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ABSTRACT

A p-tert-butylcalix[6]crown-4 derivative immobilized on gold surfaces via self-assembly, endowed with a rigid cavity, can serve as a remarkably
efficient sensor for aniline compared to alkylamines. The stability of the inclusion complex is attributed to the size fit and to the multipoint
recognition motifs between the host monolayer and the guest aniline.

In biological and natural systems, amines are among the mostguaternary ammonium catidiNotable examples also include
important small molecules due to their widespread occurrencethe selective recognition of isomeric butylammonium cations
and physiological activity. Many studies have focused on published by Pappalardo!® For specific guests such as
the design and development of organic ammonium sensors. alkylammonium cations, a drastic increase in selectivity was
Crown ethers were the first receptors used in this field, but observed when calix[5]arene instead of its larger analogue,
more recently cryptands and cucurbituril have been em- calix[6]arene, was used as receptddne of the principal
ployed?~* The potential of calixfjarenes as sensors for determinants for controlling the formation of inclusion
organic ammonium cations and other biologically important complexes is a good size correspondence between the guest
molecules such as amino acids and peptides has been giveand the host.

considerable attentiohShinkai et al. reported that sulfonato- To explore the potential applications of califarenes as
calix[n]arenes can bind one € 4, 6) or two anilinium ions ammonium sensors, we decided to prepare suitable receptors
(n = 8).5 The same author suggested that calix[6]arene in based on calix[6]arene. A conformationally fixed calix[6]-

its cone conformation could be a good host to include a arene cavity is very difficult to obtain because of its
flexibility. It is well-known that more rigid cavities can form

gg ﬁg?t'mgm,\‘/i _F’-F;amglfd& _Egrgg‘é‘ﬁ:&ﬁ“eg; Efu”;ﬁgg'gg’alhiﬁ- more stable inclusion complexes. To prepare a more rigid
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Scheme 1. Synthesis of the Calix[6]crown-4 Derivative
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calix[6]arene cavity, we synthesized the target compound
1, making the calix[6]arene cavity in a frozen cone confor-
mation by introducing a crown ether bridge at the lower rim
of the calix[6]arené! Then, the cavity was further im-
mobilized by the formation of self-assembled monolayers
on gold surfaces. Their recognition ability for ammonium

NHHCI 6

cations was probed using CV and impedance spectroscopy

Most reports about the binding between caligrenes and
organic cations have been done in solufioh!?!3Reports
about the incorporation of caligJarenes into SAMs to

investigate their ammonium cation recognition properties are

very raret4
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Figure 1. Cyclic voltammogram of Ru(NkJ¢3+2*in 0.1 M NaCl
at bare gold (solid line) and SAM df modified gold electrodes
before (dashed line) and after addition of 80 ndlll (dotted line)
or 5 mM 6 (dashed dotted line) at a scan rate of 0.1 vi/s.

the gold beads into Ci€l, solutions ofl for 48 h. After
immersing the monolayer modified gold bead into £

for 10 min, they were rinsed with copious @El, and dried
under a stream of Ar. SAM modified gold beads were used
as working electrodes to record cyclic voltammograms in
an electrolyte consisting of 0.1 M NaCl and 1 mM Ru(}iH

Cl aqueous solution with a platinum mesh and Ag/AgCl as
counter and reference electrode, respectively. Electrochemical
impedance experiments were conducted in the same elec-
trolyte at the formal redox potential of the Ru(hkf*/2"

The synthetic procedure to prepare the target compoundpmbe’ using a frequency range between 1K Hz and 0.1 Hz.

1is depicted in Scheme 1. Calix[6]crown-4 derivatReas
obtained by reacting-tertbutylcalix[6]arene with triethylene
glycol ditosylate according to a published procedire.
Further treatment d with methyl bromoacetate in dioxatte
using NaH as a base producgh a yield of 56%. Reduction
of 3 with LiAIH 4 in dry THF gave compound in 62% yield.
Subsequent treatment 4fwith thioctic acid in the presence
of DCC and DMAP afforded the target compouh@74%).
The structure and conformation dfwere confirmed byH
and3C NMR, MS, and elemental analysThe'H NMR
spectrum shows two singlets in a ratio of 1:2 for tieet-
butyl groups, the doublets for the methylene bridge protons

SAMs derived froml were characterized by observing
their CV blocking effect on the Ru(Ng%32" redox couple
as shown in Figure 1 (dashed line). Compared to the CV
response of the redox couple at a bare gold electrode (solid
line), a pronounced attenuation of the cathodic current and
an almost complete disappearance of the corresponding
anodic current reveal that SAMs on gold surfaces block the
redox processes reasonably well. Figure 1 (dotted line) shows
the CV response for the Ru(NJ#*2* redox couple at a
SAM modified electrode in the presence of 80 mM of
isobutylammonium chloride, suggesting further inhibition of
electron transfer at the interface. This observation demon-

and three single peaks for the protons on the benzene rings’strates that the calix[6]crown-4 cavity can bind the positively

indicating a 1,4-bridged cone calix[6]arene product.
Gold bead electrodes were made from gold wire as
described earlie¥. " SAMs of 1 were prepared by dipping
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charged ammonium cations, which electrochemically inhibits
the approach of the positively charged redox probe. However,
the binding forces between the calix[6]crown-4 derivative
SAM and the alkylammonium cations are not very strong
since the observed current reduction is not so pronounced.
In sharp contrast, addition of anilinium chloride to the
electrolyte results in a dramatic decrease of the faradaic
current, as shown in Figure 1 (dashed dotted line). Both
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Figure 3. Impedance response of Ru(y&f 2+ at the monolayer

Figure 2. Impedance response of Ru(hkf*/2+ at the monolayer o - . .
modified gold electrode in the absence and presence of increasingmOdIerd gold electrode in the absence and presence of increasing

concentrations obb. The solid lines represent the fits of the concentrations o6.
experimental points.

More interestingly, the binding affinity of the same
OI_rnonolayer toward anilinium chloride is much larger. As
shown in Figure 3, addition of anilinium chloride to the
electrolyte results in a dramatic increase in the valuBpf
from 32.5 KQ in the absence of ammonium cations to a
limiting value of 507.9 KQin the presence of aniline

cathodic and anodic currents almost completely disappeare
Note that only 5 mM anilinium chloride was added to the
electrolyte, compared to 80 mM in the case of isobutylam-
monium chloride. This means that the SAMs exhibited a

remarkable recognition ability for anilinium chloride relative ) - )
hydrochloride above 30 mM. Competition experiments were

to alkylammonium cations. As a control, the CV response I q d.In th t an 80 mM X
of the redox couple at a bare gold electrode in the presencea So conducted. In the presence of an 80 mM concentration

of 30 mM of anilinium chloride is exactly the same as that of any of the a}lkylammomum chlorides, gddmon of 2 mM
in the absence of ammonium cations. anilinium chloride to the electrolyte gave rise to a remarkable

The SAMS of1 were further investigated by electrochemi- increase of th&; value, indicating that all ammonium salts

cal impedance spectroscopy. Figure 2 shows the Complexare effectively displaced by anilinium chloride. Figure 4
impedance response of the redox couple at a monolaye

"
modified gold electrode in the presence of increasing _

concentrations of isobutylammonium chloride. A simple

Randles equivalent circd® to describe the impedance 50 |

consists of a charge-transfer resistaritg,in series with a | . *
Warburg impedance and in parallel with a total interfacial a0 . *
capacitance. ThB, value of the monolayer can be affected R *

by changes in the surface charge and is thus capable of 30 |- * «  80mM5c
detecting the effect of the charged guest species whenbound & L * + 80mMS5b
to the SAMs. Addition of isobutylammonium chloride to the N2 . : gom”;AMssa
electrolyte increases thBy value from 32.5 IQ in the ' L s

absence of ammonium cations to 50.5 Kif2the presence 10 |- .t e”

of 80 mM of isobutylamine hydrochloride (shown in Figure - f

2). This indicates some interaction between the guest and 0

the calix[6]crown-4 SAMs and the consequent repulsion of S
the positively charged redox probe, consistent with the CV ¢ 20 40 60 8 100 120
. . y . . ZKe

blocking observations. Addition of diethylammonium and

n-butylammonium chloride to the electrolyte gives rise to Figure 4. Impedance response of Ru(Nef 2+ at the monolayer
an increase of th& value. The alkylammonium cations modified gold electrode in the presence of 80 mMbaf—cand 2
interact with the host monolayer in the following order; ™M ©f 6.

n-butylammonium> isobutylammonium> diethylammo-

nium. ThIS sequence follows the expected dependence baseghows a comparison of the responsel afith alkylammo-
on steric factors.

nium and anilinium chloride. In the presence of an 80 mM
(20) Finklea, H. O.; Snider, D. A.; Fedyk, J.. Sabatani, E.; Gafni, V.. concentration of any alkylammonium chloride, the largest
Rubinstein, |.Langmuir1993,9, 3660. R value is 52.6 K2. However, addition of only 2 mM
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Figure 5. Comparative plot of the change Bf; versus concentra-
tions of 5a—cand6.

anilinium chloride to the electrolyte gaveRa value of 145.6
KQ, showing that anilinium chloride interacts with the
monolayer much more strongly than the alkylammonium
cations. The remarkably efficient recognition of anilinium
chloride by SAMs ofl is probably related to a good size

observation reveals that the binding sites on the surface are
saturated when the concentration of guest cations in the
electrolyte is high enough. Furthermore, SAMslaéxhibit

a linear increase iR with increased concentrations of the
three alklyammonium cations. However, the increasB.pf

is very slow compared to the significant increasergafin

the case of anilinium chloride.

We also studied the binding affinity df toward other
biogenic aromatic amines such as dopamine. Dopamine is
of special importance because it belongs to a family of
catecholamine neurotransmittét8oth CV blocking experi-
ments and impedance spectroscopy showed that SANs of
exhibit much better recognition for dopamine than for the
alkylammonium salts. They are thus a potential candidate
for sensing dopamine and its analogues. Efforts to improve
the selectivity of the sensor for dopamine are currently in
progress.

In conclusion, SAMs of a calix[6]crown-4 derivativé,
were formed on gold surfaces and their ammonium cation
recognition properties were investigated by cyclic voltam-
metry and impedance spectroscopy. A remarkably sensitive
response for anilinium was observed and is attributed to a
proper size fit and multipoint binding forces between the
host and the guest. By suitable modification, the system could
become a potential receptor for biologically important

correspondence between the calix[6]crown-4 cavity and the amines.

guest aniline. Several attraction forces such as the cation
interaction, hydrophobic interaction, and €Hr andr—x
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