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Abstract: A molecular capsule based on ionic interactions between two oppositely charged calix[4]arenes,
1 and 2, was assembled both in solution and on a surface. In solution, the formation of the equimolar
assembly 1‚2 was studied by 1H NMR, ESI-MS, and isothermal titration calorimetry, giving an association
constant (Ka) of 7.5 × 105 M-1. A â-cyclodextrin self-assembled monolayer (â-CD SAM) on gold was used
as a molecular printboard to anchor the tetraguanidinium calix[4]arene (2). The binding of tetrasulfonate
calix[4]arene 1 was monitored by surface plasmon resonance spectroscopy. Rinsing of the surface with a
high ionic strength aqueous solution allows the removal of the tetrasulfonate calix[4]arene (1), while by
rinsing with 2-propanol it is possible to achieve the complete desorption of the tetraguanidinium calix[4]-
arene (2) from the â-CD SAM. The Ka for the capsule formation on a surface is 3.5 × 106 M-1, thus comparing
well with the Ka determined in solution.

Introduction

Noncovalent interactions have been exploited in solution
chemistry to direct the assembly of molecules into nanometer-
sized supramolecular structures.1 Considerable efforts have been
devoted to the synthesis of molecular containers2 possessing a
confined space for the stabilization of reactive intermediates3

and for catalysis.4 In view of applications such as encapsulation
of drugs and their active transport or delivery, the design of
water-compatible, dynamic noncovalent containers is actively
investigated. Various methodologies have been used to obtain

molecular containers via noncovalent synthesis, mostly based
on hydrogen bonding5 or metal-ligand interactions.6 Only
recently, ionic interactions have been used to arrange compo-
nents into reversible and well-defined molecular architectures.7

Currently there is considerable interest in nanoscience and
nanotechnology focused on the development of functional
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materials for applications as (bio)sensors or electronical or
optical devices.8 The principles, such as chemical information
and programmability, that govern supramolecular organization
of molecules in solution have been transferred to surfaces to
provide new materials that exhibit features such as dynamics
and reversibility.9 Self-assembled monolayers (SAMs) on gold10

have been used to organize monomolecular films of supramo-
lecular systems11 and to study the binding interactions at the
monolayer/solution interface.12 Moreover, the understanding of
the rules that govern the noncovalent association of molecules
into more complex structures has allowed the construction of
highly structured multilayer architectures on gold surfaces.13

The self-assembly of supramolecular containers on surfaces
is thus far restricted to very few cases. The confinement of a
resorcin[4]arene-based carceplex in a SAM on gold has been
reported by our group.14 Furthermore, the formation of a

molecular cage based on metal-ligand coordination has been
achieved at a surface, with one of the components directly
anchored to a gold surface.15

We have recently reported that molecular capsules based on
ionic interactions between two oppositely charged components
can be formed.7e-16 Here, we describe a strategy for the self-
assembly of molecular containers based on ionic interactions
at the surface, which involves the use of a molecular printboard17

as a template to control the orientation and positioning of the
molecules. We have defined a molecular printboard as a self-
assembled monolayer on a surface that has recognition sites to
which molecules can be anchored through specific interactions.

Our molecular printboard is a highly orderedâ-cyclodextrin
self-assembled monolayer (â-CD SAM) on gold. To build the
supramolecular capsule on the surface, we used the noncovalent
attachment of one component of the molecular capsule on the
â-CD SAM followed by the self-assembly of the second
component at the interface. We will demonstrate that the
orthogonal noncovalent interactions involved in the anchoring
and assembly of the molecular capsule allow the stepwise
association and dissociation of the two components from the
surface. The effectiveness of the formation of the molecular
capsule on the solid support and in solution has been compared.

Results and Discussion

The molecular capsule1‚2 is the result of the self-assembly
between the oppositely charged building blocks, that is, tetra-
sulfonate calix[4]arene1 and the tetraguanidinium calix[4]arene
2 (Figure 1). Compound2 was functionalized at the lower rim
with four adamantyl units able to form stable inclusion
complexes with nativeâ-CD in solution and with surface-
confined â-CD cavities (vide infra). The long poly(ethylene
glycol) chains space the charged guanidinium groups of2 from
the â-CD cavities and allow the multivalent interaction with
the molecular printboard.

Tetrasulfonate calixarene1 was synthesized according to a
literature procedure,18 while compound2 was prepared as
outlined in Scheme 1. 1-Adamantyl tetraethylene glycol tosylate
3 was reacted with 5,11,17,23-tetra-p-tert-butyl-25,26,27,28-
tetrahydroxy-calix[4]arene at 80°C in dry DMF using NaH as
a base to give the tetra(adamantyl-tetraethylene glycol)-func-
tionalized calix[4]arene4. Substitution of thetert-butyl for nitro
groups via an ipso-nitration reaction using glacial acetic acid
and nitric acid gave tetranitro-calix[4]arene5. Low temperature
and dry conditions are prerequisites for this reaction in order to
prevent elimination of the adamantyl groups under the strongly
acidic conditions used. Reduction of the nitro groups using
hydrazine monohydrate and Pd/C in absolute ethanol gave the
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H.; Offenhäuser, A.; Knoll, W.; van Veggel, F. C. J. M.; Reinhoudt, D. N.
Chem.-Eur. J. 2000, 6, 1176-1183.

(13) (a) Hatzor, A.; Moav, T.; Cohen, H.; Matlis, S.; Libman, J.; Vaskevich,
A.; Shanzer, A.; Rubinstein, I.J. Am. Chem. Soc.1998, 120, 13469-13477.
(b) Moav, T.; Hatzor, A.; Cohen, H.; Libman, J.; Rubinstein, I.; Shanzer,
A. Chem.-Eur. J.1998, 4, 502-507. (c) Hatzor, A.; Moav, T.; Yochelis,
S.; Vaskevich, A.; Shanzer, A.; Rubinstein, I.Langmuir2000, 16, 4420-
4423. (d) Godı´nez, L. A.; Lin, J.; Muñoz, M.; Coleman, A. W.; Rubin, S.;
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tetraamine calix[4]arene6 in nearly quantitative yield. Introduc-
tion of the BOC-protected guanidinium groups using bis-BOC-
thiourea was performed under the conditions reported by Qian’s
group19 and led to the formation of7. Specific removal of the
BOC groups was achieved using 2 N HCl in dioxane, giving
the desired product2 as the tetrachloride salt.

Tetrasulfonate calix[4]arene1 is soluble in water as a result
of the charged groups and of the ethylene glycol chains inserted
at the upper and lower rims of the calix[4]arene scaffold,
respectively. Compound2 also possesses four charges and long
ethylene glycol chains that ensure water solubility. Nevertheless,
precipitation was observed upon mixing the two components
in water. This is a consequence of the neutralization of the
charges upon capsule formation and of the presence of the four
adamantyl groups which further limit the water solubility of
the assembly. Upon addition ofâ-CD, which forms an inclusion
complex with the adamantyl units of2, thus increasing the
solubility of the1‚2 assembly in water by the formation of1‚
2‚(â-CD)4, a clear aqueous solution was obtained (Figure 1).

The formation of the molecular capsule1‚2 in 1 × 10-2 M
â-CD in D2O was studied by1H NMR. The1H NMR spectrum
of an equimolar solution of1 and2 showed up- and downfield
shifts for the resonances of the two components, indicating that
a well-defined assembly was formed. Formation of undefined
aggregates was ruled out as no broadening of the NMR signals
was observed (Figure 2).

Upfield shifts were observed for the signals of the aromatic
protons (∆δ ) 0.01 ppm) and of the methylene bridge
hydrogens (∆δ ) 0.04 ppm and∆δ ) 0.05 ppm) of the

tetraguanidinium calix[4]arene2, while downfield shifts were
observed for the resonances of the aromatic protons of1 (∆δ
) 0.06 ppm) and of the protons of the methylene bridge
hydrogens (∆δ ) 0.08 ppm and∆δ ) 0.07 ppm). Small changes
were also detectable for the signals of the ethylene glycol chains
of 1 and2 (∆δmax ) 0.05 ppm).

The strength of the capsule formation was studied by
isothermal titration calorimetry (ITC) in H2O containingâ-CD
(1 × 10-2 M). The presence ofâ-CD in both cell and buret
avoids monitoring heat effects due to theâ-CD-adamantyl
interactions. The resulting enthalphogram (Figure 3) is indicative
of the formation of a 1:1 assembly as suggested by the presence
of an inflection point at a molar ratio of 1. The positive values
for both ∆H° (2.5 kcal mol-1) and T∆S° (10.5 kcal mol-1)
account for an endothermic, entropy-driven process. As found
for analogous systems,7 the formation of molecular capsules
based on ionic interactions is driven by the desolvation of the
charged groups upon complex formation. Highly ordered solvent
molecules are released into the bulk solvent, thus resulting in a
gain in entropy that is reflected in the positive value forT∆S°.
The unfavorable value for∆H° suggests that the enthalpy needed
to desolvate the charged groups overrides the enthalpy gained
by self-assembly process. The data obtained from the titration
were successfully fitted to a 1:1 binding model, giving an
association constantKa of (7.5 ( 1.2) × 105 M-1.

Electrospray ionization (ESI) mass spectrometry provided
further proof for the formation of the assembly1‚2. The
spectrum of an equimolar solution of1 and2 in MeOH shows
the triply charged peak atm/z 998.6 corresponding to the
[(1‚2) + 3Na]3+ species, together with a less intense peak at
m/z 1486.5 attributable to the complex [(1‚2) + 2Na]2+.(19) Kim, K. S.; Qian, L.Tetrahedron Lett.1993, 34, 7677-7680.

Figure 1. (a) Molecular building blocks of the capsule1‚2. (b) Schematic representation of the molecular capsule1‚2‚(â-CD)4 in solution. (â-CD )
â-cyclodextrin).
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The strategy used to build the molecular capsule1‚2 at the
surface involves the noncovalent positioning of2 onto aâ-CD
SAM chemisorbed on a gold surface, followed by the self-
assembly of the oppositely charged calix[4]arene1 as schemati-
cally depicted in Figure 4. Previously, we have shown that
adamantyl derivatives form strong inclusion complexes with the
hydrophobic cavity of theâ-CD both in solution and at theâ-CD
SAM.20 In addition, larger organic structures functionalized with
adamantyl (Ad) units have been ordered on aâ-CD SAM
through multiple (Ad)-â-CD interactions.17

Analogously, tetraguanidinium calix[4]arene2 was fixed onto
the â-CD SAM through the pendant adamantyl groups, while
the cationic moieties of2 are pointing upward, thus exposing
the four positive charges to the outer face of the surface for the
self-assembly of the negatively charged component (1) of the
capsule (Figure 4).17b The stable binding of2 onto the surface,
ensured by the multivalent Ad-â-CD interactions, enables us
to study the reversible formation of the molecular capsule1‚2.
In addition, this approach avoids synthetic modifications that
the covalent attachment to bare gold would require.

To prove that the formation of four Ad-â-CD interactions
ensures a stable binding of the tetraguanidinium calix[4]arene
onto the molecular printboard, the adsorption process of2 onto
a â-CD SAM was investigated by surface plasmon resonance
(SPR).21 Figure 5 depicts the SPR sensogram obtained for the
adsorption and attempted desorption of2 in 4 mM â-CD
solution, atâ-CD SAM. The â-CD in solution was used to
compete with theâ-CD cavities of the SAM for the complex-
ation of the adamantyl moieties and to ensure a controlled
adsorption of2 at the surface in order to obtain a densely packed
layer.22 After the adsorption of2, the system was equilibrated
for 5-10 min and subsequently rinsed with an 8 mMâ-CD
solution. The initial adsorption rate for the adsorption of2 was
fast, as indicated by the rapid increase of the SPR signal upon
addition of 2. The absolute signal increase for this part
(approximately 0.2°) is comparable to the signal increase for a
bis(adamantyl)-calix[4]arene,22 which may indicate a compa-
rable surface coverage. Afterward, the SPR angle increased
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4164-4170.

(21) Scuck, P.Annu. ReV. Biophys. Biomol. Struct.1997, 26, 541-566.
(22) Mulder, A.; Auletta, T.; Sartori, A.; Casnati, A.; Ungaro, R.; Huskens, J.;

Reinhoudt, D. N.J. Am. Chem. Soc.2004, 126, 6627-6636.
(23) Huskens, J.; Mulder, A.; Auletta, T.; Nijhuis, C. A.; Ludden, M. J. W.;

Reinhoudt, D. N.J. Am. Chem. Soc.2004, 126, 6784-6797.

Scheme 1. Synthetic Route to the Tetraguanidinium Calix[4]arene 2
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slowly in time, probably as a result of reorganization of the
monolayer and the adsorbed layer or as a consequence of
nonspecific physisorption. Rinsing of the layer with an 8 mM
â-CD solution did not lead to any decrease in the SPR signal.
This indicates that2 forms an extremely stable complex with
theâ-CD SAM as it cannot be removed from the surface even
upon rinsing with a concentratedâ-CD solution. The stable

binding of 2 onto the molecular printboard is attributed to the
formation of four Ad-â-CD interactions. We have recently
demonstrated that strong, but reversible, assemblies on surfaces
are achieved when two or three Ad-â-CD interactions are
formed.17a,23,24Moreover, the adsorption of a tetraguanidinium
bis(adamantyl)-calix[4]arene (analogous to compound2) onto
a â-CD SAM has been investigated.17b,22These studies showed
that a divalent Ad-â-CD binding ensures a strong (K ≈ 1010

M-1), but reversible, attachment of the calix[4]arene derivatives
to the surface. In both cases, the reversibility was observed only
at high competitiveâ-CD concentrations in solution. The
irreversibility observed here, even at high concentrations of
competitiveâ-CD in solution, for the binding of2 indicates
that more than three Ad-â-CD interactions are involved.
Furthermore, it is indicated by a recently developed model23

and by experimental data on ferrocene-functionalized dendrim-
ers24 that guest molecules will bind with the maximum number
of interactions that is sterically allowed. Therefore, these results
are in line with what could be expected for a tetravalent complex
between2 andâ-CD SAMs,25 and it demonstrates that2 could
be used as a suitable platform to study the1‚2 capsule formation
at the surface.

Formation of the molecular capsule1‚2 at the surface was
studied by titration of1 to aâ-CD SAM saturated with2 using
a KCl (1× 10-2 M) solution as background electrolyte, similar
to the studies performed in solution by microcalorimetry and
1H NMR spectroscopy. Figure 6 depicts the SPR sensograms
obtained for additions of increasing amounts of1 to a â-CD
SAM saturated with2 (solid line) and a bareâ-CD SAM (dotted
line). The latter is used as a reference layer.

Addition of 1 to theâ-CD SAM saturated with2 gives strong
SPR responses, indicating the binding of1 at the monolayer.
In sharp contrast, the referenceâ-CD layer (without2) does
not show any response at all upon addition of1. Rinsing of the
cells with a 1× 10-2 M KCl solution only led to a minor
decrease in SPR signal (results not shown). Complete restoration
of the SPR signals was instead obtained by rinsing the cells
with a 1 M KCl solution. These results are indicative of a
specific interaction between1 and2. The limiting absolute signal
increase observed for1 (0.18°; see Figure 6, bottom) is
comparable to the signal increase of2 (see above). Together
with the similar molecular weights of1 and2, this indicates a
comparable surface coverage and supports the assumption of
the formation of a 1:1 complex. The incomplete restoration of
SPR signals using a 1× 10-2 M KCl solution implies slow
dissociation rates at this background electrolyte concentration.
Fitting of the titration curves using a Langmuir isotherm gave
a complexation constant of (3.5( 1.6) × 106 M-1. This
association constant is in agreement with the association constant
determined in solution by ITC, confirming the formation of a
1:1 complex at the surface, and thus the capsule formation. The
somewhat larger value observed at the surface may indicate
some form of positive cooperativity from neighboring molecules
2, which are always in excess, in binding1 from solution, which
leads to stronger electrostatic interactions.26

The strategy adopted allows the disassembly of the compo-
nents of the molecular capsule in two different steps. As shown,

(24) Nijhuis, C. A.; Huskens, J.; Reinhoudt, D. N.J. Am. Chem. Soc.2004,
126, 12266-12267.

(25) Estimation of the binding constant using the model presented in ref 21
yields an association constant in the order of 1015 M-1.

Figure 2. 1H NMR spectra (1× 10-2 M â-CD in D2O, 298 K) of (a)2,
(b) 1‚2, and (c)1.

Figure 3. Calorimetric titration of2 (5 × 10-5 M) with 1 (5 × 10-4 M)
in H2O containingâ-CD (1 × 102 M) and KCl (1× 10-2 M) at 298 K. (a)
Data of heat evolution with injection of1. (b) Resulting binding curve
(markers) and best fit (line) to a 1:1 model.
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the disassembly of half of the capsule is accomplished upon
rinsing with a concentrated salt solution (1 M KCl) that weakens
the guanidinium-sulfonate interactions. The reversible nature

of the Ad-â-CD hydrophobic interactions provides the pos-
sibility to disassemble the adamantyl derivative from theâ-CD
SAM.

An SPR experiment was carried out to study the stepwise
self-assembly and disassembly of the molecular capsule at the
surface (Figure 7). Analogous to what is reported in Figure 5,
the addition of2 to a bareâ-CD SAM caused an increase of

(26) Binding of one molecule of1 to two of 2 at the surface, however, is ruled
out since then an 8+/4- ion pair is expected to form, which should lead
to aK of approximately 1012 M-1 (see, e.g., Schneider, H.-J.; Yatsimirsky,
A. Principles and Methods in Supramolecular Chemistry; Wiley: Chich-
ester, U.K., 2000), which is clearly too high to explain our results.

Figure 4. Schematic representation of the adsorption of2 onto aâ-CD SAM through hydrophobic interactions of the adamantyl units with the surface-
confinedâ-CD cavities and of the subsequent self-assembly of the molecular capsule1‚2 at a surface through ionic interactions.
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the SPR signal accounting for the adsorption of the calix[4]-
arene derivative2 onto the molecular printboard.27 Upon
addition of1, a further increase in the SPR angle was observed
as the result of the formation of the molecular capsule through
the specific binding between the tetrasulfonate and tetraguani-
dinium moieties of the calix[4]arenes.27 Afterward, the surface
was extensively rinsed with a 1 M KCl solution, which was
expected to lead to the dissociation of half of the capsule from

the surface (see Figure 6). The drop in the angular shift to a
value similar to that observed prior to the addition of1 to the
surface accounts for the removal of the tetrasulfonate calix[4]-
arene1. Subsequently, the surface was rinsed with 2-propanol,
which caused the desorption of2 from the â-CD SAM, as
indicated by the restoration of the angular shift to its initial level.
The SPR sensogram clearly indicates that, starting from a bare
â-CD SAM, it is possible to assemble and disassemble the
molecular capsule in a stepwise, controlled manner. The
disassembly of the molecular capsule is achieved by rinsing
the surface with media that weaken the noncovalent forces, that
is, ionic interactions and hydrophobic interactions responsible
for the binding of1 to 2 and of2 onto the molecular printboard,
respectively. In aqueous solution, the hydrophobic interactions
between theâ-CD and adamantyl moieties ensure a stable
binding of tetraguanidinium calix[4]arene2 onto the surface.
Therefore, after washing off the tetrasulfonate calix[4]arene1,
the tetraguanidinium calix[4]arene2 remains adsorbed at the
â-CD SAM. Its full desorption is achieved only upon rinsing
with a solvent (2-propanol) that competes with the hydrophobic
interactions responsible for the anchoring to the surface.

Experimental Section

General Information and Instrumentation. All moisture-sensitive
reactions were carried out under nitrogen atmosphere. Most of the
solvents and all reagents were obtained from commercial sources and
used without further purification. All dry solvents were prepared
according to standard procedures and stored over molecular sieves.1H
NMR and 13C NMR spectra were recorded on Bruker AC300 and
Bruker AMX400 spectrometers. Spectra are reported in parts per million
downfield from TMS as internal standard. Mass spectra by ESI and
chemical ionization (CI) methods were recorded on a Micromass ZMD
(or a Micromass LCT time-of-flight mass spectrometer) and on a
Finnigan Mat SSQ710 spectrometer, respectively. MALDI-MS spectra
were recorded with a PerSpective Biosystems Voyager-De-RP spec-
trometer. Elemental analyses were performed using a Carlo Erba
EA1106. Analytical TLC was performed using Merck prepared plates
(silica gel 60 F-254 on aluminum). Merck silica gel (40-63 µm) was
used for flash chromatography.

Monolayer Preparation. Gold substrate was obtained from Ssens
B. V. (Hengelo, The Netherlands). SAMs ofâ-CD heptathioether were
prepared as reported previously.20

Binding Studies. Calorimetric Measurements.The titration experi-
ments were carried out using a Microcal VP-ITC microcalorimeter with
a cell volume of 1.4115 mL. The formation of the assemblies1‚2 has
been studied adding aliquots of a 0.5 mM solution of1, in the buret,
to a 0.05 mM solution of2, in the calorimetric cell, and monitoring
the heat change after each addition. Dilution experiments showed that
at the experimental concentrations employed here none of the species
showed any detectable aggregation in water. The thermodynamic
parameters given above are based on three independent calorimetric
titrations. Titration curves were fitted with a 1:1 model using a least-
squares fitting procedure and the association constant and enthalpy of
binding as independent fitting parameters

SPR.SPR measurements were performed in a two-channel vibrating
mirror angle scan setup based on the Kretschmann configuration,
described by Kooyman and co-workers.28 Light from a 2 mWHeNe
laser was directed onto a prism surface by means of a vibrating mirror.
The intensity of the light was measured by means of a large-area
photodiode. This setup allowed the determination of changes in plasmon
angle with an accuracy of 0.0028. The gold substrate with the monolayer

(27) The small drop in the SPR signal upon restoration of the 4 mMâ-CD +
10 mM KCl solution is attributed to the change in refractive index. The
fact the SPR signal remains elevated with respect to the starting positions
rules out desorption of the building block.

(28) Lenferink, A. T. M.; Kooyman, R. P. H.; Greve, J.Sens. Act. B1991,
261-265.

Figure 5. SPR sensogram for the adsorption of2 followed by attempted
desorption onto aâ-CD SAM on a gold substrate. (a) 4 mMâ-CD. (b) 0.1
mM 2 in 4 mM â-CD. (c) 8 mM â-CD. All solutions are in H2O.

Figure 6. (Top) Part of the SPR sensogram for the titration of increasing
amounts of1 to a â-CD SAM saturated with2 (solid line) and to aâ-CD
SAM (dashed line). Additions of increasing amounts of a 1× 10-5 M
solution of1 are depicted. (All solutions in 1× 10-2 M aqueous KCl.) (a)
1. (b) 1 M KCl followed by 1 × 10-2 M KCl. (Bottom) Data points
(markers) and best fit (line) for the change in SPR angle of the monolayer
of 2@â-CD SAM as a function of the concentration of1.
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was optically matched to the prism using an index matching oil. All
solutions were made using Millipore water, and all solutions were
filtered through nanopore filters prior to use.

In a typical experiment, a cell placed on top of aâ-CD monolayer
was filled with 800µL of a 10 mM KCl solution. After stabilization
of the SPR signals, theâ-CD monolayer in one of the cells was saturated
with 2 by replacing 720µL of the buffer solution with a 10 mM KCl
buffer solution containing 0.1 mM of2 and 5 mM ofâ-CD. The system
was equilibrated while monitoring the SPR angle change. After
stabilization of the SPR signal (typically 30 min), both cells were rinsed
with a 10 mM KCl solution by repeatedly replacing 720µL of the cell
solutions with 720µL of the buffer solution (seven times). Titrations
with 1 were performed by systematically replacing an increasing amount
of buffer solution with of1 (1-100µM) in 10 mM KCl for both cells.
Between additions, the cells were rinsed by repeatedly replacing 720
µL of the cell solution with 720µL of a 1 M KCl solution (seven
times). The initial KCl concentration was restored by replacing 720
µL of the cell solutions with 720µL Millipore water and subsequent
rinsing with 10 mM KCl using the procedure outlined above. Binding
constants given above are based on three independent SPR titrations.

Synthesis. 5,11,17,23-p-tert-Butyl-25,26,27,28-tetrakis(2-(2-(2-(2-
(adamantyl-1-oxy)ethoxy)ethoxy)ethoxy)ethoxy)-calix[4]arene (4).
p-tert-Butyl calix[4]arene (2.5 g, 3.85 mmol) was dissolved in 60 mL
of dry DMF, and NaH (0.46 g, 19.3 mmol) was added. The solution,
kept under N2 atmosphere, was stirred for 10 min before the addition
of the Ad-tetraethylene glycol tosylate3 (13.0 g, 27 mmol). The mixture
was heated at 75°C for 2 days, and then more alkylating agent was
added (2 g, 4.2 mmol). The solution was heated at 75°C for another
3 days and then poured in 150 mL of 1 N HCl solution. The aqueous
phase was extracted with CH2Cl2. The combined organic phases were
washed with water, dried over Na2SO4, and filtered, and the solvent
was removed under vacuum. The residue was purified by column
chromatography: a first column (Et2O:EtOAc, 1/1) was necessary to
purify the product (Rf ) 0.2) from the partial substituted calixarenes
(Rf ≈ 0.3), a second column (Et2O:MeOH, 15/0.4) was needed to
remove the byproducts of the alkylating chain. Compound4 was
obtained as pale yellow oil. Yield: 23%.1H NMR (300 MHz;
CDCl3): δ 6.75 (s, 8H, ArH), 4.42 (d, 4H, ArCH2Ar ax, J ) 12.5 Hz),
4.10 (t, 8H, ArOCH2), 3.93 (t, 8H, ArOCH2CH2), 3.74-3.57 (m, 48H,
AdO(CH2CH2O)3), 3.09 (d, 4H, ArCH2Ar eq, J ) 12.5 Hz), 2.14 (bs,

12H, Ad[CH2CHCH2]), 1.74 (d, 24H, Ad[CHCH2C] J ) 2.4 Hz), 1.61
(m, 24H, Ad[CHCH2CH]), 1.07 (s, 36H, ArC(CH3)3). 13C NMR (75
MHz; CDCl3): δ 153.3 (s, Ar ipso), 144.5 (s, Ar para), 133.7 (s, Ar
ortho), 124.9 (d, Ar meta), 72.8 (t, ArOCH2), 72.2 (s, Ad[CH2CCH2]),
71.3, 70.64, 70.59, 70.4, 70.3 (t, ArOCH2(CH2OCH2)3R), 59.2 (t,
AdOCH2), 41.5 (t, Ad[CCH2CH]), 36.5 (t, Ad[CHCH2CH]), 33.8 (s,
ArC(CH3)3), 31.4 (q, ArC(CH3)3), 31.0 (t, ArCH2Ar), 30.5 (d, Ad[CH2-
CHCH2]). MS (MALDI-TOF) m/z (%): 1914.5 (100) [M(13C) + Na]+,
1913.5 (85) [M+ Na]+. Anal. Calcd for C116H176O20 (1890.67): C,
73.69; H, 9.38. Found: C, 73.81; H, 9.44.

5,11,17,23-Tetranitro-25,26,27,28-tetrakis(2-(2-(2-(2-(adamantyl-
1-oxy)ethoxy)ethoxy)ethoxy)ethoxy)calix[4]arene (5).Calix[4]arene
4 (0.536 g, 0.283 mmol) was dissolved in 5 mL of CH2Cl2 dry, and
the solution was kept under N2 and cooled to 0°C. Glacial CH3COOH
(2.6 mL, 45.4 mmol) and HNO3 100% (0.91 mL, 22.7 mmol) were
added. The solution was stirred for 1 h at 0°C and for 30 min at room
temperature. The reaction mixture was slowly poured in 80 mL of
NaHCO3 saturated aqueous solution and extracted with CH2Cl2. The
organic phase was washed with water, dried over Na2SO4, filtered, and
evaporated under reduced pressure. The residue was purified by column
chromatography (Et2O:MeOH, 10/0.9) to give5 as a pale yellow oil.
Yield: 43%.1H NMR (300 MHz; CDCl3): δ 7.58 (s, 8H, ArH), 4.66
(d, 4H, ArCH2Ar ax, J ) 14.1 Hz), 4.24 (t, 8H, ArOCH2, J ) 4 Hz),
3.81 (t, 8H, ArOCH2CH2, J ) 4 Hz), 3.65-3.55 (m, 48H, AdO(CH2-
CH2O)3), 3.38 (d, 4H, ArCH2Ar eq, J ) 14.1 Hz), 2.12 (bs, 12H, Ad-
[CH2CHCH2]), 1.73 (d, 24H, Ad[CHCH2C], J ) 2.9 Hz), 1.60 (m,
24H, Ad[CHCH2CH]). 13C NMR (75 MHz; CDCl3): 161.6 (s, Ar ipso),
143.0 (s, Ar para), 135.7 (s, Ar ortho), 123.9 (d, Ar meta), 74.3 (t,
ArOCH2), 72.2 (s, Ad[CH2CCH2]), 71.3, 70.6, 70.5, 70.4 (t, ArOCH2-
(CH2OCH2)3R), 59.2 (t, AdOCH2), 41.5 (t, Ad[CCH2CH]), 36.4 (t, Ad-
[CHCH2CH]), 31.1 (t, ArCH2Ar), 30.5 (d, Ad[CH2CHCH2]). MS (ES+)
m/z (%): 961.6 (65) [M+ 2K]2+, 953.4 (100) [M+ Na + K]2+. Anal.
Calcd for C100H140O28N4 (1846.23): C, 65.06; H, 7.64; N, 3.03.
Found: C, 65.18; H, 7.55; N, 3.09.

5,11,17,23-Tetramino-25,26,27,28-tetrakis(2-(2-(2-(2-(adamantyl-
1-oxy)ethoxy)ethoxy)ethoxy)ethoxy)calix[4]arene (6).Hydrazine mono-
hydrate (0.37 mL, 12 mmol) and a catalytic amount of Pd/C were added
to a solution of calix[4]arene5 (0.277 g, 0.15 mmol) in 10 mL of
absolute EtOH. The solution was stirred at 80°C overnight. The mixture
was cooled to room temperature, filtered, and evaporated to dryness.

Figure 7. SPR sensogram for the stepwise assembly followed by the stepwise disassembly of the molecular capsule1‚2 over aâ-CD SAM on a gold. (a)
4 mM â-CD + 10 mM KCl. (b) Addition of2 (0.1 mM in 4.0 mMâ-CD + 10 mM KCl). (c) Addition of1 (0.1 mM in 4 mMâ-CD + 10 mM KCl). (d)
1 M KCl. (e) 2-Propanol. All the solutions are in H2O. The cycle was repeated two times.
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The residue was dissolved in 50 mL of ethyl acetate and washed with
a NaHCO3 saturated aqueous solution. The organic phase was dried
with Na2SO4, filtered, and concentrated under reduced pressure,
obtaining calix[4]arene6 as a pale brown oil in a quantitative yield.
1H NMR (300 MHz; CDCl3): δ 6.04 (s, 8H, ArH), 4.31 (d, 4H, ArCH2-
Ar ax, J ) 13.2 Hz), 3.98 (t, 8H, ArOCH2, J ) 5.8 Hz), 3.81 (t, 8H,
ArOCH2CH2, J ) 5.8 Hz), 3.66-3.57 (m, 48H, AdO(CH2CH2O)3),
2.89 (d, 4H, ArCH2Ar eq, J ) 13.2 Hz), 2.13 (bs, 12H, Ad[CH2-
CHCH2]), 1.74 (d, 24H, Ad[CHCH2C] J ) 2.7 Hz), 1.58 (m, 24H,
Ad[CHCH2CH]). 13C NMR (75 MHz; CDCl3): δ 150.2 (s, Ar ipso),
140.5 (s, Ar para), 135.9 (s, Ar ortho), 116.3 (d, Ar meta), 73.2 (t,
ArOCH2), 72.6 (s, Ad[CH2CCH2]), 71.7, 71.0, 70.8 (t, ArOCH2(CH2-
OCH2)3R), 59.6 (t, AdOCH2), 41.9 (t, Ad[CCH2CH]), 36.9 (t, Ad-
[CHCH2CH]), 31.4 (t, ArCH2Ar), 30.9 (d, Ad[CH2CHCH2]). MS (ES+)
m/z (%): 1747.8 (25) [M+ Na]+, 885.3 (100) [M+ 2Na]2+. Anal.
Calcd for C100H148O20N4 (1726.30): C, 69.57; H, 8.64; N, 3.24.
Found: C, 69.47; H, 8.47; N, 3.20.

5,11,17,23-Tetrakis[N′,N′′-bis-(tert-butyloxycarbonyl)guanidyl]-
25,26,27,28-tetrakis(2-(2-(2-(2-(adamantyl-1-oxy)ethoxy)ethoxy)-
ethoxy)ethoxy)calix[4]arene (7).To a solution of tetramine calix[4]-
arene6 (0.089 g, 0.05 mmol) in 3 mL of dry DMF, kept under N2,
were added bis-Boc-thiourea (0.063 g, 0.23 mmol) and Et3N (0.085
mL, 0.61 mmol). The solution was cooled to 0°C with an ice bath,
and HgCl2 (0.062 g, 0.23 mmol) was added. The reaction was quenched
after 4 h bypouring Et2O in the flask and filtering the solution to remove
the mercury salts. The solvent was removed under vacuum, and the
residue was purified by column chromatography (Et2O:EtOAc 1/1) to
give 7 as a colorless oil. Yield: 61%.1H NMR (300 MHz; CDCl3): δ
11.58 (bs, 4H, NHBoc), 9.82 (s, 4H, ArNH), 6.93 (s, 8H, ArH), 4.44
(d, 4H, ArCH2Ar ax, J ) 13.0 Hz), 4.09 (t, 8H, ArOCH2, J ) 5.6 Hz),
3.86 (t, 8H, ArOCH2CH2, J ) 5.6 Hz), 3.63-3.53 (m, 48H, AdO-
(CH2CH2O)3), 3.15 (d, 4H, ArCH2Ar eq,J ) 13.0 Hz), 2.13 (bs, 12H,
Ad[CH2CHCH2]), 1.76 (d, 24H, Ad[CHCH2C], J ) 2.7 Hz), 1.60-
1.45 (m, 24H, Ad[CHCH2CH] + 72H, Boc). 13C NMR (75 MHz;
CDCl3): δ 163.4 (s, CdO), 153.5 (s, Ar ipso), 152.5 (s, ArNHC),
134.6 (s, Ar para), 130.9 (s, Ar ortho), 123.1 (d, Ar meta), 79.1 (s,
C(CH3)3), 73.0 (t, ArOCH2), 72.1 (s, Ad[CH2CCH2]), 71.2, 70.6, 70.3,
70.0 (t, ArOCH2(CH2OCH2)3R), 59.2 (t, AdOCH2), 41.4 (t, Ad[CHCH2-
CH]), 36.4 (t, Ad[CHCH2CH]), 31.2 (t, ArCH2Ar), 30.5 (d, Ad[CH2-
CHCH2]), 30.2, 28.1 (q, R(CH3)3). MS (ES+) m/z (%): 1369.7 (100)
[M + 2Na]2+, 1358.7 (85) [M+ H + Na]2+, 1348.7 (70) [M+ 2H]2+.
Anal. Calcd for C144H220O36N12 (2695.40): C, 64.17; H, 8.22; N, 6.24.
Found: C, 64.28; H, 8.16; N, 6.14.

5,11,17,23-Tetraguanidinium-25,26,27,28-tetrakis(2-(2-(2-(2-(ada-
mantyl-1-oxy)ethoxy)ethoxy)ethoxy)ethoxy)calix[4]arene, Tetra-
chloride (2). Calix[4]arene7 (0.053 g, 0.02 mmol) was dissolved in
diethyl ether (2 mL), and 2 M HCl solution in dioxane was added (0.34
mL, 0.7 mmol). The solution was stirred overnight at room temperature
and then evaporated under reduced pressure, giving the compound2

in quantitative yield. Compound2 was obtained as a white solid upon
recrystallization from CH2Cl2/hexane solution.1H NMR (300 MHz;
CD3OD): δ 6.72 (s, 8H, ArH), 4.66 (d, 4H, ArCH2Ar ax, J ) 13.4
Hz), 4.26 (t, 8H, ArOCH2, J ) 4.5 Hz), 3.99 (t, 8H, ArOCH2CH2, J )
4.5 Hz), 3.70-3.57 (m, 48H, AdO(CH2CH2O)3), 3.32 (d, 4H, ArCH2-
Ar eq, J ) 13.4 Hz), 2.04 (bs, 12H, Ad[CH2CHCH2]), 1.67 (d, 24H,
Ad[CHCH2C], J ) 2.7 Hz), 1.55 (m, 24H, Ad[CHCH2CH]). 13C NMR
(75 MHz; CD3OD): δ 158.2 (s, CdN), 157.6 (s, Ar ipso), 138.1 (s,
Ar ortho), 130.2 (s, Ar para), 127.1 (d, Ar meta), 75.5 (t, ArOCH2),
74.0 (s, Ad[CH2CCH2]), 72.6, 72.3, 72.1, 72.0, 71.9 (t, ArOCH2(CH2-
OCH2)3), 60.8 (t, AdOCH2), 42.3 (t, Ad[CHCH2CH]), 37.8 (t, Ad[CCH2-
CH]), 32.3 (d, Ad[CH2CHCH2]), 32.2 (t, ArCH2Ar). MS (ES+) m/z
(%): 632.8 (100) [M- H - 4Cl-]3+. Anal. Calcd for C104H160O20N12-
Cl4 (2040.30): C, 61.22; H, 7.90; N, 8.24. Found: C, 61.33; H, 7.87;
N, 8.15.

Conclusions

The results obtained indicate that the concept of building
noncovalent molecular capsules based on ionic interactions,
investigated thus far only in the bulk solution, can be success-
fully extended to the surface. This approach opens the possibility
to build a large variety of molecular capsules on molecular
printboards by simply functionalizing one of the building blocks
with adamantyl units.

The immobilization of the molecular capsule at the surface
relies on three different noncovalent interactions, that is, the
thiol-gold interactions, the hydrophobicâ-CD-Ad interactions,
and the ionic interactions between the sulfonate and guanidinium
groups of the calix[4]arene derivatives. This feature enables full
control over the attachment/detachment of the adamantyl
derivative onto the surface as well as over the binding of the
second building block at the interface. Because of the possibility
to control chemically the stepwise assembly and disassembly
of the supramolecular capsule, promising applications, such as
the transfer of molecular patterns from one surface to another,
can be envisioned.
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