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Sensitive, selective, low-cost, and simply designed sensors for gases
and analytes are highly attractive. The rational synergy between
calixarenes (CAs) and titania nanorods (TiO,NRs) and nanotubes
(TiO,NTs) gives rise to completely new types of behaviors that open
unprecedented applications. First, the geometric building of NRs and
NTs leads to excellent signal amplification and transduction. Second,
grafted CAs create self-assembled monolayers (SAMs) that switch
order under a thermal stimulus and generate a stimuli-responsive
behavior, thus promoting modulated sensing properties. Third, CAs
accelerate gas diffusion in the sensor, yielding a fast, sensitive, selec-
tive, and reproducible response to H, at room temperature (RT). In
addition, these systems may act as sensors for other analytes, such as
the pesticide profenofos (PFF).

The fabrication of functional materials requires control in
organization of their components with nanometer precision,
which can be achieved through dynamic harmonization of
atomic-/molecular-level manipulation and control, chemical
nanofabrication, self-organization, and field-controlled organi-
zation." Controlling these dynamic events is the key to create
materials with desirable functions and can be regarded as
a central dogma in the development of functional materials.
Over the past decade, host-guest complexes have become
increasingly targeted as new tools to bind organic molecules
onto the surfaces of nanostructured materials, leading to
a variety of technologically relevant applications.>* Such
systems are promising candidates in the development of
selective molecular recognition and surface functionalization
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due to specific and reversible non-covalent interactions, such as
hydrogen bonding, van der Waals forces, - stacking inter-
actions, hydrophobic interactions, and electrostatic effects,>”
and due to self-assembly.*** In particular, CAs, owing to their
availability and easy functionalization at either the upper and/
or the lower rim, can selectively bind specific guest molecules.
Therefore, grafting CAs on the 3D surface is a convenient
strategy to realize functional materials for sensing and separa-
tion. A few attempts have been made with metal nanoparticles
(NPs), quantum dots, and mesoporous silica,™* but only one was
successful in grafting CAs onto metal nanotubes giving rise to
a highly selective and sensitive visible-light-driven sensor."

Among common H, sensing materials," TiO,-based sensors
are desired for their inert surface properties and for variation of
their electrical resistance upon adsorption of gas.' Until now
most semiconductor H, sensors have shown a weak and slow
response, long recovery time at RT, and they require heating to
relatively high temperatures for a rapid response rate.* To
overcome this hindrance, nanofibers, nanorods or their arrays
and porous structures of metal oxide semiconductors were
developed to improve the hydrogen sensing performance at
RT."""” Doping noble metals or combining metal oxide semi-
conductors with inorganic materials such as monolayer MoS, is
another possible method to enhance the gas sensing ability.**>°
But the selectivity problem is not easy to solve because the
sensing mechanism depends on the surface reactions.”
Because CAs are sensitive and specific for gas detection due to
their porous structure,” CA functionalization of TiO, arrays
would become an effective route to improve the hydrogen
sensing performance at RT and the selectivity. Therefore, how
to prepare sensors which show both acceptable sensitivity and
fast response-recovery time at or near RT has become an
important issue now.* An even more challenging issue is
turning these sensors selective.

The components of the prepared materials are CAs 1-3
grafted on TiO,NRs (CA@TiO,NRs). 1-Grafted TiO,NTs
(1@TiO,NTs) are prepared for comparison and for study of the
effect of thermal stimulus on surface organization. The
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difference in 1-3 (Fig. 1a) upper rims is meant to provide the
sensors with different selectivity. 1 supports bulky tert-butyl
groups on the benzene rings, 2 has free benzene rings, and 3
bears long carbon chains on the upper rim. Among the well-
established gas sensing materials such as Ga,03, In,03, SnO,,
TiO,, ZnO, and WO; and which have shown excellent perfor-
mance in detecting hydrogen gas at low concentrations, TiO, is
selected, thanks to its valuable properties of being cheap,
chemically stable, and nontoxic, and the reason that its elec-
trical resistance could vary upon adsorption of gas.**** TiO,NRs
with their unique size-dependent photo-physical and electro-
chemical properties are expected to exhibit excellent signal
amplification and transduction as compared to TiO,NPs. The
size and geometrical building of NRs and NTs increase the
overall photo-conversion efficiency**' and lead to a photo-
anodic response almost 10 times higher than that of the
TiO,NPs.?

Herein, we report for the first time the advantageous use of
ordered CAs for creating low-cost, stable, non-toxic titania
functional materials influenced by thermal variations and
mutual interactions and with desirable high sensing perfor-
mance for H, gas and for the pesticide profenofos (PFF) at RT.
The as-prepared advanced materials hold stimuli-responsive
adjustable surfaces, which may give rise to a new generation of
sensors with controlled sensing properties.

Self-organized, vertically oriented TiO,NR layers were grown
on FTO using a hydrothermal method.** TiO,NTs were prepared
on a Ti substrate by an anodic oxidation procedure.** Both
materials were employed as 3D conducting surfaces. The XRD
patterns of the as-prepared 3D nanomaterials (Fig. 2a) evidence
highly crystalline TiO,NRs grown along the (001) direction
perpendicular to the FTO,** and which adopt the same rutile
phase of the SnO, surface characterized by (110), (101), (211),
(002), (310), and (112) peaks at 26.50, 36.08, 54.58, 61.72, 62.82,
and 69.00°, respectively.*® Anatase TiO,NTs are characterized by
(101), (020), (105), and (121) peaks at 25.30, 47.94, 54.0, and
54.83°, respectively.’” The comparison of the rutile and anatase
irreducible representations allows us to differentiate them by
the number of bands and their symmetries. Actually, the Raman
spectra of TiO,NRs and TiO,NTs (ESI, Fig. S1t) show typical
Raman bands of the rutile phase at 146, 235, 446, 612, and
825 cm™',3*% and major bands of the anatase phase at 146, 197,
396, 516, 519, and 636 cm ™', respectively.* Similarly in the IR
range, the bands (ESI, Fig. S1} inset) observed at 384, 423, 486,
and 630 cm ™' are assigned to the three IR modes of rutile
TiO,NRs, while those of anatase TiO,NTs appear at 654, 534,
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Fig.1 Molecular structures of CAs 1-3 (a). Depiction of 1@TiO,NRs (b
and 1@TiO,NTs (c) [rod/tube tip functionalization is depicted for
clarity].
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Fig. 2 XRD patterns of Ti, TiO,NTs, and TiO,NRs (a). Normalized
Raman spectra of TIO,NTs, TiO;NRs, 1, 1@TiO,NRs, and 1@TiO,NTs (b).

and 841 cm™'.**> Besides phase characterization, IR spectros-
copy (ESI, Fig. S2}) allows surface analysis and reveals water
adsorption on the TiO, surface through hydrogen bonding
between surface OH groups and water molecules (¥(OH)
centered at 3380 and 3336 cm™ " and 6(H,0) at 1632 and 1639
cm ', respectively in TiO,NRs and TiO,NTs).*** The FTO-
coated glass substrate is uniformly covered with vertically and
slantingly aligned 0.7 pm length rectangular hexahedrons
(TiO,NRs) (Fig. 3a) with square top facets (150 to 170 nm).
TiO,NTs are highly vertically ordered 10 nm thick cylinders of
nearly 100 nm inner diameter (Fig. 3c).

CAs 1-3 were covalently grafted on the TiO, surface (Fig. 1b
and c) by forming coordination bonds between the hydroxyl
groups of CAs and surface Ti atoms, which restricts CAs to
a “cone” conformation.*” SEM analysis (Fig. 3b and d) shows CA
nano-aggregates causing overlap of nanorod arrays and filling
the porosities of nanotube arrays. Similar but less significant
changes occur upon grafting 2 and 3 on TiO,NRs (ESI, Fig. S37).
The high magnification micrograph (Fig. 3d) shows the accu-
mulation of 1 on both surface sides of TiO,NTs, thus increasing
the nanotube thickness up to 34 nm. The CA layer enhances
surface hydrophobicity as indicated by the change in the
contact angle (ESI, Fig. S41). The successful grafting of CAs is
first characterized using Raman spectra showing »(CH;) and
¥(CH,) stretching vibrations in 1,3@TiO,NRs (Fig. 2b, ESI,
Fig. S57). By correlation with the vibrational modes of 1, »(CHj;)
values are reduced (by 2.7-fold and 1.8-fold, respectively) and
red-shifted by 4 em™" while »(CH,) values are ~30 cm™' red-
shifted and reduced (by 1.5-fold and 1.3-fold, respectively)
compared to the corresponding wavenumbers in 1 and 3,
respectively, thus suggesting a different environment near the
CA platform.*® Similarly, the Raman spectrum of 1@TiO,NTs
(Fig. 2b) identifies C-O bending and C=C stretching vibrations
in 1. »(C=C) is 16 em™ " red-shifted when compared to its
wavenumber in 1 (1611 cm™ ') evoking a conjugation between

Fig. 3 Top surface SEM images of TiO,NRs (a), 1@TiO,NRs (b), TiO,-
NTs (c), and 1@TiO,NTs (d).
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neighboring two CA units via w-7 stacking, and the creation of
ground-state dimers that absorb visible blue light (460 nm - ESI,
Fig. S6T) akin to those reported earlier.”**® The as-created
dimers will trigger TiO, sensitization in the visible light.*
Incorporation of CAs into the coordination sphere of surface
Ti-atoms deforms the surface TiOg octahedron causing a shift of
the phonon spectra of the TiO, surface by 8 cm™ ' towards high
frequencies (ESI, Fig. S71)* and producing a uniform lattice
strain evidenced by 0.1° shift of diffraction lines to lower angles
(ESI, Fig. S81).*° The one difficulty that may be encountered in
identifying surface deposits from their diffraction patterns is
caused by the fact that the individual crystals of such deposits
are often preferentially oriented with respect to the surface on
which they lie. The result is a marked difference between the
observed relative intensities of the diffraction lines of
1-3@TiO,NRs and those given for the corresponding TiO,NRs
(ESI, Fig. S9t).*° The solid state array of CAs adsorbed on the
surface can then easily be tuned by external stimuli such as
pressure, heat, and vapor.***® These unique features would
provide potential applications for smart materials.®® Such
achievement if conceived for CA@TiO,NRs or CA@TiO,NTs
would open new horizons towards smart sensors with a tuned
surface and modulated sensing properties. 1@TiO,NTs were
slowly cooled from 310 to 50 K and were monitored by fluo-
rescence spectroscopy (Fig. 4a). The 340 nm band, assigned to
the aryl moiety (monomer) emission,** is evidence of the
interaction between 1 and TiO,. Both bands at 340 and 461 nm
can be ascribed to the disordered and ordered structures of CAs,
respectively, akin to the observed temperature dependence of
the fluorescence of a poly(di-n-hexylsilane)/TiO, nanoparticle
hybrid film.>* The red-shift of the central band at 461 nm by
25 nm (band at 486) hints at the rearrangement of 1 in
a different crystalline order*® leading to new diffraction peaks at
21.40, 23.08, 23.80, 27.48, 31.44, 36.02, 43.24, 47.58, 48.54, and
57.44° (Fig. 4b). The emergence of the 514 nm band suggests
CAs to adopt distinct organizations at 50 K. The broadening and
intensification of the emission of the tuned surface is antici-
pated to enhance TiO, sensitization and, consequently, is
regarded as the original simple procedure for modulating/
improving the detection response of 1@TiO,NTs. One can
notice that this appealing procedure cannot be applied for
previously reported calixarenes randomly anchored on TiO,
particles.>*>*

To investigate the performance of CA@TiO,NR films for H,
sensing, TiO,NRs and 1-3@TiO,NRs were exposed to vacuum at
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Fig. 4 Fluorescence spectra of 1@TiO,NTs at different temperatures
(a). XRD patterns of 1@TiO,NTs before and after thermal treatment (b).
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RT until a steady baseline resistance was achieved. Next, H, was
injected into the chamber at a constant flow rate and the
resistance of the sensor was recorded every 2 s, until the steady
resistance was achieved. The resistances of 1-3@TiO,NRs (200,
675, and 319 Q, respectively) were higher than that of 58 Q
obtained for pure TiO,NRs samples in a vacuum (Fig. 5a). They
decreased significantly with increase in the concentration of H,,
while the TiO,NR sensor shows a relatively slow decrease. The
enhanced response/sensitivity of the 1-3@TiO,NR sensors
(Fig. 5a inset) 21-33% may be attributed to the porous structure
of CAs (Fig. 5b), which allows diffusion of H, inside the film.>?
Different mechanisms have been proposed for the diffusion of
guest H, such as based on the slippage of CA layers® or rotation
of tert-butyl groups like turnstiles to direct guests through the
solid.*® 1 and 2 accelerate H, diffusion, yielding a fast response
(resistance reaches a plateau at low pressure: 3.2 and 5.6 bar,
respectively) as compared to 3 (plateau reached at a high pres-
sure of 21 bar). Conversely, the response of TiO,NRs in the
absence of CAs is ineffective (resistance reaches a plateau at
a high pressure of 16 bar with low 8% sensitivity). The dissim-
ilar behavior of 1-3 may be caused by the structural and
dynamic properties highlighted earlier with H,-CA occu-
pancy.*® 1 with the largest pore size (3.83 A) allows maximum
diffusion of H,, and hence, forces 1@TiO,NRs to reach the
saturation first. 2 with a smaller (3.45 A) but most accessible
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Fig. 5 Variation of the resistance of 1-3@TiO,NRs [inset: sensitivity of
H, sensors] with hydrogen pressure at 290 K (a) [S is the sensitivity, Rg is
the stable sensor resistance in a vacuum, Ry is the stable sensor
|RH — Ro|
0
(b). Resistance variation in 1@TiO,NRs with a series of loads at 1 bar and
discharge of hydrogen at 290 K (c). Resistance variation in 2@TiO,NRs
with a series of loads at 1 bar and discharge of hydrogen at 290 K (d).

resistance after the hydrogen injected. S = ]. Pores1,2,and 3
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pore size is slightly less efficient. However, although 3 has
a large pore size (3.78 A) it decreases H, diffusion most probably
because its bulky chains reduce access to pores.

The results indicate that the mechanism behind this
unusual enhancement of conductance (decrease of resistance)
in CA@TiO,NRs with pure hydrogen exposure is neither the
reduction of the titania lattice®* nor the removal of chem-
isorbed oxygen (not present in the high-pressure chamber) from
the nanorod surface by the hydrogen® nor the well-known spill-
over mechanism of hydrogen by platinum®** (silver electrodes
are used instead. The direct adsorption of hydrogen on the
silver surface has no significant role in the hydrogen detec-
tion®), but the supported calixarenes are essential as they may
act as Ruy, clusters and favor the spontaneous dissociation of
H,,% a process which does not occur on the bare oxide surface.®
Upon adsorption of several H, molecules on the Ru;, metal
cluster, it becomes thermodynamically favorable for hydrogen
transfer from the metal to the O sites of the oxide surface. The
migration of an H atom from the Ru cluster to the surface is
accompanied by an electron transfer to the empty states of the
support with reduction of the oxide surface. Calixarene-causing
chemisorption of the spilled-over hydrogen atoms on the
nanorod surface, which make a partial charge transfer to the
titania, thereby creating an electron accumulation layer on the
nanorod surface can be considered as a more probable reason
to enhance the electrical conductance. Finally, 1@TiO,NR and
2@TiO,NR sensors deliver a linear and reproducible response
(response/recovery times remain constant after several loads of
H,) when H, is injected at 1 bar at 290 K (Fig. 5c and d) and are
regenerated by spontaneous H, removal, which evidence a long-
time stability of the sensors. Therefore, they will be ideal
components for low-cost handy devices for the detection of H,.
The prominence of these sensors is again strengthened by their
opposite response (resistance increases) with an increase in the
concentration of N, (ESI, Fig. S107), which leads to accurate
selective detection.

In another contextual application we investigated the
performance of CA@TiO,NR films as sensors for profenofos.
The current density variation as a function of the voltage was
measured for TiO,NRs, 1@TiO,NRs, and for PFF@1@TiO,NRs
under artificial solar light illumination (Fig. 6a) in the range
between the reduction and the oxidation potentials of TiO,. In
the absence of applied potential, the current density of TiO,NRs
is enhanced 4-fold in 1@TiO,NRs due to CA-driven visible-light
sensitization of TiO, and through ligand to metal charge
transfer between 1 and Ti centers on the surface.*® The current
density is verified to result from photon excitation as no current
was registered in the dark (Fig. 6a inset). 1@TiO,NRs were
immersed for 1 min in a PFF solution at RT and then the current
density was measured. Interestingly, the intensity of the current
density is amplified 6-fold due to the inclusion of PFF in the
cavity of 1."> Effective detection of PFF is complemented by
efficient solid capture which prevents its discharge into the
electrolyte solution during current density measurements. The
synergy of the two properties is at the origin of our current
challenge to fabricate handy sensors. The strong immobiliza-
tion of PFF on 1@TiO,NRs is caused by intermolecular
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Fig. 6 Photocurrent density vs. voltage curves of TiO,NRs, 1@TiO,-
NRs, and PFF@1@TiO,NRs under xenon lamp illumination (a) and in the
dark [inset]. XRD patterns of 1@TiO,NRs and PFF@1@TiO,NRs (b).

interactions with 1, is characterized by its vibrational bands at
994, 1102, 1133, and 1154 cm™ " in the Raman spectrum (ESI,
Fig. S111), and forms a SAM that is observed under an optical
microscope (ESI, Fig. S127) and is characterized by an XRD
pattern (Fig. 6b) showing new diffraction peaks at 23.15, 28.0,
29.0, 32.13, and 38.62°. The possibility of performing surface
chemistry tailoring with SAMs constitutes a versatile approach
towards the tuning of the electronic and morphological prop-
erties of the interfaces relevant to the response of our sensor,
and gives rise to completely new types of behaviors that open
unprecedented applications.®”

Conclusions

In conclusion, we have developed an effective strategy to
improve sensing performance at RT for the fabrication of ideal
components for low-cost handy devices for rapid and sensitive
detection of gases H, and N, and analyte PFF. The components
are CA functionalized TiO,NR/TiO,NT semiconductors. Neigh-
boring CAs form, via w-m stacking, dimers that absorb blue
light and trigger TiO, sensitization in the visible light. Thanks
to their unique supramolecular chemistry, grafted CAs create
SAMs that switch order under a thermal stimulus, thus trans-
forming the semiconductor into a stimuli-responsive material
and promoting modulated sensing properties. The advanta-
geous porous structure of CAs allows diffusion of H, inside
TiO,NRs which, subsequently, yields a fast, linear, sensitive,
and reproducible response at RT. The as-designed sensors show
opposite response for H, (resistance decreases) and N, (resis-
tance increases). Moreover, the excellent inclusion behavior of
CAs triggers strong capture and then detection of PFF and
promotes their self-organization onto surfaces.
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