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Development of calix[4]arenes modified at their narrow- and
wide-rims as potential metal ions sensor layers for
microcantilever sensors: further studies
Paris E. Georghiou, Shofiur Rahman, Yousif Assiri, Gopi Kishore Valluru, Melita Menelaou,
Abdullah N. Alodhayb, Mona Braim, and L.Y. Beaulieu

Abstract: The development of a microcantilever (MCL) sensing device capable of simultaneously detecting several metal
ionic species in aqueous media with low limits of detection requires a variety of sensing layers that are ion specific. Calix[4]
arenes are robust molecules that can be easily modified and have been extensively studied for their ion binding properties.
They are also capable of forming self-assembled monolayers (SAMs) on the gold layers of MCLs and are capable of detecting
various metal ions with different anionic counterions in aqueous solutions. In this paper, we report on the effect of the
alkoxy group in the narrow rim [O-(alkoxycarbonyl)methoxy] substituents of bimodal calix[4]arenes, which have been used
as metal ion MCL sensing layers, using classical solution state experimental studies. A DFT computational study to compare
the experimental results with several metal ions is also reported herein.

Key words: calix[4]arenes, microcantilever sensors, host–guest complexation, supramolecular, DFT.

Résumé : La mise au point d’un dispositif de détection à base de micropoutres capable de détecter simultanément plusieurs
espèces d’ions métalliques dans des milieux aqueux avec de faibles limites de détection nécessite diverses couches sensibles
à chaque ion. Les calix[4]arènes sont des molécules robustes qui peuvent être facilement modifiées et qui ont été largement
étudiées pour leurs propriétés de liaison à des ions. Ils sont également capables de former des monocouches autoassem-
blées (ou SAM pour self-assembled monolayers) sur les couches d’or recouvrant les micropoutres et de détecter divers ions mét-
alliques associés à différents contre-ions anioniques dans des solutions aqueuses. Dans le présent article, nous décrivons,
au moyen d’études expérimentales classiques en solution, l’effet du groupe alcoxy dans les substituants [O(alcoxycarbonyl)
méthoxy] du bord étroit de calix[4]arènes bimodaux utilisés comme couches de détection d’ions métalliques sur des micro-
poutres. Nous présentons également une étude théorique de calculs DFT à laquelle nous comparons les résultats expéri-
mentaux obtenus avec plusieurs ions métalliques. [Traduit par la Rédaction]

Mots-clés : calix[4]arènes, capteurs à base de micropoutres, complexation hôte-invité, supramoléculaire, DFT.

Introduction
Wehave been interested in the development of sensing devices

that could detect metal ions in situ in aqueous solutions and
could be coupled to a transmitting device. Such a device would
be of particular interest in not only continuously monitoring
water effluent from mining or other industrial processing opera-
tions in the environment, but also monitoring potable water sup-
plies.1,2 Among the questions posed in pursing this objective is how
to establish and distinguish the stoichiometries and stabilities of
the different ionic species, in particular for transition metal ions
that can exist in the aqueous medium to be analyzed. Such infor-
mation can be crucial for determining their concentrations, as well
as their so-called speciation curves (species distribution vs. pH). In
addition, these datamay allow, up to a certain extent, themodeling
of the composition, in particular experimental conditions of com-
plex systems involving a variety of ligands and metal ions present

in environmental and biological systems while keeping in mind
chemical consistency.3 For this purpose, a variety of analytical tech-
niques such as atomic absorption spectrometry (AAS), inductively
coupled plasma-optical emission spectrometry (ICP-OES), ICP-mass
spectrometry (ICP-MS), atomic fluorescence spectrometry (AFS), nu-
clear magnetic resonance spectroscopy (NMR), and potentiometry
have been used.4 These techniques are all suitable due to their
sensitivity, ability to detect many different elements, and low
limits of detection. NMR spectroscopy is a powerful method for
speciation, which can be investigated through either metal nuclei
or ligand nuclei, and it can therefore be used to determine the
strength of metal binding and the kinetics, besides providing
useful information related to the structure of molecules in solu-
tion.5 One of the approaches that we have investigated in recent
years has been to develop sensitive microcantilevers (MCLs)6 as
sensing devices with suitably functionalized calix[4]arenes7–11 as
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the actual metal sensing layers on the MCLs. In these studies, we
found that calix[4]arenes-functionalized MCLs were capable of
sensitively detecting selectedmetal ions in solution. Three differ-
ent types of bimodal calix[4]arenes were used as sensing layers,
and our results demonstrated that each type of sensing layer
showed a definite preference towards different metal ions and
their counterions. Our studies were also extended to investigate
the role of the counterions in the interaction between calix[4]
arene-modified MCLs and metal ions, where we concluded that
both the cation and their counterions significantly contributed
to the MCL signal. Employing such differently functionalized
MCLs onto a suitably modified detecting system can be used to
selectively monitor the individual components within a mixture
of metal ions.11 We now report some additional studies that we
have conducted with this objective inmind.
The chemistry and applications of calixarenes in diverse fields

in chemistry including synthesis, nanotechnology, supramolecu-
lar chemistry, and coordination chemistry have seen a tremen-
dous growth in recent decades. The calixarene that has seen the
greatest number of applications as a basic synthetic building
block is tetrakis-tert-butylcalix[4]arene 1. The molecule is rela-
tively easily accessible due to the pioneering efforts of Gutsche
and his coworkers12 and is a robust molecule consisting of four
p tert-butyl-substituted phenols that are linked in a cyclic array
by four –CH2– groups. Due to the hydrogen bonding of the four
hydroxyl groups and the steric repulsion of the four tert-butyl
groups at the opposite end, the molecule can adopt a distinct
“basket”-like structure, with a “narrow” and a “wide” rim (Fig. 1).
Controlled functionalization has mostly been conducted at the

narrow end of 1 by O-alkylation of the phenolic hydroxyls13 and
in fewer cases by direct substitution via a Sonogashira reaction.14

O-Alkylated derivatives have been widely studied for their solu-
tion phase ionophoric and other supramolecular properties.15

The wide rim can also be functionalized by first removing the
tert-butyl groups via retro-Friedel-Crafts de-tert-butylation reac-
tions to form the de-tert-butylated calix[4]arene 2 (which will be
referred to here simply as “calix[4]arene” to distinguish it from
1) followed by subsequent reaction(s).16 Calix[4]arene thereby can
be modified at both its narrow- and wide-rim thereby expanding
the potential utility of the molecule. We have used such an
approach to generate calix[4]arenes that are capable of forming
self-assembled monolayers (SAMs) onto the gold layers of MCLs
and detecting calcium, potassium, rubidium, and cesium ions
with various anion counterions in aqueous solutions. In this pa-
per, we report on the effect of the alkoxy group in the narrow
rim [O-(alkoxycarbonyl)methoxy] substituents of bimodal calix[4]
arenes, which have been used as metal ion MCL sensing layers,
with classical solution state experimental studies. A DFT compu-
tational study to compare the experimental results with several
metal ions is also reported herein.

Materials andmethods

Synthesis
The synthesis of the bimodal calixarenes, which were used to

form the SAMs on the gold-coated MCLs, is outlined in Scheme 1.
The precursor 1 can either be synthesized by Gutsche’s detailed
methodology12 or can be purchased from commercial sources. De-
tert-butylation of 1 produces 2 efficiently in 80% yields. In turn,
2 can be easily functionalized using NaH with allylbromide in THF
at reflux to form 3 in 80% yields. Heating 3 in N,N-dimethylaniline
at 210 °C for 24 h effects a smooth Claisen rearrangement to form
the tetrakis p-substituted wide-rim product 4 in 70% yields. Thioa-
cetylation of the terminal alkene groups, using thioacetic acid in
dioxane at reflux with AIBN-catalysis, forms 5. Finally, the nar-
row-rim hydroxyls of 5 were alkylated with either methoxy- or
ethoxy-bromoacetate to form 6 or 7, respectively, in >75%
yields.17

Microcantilevermeasurements
Detailed procedures for the generation of the SAMs of 6 and 7

and for themethodologies employed with our MCL setup are given
in our previous reports7–11 and in the studies by Alodhayb18 and
Braim.19 It was found that different simultaneous surface stress
changeswere observedwithMCLs coatedwith [O-(methoxycarbonyl)
methoxy]calix[4]arene 6 and O-(ethoxycarbonyl)methoxy]calix[4]
arene 7 in a 16 MCL array sensing system in response to 10–6 M
aqueous solutions of CaCl2, SrCl2, and CsCl.

Complexation studies
Stock solutions (�1.50 � 10–3 M) of 6 and 7 were prepared in a

4:1 CD3OD:CDCl3 solvent mixture. From concentrated (�1.00–
2.00 � 10–1 M) stock solutions of the following salts: CaCl2, CaBr2,
CaI2, Ca(ClO4)2, Ca(NO3)2, Ca(TFA)2, LiI, NaI, KI, and AgTFA (TFA =
trifluoroacetate), small aliquots (�5.0 lL) of the salt solutions
were added to 0.60 mL of the respective calixarene solution in
a NMR tube. After shaking manually for 5 min following each
addition, the resulting 1H NMR (300 MHz, Varian) spectra were
recorded at 24 6 1 °C. Each titration experiment was con-
ducted in duplicate. From the resulting chemical shift changes
measured, the apparent binding or association constants (Kassoc)
were calculated using Thordarson’s global binding curve fit-
ting program.20

Results and discussion
To the best of our knowledge, the first reported study using a

calixarene-based sensing layer on a MCL was that by Ji et al. who
showed this to be a sensitive and selective detector for cesium
ions.21 Their calixarene, which was in a 1,3-alternate conforma-
tion, was functionalized with a benzocrown-6-ether linking a
pair of distal phenol groups, and on the opposite face, each of the
remaining pairs were functionalized with 11-mercapto-1-undeca-
noxy ether groups. The thiol groups were used to “anchor” their
modified calix[4]arene to the gold surface on the MCL as a SAM. In
our case, with compounds 6 and 7, we found that it was
not necessary to reduce the thioesters to the corresponding thiols
to bind to the gold surfaces of the MCLs. Also, in our case, our
molecules were clearly in cone (or crown) conformations and also
formed more robust SAMs. To shed light on the differential
responses seen with the initial MCL studies and to extend those
studies to a larger group of analytes, solution complexation studies
with 6 and 7 were designed. Although fluorescence titrations
would have been more sensitive and thus be more comparable
with the lower limits of detection seen with the MCL studies, these
could not be used in this present study because the two calixarenes
of interest were neither water soluble nor fluorogenic. We there-
fore limited our analytical approach to using 1H NMR titrations
instead. Figure 2 shows the results of the 1H NMR titration with
6 with successive additions of aliquots of a CaCl2 solution. With

Fig. 1. Structural representation of tetrakis-tert-butylcalix[4]arene
(1) showing its “upper” or “wide” rim and the opposite “lower” or
“narrow” rim.
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increasing amounts of CaCl2, downfield chemical shift changes
from d = 3.776 to 3.925 ppm for the singlet signals due to the
–CO2CH3 protons can be seen, whereas the singlet signals of the
–OCH2CO2CH3 methylene group protons are shifted upfield from
d ¼ 4.737 to 4.580 ppm. Similar chemical shift changes could also
be discerned for the calixarene aromatic (Ar-H) singlet signals,

which were shifted downfield from d = 6.840 to 7.026 ppm, but
upfield chemical shift changes from d = 2.324 to 2.188 ppmcould be
seen for the singlet of the –SCOCH3 group methyl protons signals.
Global analysis using all four major discernable signal changes
yielded a Kassoc = 235 6 15% M–1 (Supplementary Table S1 and Fig.
S1). The largest chemical shift changes were seen for the aromatic

Scheme 1. Synthesis of methoxy and ethoxy calix[4]arenes 6 and 7.

Fig. 2. Partial 1H NMR (300 MHz, 4:1 CD3OD:CDCl3) titration curves showing the chemical shift changes of (left) –COOCH3, (middle) –
OCH2COOCH3, and (right) the aromatic ring protons of 6 (1.50 � 10–3 M) with successive additions of CaCl2. Note: an unidentified minor
impurity in the host molecule shows up at 3.77 and 4.75 ppm.22 [Colour online.]
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proton signal, suggesting that the site of complexation between
the Ca2+ is closer to the aromatic rings rather than being at the thio-
acetate functionalities on the wide rim. The de-shielding of these
protons is due to the electron-withdrawing effect of the metal ion
binding to the oxygen atoms on the narrow rim. The DFT calcula-
tions, as follows, support this model (Fig. 3) and also reveal that
the –OCH2CO2CH3 protons are bent outwards and fall into the
shielding cone of the aromatic rings. Notably, at the higher relative
amounts of the guest, broadening of the –OCH2CO2CH3 methylene
group protons signals start to show up, suggesting that the confor-
mational flexibility of the group is being reduced relative to the
NMR time scale.
Analogous observations were made from the 1H NMR titrations

of all of the salts tested. The corresponding chemical shifts
seen with the titration of the ethyl ester analogue 7 with CaCl2
revealed that the calixarene aromatic (Ar-H) protons singlet sig-
nals were shifted downfield from d ¼ 6.523 to 7.059 ppm and the
–CO2CH2CH3 methyl group protons triplet signals were shifted
from d ¼ 1.31 to 1.411 ppm, respectively. However, upfield
changes in the chemical shifts can also be seen for the –SCOCH3

group methyl protons singlet signals from d ¼ 2.325 to 2.177 ppm
and the –ArOCH2CO2CH2CH3 methylene group protons singlet
signals from d ¼ 4.732 to 4.532 ppm. From the 1:1 binding iso-
therm, the global analysis using the major discernable signal
changes yielded a Kassoc = 444 6 10% M–1. As can be discerned
from the chemical shift data, in this case, the largest chemical
shift changes are again seen for the aromatic signals, suggesting
that the guest is bound in a similar manner to the methoxy ana-
logue 6. Table 1 summarizes all of the Kassoc data that could be
determined from the NMR titrations and were based upon the
chemical shift changes for the proton signals, which showed the
greatest changes in the titration experiments. With the excep-
tion of CaCl2, CaBr2, and CaI2, the other calcium salts examined
revealed no discernable chemical shift changes in the titration
experiments. With CaBr2 and CaI2, only very small chemical shift
changes were observed, but it should be noted that these salts
had only very limited solubility in the solvent system used for
the NMR titrations and no reliable binding constants could be
determined.
The data for the calcium salts suggest that a possible mode of

complexation with the calixarene hosts could involve the salt
binding to the host in the solvent system used, as tight contact
ion pairs or triplets,23,24 although this was not proven in the cur-
rent study, in which case, the larger ions would not be as easily
accommodated by the host calixarene molecules. In the titration

experiments with NaI using similar concentrations of the host
and guest molecules, the first addition of the NaI afforded a large
chemical shift change (140 and 155 Hz, respectively, with 6 and
7) for the aromatic proton, indicating that equimolar binding
occurred and afforded binding constants of 1680 6 10% and
6900 6 10% M–1, respectively. However, with KI (Supplementary
Figs. S5 and S6), more gradual chemical shifts could be discerned
from the titration experiments and Kassoc values of 19 6 2% and
486 4% could be obtained from the global analyses with 6 and 7.
For further comparison purposes, 1H NMR titration experiments
were attempted with NaCl, KCl, KBr, and KNO3, but these salts
were not sufficiently soluble in the solvent mixture used in the
experiments. Table 1 summarizes the apparent binding constants
measured.
To determine where the site of binding likely occurs in these

calixarenes, AgTFA was used as a probe, because it contains the
soft-metal ion Ag+ that could be expected to bind to the thioace-
tate moieties. As with the other salts tested, AgTFA showed the
higher binding constant with the ethyl ester calix 7 (17006 7% vs.
283 6 10%). Again, the largest chemical shift changes were seen
with the aromatic protons and not, as was anticipated, with the
thioacetate methyl group (Supplementary Figs. S7 and S8). With
Ca(TFA)2 in the same solvent system, however, by way of contrast,
no chemical shift changes could be observed. This suggests that
the primary site for the Ag+ complexation could still be either at
the same site as the other cations tested or possibly deeper
within the cavity of the four electron-rich aromatic rings.

Computational studies
To better understand the binding properties of receptors 6 and

7with the ions studied, a limited preliminary DFT computational

Fig. 3. DFT optimized molecular structure of the Ca2+ complex
with [O-(ethoxycarbonyl)methyl]calix[4]arene 7. The location of the
–OCH2O– methylene protons within the shielding cone of the
aromatic rigs can be seen. [Colour online.]

Table 1. Kassoc values for 6 and 7with represen-
tative salts.

Salt

Kassoc

6 7

CaCl2 235615% 444610%
NaI 1680610% 6890617%
KI 19.761% 47.661%
AgTFA 28366% 170067%

Note: The 6 error here is not a measure of
precision of replicates but represents the percent
error resulting from the global-fit calculations,
because only single titration experiments in each
case were conducted.

Table 2. Computed interaction energies DE (kcal mol�1) for 6 and 7 in
gas and with solvent corrections.

Complex

DE (kcal mol-1)

Gas phase Methanol solvent Acetonitrile solvent

6:Mg2+ –369.7 –71.55 –70.75
6:Ca2+ –315.8 –51.27 –48.87
6:Sr2+ –278.6 –40.65 –40.01
6:Ag+ –118.1 –35.98 –35.74
6:Na+ –109.1 –22.97 –22.72
6:K+ –91.5 –22.86 –22.44
6:Cs+ –57.4 –17.78 –17.82
7:Mg2+ –381.7 –74.42 –73.59
7:Ca2+ –321.7 –54.44 –53.73
7:Sr2+ –284.4 –42.41 –41.76
7:Ag+ –121.2 –37.11 –36.87
7:Na+ –112.2 –24.12 –23.87
7:K+ –94.7 –23.51 –23.42
7:Cs+ –60.7 –18.87 –18.89

Pagination not final (cite DOI) / Pagination provisoire (citer le DOI)

4 Can. J. Chem. Vol. 00, 0000

Published by Canadian Science Publishing

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
14

2.
16

2.
13

5.
12

4 
on

 1
1/

21
/2

1
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



investigation was carried out.25 The individual structures were
fully geometry-optimized using Gaussian 0926 at the PBE1PBE
level of DFT and the LANL2DZ basis set.27 The calculated interac-
tion or apparent binding energies (DIE kJ/mole) for receptors 6
and 7 complexes are shown in Table 2 and were determined in
the gas phase and with solvent continuum corrections for metha-
nol and acetonitrile, using the following equation: DIE = {E(Calix:
Metaln+)complex – [E(Calixfree) – E(Metaln+)]}.
For the selected distances that are shown in Table 2, the aver-

age values were determined for the four equivalent locations in
each of 6 and 7, measured to the respective metals. Figure 4
shows a representative example of the measurements. Subse-
quently, the corresponding DIE values were determined using
solvent corrections and the continuum solvent modes for both
methanol and acetonitrile.
The data in Table 3 (shown only for gas phase distances) indi-

cate that there are insignificant differences between the four
computed distances in both calixarenes despite the fact that the
experimentally derived binding constants showed higher values
for the ethoxycalix 7. Nevertheless, there are clear correlations
between the larger chemical shifts seen with the aromatic hydro-
gen atoms in both calixarenes with the salts tested, i.e., the
deeper the metal ion is within the upper or narrow rim, the
larger is the effect on the aromatic protons.
A similar study was reported by Marcos and coworkers28 using

tetrasubstituted diethylamide and morpholide p-tert-butyl-calix
[4]arenes using several different metal salts including Ca(ClO4)2,
NaSCN, KSCN, and AgCF3SO3. In their 1H NMR studies, their host
molecules were in CD3OD solutions to which CDCl3 solutions of
the metal salts were added. In their examples, the largest chemi-
cal shift change value with 1:1 binding studies of each of the four
cations (Ca2+, Na+, K+, and Ag+), which we report in this study,
was reported for the Ca2+. The axial methylene bridge protons of
their tetrasubstituted diethylamide compound shifted upfield by
515 Hz and the aromatic protons shifted downfield by 210 Hz.
However, a larger upfield chemical shift of 245 Hz was observed
for the methylene protons of the –OCH2O– group of the same tet-
rasubstituted diethylamide with the 1:1 binding with Na+ (245 Hz
vs. 90 Hz with Ca2+). In our case, the maximum upfield chemical
shift changes noted with 7 and 6 were for the aromatic hydrogen
protons, which were 162 and 56 Hz, respectively, with Ca2+. With

Na+, the corresponding downfield shifts were 170 and 199 Hz,
respectively, and 161 and 154 Hz, respectively with Ag+ (Supple-
mentary Tables S1–S8).

Conclusions
The study reported herein was able to show that the complexa-

tion behaviour in which both host and guests were in solution
and the MCL responses reported in our earlier MCL studies were
similar, in that higher apparent binding constants and MCL
responses could be observed with the O-ethoxycarbonyl calix 7.
From the DFT investigation, the computed interaction energy
data from Marcos’ study and ours are highly correlated (r2 = 0.98)
despite the structural differences of the host molecules (Supple-
mentary Fig. S9). We were unable to compare the experimental
NMR data binding constants because the experimental conditions
were quite different. Namely, in the Marcos study, counterions that
were non-coordinatingwere used, whereas we used halide counter-
ions, with the exception of Ag+ in the present study, so solubility
and tighter ion pairs or ion triplets may have had a greater impact
on our NMR data. However, overall, our conclusions are that in our
examples, the cations are also bound by the metal ion – oxygen

Fig. 4. Left: DFT computed structure of the Ca2+:6 complex (all other atoms are hidden from view) showing the distances computed.
Right: the graph with all of the other metal ions. [Colour online.]

Table 3. Computed metal to selected atoms distances in 6 and 7.

Complex
Metal to
PhenO (Å)

Metal to
C=O (Å) Metal to C1 (Å)

Metal to bridge
CHaxial (Å)

6:Mg2+ 2.20060.012 2.59460.553 3.32560.036 3.60160.026
6:Ca2+ 2.48060.005 2.51560.004 3.58960.006 3.69860.007
6:Sr2+ 2.60160.004 2.63260.002 3.67860.007 3.73560.007
6:Na+ 2.43760.008 2.64260.093 3.53460.011 3.62960.024
6:K+ 2.67360.007 2.81660.008 3.76360.013 3.73260.014
6:Cs+ 3.05960.013 3.26360.018 4.29460.078 4.05160.022
6:Ag+ 2.46560.002 2.73960.011 3.54060.009 3.61860.011
7:Mg2+ 2.20160.010 2.59060.555 3.32860.041 3.60960.029
7:Ca2+ 2.48460.004 2.50860.005 3.59660.009 3.69460.021
7:Sr2+ 2.60360.003 2.62860.004 3.68360.011 3.73560.009
7:Na+ 2.43960.008 2.63660.096 3.53760.012 3.63060.026
7:K+ 2.67560.007 2.8156 0.008 3.76860.014 3.73460.013
7:Cs+ 3.05960.013 3.25660.018 4.25160.014 4.05260.023
7:Ag+ 2.46860.003 2.70960.015 3.54660.010 3.61960.014
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interactions within the cavities defined by the phenoxy and the car-
bonyl oxygen atoms. Furthermore, the effect upon the de-shielding
of the aromatic rings is due to the relative sizes of the metal ions
and their counterions.

Supplementary data
Supplementary data are available with the article at https://doi.

org/10.1139/cjc-2021-0119.
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