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emergence of new sensor materials. Excitons and dipole moments are two strongly correlated states that have shown the
coupled electronic interactions at the nanoscale, highly sensitive to the changes in their surroundings. Here, we present the

exciton-dipole coupling in two-dimensional (2D) assembly of molecular rubrene excitonic crystals to selectively detect

molecules. The presence of molecules with a dipole moment transforms excitons into charge transfer, resulting in a

pronounced conductivity change of freestanding rubrene nanosheets. The exciton-dipole coupling exhibits a highly efficient

molecular selectivity, as it offers an unambiguous electronic fingerprint for the detection of molecules - in contrast to

common sensing schemes relying on the quantification of intensity changes and optical peak shifts.

1 Introduction

Molecular sensing of chemical substances has been
extensively investigated, which reveals that the well-designed
host structures are essential for high sensitivities and
selectivities*. Among the various types of sensors, resistive
sensors - also known as Taguchi sensors - are the most attractive
one due to the low cost, short response time, simple operation
and wide application®. In this context, a porous semiconductor
layer (e.g. tin dioxide [SnO,]¢, tungsten trioxide [WO3]’, titanium
dioxide [TiO,]8, and zinc oxide [Zn0]°%1%) becomes responsive at
an elevated temperature up to a few hundred degrees. To meet
the sensing requirements under ambient condition with energy-
saving, highly selective and sensitive features, it is highly
desirable to develop a novel sensor device based on more
promising material and mechanism?11-13, One class of these
materials is the two-dimensional (2D) assembly of molecular
excitonic crystalline nanosheets (ECNs), due to their unique
features including the large surface and orderly anisotropy
enabling the high sensitivity and superior selectivity. However,
ECNs exhibit tightly-bound excitons due to their strong
Coulomb interaction, direct band gap and extended conjugated
pi-electronic structure. Here, we show that charge transfer can
be induced by an efficient exciton-dipole coupling interaction
between the ECN and a guest molecule with a specific dipole
moment which are non-covalently attached onto the sheets,
enabling a read-out electrical signal. The output signal highly
depends on the intensity of charge transfer from the ECNs to
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guest molecules. The electrical response of ECNs towards the
specific molecule shows a great potential in fabrication of
flexible sensors for the selective detection of target molecules.

Conjugated organics have been widely explored for the
sensor materials due to their high tunability in conductivity
through the redox interaction with target molecules>'4-1°, Such
interaction between sensor materials and target molecules
mainly take place on the surface, and hence, the unique
nanostructured morphologies (tubes, wires, nanosheets, etc)
through chemical method show large surface-to-volume ratio
and high specific surface area, which is critical for the sensor
performance?320-22, In this work, we report a water-air
interfacial assembly method to control the crystallization and
molecular packing to fabricate pseudo-2D rubrene crystalline
nanosheet, an exemplary ECN material?>. The freestanding
molecular rubrene ECNs can serve as molecular sensor to
employ the exciton-dipole coupling for the selective detection
of molecules with a specific dipole moment.

2 Experimental section
2.1 Materials and instruments.

Rubrene and P3BT were purchased from Sigma-Aldrich and
used as received. The SEM images were taken from FEI
Quantad50FEG. UV-Vis spectrum was recorded on an Agilent
Model HP8453 UV-vis spectrophotometer. Keithley 2400
SourceMeter was used in order to obtain current versus voltage
curves. A Bruker Apex Il Duo single-crystal X-ray diffractometer
was used to obtain the XRD pattern at a step of 0.3° per minute
from 3°to 30°.
current-voltage

Light dependent current measurement and
(1-v)
measured in atmosphere condition with a CHI 422 Series

characteristics of the devices are

Electrochemical Workstation with or without an applied an
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illumination from OSL2 fiber illuminator calibrated by Newport
Power Meter with Model 1918-R.
2.2 Rubrene nanosheets fabrication.

10 mg rubrene were dissolved in 1 mL Toluene. Drop 100
uL solution onto the surface of DI water, then the organic
solution spreads spontaneously and rapidly onto the water
surface due to the Marangoni effect. After several minutes, the
uniform nanosheet can be formed over large area. The obtained
nanosheet can be transferred onto any substrates such as
silicon, glass, PDMS and so on.

2.3 Device fabrication.

Fabrication of Horizontal devices on ITO substrates:
Patterned ITO substrate with different channel width (50um,
75um, 100um, 150um and 200um) were sonicated continuously
in sofa water, distilled water, acetone and Isopropyl Alcohol for
10 min and then blown dry by N2. The substrates were then
irradiated by oxygen plasma for 10 min. The fabricated rubrene
nanosheets on water surface were transferred onto the
substrates. The devices were naturally air-dried overnight. Then
the devices were dried at 100°C for 60 min in glovebox.

3 Results and discussion
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Figure 1 (a-b) The chemical structure of rubrene molecule and the schematic illustration
of self-assembly approach to grow the freestanding rubrene nanosheet at the water-air
interface. (c) The photograph of the freestanding rubrene nanosheets on PDMS
substrate and glass substrates illuminated by UV lamp and the photoluminescence
spectrum of rubrene nanosheet, the scale bar is 2 mm. (d) The XRD patterns of rubrene
nanosheets. (e) The UV-Vis absorption spectrum of rubrene nanosheets. (f) The I-V curve
of rubrene nanosheets.

When the rubrene solution is dropped onto the water
surface, it spreads spontaneously and rapidly onto the water
surface due to the Marangoni effect (Figure 1a). The high-
quality and uniform nanosheet can be formed over large area
after the evaporation of solvent, where the aggregation and
nucleation of rubrene molecules are driven by the -t stacking,
and hydrophobic interactions (Figure 1b). The freestanding
pseudo-2D rubrene nanosheet grow in the lateral direction with
the dimension of ~10 cm? Figure S1 shows the typical
freestanding rubrene nanosheet floating on the DI water. The
obtained high-quality and uniform ECNs can be transferred onto
any artificial surface and structure, such as silicon, glass,
aluminum foil, polydimethylsiloxane, and so on (Fig. 1c and Fig.
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S1). The optical image of rubrene nanosheet (Fig.52) shows a
large-area and continuous morphology with a smooth surface
and sharp edge. The scanning electron microscopy (SEM) image
further confirm the flat and uniform morphology of 2D rubrene
nanosheet with partially folded sheets (Fig. S3). Figure 1d shows
the X-ray diffraction (XRD) pattern of the as-grown rubrene
nanosheets, exhibiting highly crystalline nature. The strong
diffraction peaks at 6.5° and 19.5° correspond to (100) and (300)
plane, respectively, which are consistent with the single crystal
rubrene diffraction?*26. The absorption spectrum (Fig. le) of
rubrene nanosheets exhibits the characteristic EER* electronic
absorbance peak at 522 nm (2.37 eV) along with the progressive
vibronic bands associated with C-C stretching?’. When
irradiated by UV lamp, the freestanding rubrene ECNs show a
strong fluorescence. The freestanding rubrene ECN nanosheets
provide advantageous access to understand the electronic
properties resulted from its long-range-ordered packing. The
conductivity of rubrene nanosheets can reach up to 2.36 X 10
S/cm (Figure 1f), which can be exploited for further sensing
studies.

The exciton-dipole coupling on electronic properties of
rubrene-ECNs is largely influenced by the molecular dipole
moment and its non-covalent surface coverage. To exploit the
exciton-dipole interactions between rubrene ECNs and non-
covalently attached molecules, we apply the freestanding
rubrene ECNs as the miniaturized resistive sensors for the real-
time detection of NH3 (the dipole moment of 1.42 D), ethanol
(1.69 D) and acetone (2.91 D). As shown in Figure 2a, the current
density of freestanding rubrene ECNs is increased dramatically
as exposing to NHjs, ethanol, and acetone vapor environment.
The time-dependent measurements show that the rubrene
ECNs exhibit fast response and recovery on the cyclic exposure
to 100 ppm of NHj, ethanol, and acetone vapor (Figure 2b).
While the rubrene ECNS are exposed to target molecules with
weak dipole moment, such as hexane (0.08 D), benzene (0 D),
toluene (0.36 D), and p-dichlorobenzene (0 D), the current
densities show negligible changes, verifying that the strong
dipole moment accounts for the electrical response (Figure S8).
The proposed sensing mechanism for the rubrene ECNs serving
as molecular sensor is therefore depicted in Figure 2c, in which
each NH3, ethanol, and acetone molecule has one lone pair of
electrons to facilitate the dipole moment, leading to the strong
exciton-dipole interactions. The exciton-dipole interactions
between the rubrene ECNs and attached molecules facilitate
the charge transfer behavior, leading to the change in the
conductivity of rubrene ECNs.

Aceton
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Figure 2 (a) The I-V curves of the rubrene nanosheets when exposed to acetone, ethanol,
and ammonia vapor with a dipole moment of 2.91 D, 1.69 D, and 1.42 D, respectively.
(b) The time dependent current measurements of the rubrene nanosheets when
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exposed to acetone, ethanol, and ammonia vapor. (c) The proposed sensing mechanism
of rubrene nanosheets.

To further verify our hypothesis, we carried out the Raman
test for the rubrene nanosheets, where Raman frequencies and
intensities are experimental observables emerging directly from
the n-conjugated backbone. Figure S9 shows the Raman spectra
of rubrene nanosheets before and after ethanol exposure, as
excited with 785 nm-laser. The main typical resonance bands of
rubrene are observed at the reported frequencies (1003, 1034,
1166, 1301, 1597, 1621, cm™). These Raman active modes
showed the signature of crystalline rubrene reported in
literatures. A visible increase can be observed in the intensity
after ethanol gas adsorption, revealing that the coupling
between rubrene exciton and gas molecule dipoles.
Furthermore, the absorption spectra of rubrene nanosheet
show the subtle difference before and after gas adsorption
(Figure S10), while the intensity of emission spectra of rubrene
exhibited the decrease after gas adsorption. The fluorescence
of the rubrene was quenched dramatically after gas adsorption
through charge (electron) transfer?®:3%, These results reveal that
the ethanol gas molecules (dipoles) interact with rubrene
molecules, leading to the change in the carrier density of
rubrene ECNs.

The molecules are non-covalently attached to the surface
of rubrene ECNs, implying that their electronic wave function
remains unchanged to a large extent after molecular
adsorption. Therefore, we employ the charge-transfer complex
ECNs, consisting of electron donor and acceptor, to examine the
exciton-dipole interaction when the molecules induce a static
dipole field. Here we select tetracyanoquinodimethane (TCNQ)
and Cgo as electron acceptor molecules to form the charge
transfer complex with rubrene for further studies. As shown in
Figure 3a, the time-dependent current measurement shows
that the freestanding rubrene-TCNQ nanosheet exhibits a faster
response and recovery on the cyclic exposure to 100 ppm of
ethanol than that of rubrene-Cqo. As a comparison, the sensing
performance of a commercial ethanol oxide sensor is
investigated under the condition. Although the
commercial sensor has a lower response time, its time-
dependent current change of the commercial sensor shows a
long recovery time of 33.1 s when exposed to 100 ppm ethanol
vapor, significantly higher than the ones of rubrene-TCNQ (3.9
s) and rubrene-Cg (12.3 s) ECNs. Meanwhile, the sensor
fabricated by rubrene-TCNQ ECNs also has a shorter response
time 3.8 s smaller than that of rubrene-Cg,. The difference in
response and recovery time between these two kinds of devices
is caused by the different energy band structures of the TCNQ
and Cgo. As shown in Figure 3b, TCNQ has a lower unoccupied
molecular orbital (LUMO) energy level than that of Cgo, which
facilitates the formation of charge-transfer complex with
rubrene molecules. When exposed to the target molecules with
a large dipole moment, the excitons can be converted into a
large density of free charge carriers, leading to an enhanced
conductivity and a short response time, which plays a dominant
role in the sensor performance. The sensitivity of rubrene ECN
sensor can be defined as I/1,, where the I;and |, are the current

same
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of the sensor in gas and air plotted in Figure 3c. the devices
based on rubrene-TCNQ and rubrene-Cgy nanosheets show the
sensitivity value of 75 and 56, respectively, higher than that of
the devices by pure rubrene nanosheets with a value of 45.
However, the commercial sensor has the lowest sensitivity with
a value of 6. Moreover, the commercial ethanol sensor shows
poor selectivity towards other common molecules, including
hexane, acetone, benzene, toluene, dichlorobenzene, and NH;
(Figure S4-7). In addition, the current density-voltage (I-V)
curves of the rubrene-TCNQ ECNs are measured under different
concentrations of ethanol vapor (Figure 3d). The current of
freestanding rubrene-TCNQ ECNs is increased dramatically from
1.7 nA to 101 nA at the applied potential 4.5 V, when exposed
to increased concentration of the ethanol vapor from 10 ppm
to 1000 ppm. The time-dependent measurements indicate that
the rubrene-TCNQ ECNs exhibit quick and repeatable response
and recovery on the cyclic exposure to ethanol vapor with
different concentrations (Figure 3e). It should be noted that the
sensor response follows a good linear trend over a wide range
of ethanol level, as shown in Figure 3f. The linear dependent
equation is illustrated in supporting information. We attribute
this result to the unique exciton-dipole interaction, which allow
the sensor response and recovery to reach the equilibrium with
a completely reversible behavior. In the meantime, as the
ethanol vapor concentration increases, the density of free
charge carriers generated from the exciton-dipole interaction is
increased, leading to the linear dependence of ethanol vapor
concentration.
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Figure 3 (a) The determination of response and recovery time of the sensing devices
based on rubrene-TCNQ and rubrene-C60 nanosheets and the commercial sensor when
exposed to 100 ppm of ethanol vapor. (b) Schematic energy level diagram of C60,
Rubrene, and TCNQ, demonstrating electrons from the HOMO of the donor molecules
transfer into the LUMO of the acceptor molecules. (c) The detectivity (Iy/I,) values of the

sensors fabricated by pure rubrene, rubrene-TCNQ, and rubrene-C60 nanosheets and
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the commercial sensor. (d) The |-V curves of the rubrene-TCNQ nanosheets when
exposed to different concentration of ethanol vapor. (e) The time dependent current
measurements of the rubrene-TCNQ nanosheets when exposed to different
concentrations of ethanol vapor. (f) The detectivity value of the Rubrene-TCNQ sensor
dependent on the concentration of ethanol vapor.
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A flexible and stretchable sensor platform would be
interesting to explore the applications of exciton-dipole
interaction mediated sensors in extreme environments.
Therefore, we transfer freestanding rubrene-TCNQ ECNs onto
the polydimethylsiloxane substrate to fabricate the flexible and
stretchable sensor device, as depicted in Figure 4a. The current
of flexible sensor devices is increased dramatically from 0.8 to
7.2 nA at the applied potential of 5 V when exposed to an
increased concentration of ethanol vapor from 10 to1000 ppm
(Figure 4b), verifying its superior sensitivity. Meanwhile, due to
the good flexibility and stability, its electronic read-out currents
from the |-V measurements of the sensor exposed to 100 ppm
of ethanol vapor show a negligible difference from the relax
status to bending one (Figure 4c). After a cyclic bending of the
sensor with more than 200 bending-relax cycles (Figure 4d), the
sensor can nearly maintain a constant output current. This
result demonstrates that the good reversibility and
reproducibility of the flexible sensor. The kirigami-inspired
structure is further introduced to improve the stretchability of
flexible sensor as the scaffold?322, The freestanding nanosheets
are transferred onto the tracing paper and then cut into a
selective kirigami structure by laser. As shown in Figure 4e, the
kirigami-inspired flexible sensor can be stretched up to 100%
with a negligible change in conductance. The current-voltage (I-
V) curves of the kirigami ECN nanosheets at different strains
(Figure 4e) show no decrease in conductivity during the entire
stretching process. More importantly, the detectivity of the
kirigami-inspired flexible sensor only has a slight change of the
Ig/1, value smaller than 3.0% when being stretched up to 100%
strain from the original status. These results reveal that the
kirigami-inspired stretchable sensor provide potential in the
application of flexible and stretchable sensing devices.

4| J. Name., 2012, 00, 1-3

a
d 543210123475
c Y
4 30 M
3F 2
= 22
2| = | ———s
- —718
1}
— glo t:je_nding 1%
0 A e ke PR 10
0 1 2 3 4 0 50 100 150 200
V (V) Bending cycles
e, fog
40
_=0F 0% 50% 100%
—mm
10
L i 0
00 1 3 4 0 25 50 75 100

\2/(\/) Strain (%)

Figure 4 (a) The schematic diagram of the flexible rubrene sensor. (b) The I-V curves of
the flexible rubrene sensor on PDMS substrates when exposed to different
concentrations of ethanol vapor. (c) The I-V curves of the flexible rubrene sensor on
PDMS substrates with bending and without bending when exposed to 100 ppm ethanol
vapor. (d) Bending cycles test of the flexible rubrene sensor on PDMS showing that the
detectivity has a negligible degradation. (e) The I-V curves of the kirigami-inspired
rubrene sensor at different strain when exposed to 100 ppm ethanol vapor. (f) The
detectivity of the kirigami-inspired rubrene sensor at different strain when exposed to
100 ppm of ethanol vapor.

4 Conclusions

In conclusion, a scalable water-air interfacial assembly
method is developed to grow freestanding molecular rubrene
ECNs. The freestanding molecular rubrene ECNs can serve as
molecular sensor to employ the exciton-dipole coupling for the
selective detection of molecules with a specific dipole moment.
The time-dependent measurements show that the rubrene
charge-transfer ECNs exhibit a short response and recovery
time as well as superior sensitivity, which can be attributed to
the unique exciton-dipole coupling mechanism. This new
sensing mechanism allow the sensor response and recovery to
reach the equilibrium with a completely reversible behavior and
linear dependence. More importantly, the kirigami-inspired
rubrene sensors enable the stretchability of 100% with
negligible change in detectivity, which can provide a platform to
develop flexible and stretchable sensing devices. The exciton-
dipole coupling interactions obtained through freestanding
ECNs and non-covalently attached molecules can serve as a new
sensing mechanism for the selective detection of molecules
with the dipole moment.

This journal is © The Royal Society of Chemistry 20xx
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