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A microfluidic organic transistor functionalized with phenylboronic
acid firstly succeeded in reversible and real-time monitoring of H,0,
at ppb/ppt levels in ultrapure water, which would be used not only
as portable chemical sensors but also as monitoring tools to clarify
unknown reaction mechanisms of phenylboronic acid with H,0,.

Hydrogen peroxide (H,O,) is yielded as a by-product by UV
irradiation in the process of ultrapure water manufacturing,
which could cause oxidative decomposition of an ion exchange
resin utilized for ultrapure water.! In addition, oxidation
corrosion of metals in a semiconductor manufacturing process
could be induced by the over-standard levels of H,0, in
ultrapure water.? Therefore, the monitoring of H,0, plays a
significant role in maintaining the purity of ultrapure water. To
this date, various methods for H,0, detection by colorimetric3
and redox titrations®* and fluorescent probes® have been
developed, while many of those sensitivities are not satisfied for
H,O, monitoring at ppb Given the fact that the
concentration of H,0; in ultrapure water (< 3 ppb) is defined by
the International Roadmap for Device and Systems (IRDS),® the
development of highly sensitive and real-time detection

levels.

methods is required in industrial applications.

Phenylboronic acid (PBA)” is converted into phenol by
oxidation with H,0,.8 The oxidation reaction occurs through the
formation of a boronate anion, followed by the hydrolysis to
phenol in the presence of water. Thus, the response of chemical
sensors could be switched quantitatively by time-dependent
structural changes of PBA derivatives. Indeed, PBA-based
chemosensors have successfully detected H,0,, whereas real-
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time monitoring of H,0, is still challenging.® The unfeasible
continuous detection of H,0; is presumably attributed to the
control difficulty of chemical reactions between PBA derivatives
and H,0,. Therefore, an appropriate sensor design to control
inherent features of PBA derivatives is a key for the realization
of real-time detection of H,0,.

An organic field-effect transistor (OFET) is an attractive
organic electronic device comprising a self-assembled m-
conjugated material, which displays non-linear electrical
characteristics by applying gate and drain voltages to each
electrode.’® The characteristics of OFETs are appropriately
manipulated by changes in the dipole moment of self-
assembled monolayers (SAMs) for dielectric layers.1! As another
role of SAMs, the membranes can be used as recognition
scaffolds on the gate electrode!? or the semiconductive layer!3
for chemical sensing, which achieve highly sensitive detection
owing to their well-packed interface.'?212%14 However, chemical
sensing on the semiconductive layer of the OFET is still
concerned because of instability of the semiconductive material
to water.'3? Thus, an extended-gate-type OFET was employed
for the sensing manner?® in this study. We decided to modify 4-
mercaptophenylboronic acid (4-MPBA)!® as the SAM-based
recognition portion toward highly sensitive detection of H,0,0n
the extended-gate electrode. In the irreversible process, the
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Fig. 1 Schematic illustration of the microfluidic system with the
extended-gate-type OFET sensor for H,O. detection. The detection
portion was functionalized with 4-MPBA.
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conversion of the PBA derivative into the phenol structure
causes the decrease of the dipole moment,'®® which could
change transistor characteristics in static measurements. In the
case of continuous measurements, the transistor characteristics
could be real-timely controlled by the generation of negative
charges derived from the formation of the boronate anion with
H,0,. Thus, the introduction of PBA-based SAM into the OFET
would be a potent approach for highly sensitive and real-time
detection of H;0,. The extended-gate electrode (Au)
functionalized with 4-MPBA was further incorporated into a

microfluidic chamber,” allowing continuous H,0, detection (Fig.

1).

The H,0, detection portion was formed by immersion of the
extended-gate electrode into a methanol solution containing 4-
MPBA. Linear sweep voltammetry (LSV)!® was applied to
evaluate a molecular density of 4-MPBA on the Au electrode,
which was estimated to be (2.0 + 0.1) x 107° mol/cm? in three
repetitions (Fig. S2). The estimated low error indicated that the
highly reproducible fabrication of the detection portion was
achieved. For the OFET fabrication, poly{2,5-bis(3-
tetradecylthiophene-2yl)thieno[3,2-b]thiophene} (PBTTT-C14)
was employed as a semiconductive material owing to its easy-
to-obtain interdigitated packing structure by a wetting
process.’® By employing a fluorinated polymer material (i.e.,
CYTOP™) for a passivation layer, the transistor characteristics
of the extended-gate-type OFET were successfully evaluated
even under ambient conditions. In this regard, the basic
parameters manufactured OFET such as field-effect mobility
and an on/off ratio were estimated to be 2.1x103 cm?/Vs and
103, respectively. Further fabrication of the extended-gate-type
OFET was summarized in ESI'. In this assay, the detectability of
the OFET-based chemical sensor was examined in an ultrapure
water sample (i.e., Milli-Q water) toward industrial applications.
Fig. 2 displays a titration isotherm obtained by changes in

transfer characteristics upon the addition of H,0, (0-100 pg/mL).

The LoD of the OFET-based chemical sensor was determined to
be 0.71 pg/mL (= ppt), estimated by the 30 method with the
average value of Vqy (Fig. 2, inset).2? Remarkably, the estimated
LoD was lower than those of electrochemical,?* colorimetric??
and fluorescent?® methods (Table S1%). In addition, the
sensitivity of the OFET-based sensor implied the satisfaction of
the requirement of the H,O, concentration defined by IRDS. In
this regard, negative shifts of the transfer curves were observed
by a static measurement (Fig. S3%) with an increase of the H,0;
concentration, which was probably due to the change in the
chemical structure of the PBA derivative to the phenol structure
accompanied by the changes in the dipole moments. Certainly,
each V44 of the OFET functionalized with 4-MPBA and 4-
hydroxybenzene thiol (4-HBT) was estimated to be -0.94 V and
-1.10 V, respectively, indicating that the above-mentioned
negative shifts of the transistor characteristics were derived
from the oxidation of the PBA derivative. To support the
changes in the transistor characteristics stemmed from the
reaction to H,0,, the selectivity test was demonstrated against
oxidizing agents such as benzoyl peroxide (BPO), 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ), tert-butyl hydroperoxide
(t-BHP), sodium nitrate, and sodium hypochlorite (Fig. 3).
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Fig. 2 Electrical detection of H,0, (0—100 pg/mL) in ultrapure water by
the static measurement using the extended-gate-type OFET
functionalized with 4-MPBA. The electrical measurement at each
concentration was carried out after the incubation of the extended-gate
into the sample solution for 5 min. The titration isotherm was obtained
by gathering of the calculated threshold voltages (Vius) in the transfer
characteristics at Vos = -1 V. The Vrno and the Vi represent threshold
voltages before and after adding H.0,, respectively. Inset exhibits the
lower end of the titration.
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Fig. 3 Selectivity test for benzyl peroxide (BPO), 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ), tert-butyl hydroperoxide (t-
BHP), H202, sodium nitrate (NaNOs), and sodium hypochlorite
(NaClO) in ultrapure water. [Analyte] = 100 pg/mL.

Indeed, the observed highest response of the OFET to H,O,
suggested that the oxidation of the PBA derivatives by H,O,
induced the shifts of the transistor characteristics.

Next, DFT calculation was carried out to investigate the
changes in the dipole moments derived from the oxidation of
the PBA derivative by adding H,0,. The dipole moments of 4-
MPBA and 4-HBT were estimated to be 4.2D and 1.3D,
respectively, which revealed a higher magnitude of the dipole

This journal is © The Royal Society of Chemistry 20xx
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moment of 4-MPBA than that of 4-HBT (Fig. S7"). According to a
correlation of dipole moments of 1,4-substituted thiophenol
derivatives and their work functions, the changes in the work
functions of Au electrodes depend on the magnitude of dipole
moments of monolayers on the Au electrodes.?* Therefore,
photoelectron yield spectroscopy (PYS) in air was performed to
evaluate the work function of extended-gate electrodes. As
shown in Fig. S8%, each work function of the Au electrodes
functionalized with 4-MPBA and 4-HBT were estimated to be
4.9 eV and 5.0 eV, respectively. The correlation tendency
between the dipole moments of the SAMs and the work
functions of the modified electrodes matched with the reported
relationship.?* Moreover, by the treatment of H,0,, the work
function of the 4-MPBA modified-electrode shifted from 4.9 eV
to 5.0 eV. The work function of the Au electrode with 4-MPBA
by oxidation corresponded to that of 4-HBT. Given the fact that
the changes in the work function after the treatment of H,0,,
the shifts of the transistor characteristics upon the addition of
H,0, attributed to the change in the dipole moment derived
from the conversion of the PBA derivative into the phenol
structure. Furthermore, a decrease of a peak intensity of B 1s in
the 4-MPBA attached electrode after the H,O, treatment was
observed by the X-ray photoelectron spectroscopy (XPS)
measurement, which also suggested the H,0; reaction on the
SAM (Fig. S9(B)*). On the other hand, the remain of B 1s in Fig.
S9(B)" implied that an unreacted PBA form still existed. In other
words, the reversible structural changes between the PBA
derivative and the boronate anion?® before the full conversion
into the phenol derivative could be controlled by a reaction time
using the microfluidic device.

The real-time monitoring of H,0, was finally carried out
using the OFET integrated with the microchamber. The design
of the microfluidic chamber made of poly(dimethylsiloxane)
was optimized by using COMSOL Multiphysics software,
allowing a uniform flow of water by the appropriate parameters
such as length, thickness, and shape of channels and chamber, and
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Fig. 4 Real-time monitoring of H202 (10 ppb) in ultrapure water utilizing
the extended-gate-type OFET with the microfluidic chamber.
Continuous flow was applied at 46 pL/min.
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flow rate. The details of the fabrication scheme were
summarized in the ESI'.1> The integrated OFET with the
microfluidic chamber exhibited the stepwise change of the
drain current (/ps), which corresponded to the increase of H,0;
concentration (Fig. S6). Moreover, the microfluidic OFET-based
sensor displayed an increase and decrease of Ips upon the
alternative injection of H,0, and ultrapure water (Fig. 4). The
observed reversible change of Ips was probably due to the
dynamic structural change to the boronate anion with H,0,.%°
This is the first demonstration to achieve the reversible
monitoring of H,0, by using PBA derivatives. Next, the changes
in the microfluidic OFET characteristics by the continuous flow
of H,0, were monitored to investigate the robustness of the
PBA derivative-based SAM on the extended-gate electrode. For
this purpose, a high concentration of H,O, (10 ppm) was
injected. The microfluidic OFET showed an increase of Ips by
flowing H,0,, and the Ips was maximized within 40 s. After this
period, the Ips was gradually decreased by the continuous flow
of H,0,, and 80% decrease of the Ips value from the maximized
Ips was observed within 20 min. Taking into consideration the
incubation time of PBA derivatives with H,0, (3.4 ppm) for
oxidation in the recent report,®® the observed response time
was reasonable. Notably, the reversible response was not
observed after the long-term flow of H,0,, implying that the
microfluidic OFET could monitor not only the reversible
boronate anion with H,0, but also the irreversible conversion
into the phenol structure.

In summary, the extended-gate-type OFET sensor integrated with
the microchamber was developed for the highly sensitive and real-
time detection of H,0, in ultrapure water. The changes in the
transfer characteristics in the static H,0, detection were induced by
the conversion of the PBA derivative into the phenol structure, which
was accompanied by the change in the dipole moment. The
quantitative changes in the OFET characteristics provided the LoD
value (0.71 pg/mL), satisfying the requirement of the H,0,
concentration defined by IRDS.® Most importantly, the microfluidic
OFET device firstly succeeded in the reversible and real-time
monitoring of H,0,. We believe that our microfluidic system
functionalized with artificial receptors would be used not only as
portable chemical sensors but also as monitoring tools to clarify
unknown reaction mechanisms of chemical reactions.
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