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Use of calixarenes bearing diazonium groups
for the development of robust monolayers
with unique tailored properties

Ludovic Troian-Gautier, a Alice Mattiuzzi,a,b Olivia Reinaud, c Corinne Lagrost*d

and Ivan Jabin *a

Surface modification represents an active field of research that finds applications, amongst others, in

the development of medical devices, sensors and biosensors, anti-biofouling materials, self-cleaning

surfaces, surfaces with controlled wettability, corrosion resistance, heterogeneous catalysis and micro-

electronics. For some applications, surface functionalization with a nanometric-size monolayer is desired.

In this review, efforts to covalently functionalize a wide array of surfaces with calixarenes bearing diazo-

nium groups are described. More specifically, methodologies to obtain monolayers of calix[4 or 6]arene

derivatives on conductive, semi-conductive or insulating surfaces as well as on nanoparticles are

presented. The main advantages of this general surface modification strategy (i.e. formation of true

monolayers that can be post-functionalized, high robustness and control over the composition of the

calixarene-based coating) and its current scope of applications and future challenges are discussed.

1. Introduction and overview

The surface chemistry of aryldiazonium salts has become a
widely used tool for the preparation of modified surfaces since
the pioneering work of Jean Pinson and his co-workers in
1992.1 The increasing popularity of this methodology lies in
the three following key points: (i) the high robustness of the
resulting interface due to the very strong attachment of the
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aryl moiety at the surface (adsorption energies over 50 kcal
mol−1),2–4 (ii) the compatibility of the method with a wide
range of materials including conductive (Au, Ni, carbon in all
forms, Pt, Cu, Fe, Zn, stainless steel, etc.), semi-conductive (Si,
SiGe, Ge, GaAS, etc.), oxides (ITO, TiO2, SnO2, SiO2, etc.), and
even insulating (glass, PMMA, PET, PP, etc.) substrates, being
either massive, flat surfaces or nanomaterials,5,6 and (iii) the
high diversity of diazonium salts that can be used (para-substi-
tuted aryl derivatives,4,5 porphyrins,7–10 calixarenes,11–20

pyridine,21,22 polyoxometalates,23 transition metal
complexes,24–27 biomolecules,28–30 etc.). The grafting of diazo-
nium salts has raised academic interest in various fields such
as sensing, catalysis, anticorrosion, anti(bio-)fouling, mole-
cular electronics etc.5 It has also led to industrial applications
of innovative materials like modified carbon blacks and drug-
eluting stents.31 The grafting could be activated by employing
various techniques or routes, namely electrochemistry (cyclic
voltammetry (CV), chronoamperometry, scanning electro-
chemical microscopy (SECM)), reduction by chemical agents,
photochemistry, ultrasonication, neutral or basic pH, heating
and microwave.32 Most common media are aprotic organic sol-
vents (acetonitrile, DMF etc.) and aqueous acidic solutions.
Several mechanisms have been proposed to explain the film
formation, depending on substrates, diazonium derivatives
and/or the grafting medium.32 It is generally considered that
the grafting process starts by the concerted formation of an
aryl radical upon reduction, which is capable of binding to the
surface. Because of the high reactivity of these produced aryl
radicals, loosely packed multilayers are generally formed with
thicknesses typically in the range 10–15 nm. The radicals can
either react with the surface of the material or with already
grafted moieties. A second pathway is also possible where the
already grafted moiety reacts with an aryldiazonium cation,
forming azo linkages that have been experimentally observed

on several occasions.5 It is rather challenging with diazonium
chemistry to exert a molecular control of the vertical extension
as well as of the layer morphology.33,34 These aspects may be
of critical importance for some applications, i.e. electro-
chemical sensors or electrocatalysis. Both of these applications
require fast (electronic) communication between the sensitive
layer and the analyte or compound to activate. In addition,
having a thin layer, and especially a monolayer, allows the
design of well-defined functional structures. Starting from a
monolayer, further controlled post-functionalization through
chemical reactions is possible in order to build well-organized
functional interfaces for a dedicated application. From an
experimental point of view, (true) monolayer formation is still
rarely evidenced since thickness, compactness and surface
concentrations of the film should be considered altogether.

During the last decade, many efforts have been made to
develop strategies for preparing monolayers.33–35 One of them
relies on the strict control of experimental conditions, such as
the concentration of diazonium precursors or the electrolysis
time, but it generally leads to sparse sub-monolayers with poor
reproducibility. Sterically-hindered aryldiazonium salts have
been shown to form monolayers.36–43 Interestingly, bulky pro-
tecting groups could be removed, leaving a monolayer with
chemically-reactive terminal groups for further post-
functionalization.38–43 Viscous ionic liquids were also success-
fully employed to form thin films, or even monolayers.44–47 A
radical scavenger was added to the grafting medium in order
to limit the film growth and, thus, near-monolayers could be
produced with relative simplicity.48–50 The authors first put
forward a mechanism based on a radical trapping: it consists
of a radical coupling between the aryl radical produced upon
reduction of diazonium cations and the radical scavenger. In a
more recent work, they actually demonstrated that the radical
scavenger more likely acts as a redox mediator than a radical
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trapping species.51 Lastly, strategies that take advantage of pre-
organized rigid structures have been smartly exploited for pre-
paring monolayers.11–20,26,52,53 In particular, in this connec-
tion, we have recently developed an innovative strategy based
on the direct grafting of calix[4]arene diazonium salts con-
strained in the cone conformation.12,14–20

Densely packed monolayers were obtained through the
reduction of calix[4]arene-based diazonium cations. Calix[4]
arenes are macrocyclic molecules made up of four aromatic
subunits linked through methylene bridges.54 The large rim of
the calix[4]arenes is functionalized with one or four diazonium
functions while the small rim could support reactive termini
for subsequent post-functionalization. Such compounds could
be easily synthesized on the gram scale. Due to their structure,
cone-constrained calix[4]arenes are particularly interesting
molecular platforms for diazonium surface grafting: (i) the
methylene bridge prevents side reactions from the aryl radical
and thus the formation of multilayers, (ii) appending arms at
the small rim allow the introduction of various functional
molecules or objects with a fine spatial control imposed by the
small rim geometry and (iii) several diazonium functions at
the large rim provide multiple anchoring points, which is
expected to enhance the stability of the monolayer. Indeed, in
the case of self-assembled monolayers, it has been shown that
multidentate anchors could be beneficial for the stability and
the organization of the layer.55

Here, the recent advances in the use of calixarene diazo-
nium derivatives for the formation of robust and compact
monolayers are presented. Common synthetic routes to these
derivatives are first described, followed by their use for the
surface modification of conductive, semi-conductive and insu-
lating surfaces as well as nanoparticles. Experimental evidence
showing the formation of compact, robust and post-functiona-
lizable monolayers of controlled compositions is presented.
Finally, the use of these tailored surfaces for applications such

as anti-biofouling, chemical sensing in water and the develop-
ment of hydrophobic surfaces are discussed.

2. Synthesis and characterization of
calix[n]arenes bearing diazonium
groups

Calix[n]arenes are oligomeric macrocycles composed of “n”
para-substituted phenolic units linked in the ortho position
through methylene bridges.54 Many oligomers have been
reported but those with n = 4, 6 or 8 are the most common.
Calix[n]arene derivatives are more flexible than other macro-
cyclic compounds such as resorcinarenes, cyclodextrins and
cyclotriveratrylenes. They thus display several remarkable con-
formations in solution.56 The so-called cone conformation dis-
plays a small rim composed of phenolic units and a larger rim
composed of para-substituted groups (Fig. 1).

The cone conformation is desired for most of the appli-
cations and in particular for surface grafting with controlled
geometry. In order to lock calix[4]arenes in this conformation
and avoid the through annular rotation, the phenol moieties
must be substituted by groups larger than an ethyl chain. For
calix[6]arenes, rotation through the annulus of the para substi-
tuents is feasible, which makes the rigidification of the whole
structure more challenging. Strategies such as capping of the
small rim can be achieved to conformationally lock calix[6]
arenes into the cone conformation.57 Calix[4 and 6]arenes that
have been used so far for surface modification through the dia-
zonium methodology are represented in Fig. 2.

C4v or Cs symmetrical calix[4]arene tetradiazonium salts 1–8
and 11–12 have been prepared through classical routes that
involve common synthetic steps: (i) a tetraalkylation of the
phenol units, (ii) an ipso-nitration reaction, (iii) a reduction of
the resulting nitro groups into the corresponding amines, and
finally (iv) a diazotization reaction (for a representative
example, see Fig. 3 for the synthesis of the C4v symmetrical
calixarene 4).

For the monodiazonium derivative 9, a seven-step synthetic
route was developed following (i) a trisalkylation of the phenol
units, (ii) para bromination of the unsubstituted phenol, (iii)
alkylation of the remaining phenol unit, (iv) bromo- to azido-
exchange through a copper-catalyzed reaction, (v) hydrolysis of
the ester functions, (vi) Staudinger reduction of the azido
group to the corresponding amine and finally (vii) a diazotiza-
tion reaction (Fig. 4, top).15 Compound 10 was obtained in five
steps that involved: (i) protection of five phenol units out of
the six using benzyl chloride, (ii) para nitration of the unsub-
stituted phenol, (iii) deprotection with sodium hydroxide, (iv)
reduction of the nitro group using hydrazinium monoformate
and zinc dust and finally (v) a diazotization reaction (Fig. 4,
bottom).11

Calix[4]arene diazonium derivatives are easily characterized
by common techniques including 1H NMR and infrared spec-
troscopy. Indeed, the diazonium group has a unique signature

Ivan Jabin

Ivan Jabin obtained his PhD in
Organic Chemistry from the
Pierre et Marie Curie University
(France) in 1996. After two years
as a post-doctoral fellow, first at
Lehigh University (USA) and
then at the Conservatoire
National de Paris des Arts et
Métiers (France), he was
appointed as an assistant
Professor of Chemistry at the
University of Le Havre (France).
In 2006, he joined the Université
libre de Bruxelles (ULB, Belgium)

as a full Professor. His current research interests include the syn-
thesis and study of new classes of molecular receptors as well as
the development of surfaces with tailored properties.

Review Organic & Biomolecular Chemistry

3626 | Org. Biomol. Chem., 2020, 18, 3624–3637 This journal is © The Royal Society of Chemistry 2020



Fig. 1 Schematic representation of a calix[n]arene macrocycle in cone conformation and the possible annular rotations.

Fig. 2 Structures of calix[4 or 6]arene derivatives 1–12 discussed in the present work. Inset: general structure of Cnv symmetrical calix[n]arenes
bearing diazonium groups.11–20

Fig. 3 Scheme for the synthesis of calix[4]arene 4.
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in infrared spectroscopy with an intense signal around
2260 cm−1. 1H NMR spectroscopy is also very informative
regarding the structure and symmetry of the different deriva-
tives. As a representative example, the 1H NMR spectrum of
calix[4]arene tetradiazonium 4 is shown in Fig. 5. This C4v sym-
metrical compound exhibits one doublet for the ArCHax

protons, one doublet for the ArCHeq protons, and one triplet for
the eight CH2O protons. Additionally, a singlet for the eight ArH

aromatic protons is observed. This peak is often deshielded
compared to the amine precursor, consistent with the introduc-
tion of electron withdrawing N2

+ groups. Interestingly, com-
pounds 1–9 have been stored in the fridge for several months
without any sign of degradation. This stability was also demon-
strated by thermogravimetric analysis (TGA) of compound 4,
which showed that the decomposition of this compound occurs
at temperatures greater than 120 °C (inset Fig. 5).58

Fig. 4 Synthetic routes for calix[4]arenes 9 (top) and 10 (bottom).

Fig. 5 1H NMR (CD3CN, 300 MHz) spectrum of C4v symmetrical calix[4]arene tetradiazonium 4. Inset: thermogravimetric analysis of 4.58
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3. A versatile grafting methodology:
modification of conductive, semi-
conductive and insulating surfaces as
well as nanoparticles

Calixarenes bearing diazonium groups were efficiently grafted
on a plethora of surfaces that include conductors, semi-conduc-
tors, insulators and nanoparticles (NPs). The common approach
for this polyvalent grafting stems from the formation of reactive
radicals that can be produced either chemically or electrochemi-
cally in the case of conductive surfaces (Fig. 6).

Two techniques have been used for the electrochemical
grafting of diazonium derivatives. The first one involves cyclic
voltammetry, where a potential is cycled in a range including

the diazonium’s reduction potential (ca. −0.25 V versus SCE).
The second one uses chronoamperometry where a constant
potential (typically −0.5 V versus SCE), more negative than the
diazonium’s reduction potential, is applied for a specific time.
Reactive radicals are then produced close to the electrode
surface and quickly lead to surface modifications.
Electrochemical grafting of calix[4]arene tetradiazonium salts
1–4 has been successfully applied to different conductive sur-
faces, namely gold, pyrolyzed photoresist films (PPF), and
glassy carbon. The monodiazonium salts 9 and 10 have also
been used to modify glassy carbon electrodes.11,15 The charge
transfer blocking properties of the calix[4]arene-coated electro-
des were evaluated in aqueous solutions using redox probes
such as potassium ferricyanide (K3Fe(CN)6) or dopamine
(Fig. 7).59 The grafted monolayer of calix[4]arene acts as a

Fig. 6 General strategies for the grafting of calix[4]arene tetradiazonium salts or their corresponding tetraamino precursors.

Fig. 7 Cyclic voltammetry at glassy carbon electrodes of 1 mM potassium ferricyanide in aqueous 0.1 M KCl (A, B) and of 2 mM dopamine in
aqueous 0.1 M H2SO4 (C, D) before (dashed lines) and after (solid lines) electrografting of calix[4]arenes 1 (blue) and 9 (red) through cyclic voltamme-
try (A, C) or through chronoamperometry (B, D). Scan rate is 0.2 V s−1. Reproduced with permission from ref. 15. Copyright 2018 John Wiley and
Sons.
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barrier that considerably slows down the electron transfer
kinetics of these two redox probes, provided that the formed
layer is enough compact and homogeneous. The blocking pro-
perties of the layer of calix[4]arenes are evidenced by a larger
peak-to-peak separation along with a dramatic decrease of the
current intensity for the two selected redox probes.
Furthermore, dopamine oxidation to the corresponding
quinone in acidic medium is a surface-bound phenomenon
requiring the adsorption of dopamine at the electrode. The
electrochemical measurements of dopamine oxidation are
hence strongly sensitive to the presence of pinholes or defects
within the grafted layer, hence being a remarkable tool for
probing the compactness of the layer.

The covalent grafting of calix[4]arene derivatives was also
developed on conductive, semi-conductive and insulating sur-
faces, as well as on nanoparticles. Typical procedures involve
the use of a chemical reductant, namely NaBH4, or the for-
mation of diazoate intermediates using sodium hydroxide.
Note that it is known in the literature that the grafting of clas-
sical aryl diazonium derivatives can also be initiated by sulfu-
ric acid, phosphoric acid or other reducing agents, such as
elemental iron or zinc powder.60 The formation of diazoates
was used to covalently immobilize calix[4]arenes 1 and 4 onto
gold, polypropylene, polyethylene terephthalate and poly-
styrene materials.18 Calix[4]arene 5 was used in an analogous
way to modify glass, gold and polypropylene surfaces.61

Similar grafting strategies have yielded germanium surfaces
modified with calix[4]arenes 6 and 7.12 NaBH4 was also used
as a reducing agent for the synthesis of calix[4]arene-coated
gold nanoparticles (AuNPs-calix), either formed in situ from
gold precursors (one-step) or through ligand exchange of
citrate capped AuNPs.19,20

Characterization techniques, such as X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), ellipsome-
try or infrared absorption spectroscopy, were used to further
assess the grafting of calixarene derivatives on conductors,
semi-conductors, insulators and nanoparticles.12,13,16–20 For
XPS analyses, the introduction of a chemical tag, namely CF3
substituents, on the calixarene rim was very effective since
carbon, nitrogen and oxygen are not only common constitu-
ents of calixarene backbones, but are also common organic
impurities and surface contaminants. In addition to the fluo-
rine photoelectron F 1s signal at 688 ± 1 eV, CF3 has a specific
contribution in the core level spectrum of carbon C 1s at 293 ±
0.5 eV. The grafting of calix[4]arenes 4 and 5 was evidenced
this way on insulating surfaces such as polypropylene, poly-
ethylene terephthalate, polystyrene and glass.18,61

4. Formation of “true” monolayers

As inferred in the Introduction section, the formation of a true
monolayer is not straightforward to demonstrate. Apart from
compactness, thickness of the layer is obviously the first key
point to determine, and atomic force microscopy (AFM) and
ellipsometry (on reflective surfaces) are usually employed.
Thickness evaluation with AFM is based on the so-called
“scratching” methodology, employing surfaces with very
smooth surface roughness (e.g. PPF). The AFM tip is used to
scratch away a section of the layer and then profiling across
the scratch.62 Topography analysis was performed on gold, ger-
manium, PPF and polypropylene surfaces coated with calix[4]
arenes 1 and 4–7 (Fig. 8), showing the formation of very homo-
geneous layers on these substrates. Scratching experiments on

Fig. 8 (a) AFM image (surface scale 1.5 × 1.5 μm2) of the bare PPF sample. (b) AFM image (surface scale 1.5 × 1.5 μm2) of the PPF sample after in situ
generation and electrografting of the diazonium cation from 4. (c) Scratching of the PPF sample as imaged in (b) (surface scale 4 × 4 μm2). Depth-
profile of the scratched area. Reproduced with permission from ref. 16. Copyright 2012 Springer Nature.
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PPF, germanium or gold surfaces demonstrated the formation
of monolayers of calix[4]arenes.12,16,18 For instance, a thick-
ness of 1.3 ± 0.1 nm was measured for calix[4]arene 4 on gold
by scratching experiments and this result was further sup-
ported by ellipsometry measurements with a value of 1.09 ±
0.2 nm.16 These results agreed well with the 1.1 nm height esti-
mated from MM2 energy minimizations and hence confirmed
the formation of a monolayer on gold surfaces.

Obviously, these techniques do not allow the measurement
of thickness on nanoparticles. In this case, TGA was used on
AuNPs-1 to measure the grafting densities of 1.5 calixarenes
per nm2 that agreed well with the formation of a monolayer.19

Similar conclusions were drawn for AuNPs-(1 and 8) by
dynamic light scattering (DLS).20

Altogether, the use of several analytical techniques con-
firmed that calix[4]arene derivatives, as those represented in
Fig. 2, form compact monolayers on conductive, semi-conduc-
tive and insulating surfaces as well as on nanoparticles.

5. Formation of mixed monolayers of
controlled composition

The design of thin organic interfaces bearing different func-
tional groups is of great interest for the development of
sensors and biosensors. Typically, control over the density of
reactive functional groups that can allow the anchoring of
recognition systems is usually required to improve the sensor
sensitivity.63,64 For example, diluting the elements of reco-
gnition at the interface of the sensor might allow for better
accessibility of the analytes in solution. Nonetheless, the for-
mation of mixed layers on surfaces is challenging. For
example, if a mixed layer of thiols on gold can be prepared by
co-adsorption of mixtures of thiols, this approach suffers
however from many drawbacks as different thiol derivatives
exhibit different adsorption kinetics, hence generating surface
coverages with proportions of thiols that are different from
solutions.65–67 More importantly, adsorbed thiols tend to seg-
regate upon self-assembly, leading to an inhomogeneous dis-
tribution of functions across the surface.68,69 The formation of
binary mixed layers with a control of the surface composition
is even more challenging to achieve with diazonium (electro-)
grafting in a one-step procedure because of the high and unse-
lective reactivity of the generated aryl radicals. Indeed, the
surface concentration of the component corresponding to the
diazonium cations that are the easiest to reduce is generally
higher than its mole fraction in the solution.70,71 The use of
calix[4]arene tetradiazonium salts constitutes a unique
approach by taking benefit of the close reduction potentials of
these compounds. This is due to the common macrocyclic
scaffold that sterically insulates the diazonium groups from
the other functional groups. Besides, the covalent grafting
between the surface and the calix[4]arene prevents segregation.
This was recently observed for the electrografting of in situ gen-
erated calix[4]arenes 1 and 4.17 Surface functionalization was
performed by chronoamperometry at an applied potential of

−0.5 V vs. SCE for 5 minutes. The chemical composition was
varied between the two calix[4]arenes following ratios of 100/0,
50/50, 10/90 and 0/100. Transfer of calix[4]arene ratios in solu-
tion to surface ratios was evidenced by contact angle measure-
ments (Fig. 9). Indeed, the static contact angle was found to
gradually increase from 68 ± 3° to 89 ± 2° by following
Israelachvili’s law as the proportion of non-polar calix[4]arene
4 was increased.

A similar approach was used for the formation of AuNPs
capped with mixed proportions of calix[4]arenes 1 and 8
(Fig. 10).20 Here again, the formation of Au–C covalent bonds
presents many advantages compared to similar approaches
developed with thiols. Ligand exchange between citrate-capped
AuNPs (diameter = 17 nm) and calix[4]arenes 1 and 8 (with
1 : 8 ratios of 0/100, 5/95, 10/90, 25/75, 50/50, and 100/0) in the
presence of NaBH4 led to different batches of AuNPs-calix.
These gold nanoparticles were characterized by transmission
electron microscopy (TEM) and TGA. In the case of AuNPs-8,
TGA showed that an average of 600 calixarenes were present at
the AuNP surface. This corresponds to a grafting density of 0.7
calixarenes per nm2. For AuNPs-1, a grafting density of 1.5
calixarenes per nm2 was obtained. The difference in the two
grafting densities most likely stemmed from differences in
steric bulk caused by the four oligoethylene chains.

Transfer from calix[4]arene solution ratios to surface ratios
was confirmed by attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) spectroscopy. Calix[4]arene 8 exhibi-
ted characteristic IR bands at 1105 cm−1 (asymmetric COC
stretching) and at 1669 cm−1 (amide I) and 1540 cm−1 (amide
II). Bands at 1604 cm−1 (asymmetric stretching) and
1420 cm−1 (symmetric stretching) were observed for calix[4]
arene 1. The intensities of these different characteristic bands
were used to evaluate the ratios of calix[4]arenes present at the

Fig. 9 Profile of a 2 µL water droplet in contact with a gold substrate
modified with calixarenes 1 and 4 in ratios of (a) 100/0, (b) 50/50, (c) 10/
90 and (d) 0/100. Adapted with permission from ref. 17. Copyright 2014
American Chemical Society.
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surface of AuNPs. Interestingly, using a 50/50 mixture of calix
[4]arenes 1 and 8 resulted in an equal distribution at the gold
surface (46 ± 5% of 1). Small discrepancies were observed
when a 5/95 mixture of calix[4]arenes 1 and 8 was used. In this
case, the concentration of calix[4]arene 1 at the surface was
roughly twice that found in solution. This was rationalized
through the grafting density of 1 that was roughly double that
of 8 (1.5 vs. 0.7 calixarenes per nm2). Hence, at the high con-
centration of 8, the remaining unmodified gold surface was
more efficiently modified by 1.

6. Post-functionalization of
calixarene-based monolayers

Additional properties could be introduced through post-
functionalization of the calixarene-based layer, provided that
the small rim of the calixarene derivatives was decorated with
reactive functional groups.13,14,16–20 Typical groups for post-
functionalization include, but are not limited to, carboxylic
acids, azides and alkynes. Carboxylic acids can react through
peptide-type coupling to generate an amide bond whereas
alkynes or azides can be engaged in click or electroclick chem-
istry to form the corresponding triazole moiety. The post-
functionalization with electro-active probes can be used to
determine the surface concentrations of grafted molecules. For
example, in the case of mixed layers of calix[4]arenes 1 and 4,
carboxylic acid moieties were post-functionalized with
ferrocenepentylamine (Fc–C5H10–NH2), using oxalyl chloride
and pyridine in dichloromethane (Fig. 11).17 This reaction was
carried out on gold surfaces with 1 : 4 ratios of 100/0, 50/50
and 10/90. Cyclic voltammetry of the ferrocene-modified elec-
trodes in dichloromethane containing 0.2 M tBu4NPF6 yielded
an electrochemical response at 0.35 V vs. SCE, consistent with
the surface-confined ferrocene–ferrocenium couple. In the
case of a surface modified with calix[4]arene 1, a surface con-
centration of Γ1 = 2.1 ± 0.7 × 10−10 mol cm−2 was determined
for the ferrocene by voltammetric peak integration, indicating
that more than two carboxyl moieties reacted with ferrocene-

pentylamine. For the surfaces modified with 1 : 4 in ratios of
50/50 and 10/90, surface concentrations of Γ50/50 = 1.01 ± 0.4 ×
10−10 mol cm−2 and Γ10/90 = 5.1 ± 0.4 × 10−11 mol cm−2 were
determined, respectively. Γ50/50 values were approximately half

Fig. 10 Schematic representation of the grafting of calix[4]arenes 1 and 8 on citrate-protected AuNPs in aqueous solutions.

Fig. 11 Chemical post-functionalization of mixed calixarene-based
monolayers with ferrocenepentylamine.
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of that measured for Γ1, in agreement with a 1 : 1 distribution
on the surface. Γ10/90 was found to be almost twice as high as
the expected value, which suggested that chemical coupling of
ferrocenepentylamine is easier when the immobilized calix[4]
arene 1 is more diluted at the surface.

In the case of AuNPs-1 for example, a peptide-like coupling
using EDC and NHS was carried out with dodecylamine at
room temperature.19 The as-modified AuNPs became insoluble
in water, but soluble in diethylether. A similar post-
functionalization strategy was performed on polypropylene
surfaces functionalized with calix[4]arene 1.18 The activated
ester generated in aqueous buffer was dried and further
reacted with 4,4,4-trifluorobutylamine or 4,4,4-trifluoro-1-
butanol in dichloromethane at room temperature. Finally,
calix[4]arene-modified surfaces bearing alkyne functions were
post-functionalized with azido-methylferrocene through click
chemistry.13,14 The modified surfaces gave a reversible electro-
chemical response corresponding to the ferrocene/ferrocenium
couple. Surface concentrations of ferrocene which support the
formation of a compact monolayer of calixarenes were deter-
mined using the integrated voltammetric peak currents.

7. Robustness of the calixarene-
based coatings

Until now, calix[4]arenes have been covalently grafted on sur-
faces that include: gold, pyrolyzed photoresist films (PPF),
glassy carbon, glass, germanium, polypropylene, polyethylene
terephthalate, polystyrene and gold nanoparticles.12–20 The
calix[4]arene-based monolayers are very stable, as post-grafting
workup typically includes thorough washing cycles using soni-
cation ranging between 10 and 30 min in a variety of solvents
that include: water, ethanol, dichloromethane, acetonitrile,
tetrahydrofuran, 0.1 M hydrochloric acid and toluene.
Additionally, germanium surfaces modified with calix[4]arenes
6 and 7 were exposed to a continuous flow (10 μL min−1) of
PBS-D2O buffer for 16 h while recording infrared spectra.
Difference infrared spectra recorded over time revealed that
the grafted layer remained covalently attached under these
conditions. The robustness clearly originates from the mul-
tiple covalent bonds that are formed between the multivalent
calixarene platform and the surface upon grafting.

This robustness is even more impressive in the case of
AuNPs.19,20 In strong contrast with AuNPs stabilized with
citrate or thiols that are usually sensitive to pH changes,
AuNPs-(1 or 8) could be reversibly suspended and precipitated
when the pH was changed between 0.75 and 13 (Fig. 12, top
and middle). Even more remarkably, AuNPs-(1 or 8) remained
stable in the presence of large concentrations of fluoride ions
(between 0.15 and 0.75 M) whereas hepta(ethylene glycol)thiol
modified AuNPs aggregated when 0.3 M KF was added.19,20

Additionally, AuNPs-calix show excellent stability towards ionic
strength changes. They can also be dried (forming a gold-
colored film) and then resuspended into a 0.1 M aqueous
NaOH solution (Fig. 12, bottom).

8. Applications of calixarene-based
coatings

Surface modification with calix[4]arene derivatives has found
applications in the development of hydrophobic surfaces,61

sensors with antifouling properties12 or sensors for the detec-
tion of primary alkylamines in water.14

Hydrophobic surfaces

The development of surfaces with controlled wettability72–74 is
of great importance for applications such as anti-
biofouling,12,75 anti-frosting and anti-fogging,76,77 self-clean-
ing,78 anti-corrosion,79,80 or water-proof functions.81

Wettability is usually characterized by static contact angle
measurements. Common denominations include superhydro-
philicity, with contact angles smaller than 10°, superhydropho-
bicity, with contact angles greater than 150° and negligible

Fig. 12 (Top) Photographs of aqueous solutions of AuNPs coated with
calix[4]arene 1 at different pH values. Normalized UV-visible absorption
spectra (middle) of AuNPs coated with calix[4]arene 1 after several pH
changes between 13 and 1. Dried AuNPs coated with calix[4]arene 1 and
resuspended in 0.1 M aqueous NaOH (bottom). Reproduced with per-
mission from ref. 19. Copyright 2016 Royal Society of Chemistry.
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adhesion forces. Superhydrophobicity can be typically achieved
by covering a nano-structured surface with polyfluorinated
molecules. On smooth surfaces, a maximized static contact
angle of roughly 120° has been determined. In this regard, a
calix[4]arene derivative bearing polyfluorinated alkyl chains 5
was recently developed and covalently grafted on glass, gold
and polypropylene.61 The grafting was achieved either electro-
chemically, when possible, or using a MeCN/0.1 M NaOH
aqueous solution. The formation of a monolayer was con-
firmed by AFM and ellipsometry. This monolayer led to drastic
changes of the static contact angle, most notably for gold and
glass surfaces (Fig. 13). On gold, the unmodified surface was
characterized by contact angles of 64.7 ± 2.1° whereas the
modified surface reached values of 113.7 ± 2.2°. In the case of
glass, the static contact angle changed from 24.6 ± 2.0° to
110.0 ± 1.8° for the unmodified and modified surfaces respect-
ively. In the case of polypropylene, only a marginal increase
was observed as the unmodified surface is already hydro-
phobic, with a static contact angle that evolved from 102.9 ±
3.9° to 112.6 ± 4.0°. Preliminary ageing studies were con-
ducted. The coated surfaces were left under a laboratory atmo-
sphere for eighteen months. Remarkably, static contact angles
of these aged surfaces were within 5% of the values obtained
for freshly modified surfaces. The use of polyfluorinated-calix-
arene-based surfaces thus opens interesting perspectives in
the design of robust hydrophobic surfaces in a wide range of
materials.

Antifouling coatings

Germanium represents an attractive material for the develop-
ment of biosensors using ATR-FTIR spectroscopy, as it exhibits
a large refractive index and allows measurements in a wide
spectral window that encompasses 4000 to 700 cm−1. On the
other hand, oligo-(ethylene glycol)s (oEGs) are nontoxic and
nonimmunogenic compounds that are known to prevent the
non-specific adsorption of proteins and biomacromolecules.
In this context, calix[4]arenes bearing oEG chains, 6 and 7,
were recently used for the design of germanium-based surfaces
displaying remarkable antifouling properties (Fig. 14). The
covalent grafting of a monolayer was demonstrated by AFM.
Infrared spectra of the modified germanium surfaces con-

firmed the efficient grafting of calix[4]arenes 6 and 7 with
typical asymmetric COC stretching from the oEG chains
around 1100 cm−1 as well as other bands ranging from 1050 to
1020 cm−1 (symmetric COCAr stretching) and at 1460 cm−1

(aromatic ring stretching).
A solution of bovine serum albumin (BSA, 100 μg mL−1),

the most abundant protein in blood, in phosphate buffer
media in D2O (PBS-D2O) at 22 °C was then used to study the
nonspecific adsorption properties of the calixarene-based ger-
manium surfaces. Infrared spectra were recorded at specific
time intervals where the non-specific adsorption of bovine
serum albumin was evidenced by the increased contribution
of absorption bands at 1640 cm−1 (amide-I′, CvO(ND) stretch-
ing vibrations) and at 1450 cm−1 (amide-II′, in plane ND
bending vibrations) over time. Remarkably, the presence of co-
valently grafted calix[4]arene-oEGs decreased the non-specific
adsorption of BSA by more than 85% compared to unmodified
germanium surfaces. Hence, the 2.4 nm thick monolayer of
calix[4]arene derivatives functionalized with oligo-(ethylene
glycol) chains yielded remarkable antifouling properties that
open exciting opportunities for the development of
biosensors.

Electrochemical sensing in water

Host–guest chemistry at the interface represents an attractive
research area for the development of sensors and hetero-
geneous catalysts. Funnel complexes,57 i.e. calix[6]arene-based
metal complexes mimicking the transport path to the active
site of metallo-enzymes through the introduction of a hydro-
phobic corridor, have been used in this context.14 These
funnel complexes are efficient receptors for neutral molecules
such as amines through the formation of a coordination bond
between the metallic center and the guest. Here, gold electro-

Fig. 13 Images of 2 µL water droplets in contact with (top) bare glass,
gold and polypropylene surfaces and with (bottom) the same surfaces
modified with calix[4]arene 5.61

Fig. 14 Antifouling properties of calixarene-oEGs-based coatings.
Reproduced with permission from ref. 12. Copyright 2018 American
Chemical Society.
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des coated with a monolayer of calix[4]arenes bearing alkyne
groups14 were modified through an electro-click reaction with
a calix[6]azacryptand bearing an azide group (Fig. 15). These
modified electrodes were then investigated for the selective
electrochemical sensing of primary amines at micromolar con-
centrations in aqueous solutions. The study was also per-
formed in organic solvents whereas stability issues prevented
similar measurements using related thiol-modified gold sur-
faces. In the presence of primary amines, the electrochemical
response associated with the Cu(II)/Cu(I) redox potential
shifted by 100 mV, indicative of amine binding to the Cu
center. Primary alkylamines were selectively recognized by the
calix[6]azacryptand moiety whereas bulky primary amines or
linear polyamines, such as spermine and spermidine were not.

9. Conclusions and future directions

Covalent surface modification of any kind of material with
monolayers of controlled composition that can be further
post-functionalized represents an active area of research. The
objectives are the formation of highly robust interfaces, a key
point for any applications, and the facile introduction of tai-
lored properties. In this context, the molecular strategy over-
viewed in this paper is particularly appealing. Over ten deriva-
tives of calix[4 or 6]arene have been successfully covalently
grafted on a wide range of materials including: gold, pyrolyzed
photoresist films (PPF), glassy carbon, glass, germanium, poly-
propylene, polyethylene terephthalate, polystyrene and gold
nanoparticles. Further post-functionalization of carboxylic acid
moieties, through peptide-like coupling or using oxalyl chlor-
ide, or azide and alkyne groups, through click chemistry, has
been achieved. These tailored surfaces served as proof-of-
concept for early applications such as the recognition of guests
in water, antifouling of biomolecules and the formation of
hydrophobic surfaces.

The strategy based on calix[4]arene tetradiazonium salts
is especially versatile: it benefits from a “pre-organized”
approach thanks to the unique structure of these macrocycles,
the multiple anchoring points at the large rim and the possi-
bility to introduce functional objects with a fine spatial control
imposed by the small rim geometry. Hence, the strategy is
expected to further bring advances in the field of biosensing
and molecular recognition. Thus, in the field of nanoparticles
a drastic gain in robustness has been evidenced for the calixar-
ene-functionalized gold colloids compared to the corres-
ponding state-of-the-art thiol derivatives. The possibility of
grafting mixed monolayers with controlled composition elec-
trochemically or chemically is a very attractive and unique
method to design molecular approaches for diagnostic and
dual recognition. Hence, the covalent grafting of calixarene
derivatives is an area ripe for research with tremendous prom-
ising opportunities for future developments. Current efforts
undertaken in our laboratories aim at moving this technology
one step further by post-functionalizing covalently bound calix
[4]arene derivatives with biomolecules to develop efficient
sensors for diagnosis and biomedical applications.
Additionally, we are currently seeking to expand this techno-
logy on various metal nanoparticles for applications in medi-
cine and catalysis.
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