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High quality silica substrates were functionalized with a covalent 4-CICH,CsH4SiCl; monolayer.
To these, a calix[5]arene bearing a 12-aminododecyl moiecty at the lower rim was then covalently
bonded, producing a new calix[5]arene-based monolayer on silica substrates. The surface chemical
characterization of these hybrid materials was carried out by X-ray photoelectron spectroscopy. The
optical sensing properties of this monolayer were studied at room temperature by UV-—vis
measurements. The system is shown to have recognition properties for n-butylammonium ions at
parts per million levels and for a biologically relevant analyte such as 1,5-pentanediammonium ion
(cadaverine-2H™). The adopted synthetic procedure has proven to be effective in transferring
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molecular properties to a solid state device.
Introduction

Syntheses based on covalent assembly of appropriate
molecules on suitable inorganic substrates represent one
of the most effective approaches toward the construction
of functional molecular architectures that can produce
hybrid inorganic/organic nanomaterials and supramole-
cular systems, valuable for the development of devices
displaying specific single molecule properties.' >

Despite the increasing interest, our knowledge of mo-
lecular properties at the solid state level is still limited, and
this remains a challenge for both scientific and techno-
logical reasons. In this context, the covalent immobiliza-
tion of a monolayer of appropriate molecules on solid
substrates probably represents the most suited prerequi-
site to accomplish this task.
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Selective detection of chemicals at low concentrations
is one of the most promising applications of molecular-
based thin films. Various sol—gels, polymers, and other
solid-state systems have been shown to be able to detect
analytes in trace amounts.®~'? In particular, monolayers
obtained from well-defined organic compounds or metal
complexes are known to selectively interact with target
compounds.'
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In spite of all the progress made during the past decade,
the development of efficient molecular-based detection
systems for given analytes still remains a challenge. Pre-
servation and possibly enhancement of the molecular
recognition properties of the sensing agent at the solid-
state interface is often difficult to achieve. Designing
device-quality monolayer-based sensors requires not only
selectivity and sensitivity toward a specific analyte but
also a high degree of stability and a fast, nondestructive
read-out process. In addition, sensor regeneration is
another key requirement which needs to be taken into
account.

It has already been reported that cation—us interactions
play an important role in the recognition of positively
charged guests by the electron-rich z-systems of natural'
and synthetic'® hosts. Calixarenes,'” when suitably func-
tionalized, can provide three-dimensional, rigid, s-rich
cavities for the selective inclusion of organic cations in
nonpolar media.'® Among the different families of calix-
[n]arenes, p-tert-butylcalix[S]arene crown-6 ethers'® and
p-tert-butylcalix[5]arenes® are particularly effective in
discriminating linear from branched alkylammonium
ions by means of endo-complexation,?! as long as both
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Figure 1. Representation of the calixarene precursor C5-NH, and the
calix-SAM.

tert-butyl groups at the wide rim**** and moieties bulkier

than the ethoxyethoxy one at the narrow rim are intro-
duced® to keep the molecule in a locked cone conforma-
tion. Calix[5]arenes not only bind linear alkylammonium
(RNH;") ions efficiently and selectively but are also
excellent candidates for the selective detection in solution
of basic a-amino- and w-aminoacids,?® as well as alipha-
tic biogenic di- and polyamines.*’

The advantages of calixarene monolayer-based sensors
include (i) the need for only a small amount of calixarene
to generate a large active surface, (ii) no consumption of
sensing material, and (iii) no diffusion limitations because
the surface-confined sensing molecules are in direct con-
tact with the target analyte. In light of these potential
advantages, we have now developed a prototype calix-
[S]arene-based monolayer (hereafter designated as calix-
SAM), covalently bound to quartz substrates (Figure 1),
which is capable of selectively detecting amines and
diamines (i.e., butylamine and cadaverine, respectively)
in the form of (di)picrate salts. This model study may
provide the basis for the development of more sophisti-
cated calix[5]arene-SAMs for the detection of analytes of
biological interest incorporating the n-butylammonium
structural motif (e.g., y-aminobutyric acid, e-amino-
caproic acid, lysine-containing peptides, etc.), with a view

(25) Ballistreri, F. P.; Notti, A.; Pappalardo, S.; Parisi, M. F.; Pisagatti,
1. Org. Lett. 2003, 5, 1071.
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to possible applications in the biochemical, environmen-
tal, and analytical fields.

Experimental Details

ACS grade reagents and solvents, some of them packed under
nitrogen, were used throughout the present syntheses. Calix-
[5]arene C5-NH, was available from previous studies.”® Fused
silica (quartz) substrates were cleaned by immersion into
a “piranha” solution (98% H,SO,4/30% H,0,, 70:30 v/v) at
85 °C for 50 min and then left to cool to room temperature.
Substrates were then repeatedly rinsed with double distilled
water and kept in a H,O/30% H,0,/NHj; 5:1:1 (v/v/v) mixture
at room temperature for 1 h.>’">> A final wash with double
distilled water, followed by drying under vacuum was carried
out just prior to coupling agent (CA) deposition. All the
successive sample manipulations were performed in a glovebox
under a N, atmosphere. Routinely, freshly cleaned substrates
were dipped, at room temperature for 25 min, in a 0.4:100 (v/v)
n-pentane solution of the chemisorptive reagent, trichloro-
[4-(chloromethyl)phenyl]silane (siloxane), to afford a CA
monolayer.'>*’~?° The siloxane-coated substrates were washed
with copious amounts of n-pentane, sonicated in acetone for 3
min to remove any physisorbed CA, then immersed into a stirred
1.4 x 1073 M CH;CN/toluene (50:50 v/v) solution of C5-NHj,
and kept at 90 °C for 72 h. The calix-SAM monolayer thus
formed was cooled to room temperature and sonicated with
CH;CN, toluene, and THF to remove any residual unreacted
C5-NH,.

X-ray photoelectron spectra (XPS) were measured at 45°,
relative to the surface plane with a PHI 5600 Multi Technique
System which gives good control of the electron takeoff angle
(base pressure of the main chamber 3 x 107'° Torr).** Spectra
were excited with Al Ka radiation. Structures due to Ko,
satellite radiation were subtracted from the spectra prior to data
processing. XPS peak intensities were obtained after Shirley
background removal.** Procedures to account for steady state
charging effects have been described elsewhere.*® Experimental
uncertainties in binding energies lie within £0.45 eV. Deconvolu-
tion of a number of these spectra was carried out by fitting the
spectral profiles with a series of symmetrical Gaussian envelopes
after subtraction of the background. This process involves data
refinement, based on the method of the least-squares fitting, carried
out until there was the highest possible correlation between the
experimental spectrum and the theoretical profile. The R-factor
(residual or agreement factor), R = [S(F, — F.)*/>)(F,)*]"?, after
minimization of the function Y (F, — F)%, converged to R values <
0.035.3%
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Table 1. XPS Derived Atomic Concentration Analysis for the Calix-SAM

Si C (¢} N Cl
as synthesized 16.9 46.3 32.6 0.7 3.5
after basic washing 16.5 44.7 38.2 0.6 0

UV—vis measurements were carried out on a UV—vis V-650
Jasco spectrophotometer, and the spectra shown below were
recorded with a +0.2 nm resolution. The temperature was kept
at 25 °C, and measurements were repeated using five different
monolayers.

Atomic force microscopy (AFM) measurements were per-
formed with a Solver P47 NTD-MDT instrument in semicon-
tact mode (resonance frequency 150 Hz). The monolayer surface
was homogeneous and flat. Root-mean-squared roughness
measured for 1000 x 1000 nm scan areas was 0.3 nm.

Results and Discussion

The calix-SAM was synthesized by covalent grafting of
calixarene C5-NH, to quartz substrates that were pre-
viously cleaned and silylated.'” The silylation reaction
was performed under rigorously inert atmosphere with
trichloro[4-(chloromethyl)phenyl]silane, a bifunctional
coupling agent that binds both the substrate and C5-NH,.'?
This calixarene monolayer was found to be insoluble in
toluene, MeCN, THF, Et,O, and EtOH and thermally
and temporally robust (vide infra). The monolayer
strongly adheres to the substrate, and as a result cannot
be removed by the “scotch-tape decohesion” test**3
nor by mechanical abrasion with a task wiper, as evidenced
by XPS measurements.

The molecular characterization of the calix-SAM
monolayer was carried out by X-ray photoelectron spec-
troscopy. This technique is ideal as it permits high vertical
resolution, gives information on the bonding states of the
grafted molecules,?” and allows estimation of the surface
elemental composition, once the relevant atomic sensitiv-
ity factors have been taken into account.>*®*' The reac-
tion between C5-NH, and the chlorobenzyl-terminated
monolayer is not quantitative owing to its high molecular
footprint. The observed ratio (Table 1), CI/N = 5+ 0.5,
indicates ~16% yield. Figure 2a shows the XPS spectrum
of the calix-SAM in the N Is energy region. The high-
resolution N 1s spectrum shows a main peak at 400.0 eV
and, in addition, a higher binding energy shoulder at
401.7 eV (calculated intensity after spectrum deconvolu-
tion amounted to ca. 30% of the overall spectral profile).
The latter accounts for the presence of a species bearing a
protonated nitrogen atom,?’**® which is most likely
formed upon release of HCI during the monolayer for-
mation step. Given that C5-NH, undergoes fast self-
assembly upon exposure to acids (even in trace
amounts),?® it is reasonable to assume that formation of
the C5-NH,-HCI species triggers the inclusion process
depicted on the right-hand side of Figure 2a.

This observation is also supported by NMR measure-
ments on the calixarene solution, recovered after the

(31) (a) Cohen, H.; Zenkina, O. V.; Shukla, A. D.; van der Boom, M. E.
J. Phys. Chem. B2006, 110, 1506. (b) Frydman, E.; Cohen, H.; Maoz,
R.; Sagiv, J. Langmuir 1997, 13, 5089.
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Figure 2. Left-hand side: Al Ka excited XPS in the N Is energy region for
the calix-SAM: (a) as synthesized and (b) after basic washing. Right-hand
side: schematic representation of a grafted calixarene molecule with its
cavity (a) filled by a C5-NH3" ion, accounting for the higher binding
energy shoulder, and (b) empty, accounting for the main peak.

preparation of the calix-SAM monolayer. Solvent eva-
poration from this solution, followed by solubilization of
the residue obtained in CD,Cl,,*? showed, in the 'H
NMR spectrum, the presence of peaks (6 = 5.63 and
—1.86 to 0.73 ppm)*° diagnostic*®** for an endo-cavity
inclusion of the terminal —(CH,)sNH3;" moiety of one
calixarene unit inside the s-rich cavity of a second one.
Direct integration of these resonances against those cor-
responding to unreacted C5-NH, indicated the presence
of ~4% of self-assembled species (that is C5-NH3"cC5-
NH, and/or C5-NH3"CcC5-NH3"). Removal of the C5-
NH;" ions included on the calix-SAM monolayer surface
was accomplished by treatment with a basic THF solu-
tion®* and confirmed by subsequent XPS analysis.
Figure 2b shows the absence of the shoulder centered at
401.7 eV and, consequently, confirms that C5-NH3" ions
bound to the calix-SAM monolayer can be removed by
simple rinsing in basic media. XPS analysis, prior to and
after the rinsing procedure in basic media,* also indicates
that the —CH,Cl groups of the unreacted siloxane benzyl
chloride derivatives present on the functionalized SiO,
surface were transformed into —CH,OH ones. This con-
version is corroborated by the disappearance of the
XPS signal accounting for the chlorine 2p35 /> spin—
orbit components (doublet at 198.8 and 200.7 eV). 03!
Physisorption was excluded by a control experiment
carried out on a hydrophilic SiO, terminated surface
that had previously been exposed toa 1 x 107> M CHs-
CN solution of C5-NH, for 24 h and then rinsed. In this
case, XPS analysis did not show any nitrogen signal,

(32) Prior to its use, solvent was percolated through neutral Al,O; to
eliminate any traces of HCL.

(33) The treatment involved immersion of the calix-SAM for 2 min into
a THF solution saturated with aqueous 0.5 M NaOH, followed by
washing with copious amounts of double distilled water and THF
and subsequent drying under a N, stream.
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Figure 3. UV—vis spectra of the calix-SAM as such (black trace) and
after 1 min of immersion into 1.5 x 107> M CH;CN solutions of
n-BuNH;"Pic™ (green trace) or t-BuNH;"Pic™ (red trace) or cadaverine
dipicrate (blue trace) salts followed by rinsing in CH;CN and drying by a
N, stream.

thus excluding the presence of calixarene molecules on
the substrate surface. Using eq 1 where ny represents
the number of N-containing molecules/cm® in the
monolayer, o is the photoelectron cross-section, 4 is
the inelastic mean free path, T(E) is the analyzer
transmission function of the XPS instrument, d is the
monolayer thickness, and 6 is the photoelectron takeoff
angle, it was possible to estimate ny corresponding to
the surface coverage of the SAM with C5-NH, mole-
cules.*™ Two different thicknesses were used for these cal-
culations: one equal to 28 /OX, as obtained from single-crystal
X-ray structural analysis of the analogous 5,11,17,23,29-
pentakis(1,1-dimethylethyl)-31,32,33,34,35-penta(4-methyl-
pentyloxy)calix[S]arene,** the other equal to 20 A, by assum-
ing a 45° molecule grafted geometry>> with respect to
the substrate surface. Values of 5.7 x 10" and 6.8 x 10"
molecules/cm?, respectively, were obtained. The resulting
molecular footprints were then calculated to be 175 and
147 A2, respectively.'*¢

IiN _ nN(utom/cm»’)UN/IN/monoluyerT(EN)(1 - ed\"'"“"““’"/aN”""""""’“COSG))

Isi NSi(atom/em?) Osidsi/si T (Esi) (1 — edN/mon c,/(/ls,,r.m.,.m,cosﬂ))

(1

Bearing in mind the known proclivity of calix[5]-
arenes to selectively recognize and bind linear alkyl-
ammonium ions and, at the same time, the ubiquity of
amino/ammonium moieties in compounds of biological
interest (e.g., basic amino acids, biogenic and trace
amines’’), n-butylammonium picrate, ¢-butylammonium
picrate, and 1,5-pentanediammonium dipicrate (n-BuNH; -
Pic™, +BuNH;"Pic™ and Pic” H;N"(CH,)sNH;" Pic™, re-
spectively) were tested as model analytes suitable for optical
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sensing by the calix-SAM. Picrate was specifically chosen as
the counterion of the target analyte to make sure that binding
to the calix-SAM monolayer would result in a UV—vis active
species.

Figure 3 shows the UV —vis spectra of the calix-SAM as
such (black trace), and after 1 min immersion into 1.5 x
10~° M CH;CN solutions of either n-BuNH; " Pic ™ (green
trace), t-BuNH;Pic™ (red trace), or Pic H;N"(CHo,)s-
NH;"Pic™ (blue trace), followed by rinsing in CH;CN
and drying by a N, stream. According to these spectra,
the calix-SAM senses different amounts of alkylammo-
nium ions bound to its s;-rich calixarene cavities, by
displaying increasing absorbance values in response to
the presence of picrate counterions (A, = 359 nm)
chemisorbed onto the monolayer. This optical behavior
is supported by a control experiment carried out, under
the same experimental conditions described above, with a
solution of tetra-n-butylammonium picrate. In this case,
in agreement with the fact that the tetra-n-butylammo-
nium cation is too large to be accommodated inside the
calixarene cavity, no UV—vis absorption of the calix-
SAM was observed (data not shown). The calix-SAM, on
the other hand, is able to detect the dipicrate salt of
cadaverine (Pic” HsNT(CH,)sNH; Pic”) and, in accor-
dance with the bis-anionic nature of this salt, the absor-
bance (peak height at 359 nm) was, in this case, found to
be twice as intense compared to that for n-BuNH; Pic ™.

Spectra in Figure 3 show that in the case of the linear
alkylammonium ions (n-BuNH; "), the absorbance value
at 359 nm is almost | order of magnitude higher than the
one observed for the branched analogue (--BuNH;").
Given that n-BuNH;"Pic™ and -BuNH;"Pic™ display
almost identical & values in MeCN solution (17737 & 18
and 17591 + 18 M~ lem ™!, respectively), it follows that
our calix-SAM monolayer possesses a peak selectivity
for linear alkylammonium ions. This selectivity is also
substantiated by the absorbance displayed (Figure 3,
blue trace) by the calix-SAM in the presence of the
linear alkyldiammonium dipicrates (Pic” H;N1(CH,)s-
NH;"Pic™; ¢ = 34436 + 34 M~ 'em ™' in CH;CN).

Longer contact periods of the calix-SAM with the
solutions of either linear (n-BuNH; Pic™, Pic " H3;N™-
(CH,)sNH;'Pic™) or branched (--BuNH;"Pic™) alkyl-
(di)ammonium (di)picrates did not significantly change
the optical absorbances (Figure S1, Supporting In-
formation). In all instances, rinsing of the samples with
a basic THF solution caused reactivation of the optical
absorbance (vide supra), as judged by UV—vis spectro-
scopy. Figure 4 shows that the ability of the monolayer to
sense 7-BuNH; "Pic™ and ~-BuNH;"Pic™ remains substan-
tially unchanged after several exposure/recovery cycles.
Although some variations in the intensities of the absorption
minima and maxima are observed (£12%), these modest
changes do not affect the overall monolayer performance.
They can be ascribed to the “wettability” of the monolayer,
which, at the molecular level, is not exactly the same after each
immersion cycle in the MeCN solution of #-BuNH;Pic™.**
No hysteresis was observed, and shape and peak positions of
absorption maxima remained unchanged.
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Figure 4. Changes in the absorbance (measured at 359 nm) of the calix-
SAM during the cyclic detection/reactivation processes. Black and red
circles refer to n-BuNH; " Pic™ and -BuNH; Pic™, respectively.
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Figure 5. Optical absorbance of the calix-SAM, measured at 359 nm, vs
the n-butylammonium picrate ppm level. The R? value of the fit is 0.989.

According to previous data in solution (UV—vis,>
NMR,*® and potentiometric”) and in the solid state,>*
the affinity of calix[5]arenes for linear RNH; ™ ions results
from a number of concurring intermolecular interactions
which include (i) tripodal hydrogen bonding of the amm-
onium moiety to three of the five phenolic oxygen atoms;
(ii) cation—s interactions*® between the positive nitro-
gen—behaving as a Lewis acid—and the s-rich cavity of
the calixarene; and (iii) CH—x interactions,*' mainly
occurring between the a- and -methylene groups of the
n-butylammonium ion and the aromatic rings of the
calixarene. In agreement with these studies?®*° the pre-
sent results confirm a very moderate affinity of the
branched alkylammonium ions for the calix-SAM.

Using the Beer—Lambert law (4 = &lc, where 4 is the
absorbance and ¢, /, and ¢ are the extinction coefficient,

(38) Cafeo, G.; Gattuso, G.; Kohnke, F. H.; Notti, A.; Occhipinti, S.;
Pappalardo, S.; Parisi, M. F. Angew. Chem., Int. Ed.2002,41,2122.

(39) Giannetto, M.; Mori, G.; Notti, A.; Pappalardo, S.; Parisi, M. F.
Anal. Chem. 1998, 70, 4631.

(40) Ma, J. C.; Dougherty, D. A. Chem. Rev. 1997, 97, 1303.

(41) Nishio, M.; Hirota, H.; Umezawa, Y. The CH/mt Interaction.
Evidence, Nature and Consequences; Wiley-VCH: New York, 1998.



2834  Chem. Mater., Vol. 22, No. 9, 2010

the thickness of the monolayer, and the concentration of
the calixarene molecules in the monolayer, respectively),
the surface coverage dy,r = Ae~ ' (number of n-BuNH; "
ions/cm” on the calix-SAM) can be calculated.** Taking
into account the ¢ value of 17737 + 18 M~ ' em™ ! in
MeCN and all the absorbance values obtained after 1 min
of immersion of the calix-SAM in the n-BuNH;"Pic™
solution, during the cycling processes shown in Figure 4,
the calculated picrate density values are in the 5.3—6.4 x
10"® molecules/cm? range, thus giving values very close to
those measured by XPS. These results are consistent with
an approximately 1:1 calixarene/n-BuNH;" interaction
of the calix-SAM and stress the fact that all the calixarene
molecules present on the monolayer are available for
sensing.

Remarkably, heating of the calix-SAM at 100 °C, in the
presence of air for 8 days, does not affect its performance
(Figure S2, Supporting Information). A similar stability
was also detected when the sensor was left at room
temperature in contact with air for a period as long as 7
months (Figure S3, Supporting Information). Further-
more, the detection range of the calix-SAM sensor toward
n-BuNH; "Pic™ was found to be linear in the 0.3—500
ppm concentration range (Figure 5).** All the results
collected in the present studies point to a successful
transfer of simple host—guest properties from molecular
level to a solid state film.
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Conclusion

A new monolayer of calix[5]arene molecules, cova-
lently assembled to a silylated substrate, was synthesized
and characterized by UV—vis and XPS measurements.
The novel monolayer architecture allows specific recog-
nition functions that can be used for the design of an
efficient n-alkylammonium solid sensor, and the adopted
synthetic procedure has proven to be effective in transfer-
ring molecular properties to a solid state architecture. The
optical properties of the system can be restored after
rinsing for 1 min in a basic THF solution. The optical
absorbance of the system is apparently not affected by
thermal treatments (up to 100 °C), thus placing the
present monolayer in a rare class of functional mono-
layer-based assemblies that are highly stable.'®'*** Fi-
nally, these interesting findings provide motivation for
further studies involving the syntheses of similar calixar-
ene molecules having appropriate substituents to grant
optical bands in the visible region. Such systems, upon
guest inclusion, will undergo conformational/geometrical
changes and hence electronic structure variations that in
turn will generate optical spectra, enabling detection even
of analytes that in themselves do not show bands in the
visible region.
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