode and act as diodes to regulate the external
voltage to trigger quantized conductance. The extra voltage (AV)
consumed is inevitable to overcome the obstacles encountered
during the directional migration of electrons, those troubles may
be caused by the interfaces and grain boundaries of organic
molecules. On the other hand, the effective electric field E in terms
of voltage loss, is expected to be the same during gas sensing.
While a certain external voltage was applied to the two electrodes,
the effective voltage applied to the organic crystalline is generally
smaller, as part of voltage will loss at the grain boundaries [41].We
recorded the grazing-incidence small-angle X-ray scattering
spectra (GISAXS, Fig. 5) to further illustrate the stacking manners
of SA-Bu and CA-Bu in the film. The films deposited on ITO glass of
both materials can clearly find two arcs in the g, direction, which
shows that they have a highly ordered planar outer layer structure.
For SA-Bu, its two arcs are centered at g, = 0.277 A and 0.261A,
corresponding to d = 22.7 A and 24.1 A (calculated from d = 27/q,).
Notably, two arcs similar to SA-Bu arcs twin brothers can be found
in the pattern of the CA-Bu film whose q, = 0.289 A and 0.275A,
corresponding to d = 21.7 A and 22.8 A. Both SA-Bu and CA-Bu
molecules are composed of rigid cores and two flexible terminal
alkyl chains. Two arcs reflect parallel lamellae structures with
cores stack via w—s stacking and alkyl chains between adjacent
layers attracting each other. The highly similar GISAXS images
imply similar surface morphology and crystallite orientation
preference [42,43]. Both molecules have quite good crystallization
property, which may be a property shared by ion-in-conjugation
materials. Herein, the possible stacking manners of SA-Bu and CA-
Bu are proposed in Figs. 5¢ and d, based on the same crystalline
orientation and common organic molecular packings seen in the
existing literature [44,45]. With the above two factors being
excluded, only the carrier mobility n difference in SA-Bu and CA-
Bu film are responsible for the memory and sensing performances.
Molecules have different charge transportation capabilities, since
organic molecules are considered to be effective electrical trans-
missions when they are connected by a relatively planar [46]. After
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Fig. 7. Proposed mechanism diagram.
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geometric optimization, the computed molecular structures are
displayed in Fig. 6. Ignoring the loose terminal alkyl chains, SA-Bu
molecule has a rigid conjugated center, with its squaric ring and
two phenyl rings completely situated in the same plane. On the
contrary, CA-Bu has a completely different molecular non-planar
structure. There are two obvious dihedral angles of 22.73°
(C5—C1Cy2—Cy7) and 24.10° (C5—C4Ce—Cy1) between the croconic
plane and the phenyl rings because of steric crowding preventing
planar configurations. Distortions caused the decrease of degree of
conjugation and the molecular structure is not conducive to charge
transport, resulting in a lower charge mobility [47-49]. Although
the performance of organic electronic devices is governed by many
factors, not only the suitable circumstances for charge transport,
but the high carrier transportation mobility tends to increase
current density and reduce power consumption and plays the role
as internal element of the structure-performance relationships.
Fig. 7 schematically illustrate the proposed mechanisms men-
tioned above.

In conclusion, SA-Bu is demonstrated feasible for ternary
memory storage and it shows a promising capability for
detecting NO,, limit of detection as low as 10 ppb benefited
from its perfect conjugation. In contrast, since the conjugate
planes of CA-Bu was distorted by the increased steric hindrance,
frustrated charge transport barriers forms, leading a violent
decline in device conductance. Although croconamide has strong
interaction with both neighboring molecules and external gas
molecules due to its zwitterionic properties, to utilize croconic
acid (CA) as organic electronic materials, its conductivity needs
to improve by external stimuli such as light or heat. Through
comparative research from structure-performance relationships
to performances in distinct scenarios, our work demonstrates
that the conjugation plays an essential role in ion-in-materials
promoting ternary RRAM devices and high-performance gas
sensors manufacture.
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