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Covalently Modified MoS, Bearing a Hamilton-Type

Receptor for Recognizing a Redox-Active Ferrocene-
Barbiturate Guest via Multiple H-Bonds
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Hiram Joazet Ojeda-Galvan,™ Mildred Quintana,” and Nikos Tagmatarchis*®

Dedicated to Prof. Maurizio Prato on the occasion of his 70" birthday.

Abstract: The covalent modification of the metallic phase of
MoS, with a Hamilton-type ligand is presented, transforming
MoS, to a recognition platform which is able to embrace
barbiturate moieties via hydrogen bonding. The successful
hydrogen bonding formation is easily monitored by simple
electrochemical assessments, if a ferrocene-labeled barbitu-
rate analogue is utilized as a proof of concept. Full
spectroscopic, thermal, and electron microscopy imaging
characterization is provided for the newly formed recognition
system, along with valuable insights concerning the electro-

chemical sensing. The given methodology expands beyond
the sensing applications, confidently entering the territory of
supramolecular interactions on the surface of 2D transition
metal dichalcogenides. The well-designed host-guest
chemistry presented herein, constitutes a guide and an
inspiration for hosting customized-structured functional
building blocks on MoS, and its relatives via hydrogen
bonding, opening up new opportunities regarding potential
applications.

J

Introduction

Molecular recognition by supramolecular host-guest interac-
tions is in the spotlight of chemistry and nanoscience. It
provides a toolkit for multiple applications, ranging from
nanocarriers to sensing.!"”’ Recently, we highlighted the molec-
ular recognition of sodium ions by two-dimensional (2D)
molybdenum disulfide (MoS,) nanosheets, covalently function-
alized with a crown ether® Performing selective
supramolecular complexation of the analyte on the surface of
nanostructured materials holds the potential of minimizing
undesired side interactions. Especially, in the case of electro-
chemically active transition metal dichalcogenides (TMDs), like-
wise MoS,, grafting guest-molecules, as recognition motifs for
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the desired analyte, should enable the fabrication of highly
sensitive sensors. As a plus, 2D TMDs are flexible, easy to
process and even easier to integrate in complex systems. In
general, two-dimensional materials have been widely studied as
candidates for bio- and environmental sensing applications.”
Up to date, MoS, the mostly explored TMD, has been
investigated as biosensing platform, owing to its structure-
dependent unique optical, electrochemical and electronic
properties, that are also tailored upon functionalization.” In this
context, a range of analytes have been successfully detected by
MoS,-based electrochemical probes, including glucose,”
dopamine,”” adenine and guanine,” hyaluronic acid,”® thrombin
and adenosine triphosphate,” chloramphenicol,"® H,0,!'"” and
DNA.I'

Barbiturates belong to a class of organic compounds that
are widely used as sedative-hypnotic medications for combat-
ing sleep and anxiety disorders, treating epilepsy and non
epileptic seizures as well as as anesthetics."*' Barbiturates and
their close relatives, cyanurates, are also used in non-pharma-
ceutical activities, including flame retardants,”® disinfectants or
bleaches for example,"® and even drug abuse. Therefore, their
direct detection via highly sensitive sensors has become an
urgent need. Hamilton was the first one to recognize the ability
of these heterocyclic systems to form hydrogen bonds and
introduced the later-called Hamilton-type receptors;"” organic
molecules that can selectively accommodate natural barbitu-
rate-based molecules and their analogues via hydrogen-
bonding."™® This strategy has been used for supramolecular
fabrication of materials"® and molecular recognition-driven
processes (i.e. catalysis, electron transfer).”” Hamilton receptors
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are synthesized by cheap readily available starting materials
and offer the major advantage of providing different anchoring
groups. The ease of chemical design enabled the implementa-
tion of Hamilton-type receptors in the preparation of
supramolecular dendrimers,?" self-assembled monolayers on
gold,”?¥ polymers with barbiturate selective sites,”” metal-
organic catalysts with barbiturate recognition sites,”?® and
host-guest complexation-driven photoinduced charge transfer
processes, in fullerene-based donor-acceptor dyads®” and
triads.”” However, their incorporation in 2D nanomaterials has
been non-existent, except for a recent important report on
Hamilton receptor building blocks on semiconducting mono-
layer graphene, designed for selective recognition of barbitu-
rates and cyanurates.®" The successful sensing was realized
with the fabrication of a field-effect transistor that could
transduce the hydrogen bonding into shift in the electrical
signal. In light of the technical development of 2D nano-
materials towards specific applications, graphene is slowly
leaving the scene, while transition metal dichalcogenides have
gained enormous interest, represented by the head of the
family, MoS..

In the meantime, the incorporation of the Hamilton-type
receptor remains elusive as far as TMDs are concerned, while
also the metallic phases of these 2D nanomaterials have been
in the spotlight, owing to their conductive properties and
functionalization capability.?? Complying with the research
narrative, our approach introduces the molecular host-guest
interaction system on the metallic phase of chemically
exfoliated MoS, for the first time, while a redox-active indicator
is ab initio incorporated on the barbiturate moiety as a proof of
concept of the successful hydrogen bonding. Herein, we
present a novel strategy, including the first covalent functional-
ization route for decorating modified exfoliated MoS, nano-
sheets with a Hamilton receptor and a redox-active barbiturate
derivative. In parallel, the immobilization of the custom-
designed barbiturate derivative on the surface of MoS, is
realized via multiple hydrogen bonds. Accordingly, this work is
a guide and an inspiration to hosting customized-structured
functional building blocks on MoS, and its relatives via hydro-
gen bonding, opening new avenues on its potential applica-
tions.

In order to evaluate the performance of the host-guest
complexation on the surface of the Hamilton-modified MoS,
nanosheets, we synthesized a barbituric acid derivative labelled
with ferrocene (Fc), which served as a redox probe for
monitoring the molecular recognition event. In fact, Fc has
been tested in the past as integral part of a Hamilton-type
receptor for the electrochemical detection of barbital.?® In our
investigation, we took advantage of the superior charge trans-
port properties of two-dimensional MoS, towards the synthesis
of nanosheets decorated by covalently grafted Hamilton-
receptors, acting as potential functional electrodes. In this
context, the host-guest complexation of the redox-active Fc
labelled barbituric acid was monitored by the electrochemical
response of the hybrid MoS, electrode. This material architec-
ture is based on the selective molecular recognition of the
analyte by the electrochemical sensor via multiple
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supramolecular interactions, in contrast to plasmonic- and
transistor-based sensors, which mainly enhance the amplitude
of the recorded current without selectivity. In addition, the
proposed approach constitutes an appealing strategy to
construct MoS, based nanomaterials bearing any functionality
by taking advantage of the well-designed host-guest chemistry.
Customized barbiturate analogues may carry properties and
functions of choice and when trapped by the Hamilton
receptor, share those with the MoS,-based system, enabling
numerous applications apart from sensing. Herein, the success-
ful recognition of the Fc-labeled barbiturate analogue is a proof
of concept for this exact idea.

Results and Discussion

Chemically exfoliated MoS, (ce-MoS,) nanosheets were pre-
pared by treating bulk MoS, with n-BuLi solution in hexane.”
While electrons are transferred form n-BuLi to MoS,, the
negative charges generated on its surface are stabilized by the
Lit cations.P® It becomes feasible then, that, MoS, acts as
nucleophile enabling its chemical modification in the presence
of an electrophile. The Hamilton receptor, on the other hand,
was prepared according to literature procedures (Figure S1)2"
and was specifically designed to bare the aniline functional
group, which can be easily converted to the corresponding
electrophilic aryl diazonium salt. Diazonium chemistry has
proved to be highly efficient methodology for the decoration of
ce-MoS, nanosheets with organic ligands of choice.®*® Having
optimized the diazonium reaction functionalization protocol in
our laboratory before” we directly employed here the
previously successful protocol. In this case, ce-MoS, serves as
platform for anchoring of the Hamilton-type receptor, furnish-
ing the functionalized material Hamilton-MoS,, which can then
act as the direct molecular recognition means for barbiturate
guests (Scheme 1). In order to probe the host-guest ability of
the Hamilton receptor, we rationally designed and synthesized
a barbiturate analogue, bearing Fc as redox indicator
(Scheme 1).2% Evidently, Fc's molecular framework stability and
its ease of derivatization on the cyclopentadienyl ring are
adding to its profound rapid reversible Fc/Fc* redox activity,
making it an ideal candidate as a building block for the design
of tracking/sensing functional systems.® In our case, Fc serves
as an easy and simple electrochemical tracer to prove the
successful trapping of barbiturates by the Hamilton-modified
MoS, platform via multiple hydrogen bonding. Simply, when
the Hamilton-MoS, receptor is dispersed in a solution of Fc-
barbiturate guest, hydrogen bonds are formed between the
amidic hydrogens of Hamilton receptor and the carbonyl
oxygens of the barbiturate moiety, as well as between the
hydrogens of barbiturate and the pyridinic nitrogen atoms of
the Hamilton receptor (Scheme 1). The six-hydrogen-bonded
newly formed system, noted as Fc/Hamilton-MoS,, is a bright
example of host-guest chemistry performed on the surface of
ce-MosS,.

The efficient functionalization protocol of n-BuLi-exfoliated
MoS, with the aid of diazonium chemistry is well established
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Scheme 1. Modification of ce-MoS,, with a Hamilton-type receptor, towards Hamilton-MoS, material for multiple H-bond recognition of a Fc-barbiturate

guest forming Fc/Hamilton-MoS,.

both laboratory-wise and characterization-wise. First strong
indications are given by simple FTIR spectroscopy (Figure 1a). In
the IR spectrum of Hamilton-MoS,, apart from the characteristic
vibrations of MoS,, strong absorption bands are also present
due to the Hamilton-type ligand covalently anchored on its
lattice. Specifically, the carbonyl stretching vibration at
1640 cm™' as well as the weak N—H symmetric and asymmetric
stretching vibrations at 3400 cm™', accompanied by the extra
band at 3060 cm™' of the amides, corroborate the presence of
the Hamilton-type ligand. Also, aliphatic and aromatic C—H
stretching vibrations lie around 3000-2800 cm™', which are
associated with the organic matter loaded on ce-MoS,.
Thermogravimetric analysis (TGA) assays, performed under
N, constant flow, reveal the unusually large loading achieved
upon covalent grafting. According to Figure 1b, Hamilton-MoS,
undergoes an around 30% weight loss in the temperature
range 300-550°C. This specific temperature window is chosen
based on the weight loss of the Hamilton receptor registered
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under identical temperature range and atmosphere conditions,
that is reflected by the first weight derivative response, where
65% of Hamilton receptor’s mass is decomposed. Translating
the 30% weight loss of Hamilton-MoS, to organic addend mol
percentage with respect to MoS,, leads to the surprising loading
of 12.5% mol Hamilton receptor on MoS,, which is considerably
high bearing in mind the covalent grafting that takes place.
Useful insights regarding the covalent grafting are given by
Raman spectroscopy. Figure 1c depicts the resonant, with
respect to the energy of the A exciton, Raman spectra (633 nm)
of starting material bulk MoS,, ce-MoS,, Hamilton-MoS,, and
Fc/Hamilton-MoS, materials. As expected, the spectroscopic
fingerprint of 1T-MoS,, consisting of the J;, J, and J; phonon
modes, is present in the spectrum of ce-MoS, as compared to
the bulk MoS, starting material, confirming the phase transition
occurred from 2H-to-1T upon n-BulLi exfoliation. Specifically, the
J, mode lies at 153 cm™, the J, at 225cm ™', and the J; at
329 cm . These phonon modes are semi-observable in the

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOWILLIOD dA1IERID) 3|qed ! [dde 8y Ag paueAoB a8 Sappie YO s JO S| J0j Aelq 1 8UIUO AB]IM UO (SUONIPUOI-PUR-SWBILY" A3 (1M AJeiq)1 U1 UO//:SdNL) SUORIPUOD pue SWIS 13U 89S *[202/¥0/60] U0 ArIqITaUIUO ABIM ‘(HHHN) UIpU S8 d1UB|BH [N AJ 1/ TOEZ0Z WeU/Z00T OT/I0p/w0d Ao | i Ake.q i puljuoadone-Ans wayy/sdny woy papeojumoq ‘Sy ‘cf0z ‘S9.ET2ZST



Chemistry

Research Article Europe
doi.org/10.1002/chem.202301474

European Chemical
Societies Publishing

Chemistry—A European Journal

(a)

Absorbance (a. u.)

3500 3250 3000 2750 ’
Wavenumbers (cm™)

1500 1250 1000 750

(c)

Intensity (a. u.)

100 150 200 250 300 350 400 450 500

Wavenumbers (cm™)
(e)
USRI
1.16
112
1.08
1.04
1.00
0.96
0.92
0.88
0.84
0.81
0.77

X (um)

20 = .
100 200 300 400 500 600 700 800

Temperature (°C)

Agg

350 360 370 380 390 400 410 420 430 440 450

(d)

Intensity (a. u.)

Wavenumbers (cm™)

(f)

I 1y
1.1

1.12
1.08
1.04
1.00
0.97
0.93
0.89
0.85
0.81
0.77

Y (um)

X (umy

Figure 1. (a) FTIR spectra of ce-MoS, (black), Hamilton receptor (light grey), Hamilton-MoS, (blue), Fc-barbiturate guest (pink), and Fc/Hamilton-MoS, (purple).

(b) TGA graphs and their corresponding 1* weight derivatives (dashed lines) of

ce-MoS, (black), Hamilton receptor (light grey), Hamilton-MoS, (blue), obtained

under N, constant flow. Raman spectra of ce-MoS, (black), bulk MoS, (green), Hamilton-MoS, (blue), and Fc/Hamilton-MoS, (purple), upon excitation at

(c) 633 nm, and (d) 514 nm. Raman intensity ratio /y;4/,au Spectral maps of a 30

Raman spectra of the functionalized materials Hamilton-MoS,
and Fc/Hamilton-MoS,, with the J, being the most intense,
while the other two are rather masked. Nevertheless, we
deduce that the 1T phase is not entirely lost upon further
manipulation. However, the E1zg mode that is linked to the 2H
phase of MoS, and is Raman spectroscopically inactive as far as
the 1T phase is concerned,"*" is present in all spectra, revealing
the coexistence of the two phases in every step. The most
important clue though, extracted from Raman spectroscopy, is
related to the covalent grafting. Useful information is collected
owing to the effect of the local strain induced upon covalent
chemical functionalization and the subsequent symmetry
disorder. While the 2LAM (second-order longitudinal acoustic
phonon in-plane mode) is related to sulfur vacancies, the
intensity ratio A;,/2LAM has been broadly utilized as an
effective tool to monitor the successful covalent functionaliza-
tion with sulfur containing organic molecules such as thiols,
disulfides, dithiolanes, and dithiolenes, that fill sulfur vacancies,
therefore the intensity of the 2LAM band is decreased, while
the respective intensity ratio is increased.***¥ In our case, a
different reaction takes place, where a S—C bond is formed
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umx 30 um area of (e) ce-MoS, and (f) Hamilton-MoS..

(rather than a sulfur vacancy being occupied), when N, is
released via the diazotization reaction, which affects the
structural integrity of the MoS, nanosheets, inducing local
strain. Similarly with the sulfur vacancy occupation on semi-
conducting MoS,, this chemical modification applies also on
this type of reaction concerning the metallic phase of MoS, and
reflects on the intensity ratio A,,/2LAM, based on experimental
observations.>*" In order to examine this aspect, we performed
spatial Raman spectral mapping by acquiring a 30 pmx30 pm
area of MoS,-based materials and constructing the respective
spectral maps of Figure Te and 1f by plotting the lxgam Vs the
spatial distribution. Indeed, upon functionalization, the /5;4/iam
mean value is reduced from 0.98 for ce-MoS, (Figure 1c) to 0.92
for Hamilton-MoS, (Figure 1f), which is in agreement with
previous reports on diazonium functionalization of MoS,."*¥
Conversely, the non-resonant, with respect to the energy of
the A exciton, Raman spectra (514 nm) provide information
related to the phase transition from 2H to 1T upon exfoliation
and the layer thickness of the MoS, nanosheets produced
(Figure 1d). In detail, broadening of the full-width-half-max-
imum (FWHM) of the A,; mode is observed, namely, a 3.4 cm™
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value is registered for bulk MoS, and 4.5cm™ for ce-MoS,,
while Hamilton-MoS, exhibits a value of 8.5 cm™"“" In parallel,
the frequency difference of A19—E‘29 was calculated at 25 cm™'
for bulk MoS,, 22 cm™' for ce-MoS, and 21 cm™' for Hamilton-
MoS,. These values represent a decrement in the layer thickness
of the produced materials, with the exfoliated and functional-
ized ones being closer to the value of 19 cm™ which is
registered for monolayer MoS,, implying the few-layered nature
of the produced samples.”*®

The morphology of Fc/Hamilton-MoS, is evident with the
aid of high-resolution transmission electron microscopy (HR-
TEM) imaging. In more detail, characteristic TEM micrographs,
shown under low magnification in Figure 2a and 2d for Fc/
Hamilton-MoS,, reveal the typical structure of the 2D modified
MoS,. Notably, the covalent anchorage of the Hamilton receptor
onto MoS, leaves undisturbed the 2D nanostructure, evidenced
by the absence of defects at the hexagonal MoS, lattice
(Figure 2c). From the HR-TEM micrograph of Figure 2b-c, it is
possible to observe the interlayer MoS, separation of 0.65 nm
corresponding to the dyy, plane. Moreover, the HR-TEM micro-
graph of Figure 2c reveals that the atoms exhibit hexagonal
atomic arrangement with the d-spacing of 0.27 nm, which is in
accordance with the typical doq plane of pristine 2H-MoS,™”
Fast Fourier transform (FFT) analysis (inset, Figure 2c), was used
to elucidate the crystalline nature of MoS,, within Fc/Hamilton-
MosS,. Electron dispersive x-ray spectroscopy (EDS) verifies the
presence of Fe, due to the Fc unit recognized by the Hamilton-
MoS, (Figure 2f), while EDS elemental chemical mapping (Fig-

ure 2e) confirms the uniform and aggregation-free distribution
of Fc, within Fc/Hamilton-MoS,. The presence of carbon and
oxygen at 0.27 and 0.52 keV (Figure 2f), respectively, is due to
both the covalently added Hamilton receptor and barbiturate
guest and together with the presence of molybdenum and
sulfur from MoS, (Figure 2f) at 2.3, 17.4 and 2.4 keV, respec-
tively, ensure the successful formation of Fc/Hamilton-MoS,.
performed on the surface of ce-MoS,.

Having specifically designed the barbiturate analogue to
carry Fc as redox indicator was then feasible to trace electro-
chemically the hydrogen bonding formation. In order to be
able to evaluate properly the expected signals, we first studied
the recognition supramolecular system on molecular level,
meaning the host Hamilton receptor and the Fc-barbiturate
guest separately, as well as their equimolar mix, noted as Fc/
Hamilton (1/1) and presented in Figure 3a. This supramolecular
complex reference system serves as a guide for the respective
results on the nanomaterial level i.e. for 2D MoS,-based
materials. Differential pulse voltammetry (DPV) was the electro-
chemical method of choice, based on its sensitivity, and all
assays were performed in N,-purged dry benzonitrile. We firstly
screened Fc-barbiturate, which shows a reversible oxidation at
+0.18V vs Fc/Fc™, attributed to the oxidation of Fe® to Fe™
(Figure 3b and Table 1). Hamilton receptor on the other hand, is
characterized by one reversible oxidation positioned at +0.88 V
vs Fc/Fc™ (Figure S3a). Conveniently, in the region 0.0-0.5V vs
Fc/Fc* no peaks are registered (Figure 3b and Table 1), allowing
the clear observation of the potential shift of Fc's half-wave

Map Sum Spectrurm

Intensity (a. u ]

36 7 8 9 1718 19
Energy (KeV)

Figure 2. (a—d) Representative TEM micrographs of Fc/Hamilton-MoS, at low magnification. (b) Close up TEM image of Fc/Hamilton-MoS, (blue box in
Figure 2a) and its interlayer d-spacing. (c) HR-TEM micrograph (green box in Figure 2b) and FFT (inset) of Fc/Hamilton-MoS.. (e) EDS elemental chemical
mapping (red box in Figure 2d) of Fc/Hamilton-MoS,. (f) EDS spectrum of Fc/Hamilton-MoS,.
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Figure 3. (a) lllustrative scheme of the structures of materials employed in the redox screening. DPV assays of (b) Hamilton receptor (light grey), Fc-barbiturate
guest (pink), Fc/Hamilton (cyan), and (c) Fc-barbiturate guest (pink), Fc/Hamilton-MoS, (1:1) (purple) and Fc/Hamilton-MoS, (0.5:1) (light blue). The dashed
lines note the half-wave redox potentials. The DPV assays were recorded in N,-purged dry benzonitrile, with 0.1 M tetrabutylammonium hexafluorophosphate
(TBAPF) in dry benzonitrile as electrolyte and Pt as working, counter and reference electrode.

Table 1. Potential vs Fc/Fc* in dry benzonitrile containing 0.1 M TBAPF; as
electrolyte of examined materials. E,: anodic oxidation potential; E,:
cathodic reduction potential; AE,,,: potential difference between anodic
oxidation potential and cathodic reduction potential; E;,: half-wave
potential (average of oxidation and reduction potentials).

Material EP IV [AE,, o/V] Eo/V Eo/V

Fc-barbiturate +0.18 (0.04) +0.16 +0.20
Hamilton receptor +0.88 (0.1) +0.83 +0.93
Fc/Hamilton +0.28 (0.02) +0.29 +0.27
Fc/Hamilton-MoS, (1/1) +0.23 (0.04) +0.21 +0.25
Fc/Hamilton-MoS, (0.5/1) +0.25 (0.13) +0.19 +0.32

redox potential £, upon trapping of the Fc-traced barbiturate
by the Hamilton receptor. Therefore, upon mixing of the two in
1/1 molar ratio, the Fc/Hamilton (1/1) supramolecular complex
is formed via hydrogen bonding, which is characterized by one
reversible oxidation at +0.28V vs Fc/Fc* (Figure 3b and
Table 1). A shift of 100 mV towards more positive redox
potentials is registered for the E,, of the Fc redox indicator,
which implies that upon complex formation, the oxidation of
Fc® to Fc™ becomes more difficult, meaning an overpotential is
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required to reach the next oxidation state. The reasoning
behind this effect is twofold. The positive shift is expected,
considering the potential electron withdrawing effect of
Hamilton receptor amplified by the hydrogen bonding forma-
tion. However, the E,, shift may as well be attributed to the
shielding effect due to steric hindrance of the bulk Hamilton
receptor that renders the interaction of the electrode with the
Fe nucleus, thus holding back the oxidation.*® In any case, the
positive shift registered upon host-guest complexation is also
expected on the 2D nanomaterial level. Following this rationale,
DPV assays were performed on bare Hamilton-MoS, receptor
(Figure S3b), Fc-barbiturate guest and then in varying ratios of
the two. With the aid of the TGA, the molar amount of Hamilton
receptor on MoS, was calculated for a certain mass sample and
then equimolar and half equimolar amount of Fc-barbiturate
guest were used in order to prepare mixtures of the two in
methanol that were sonicated and left stirring for a few
minutes. Both samples, Fc/Hamilton-MoS, (1/1) and Fc/Hamil-
ton-MoS, (0.5/1) (Figure 3a) were utilized to prepare a MoS,-
based modified electrode on the surface of a conventional Pt
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electrode by drop-casting. Note that in both cases not all Fc/
barbiturate molecules interact with the Hamilton receptor,
meaning that in the case of the 1/1 molar ratio some hosts may
be left without guests, while in the case of the 0.5/1 molar ratio,
we can only approximately assume that half of the hosts are
occupied. Stereochemical factors deriving from the morpholog-
ical nature of the MoS, material may prevent some hosts from
successfully accommodating the guests. It should be noted
though, that this phenomenon equally affects both estimated
ratios, therefore the comparative study between the two is
accurate. Nonetheless, in Figure 3a schemes have been drawn
this way for presentation purposes. In Figure 3¢, the voltamo-
grams of Fc-barbiturate, Fc/Hamilton-MoS, (1/1), and Fc/
Hamilton-MoS, (0.5/1) are presented. Complying with the
aforementioned narrative, upon host-guest interaction, a pos-
itive shift is registered for the reversible oxidation of Fc
indicator. Specifically, for Fc/Hamilton-MoS, (1/1) an extra
50 mV compared to free Fc-barbiturate has to be applied in
order for the oxidation to occur owing to the hydrogen
bonding (Figure 3c and Table 1). While the shielding and
electron withdrawing effects are responsible for this phenom-
enon, the Fc oxidation actually occurs more easily when the
Hamilton receptor is covalently grafted on MoS,, within Fc/
Hamilton-MoS,, vs on the molecular level, system within Fc/
Hamilton. The metallic phase of MoS, may be the reason behind
this observation, since it is characterized by increased electron
density and serves as a conductive interlayer promoting
electron flow between the electrode and the redox active
moiety. On the other hand, Fc/Hamilton-MoS, (0.5/1) shows a
reversible oxidation at +0.25V vs Fc/Fc*, which is negatively
shifted by 30 mV compared to Fc/Hamilton and positively
shifted by 20 mV compared to the equimolar mixture Fc/
Hamilton-MoS, (1/1). The half-equimolar ratio is important to
showcase the sensitivity of the method in even less amount of
barbiturate. Indeed, a strong shift is registered, even stronger
than the one of Fc/Hamilton-MoS, (1/1), validating the high
sensing activity of the system in decreasing amounts of analyte.
The even more difficult oxidation of Fc in excess amount of
MoS,-based receptor is probably linked to the increased steric
hindrance that shields the Fe nucleus, resulting in a more
positive E, ,. However, this very welcome result is accompanied
also by reduced current produced, making the recognition
slightly less distinct.

Conclusions

In conclusion, host-guest chemical interactions were realized on
the surface of chemically exfoliated MoS, by covalently grafting
a Hamilton-type ligand on its lattice, able to host barbiturate
analogues via multiple hydrogen bonding. The successful
formation of the six hydrogen-bonded supramolecular complex
on MoS, was transduced to electrochemical signal owing to a
rationally-designed  barbiturate labelled with Fc. Upon
supramolecular complexation, DPV electrochemical assessments
revealed a positive shift on the half-wave redox potential of Fc,
validating the initial hypothesis. It is noteworthy, that the
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sensing capability is possible in even half equimolar amount of
barbiturate analyte, with respect to the immobilized Hamilton
receptor, with the electrochemical signal produced being
rewarding. The predominantly metallic phase of MoS, is an
ideal conductive surface for electrochemical sensing and while
this study describes a prototype methodology for multiple H-
bond recognition on the surface of MoS,, the construction of
MoS,-based electrochemical sensors is proposed. At the same
time, this protocol outlines the modification of MoS, with
ligands of choice, by using non-covalent albeit strong inter-
actions within the recognition motif described. We showcased
that barbiturate analogues, appropriately designed to carry
ligands of choice, can indeed be trapped within the Hamilton
host immobilized on MoS,. Bearing in mind that hydrogen
bonding formation is temperature or solvent-dependent rever-
sible, we believe that switching on and off the host-guest
interaction at will, enables MoS, to shine in an expanded
application field.

Experimental Section

Preparation of the covalently functionalized Hamilton-MoS,
material: In a round bottom flask, Hamilton receptor (280 mg,
0.5 mmol) was dissolved in 5 mL of distilled H,O followed by the
addition of concentrated HCI (100 uL, 1.2 mmol). Then, the resultant
solution was cooled in an ice bath and NaNO, (55 mg, 0.8 mmol)
and 0.5 mL HCI 20% were added. The final solution was allowed to
stir in the cold bath for 30 min until the color turned to deep yellow
indicating the diazonium salt formation. In a round bottom flask,
aqueous dispersion of ce-MoS, (~20 mg, 23 mL) was added under
nitrogen atmosphere, cooled in an ice bath and allowed to stir. To
this dispersion, the cold solution of the in situ generated diazonium
salt was added drop-wise and stirred for 2 h in the ice bath,
followed by stirring overnight at r.t. Then, the reaction mixture was
filtered through a PTFE membrane filter (0.2-um pore size) and the
solid residue was washed thoroughly with copious amounts of
distilled water, methanol and acetone (consecutive sonication/
filtration cycles) to remove any organic addends. The collected
black solid was dried under a high vacuum yielding the functional-
ized Hamilton-MoS, product.

Preparation of thin-film electrodes Pt/Hamilton-MoS,, Pt/Fc/
Hamilton-MoS, (1/1), and Pt/Fc/Hamilton-MoS, (0.5/1): The Ham-
ilton-MoS, ink was prepared by dispersing 1.0 mg of the Hamilton-
MoS, powder in 600 pL. MeOH and sonicated for 30 min prior use.
Afterwards, 10 pL aliquot of the Hamilton-MoS, ink were drop
casted on the electrode surface and were left to dry at room
temperature under vacuum. For Fc/Hamilton-MoS, (1/1) ink, 3 mg
of Hamilton-MoS, and 0.6 mg of Fc-barbiturate were dissolved in
2.25mL MeOH and sonicated for 30 min prior use. Afterwards,
10 pL aliquot of the Fc/Hamilton-MoS, (1/1) ink were drop casted
on the electrode surface and were left to dry at room temperature
under vacuum. Similarly, for Pt/Fc/Hamilton-MoS, (0.5/1) electrode,
3mg of Hamilton-MoS, and 0.3 mg of Fc-barbiturate were
dissolved in 2mL MeOH and sonicated for 30 min prior use.
Afterwards, 10 pL aliquot of the Fc/Hamilton-MoS, (0.5/1) ink were
drop casted on the electrode surface and were left to dry at room
temperature under vacuum.
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