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We herein propose an approach to visualize Menschutkin reaction
at an interface between a self-assembled monolayer with a
nucleophilic property and water containing alkyl halides. An
organic field-effect transistor functionalized with the nucleophilic
monolayer has detected in-situ alkylation depending on differences
in leaving group ability and bulkiness of electrophilic alkyls.

Self-assembled monolayers (SAMs) have unique properties
derived from intermolecular interactions among building
blocks.! SAMs are formed on solid-state substrates by various
methods such as vapor deposition and wetting processes.? The
fabrication methods involve the chemistry of SAMs, which
affect growth, nucleation, and coalescence.? In this regard, in-
situ chemical modification on SAM-attached substrates
effectively endows functions with SAMs on demand.* Surace
analysis to identify SAM modification is performed using X-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy.*
However, facile methods for monitoring chemical reactions on
SAMs have not been fully established. Therefore, we propose a
sensor device to detect chemical reactions on SAMs.

An organic field-effect transistor (OFET) is a solution-
processable electronic device.>® The switching characteristics of
OFETs are observed upon applying gate voltages. In this regard,
the surface potentials of gate electrodes are manipulated by
SAM modification, which affects the performance of OFETs.”
Upon chemical reactions on SAM-attached electrodes, changes
in structure of SAMs cause the difference in surface potentials.
Thus, chemical reactions on SAMs modified on gate electrodes
can be detected through changes in transistor characteristics
(i.e., drain currents (/pss) and threshold voltages (V1ys)).” In this
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study, we applied an extended-gate structure® for an OFET to
detect structure changes of SAMs upon in-situ chemical
reactions at a solid-liquid interface.

Herein, we employed the Menschutkin reaction to discuss
the reactivity based on differences in 1) leaving group ability
and 2) bulkiness of electrophilic alkyls (Fig. 1(a)).® The
nucleophilic substitution reaction in-situ has been monitored
using self-assembled materials in solution states,®® °¢ whereas
the reaction has never been applied to SAMs at solid-liquid
interfaces. To detect alkylation using the OFET, 1-hydroxyethyl-
5-mercapto-1H-tetrazole (EMT) as a nucleophile was modified
on the extended-gate electrode (Fig. 1(b)). Tetrazole is the
representative heterocyclic structure comprising four nitrogen
atoms, the nucleophilicity of which is a potent property in drug
discovery.l® 1 Electrons of the tetrazole ring are delocalized,
whereas the substitution cause influences m systems.!! Thus,
the changes in charges around the tetrazole ring on the
extended-gate electrode can be referred to as signals of
alkylation. A tetrazole ring thiolated at the 5 position was
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Fig. 1 (a) General scheme of the Menschutkin reaction. (b) Scheme of
Schematic illustration of the extended-gate-type OFET sensor
functionalized with a tetrazole derivative (i.e., 1-hydroxyethyl-5-
mercapto-1H-tetrazole, EMT for detecting in-situ alkylation at the solid-
liquid interface.
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selected as a building block, considering the following aspects.
A hydroxyethyl group introduced into the tetrazole ring at the 1
position can provide intermolecular interactions among
building blocks immobilized as a SAM, which contributes
uniform SAM.'?2 Meanwhile, a substitution reaction at the 4
position of the tetrazole ring occurs in a 1,5-substituted
derivative.l®> Therefore, the alkylation near the electrode
surface can be detected sensitively using the OFET. In this study,
the transistor characteristics of the EMT-attached OFET upon
alkylation were analyzed using principal component analysis
(PCA) to visualize the reactivity of the EMT-based SAM using
alkyl halides.

The OFET was fabricated step-by-step (See the Electronic
Supplementary Information, ESI'). A double dielectric layer
made of aluminum oxide (AlOx) and tetradecylphosphonic acid
(TDPA) was employed to achieve device operation at low
voltages (<|3] V).'* A m-conjugate polymer, poly{2,5-bis(3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene} (PBTTT-C14)%
was drop cast onto a channel region. A hydrophobic material
(i.e., CYTOP™) as a passivation layer was entirely covered on
the surface of the OFET device for stable operation under
ambient conditions (Figs. S1 and S2, ESIY).

The extended-gate Au electrode was fabricated on a
polyethylene naphthalate (PEN) film through thermal
deposition using a shadow mask. The Au electrode surface was
functionalized with EMT under ambient conditions (See the
ESI"). The molecular density of EMT was estimated by linear
sweep voltammetry, resulting in (1.76+0.44)x1071° mol/cm?(n =
3) (Fig. S3, ESI'). Photoelectron yield spectroscopy (PYS) in air
was performed to estimate the work functions of the Au
electrode before (4.89+0.04 eV) and after modification of EMT
(4.76+0.02 eV) (Fig. S4, ESI"). The shift in the work function to a
shallow direction indicates the accumulation of electron-
donating groups.8> In addition, an increase in surface
hydrophilicity of the electrode surface functionalized with EMT
was observed in a wettability test (Fig. S5, ESI'). Moreover, S 2p
and N 1s core-level peaks originating from EMT were identified
by XPS measurements (Fig. S6, ESI"). Overall, the modification
of EMT was supported by various surface analyses.

The OFET device and EMT-attached extended-gate
electrode were connected using a conductive cable to detect in-
situ alkylation at the solid-liquid interface. The alkylation of
EMT-based SAM was performed in an aqueous media
containing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
HEPES) (100 mM) and NaCl (100 mM) at pH 7.4. The extended-
gate-type OFET showed time-course negative shifts in transfer
curves upon adding an alkyl halide (i.e., iodomethane, CHsl)
(100 uM) (Fig. S7, ESI'). A 90 % response was observed at 60 min
in the time-dependency test. Next, the concentration-
dependent test was performed using CHsl. The transistor
characteristics at each CHsl concentration were recorded after
incubation for 60 min. Shifts in V4ys corresponded to the adding
CHzsl concentration (Fig. 2). A limit of detection value for CHsl
was determined to be 57 ppb based on the 30 method.® Alkyl
halides are widely used reagents for organic synthesis owing to
their high reactivity. Meanwhile, the inherent reactivity
potentially causes toxicity and mutagenicity in human bodies
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Fig. 2 (a) Transfer characteristics of the OFET functionalized with EMT
upon the addition of CHsl (0-50 uM) in 100 mM HEPES buffer with 100
mM NaCl at pH 7.4. The inset shows the enlarged figure representing
changes in transfer curves. (b) The titration isotherm obtained by
collecting V4 at each concentration of CHsl. The terms Vqyo and Viy
respectively indicate threshold voltages before and after adding CHsl.
Three repetitive evaluations were carried out for each concentration.
The inset shows the linear relationship between changes in Vr, and CHsl
concentrations.

involving significant diseases.” Considering the demand for
alkyl halide detection in an aqueous environment, the
detectability of the EMT-attached OFET for alkyl halides is
attractive.

Subsequently, surface analysis was performed to investigate
the alkylation of the EMT-based SAM. The Au electrode
functionalized with EMT was immersed in an aqueous solution
containing CHsl (100 uM) for 60 min under ambient conditions.
The treated electrode was gently washed with Mili-Q water,
followed by drying with a N, gas. Figure 3(a) represents PYS
measurements of the EMT-attached Au electrode before (light
pink triangle) and after the CHsl treatment (deep pink triangle).
The deeper shift of the work function implied the accumulation
of positively charged species on the Au electrode.?® In addition,
XPS measurements of the EMT-attached Au electrode treated
with CHsl supported typical peaks originating from | 3ds/, and |
3ds/, (Fig. 3(b)). Indeed, *H NMR analysis result of a mixture of
1-hydroxyethyl-5-methylthio-1H-tetrazole and CHsl in a
solution state shows a new peak at 4.70 ppm corresponding to

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) PYS measurements of the extended-gate Au electrode
functionalized with EMT before (light pink triangle, 4.76+0.02 eV) and
after the CHsl treatment (deep pink triangle, 5.20+0.04 eV). (b) XPS core-
level spectrum of | 3d peaks of iodine originating from EMT on the Au
electrode.

methyl protons at the 4 position of the tetrazole ring (Fig. S8,
ESI").13 Furthermore, the product after alkylation was also
identified using electrospray ionization-mass spectrometry (Fig.
S9, ESI"). According to evaluation in both solution and solid
states, the observed changes in the transistor characteristics
can be explained by the formation of tetrazolium induced by
methylation.

As the next attempt, the reactivity of the EMT-attached
OFET was assessed using six electrophiles (i.e., CHsl, iodoethane
(CH3CH,l), 2-iodopropane ((CH3),CH-1), 2-lodo-2-
methylpropane ((CH3)3C-1), bromoethane (CHsCH,Br), and
methyl trifluoromethanesulfonate (CF3SO3CHs)). Figure 4 shows

changes in the Vqy of the OFET upon adding electrophiles (5 uM).

The order of V44 changes implied influences of leaving group
ability (CF3SOs™ > I” > Br7). In addition, the order depended on
the bulkiness of electrophilic alkyls (CH3zl > CH3CH,l > (CH3),CH-I
> (CH3)sC-l).

We performed PCA to visualize the reactivity of the EMT-
SAM in the Menschutkin reaction. A multidimensional dataset
constructed by transistor characteristics was applied to PCA
(See the ESI'). PCA can reduce the dimensionality of the dataset
as two-dimensional outputs while maintaining the patterns and
trends of the initial dataset.’® PCA can determine the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Selectivity test result using six electrophiles (5 uM). The terms Vo
and Vqy respectively indicate threshold voltages before and after adding
electrophiles. Three repetitive evaluations were carried out for each
measurement.

correlations between the transistor responses and analyte
structures.'® Figure 5 shows the distribution of six clusters of
electrophiles at 5 uM. The position of all clusters in the PCA can
be classified as dash lines according to differences in the
bulkiness of electrophilic alkyls. We further demonstrated a
semi-quantitative assay of six electrophiles at different
concentrations using the EMT-OFET. Figure S15, ESI' represents
the concentration-dependent cluster distribution by PCA.

In summary, we designed an OFET-based detection system
in-situ for the Menschutkin reaction at a solid-liquid interface.
Although in-situ chemical modification on SAM-attached
substrates effectively endows functions with SAMs, the
reactivity has not been fully discussed. Motivated by this, we
aimed to discuss the reactivity of the SAM and alkyl halids based
on 1) leaving group ability and 2) bulkiness of electrophilic alkyls.
In this study, a hydroxyethyl group-attached tetrazole
derivative, EMT was used to monitor alkylation using transistor
characteristics based on conversion into a tetrazolium salt. The
EMT-attached OFET showed negative shifts in the transfer
curves upon adding alkyl halides, which were derived from
alkylated products with positive charges. Indeed, the alkylation
of the EMT-based SAM on the extended-gate electrode was

supported by surface analysis using well-established
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Fig. 5 PCA plot for the response patterns of six electrophiles at 5 puM.
Three repetitions were carried out for each measurement.
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instrumental methods. In this regard, the transistor 11.
characteristics showed unique response orders corresponding 12.
to leaving group abilities and the bulkiness of electrophilic alkyls.
The responses were applied to pattern recognition for
visualizing the reactivity of EMT-attached SAM and six
electrophiles. All clusters in the PCA plot were distributed 13.
depending on the bulkiness of electrophilic alkyls. Overall, the
EMT-attached OFET achieved not only detecting in-situ
alkylation but also visualization of its reactivity using a data
processing method. We believe the proposed method can be 14.
used for facile monitoring chemical reactions on SAMs at solid-
liquid interfaces. 15.
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