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In this study we developed organic thin film transistors (OTFTs) for the sensing of metal
ions and anions through the self-assembly of a pentacene/Schiff base pyrene derivative.
Our bilayer OTFTs displayed attractive device parameters: an electron mobility (u) of
0.12cm?V~1s71, a threshold voltage (Vy,) of 22.20 V, and a five-orders-of-magnitude on/
off ratio. This device was sensitive toward Cu?>" among 13 metal cations and toward CN~
among nine anions, as measured through changes in the values of Vi, and I, in the pres-

I;e;r/;/\;;rds: ence of Cu?" cations and a change in the value of I in the presence of CN~ anions. We
T¥1in flm transistor observed selectivity toward both of these ions in mixed ion solutions, with sensitivity over
Metal ion different concentrations (from 20 to 350 uM for Cu?*; from 100 to 350 puM for CN~) as well

Cyanide anion as in sea water. The pyrene derivative self-assembled through pyrene-pyrene” coordina-

Self-assembly tion in the presence of Cu®" ions; the rods of the pyrene derivative broke into smaller pieces

Sensor upon formation of benzoxazole rings in the presence of CN™ ions, as confirmed using
atomic force microscopy and fourier transform attenuated total reflection spectroscopy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction ogies, very little research has been performed into their

applicability in sensor technologies (mainly pressure, va-

The detection of heavy metals and anions in the environ-
ment is necessary because of increasing threats from pollu-
tion. To identify these ions, ideally we would replace optical
sensors, which function based on changes in color and/or
fluorescence intensity (or emission wavelength), with de-
vices that are more inexpensive, portable (handheld), light-
er in weight, and user-friendly; organic thin film transistors
(OTFTs) appear to be one such tool [1]. Although OTFTs find
widespread use in flexible high-resolution display technol-
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por, liquid, near infrared, dopamine and some biological
sensors) [2]. To improve their utility as sensors, we develop
OTFTs for the detection of metal ions and anions.

Among the metal ions, copper(Il) (Cu?*) is third most
abundant essential trace element for the human body, per-
forming important roles in many physiological processes
[3]. Increasing the level of Cu?* can affect the organs (e.g.,
the liver and kidneys) and block various enzymes that
are responsible for essential biochemical processes in the
human body. Copper-containing waste water can arise
from coal mining (and metal manufacturing industries),
electroplating processes, and the corrosion of pipes [4].
Among all anions, the detection of cyanide (CN7) is the
most important because of its extreme toxicity, which
arises from its binding to cytochromes and its inhibition
of electron transport chain in mitochondria [5]; in
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addition, it can lead directly to the death of human beings
as well as aquatic animals, at low concentrations by
depressing the central nervous system. Because CN~ is
used widely in the extraction of gold and silver, tanning,
steel manufacturing, metal electroplating, the manufacture
of nitrile, nylon, and acrylic plastics, and in the petrochem-
ical and photographic industries [6], it is also found exten-
sively in waste water. Accordingly, there is high demand
for the development for rapid, sensitive, and selective
means of detection of both Cu?>* and CN~ ions. At present,
their detection and characterization are best performed
using colorimetric and/or fluorescent chemosensors [7],
which require expensive and sophisticated instruments,
prolong detection times, and skilled operators. To overcome
these limitations, we are interested in developing three-ter-
minal device OTFTs for use as sensors of these ions.

OTFTs have several attractive features: they are inex-
pensive to produce, they can be formed over large areas
with mechanical flexibility, they consume lower amounts
of power, and their analysis times are faster relative to
those of optical detection systems. Not all OTFTs can be
used to fabricate sensors; those that can feature (I) func-
tionalized single active layers or an electrolyte gate [8],
(I) incorporate nanoparticles in the work area [9], or (III)
possess a bilayer (semiconductor/ligand) device structure
[10]. The devices of types I and II can be complicated to
prepare; for example, the functionalized active layer might
not be stable in aqueous media or the incorporated nano-
particles might increase the resistance of the device. To
avoid these difficulties, in this study we chose to prepare
bilayer devices (semiconductor/ligand) for the detection
of Cu?>* and CN~ ions. Here, we employed pentacene as
the semiconductor layer and a Schiff base-type pyrene
derivative (P) as the second layer for the probe. Pentacene
is a well-established semiconductor that is used widely in
many applications because it is stable in air and in aqueous
media [11]. Over the past two decades, sensors based on
self-assembled monolayers of pyrene derivatives have
been constructed for the detection of a wide variety of tar-
gets, metal ions, anions [12], and dopamine [13]; it has also
been used to great advantage in biological probes [14],
OTFTs [15], and solar cells [16]. Furthermore, pyrene
probes can self-assemble to form dimeric structures (P-
P*) upon the addition of ions [17].

In this study we developed pentacene/P-based OTFTs for
the detection of both Cu?* and CN ™ ions, either alone or mixed
with other ions, and at various concentrations in the range
from 20 to 350 pM. We monitored the sensitivity of the sensor
toward Cu?* ions by observing the shift of the threshold volt-
age (Vi) and off current (Iog) at —60 V and toward CN™ ions
by observing the change in the value of I, at —60 V. Our sensor
could detect Cu*" and CN™ ions at concentrations as low as 20
and 150 uM, respectively, as a result of self-assembly events
that occurred upon adding Cu?* and CN~ ions.

2. Materials and methods
2.1. Materials

Pentacene, poly(4-vinylpyridine) (PVP), poly(mela-
mine-co-formaldehyde), Mn(OAc),, MgSQ,, all chloride

salts (Fe?*, Cu®*, Ba®*, Sn?*, Ni%*, Zn?*, Ag®*, Ca®', Co**,
Cs*, Al**), and all tetrabutylammonium salts (CN-,
PO:-, I, HSO;, F~, NOj, CIO,, CI-, Br~) were purchased
from Sigma-Aldrich. The Schiff base pyrene derivative
was synthesized following a literature procedure
[18].

2.2. Device fabrication and characterization

OTFTs were obtained from highly doped n-type Si wa-
fers (100) covered with silicon dioxide (SiO,; thickness:
300 nm) as a gate dielectric (2 cm x 2 cm). After cleaning
with detergent, acetone, and isopropyl alcohol, the wafer
was treated in a UV-ozone cleaner for 30 min. The
ozone-treated substrates were spin-coated with a solu-
tion of PVP (11 wt%) and poly(melamine-co-formalde-
hyde) (4wt%) in PGMEA at 4000 rpm for 60s. The
substrate was then prebaked at 100 °C for 5 min, fol-
lowed by baking at 200°C for 20 min to crosslink the
polymer. Pentacene (40 nm) was thermally evaporated
(pressure: 5 x 107° torr) onto the C-PVP film; the Schiff
base pyrene derivative was then thermally evaporated
onto the pentacene layer under the same pressure. Fol-
lowing the preparation of the active layer, Au source
and drain electrodes (thickness: 50 nm) were thermally
evaporated through a shadow mask [channel width
(W): 200 um; channel length (L): 2000 pm; pressure:
5 x 107 torr]. The mobility was calculated by consider-
ing the dielectric constant of SiO, and the thickness of
the C-PVP.

2.3. Device characterization and analyses

Fabricated devices were characterized using a Keithley
4200 semiconductor characterization system. Atomic force
microscopy (AFM) images were recorded using a Bruker
Dimension Icon atomic force microscope; Fourier trans-
form attenuated total reflection (FT-ATR) spectra were re-
corded using a PerkinElmer spectrum 100 series
spectrometer.

2.4. Sensor devices measurement

Solutions of the various metal cations and anions were
prepared by dissolving salts in deionized water at concen-
trations of 1073 M; solutions containing pairs of metal cat-
ions and anions were prepared by mixing solutions of the
single metal ions of the same concentration (107> M) at a
1:1 ratio. The sensor devices were tested by placing a drop
(1 pL) of a solution of the metal cation on top of the chan-
nel, drying for 60 min, and then measuring under an N,
atmosphere. Solutions of Cu?* and CN~ ions of various con-
centrations were prepared by diluting the stock solution
(1 mM) to 20, 50, 150, 250, and 350 puM. The value of AVy,
was calculated by subtracting the threshold voltage shift
(V) in the presence of ions from that in the absence of
ions. The difference in the values of Is,; was calculated in
a similar manner.
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3. Results and discussion
3.1. Pentacene/P device response

Fig. 1(a) displays the structure of the fabricated penta-
cene/P bilayer device. For the thermally evaporated semi-
conductor, dielectric surface roughness was an important
factor toward obtaining a large carrier mobility, because
molecular ordering of the grown pentacene film was con-
trolled by the surface roughness of the gate dielectric.
The surface roughnesses of both the dielectric materials
(polymer and SiO,) were virtually identical [19]. Because
we wished to operate our devices in aqueous media, how-
ever, the result should not vary as much and the unmodi-
fied SiO,/pentacene OTFT resulted in a positive value of Vi,
[19]. Therefore, we used a reserve polymer layer (C-PVP)
to ensure the preparation of OTFTs that would exhibit sta-
ble operation and high electrical performance. We posi-
tioned the C-PVP film at the interface between the SiO,
and the active layer. Fig. 1(b) presents the output charac-
teristics of typical p-channel pentacene/P transistors oper-
ated at various gate voltages (V;); Fig. 1(c) plots the values
of Ips with respect to the values of V; at a constant value of
Vps of —60V. The device parameters that we extracted
from the bilayer were an electron mobility (u) of 0.12 cm? -
V~1's71, athreshold voltage (Vi) of —22.20 V, and an on/off
ratio extending over five orders of magnitude. Therefore,
we employed this device platform to prepare a sensor for
Cu?* and CN~ ions.

?*l‘°°e

Pentacene

C-PVP

Gatel/SiO,

3.2. Cu?* ions sensitivity and selectivity studies in OTFTs

Several parameters can be measured to determine the
sensitivity and selectivity of OTFT sensors, including
changes in the values of Vi, Ion, lofr, and I, To test the per-
formance of our sensor for Cu?* ions, we monitored the vari-
ations in Vi, and Iy (Fig. 2(a) and (b)). To discern whether
these changes were due to the Cu?* ions or deionised water,
we monitored the device in the presence of deionised water
and noticed the negligible change in device performance
(Fig.S1 (ESI)). To confirm the selectivity the device was mea-
sured in doubly charged (Fe?*, Mg?*, Mn?*, Ba%*, Sn?*, Ni%*,
Zn?*, Ag®*, Ca®*, Co?*, AI?*) and singly charged (Cs*) ions
(Fig. 2); the extracted values of AVy, for these cations ranged
from 3 to 10V while the off currents (A) ranged from
1 x 107" to 5 x 107°. For Cu®" ions, the value of AVy, was
approximately 25 V and the value of I, was 1 x 1077; these
significantly enhanced values resulted from the presence of
the P units, which self-assembled to form P-P* species, with
the disappearance of the OH group, upon adding the Cu®*
ions, as displayed in the insets to Fig. 2(a) and (c) [18]. The
formation of P-P* complexes only in the presence of Cu®*
ions may have been due to the cavity size of the probe pres-
ent in P matching the size of the Cu?* ion, thereby leading to
alarge change in the value of AV, and a decreases in the off
current. None of the other ions (Fe?*, Mg?*, Mn?*, Ba%*, Sn?*,
Ni%*, Zn?*, Ag?*, Ca%*, Co?*, Cs*, AI**) matched the size of the
probe cavity present in P and, therefore, did not facilitate the
formation of P-P* complexes. Therefore, our pentacene/P
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Fig. 1. (a) Structure of the device incorporating pentacene and the pyrene derivative. (b and c¢) Output and transfer characteristics of the p-channel OTFT

containing pentacene and the pyrene derivative.
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Fig. 2. (a) Differences in threshold voltage (AV;,) and (b) off current shifts (Io¢) in the presence of various single metal ions. (c) Schematic representation of
the self-assembly of star-shaped pyrene derivatives in the presence of Cu?* ions.

transistors exhibited excellent sensitivity for Cu®* ions
among all of the tested single metal cations. Because an
aqueous sample of environmental concern would probably
not feature only a single type of metal ion, we extended
our measurements of device performance to mixed-ion
solutions in the presence and absence of Cu?* ions (Fig. 3).
When Cu?' ions were present, the values of AVy, and Ios
for the solutions containing the pair of mixed ions were sim-
ilar to those of the Cu®*-only solutions (from 20 to 27.5V
and from 5 x 1077 to 3 x 10°® A, respectively); in the ab-
sence of Cu®* ions, however, the values of AVy;, did not reach
above 7 V and the values of I,¢ remained below 5 x 107° A
(Fig. 3(a) and (b)).

Furthermore, to test the sensitivity of the device, we di-
luted a 1 mM stock solution of Cu?* ions to different con-
centrations and then placed a drop of each solution on
top of the different devices and attempted to measure
the concentration. Fig. 3(c) reveals that upon increasing
the concentration from 20 to 350 pM, the value of AV, in-
creased from 5 to 20 V and the value of I increased from
1x107'9to 5 x 1077 A. From these concentration data ob-
tained with the single metal ion, we found that this device
could detect Cu" ions at concentrations as low as 50 pM.
To test this performance, we employed our sensor device
to detect Cu®* ions in a real sample in real time. When
we employed our pentacene/P transistors to analyze sea
water samples containing and free of Cu®* ions, we ob-
served the excellent changes in Cu?* containing sea water
at a concentration of 50 uM (Fig. S2 (ESI)).

3.3. Sensing mechanisms of Cu®* ions

We used AFM (scale: 20 x 20 um) and FT-ATR spectros-
copy to examined the sensing mechanism of our device

(see Fig. 4 and Fig. S3 (ESI)). The thermally evaporated P
grew to form non-uniform thick rods, which broke into
several pieces and self-assembled into star shapes upon
the addition of Cu?* ions (Fig. S3 (ESI) and Fig. 4(a)). Depro-
tonation of the OH moieties of the P units led to the forma-
tion of P-P* complexes through coordination with Cu®*
ions [18], causing the rods to self-assemble into a star
shape. The FT-ATR spectra confirmed the disappearance
of the signal for the OH groups of P at 3250-3500 cm™!
and the aliphatic region become broader near 3000 cm™!
after the addition of the Cu?* ions (cf. Fig. 4(d) and (e)).
The semiconductor property of P decreases with increasing
the conductor behavior after forming P-P* complexes with
Cu?" ions [20]. The P-P* complexes were densely spread all
over the channel (Fig. 4(a)) and decrease the channel resis-
tance with increasing the pentacene carrier density. The
high I, current performance may be attributed to the
presence of high carrier density in the channel. This ability
to self-assemble in the presence of Cu?* ions changed the
values of Vi, and Io¢ to greater degrees than those in the
presence of the other metal ions. To further confirm the
mechanism, we prepared monolayer devices containing
only pentacene and used the cations (Cu®*, Ca%*, Zn?*) to
monitor the electrical behavior and we observed only neg-
ligible changes in the device performance (see Fig. S4
(ESI)). From this result it confirmed that the change in Vi,
and ¢ was only due to P rods.

Using AFM, we affirmed the self-assembly processes
occurring in both the presence and absence of Cu?* in solu-
tions containing mixed metal ions (cf. Fig. 4(b) and (c)). The
AFM image of the sample obtained in the presence of
mixed Cu?" and Co?" ions was similar to that obtained for
the sample exposed to Cu®* ions alone (Fig. 4(a)); in the ab-
sence of Cu®* jons, the AFM image was similar to that in
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Fig. 4. (a-c) AFM images of pentacene/pyrene recorded in presence and absence of Cu?*: (a) only Cu" ions; (b) both Cu?* and Co?" ions; (c) both Ba?* and
Co?* ions; (d and e) FT-ATR spectra of the pyrene derivative in the (a) absence (only pyrene); (b) presence of Cu?* ions.

Fig. S3 (ESI). Further study the self-assembly, we tried the 3.4. CN~ ions sensitivity and selectivity studies in OTFTs
reversible test, but the device remains irreversible because
Cu?* cannot be removed from the P-P* complexes in our We also used our P-based device to monitor a set of an-

drop-drying method. ions (CN™, Poi’, I-, HSO,, F-,NO*~, CI0,, Cl~, Br~). Among
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these anions, the extremely toxic CN™~ anion was the only
one that provided a distinct change in the value of Iy
Fig. 5 displays the performance of the device toward CN™
ions. In the presence of CN™ ions, the value of I, decreased
by -1 pA, while the value of I, was 1 x 1073 A. But, F~ and
Cl~ ions provided similar changes in the value of I, it was
difficult to use this parameter alone to identify CN~ ions
(Fig. S5 (ESI)). The differences in the values of I, arose
mainly from the self-assembly of P in pentacene/P and
the disappearance of the OH group to form a new benzox-
azole ring upon adding the CN~ ions, as depicted in the in-
sets to Fig. 5(a) and (b) [21]. In contrast the other testes
ions (POZ~, I-, HSOy, F~, NOj, CIO;, Cl-, Br™) could not
interact with the P ligands to form such benzoxazole rings,
this device became a good sensor for CN~ ions. We elabo-
rated the measurement to examine the analyses of pairs of
anions in the presence (CN~/F~ and CN~/Br~) and absence
(HSO, /F~ and Cl*/{(POi’}) of CN™ ions (Fig. 5(c)). The data
obtained for the pairs of ions were similar to those for the
single ions; that is, the presence of CN~ ions decreased the
value of I,, whereas it increased in its absence. Thus, our
P-based device could be used for the detection of Cu* cat-
ions as well as CN™~ anions. Because of their high toxicity, it
is necessary for any sensor for CN~ ions to have nigh sen-
sitivity; therefore, we tested our sensor for its ability to
measure CN™ ions at concentrations ranging from 100 to
350 puM. Fig. 5(d) reveals that our pentacene/P transistor
could detect CN™ ions at concentrations between 100 and
150 uM, with increased sensitivity upon increasing the
concentration. To further test its potential applicability,
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we used our device to analyze sea water samples contain-
ing and free of CN™ ions, but we found that the perfor-
mance was poor.

3.5. Sensing mechanisms of CN~ ions

To study the mechanism of the sensing of CN~ ions, we
recorded AFM images (scale: 20 x 20 wm) and FT-ATR
spectra. In the presence of CN™~ ions (Fig. 6), the P rods
broke into smaller pieces, as evidenced by the disappear-
ance of the signal for the OH groups and the formation of
fewer star-shaped assemblies. These star-shaped architec-
tures did not arise from the coordination of the CN~ ions,
but rather from the overlapping of two or three small P
rods. To confirm this behavior, we recorded IR spectra of
the sample in the presence of CN™ ions (Fig. 6(d)); the sig-
nal for the OH group at 3250-3500 cm ™! disappeared with
broadening the aliphatic region near 3000 cm~! and a new
signal appeared at 2200 cm™~! for the benzoxazole units.
Compared to pentacene the P with benzoxazole units were
highly donating nature can accumulate more hole at the
interface of pentacene and P (with benzoxazole). Since P
with benzoxazole units spread all over the channel
(Fig. 6(a)) which directly drop the Is;; by increasing the
channel resistance. To confirm the mechanism, we pre-
pared monolayer devices containing only pentacene and
used anions (CN—, F~, CI7) to monitor the electrical behav-
ior. In presence of these ions we observed only negligible
changes in the device performance (see Fig. S6 (ESI)) and
this conforms that the change in I;,; was only due to P
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Fig. 5. (a) Changes in the value of I, in the presence of different anions. (b) Schematic representation of the self-assembly of the pyrene derivative in
presence of CN™ ions. (c and d) Changes in the value of I, in the presence of (c) different pairs of mixed anions and (d) different concentrations of CN~ ions.
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Fig. 6. (a-c) AFM images of pentacene/pyrene recorded in presence and absence of CN~ions: (a) only CN~ ions; (b) both CN~ and F~ ions; (c) both HSO4~
and F~ ions. (d) FT-ATR spectra of the pyrene derivative in the presence of CN~ ions.

(with benzoxazole) rods. Fig. 6(b) and (c) display the
results obtained from studies extended to solutions of
mixed ions. The AFM image of the sample prepared in
the presence of mixed ions containing CN~ ions
(Fig. 6(b)) was similar to that obtained for the sample pre-
pared in the presence of CN~ ions alone; in the absence of
CN~ ions, the image of the sample was unchanged. The
change in the value of I, but not in the values of Vi,
and g, was due only to the formation of the new benzox-
azole ring. By comparing the performances of the
pentacene-only devices with those of the pentacene/P de-
vices, it was clear that the P units played a role in the
detection of the Cu?>* and CN~ ions, but the cause of the
changes in the values of I.¢ for the pentacene/P transistor
in the presence of F~ and Cl~ ions remains unclear.

4. Conclusions

We have fabricated OTFTs based on pentacene/Schiff
base pyrene derivative that can be used to detect both
Cu?* cations and highly toxic CN~ anions. For Cu®* cations,
the devices could be monitored sensitively through
changes in the values of Vi, and I, for CN™ anions, we
monitored the value of I,.. We found that Cu?* ions could
be detected at concentrations as low as 50 M in both
deionized water and sea water, but the CN~ ions could be
detected only in deionized water in range from 100 to
150 uM. We confirmed the sensing mechanisms for both
the Cu?* and CN~ ions using AFM (scale: 20 x 20 um)
and FT-ATR spectroscopy. In the presence of both types
of ions, the signal for the OH groups disappeared at
3250-3500 cm™'; in the presence of Cu®* ions, self-assem-
bly to star-shaped rods occurred through P-P" coordina-
tion, whereas in the presence of CN™ ions, the rods of the

pyrene derivative broke into smaller pieces through the
formation of benzoxazole rings, as evidenced by a new sig-
nal at 2200 cm ™.
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