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ABSTRACT: A novel bis-pillar[5]arene dicarboxylic acid self-assem-
bles in the presence of 1,12-diaminododecane to yield overall neutral,
internally ion-paired supramolecular polymers. Their aggregation,
binding mode, and morphology can be tuned by external stimuli such
as solvent polarity, concentration, and base treatment.

■ INTRODUCTION

Over the past few years, supramolecular polymers1 have grown
from promising candidates to technological reality for the
construction of smart devices and functional materials. Owing
to the dynamic and reversible nature of noncovalent
interactions, not only do they retain traditional polymer
properties, but they also display additional features including
stimuli responsiveness, adaptability, self-healing, and degrad-
ability. The properties of these materials rely on the dynamic
nature of their reversible bonding, which takes advantage of
noncovalent interactions such as hydrogen bonding, π−π
stacking, metal−ligand coordination, hydrophobic interactions,
and host−guest complexation. By combining multiple “weak”
interactions, host−guest complexation, i.e., macrocycle recog-
nition of complementary guest moieties, has been proven to be
one of the most reliable strategies to fabricate supramolecular
polymers.
The appearance of each new host macrocycle has fueled

advancements in supramolecular polymer science, and in this
context, the surfacing in the literature of pillar[n]arenes,2 a new
type of calixarene analogue, has already led to the successful
preparation of a new generation of supramolecular functional
materials.3 Because of their highly symmetrical structure,
pillararenes possess a marked affinity for both cationic and
neutral molecules bearing electron-withdrawing groups.4 In
fact, compared with the calix[n]arene cone-like cavitiy, the
more cylindrical one of pillar[n]arenes contributes to enhance
the π-electron density of the cavity, allowing multiple favorable
cation−π and CH−π interactions to take place with included
guests.

The proclivity shown by pillararenes to form inclusion
complexes and give rise to a variety of complex self-assembled
architectures5 has made the synthesis of a wide range of
pillararene-based supramolecular polymers (PSPs) with a wide
range of topological features possible.6 Typically, they are
categorized into two broad groups: linear and branched PSPs.
The linear ones are mostly built from the classical AB- or AA/
BB-type monomer−monomer recognition motifs, with the AB-
type consisting of a self-complementary heteroditopic unimer
incorporating, at the same time, a pillararene macrocycle and a
suitable guest counterpart, which allows an iterative head-to-
tail infinite complexation to be achieved. Conversely, the AA/
BB-type polymers rely on the pairing of complementary
homoditopic monomers, composed of a bis-pillararene (AA)
component and a corresponding two-headed guest (BB)
partner. The branched ones, on the other hand, are mainly
assembled from the ABn- and An/Bm-type monomer design,
which rely on heteropolytopic or complementary homopoly-
topic building blocks, respectively. However, supramolecular
hyperbranched polymers have recently been reviewed, and
they will not be discussed further here.7

As for the linear PSPs, there are several examples of
successful preparation of stimuli-responsive species.8 AB-type

Received: October 21, 2020
Published: December 28, 2020

Articlepubs.acs.org/joc

© 2020 American Chemical Society
1676

https://dx.doi.org/10.1021/acs.joc.0c02501
J. Org. Chem. 2021, 86, 1676−1684

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Notti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilenia+Pisagatti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Nastasi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvatore+Patane%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melchiorre+F.+Parisi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Gattuso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Gattuso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.0c02501&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02501?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02501?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02501?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02501?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.0c02501?fig=abs1&ref=pdf
https://pubs.acs.org/toc/joceah/86/2?ref=pdf
https://pubs.acs.org/toc/joceah/86/2?ref=pdf
https://pubs.acs.org/toc/joceah/86/2?ref=pdf
https://pubs.acs.org/toc/joceah/86/2?ref=pdf
pubs.acs.org/joc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.joc.0c02501?ref=pdf
https://pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/joc?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


monomers spontaneously assemble giving rise to concen-
tration-dependent aggregates9 that, when equipped with a
suitable bistable unit such as a photoisomerizable stilbene8a or
an azobenzene,10 can be disassembled, reassembled, or
rearranged at will. Water-soluble AB-type PSPs can easily be
obtained by decorating the two rims of the pillararene
monomer with positively11 or negatively12 charged moieties.
However, attachment of a suitable guest component to a
pillararene macrocycle does not always deliver PSPs but
occasionally results in the competitive formation of [c2]daisy
chain dimers13 or [1]rotaxanes14 (as a result of self-inclusion).
Very recently, an unusual linear AA-type PSP composed of a
repeating decamethoxy-pillar[5]arene/1,4-dibromobutane
pseudorotaxane held together by guest Br−Br interactions
has been described.15

Few examples of AA/BB-type PSPs have been reported so
far, based on covalently linked bis-pillar[5]arenes.16 This
approach offers some advantages, as the connecting moiety can
bear groups that may endow the final PSP with additional
stimuli responsiveness or specific functions. For instance, the
presence of an azobenzene bridge allowed photocontrol to be
exerted on the degree of polymerization (DP) of the
polymer,17 whereas the insertion of diselenide18 bridges in a
bis-pillararene dimer allowed the polymers to be disassembled
by simple reductive (dithiothreitol) or γ-ray treatment. In a
similar fashion, the reversible [4 + 4] photocycloaddition of
anthracene19 or the formation of dynamic covalent bonds
(imines)20 readily generated double dynamic PSPs. In some
cases, the units connecting the macrocycles were even used to
reversibly cross-link the bis-pillar[5]arene-containing poly-
mers.21 AA/BB-type PSPs based on a bis-pillararene monomer
held together by orthogonal metal ion coordination have also
been described.22

As a part of our on-going investigations into supramolecular
polymers23 and ionizable macrocycles,24 we have recently
described the formation of an AA/BB-type supramolecular
polymer composed of a bis-calix[5]arene and 1,12-diamino-
dodecane, where the connecting chain between the two
calixarene units of the host-acting monomer incorporates two
carboxyl groups.25 These building blocks allowed us to
produce internally ion-paired, overall neutral supramolecular
polymers by means of host-to-guest double proton transfer.
More specifically, protonation of diaminododecane triggered
the inclusion of the resulting diammonium ions into the host
cavities, following a well-known linear primary alkylammo-
nium/calix[5]arene recognition motif.26 Calix[5]arene/ammo-
nium polymers were also disassembled upon treatment with a
competitive chain stopper.25,27

As a follow up to our work, to verify the robustness of the
design of this AA/BB monomer pair, we decided to swap
calix[5]arene units with structurally related pillar[5]arenes28

while keeping the rest of the design unaltered (i.e., the
dicarboxylic acid spacer connecting the two macrocycles and
the α,ω-diaminoalkane monomer). We hereby present a novel
bis-pillar[5]arene dicarboxylic acid H capable of self-assem-
bling in the presence of 1,12-diaminododecane (henceforth
referred to as G) to yield multistimuli-responsive polymeric
aggregates sensitive to base treatment, concentration, or
solvents.

■ RESULTS AND DISCUSSION
Bis-pillar[5]arene H was synthesized in two steps starting from
the known nonamethoxy-pillar[5]arene29 1 and meso-dibro-

modiester30 2 (Scheme S1). The two were reacted in refluxing
acetonitrile in the presence of K2CO3 as the base to give bis-
pillar[5]arene dimethyl diester 3 in a 46% yield. Compound 3
was then hydrolyzed with aqueous LiOH to provide H in a
quantitative yield.
The affinity between bis-pillar[5]arene dicarboxylic acid H

and 1,12-diaminododecane was preliminarily evaluated by
means of 1H NMR spectroscopy. Upon addition of 1 equiv of
diamine to a 13 mM solution (CDCl3/CF3CD2OD, 9:1, v/v)

31

of H, the methylene groups of the guest alkyl chain underwent
substantial upfield complexation-induced shifts (up to Δδ =
−2.20 ppm) as a consequence of the magnetic shielding
operated by the host aromatic units, and a set of six new
resonances appeared in the δ = 1.5 to −2.0 ppm range (α to ζ,
Figure 1). Concomitantly, a distinctive broadening as well as

less pronounced shifts were observed on a number of
resonances of the host (e.g., downfield for ArH and upfield
for the oxomethine hydrogen atom of the spacer chain at δ =
4.52 ppm). Similar spectral features were also seen upon
dilution of the original 1:1 H/G solution to 6 or 0.6 mM
(Figure S1, see the Supporting Information). Unlike for many
pillararenes,32 the complexation in this case was found to be on
a slow exchange regime on the NMR timescale.
A combined 2D correlation spectroscopy (COSY) and

nuclear Overhauser effect spectroscopy (NOESY) NMR
analysis shed light on the topological features of such a
host−guest interaction (Figure 2, full spectra shown in Figures
S2 and S3). The peaks assigned to the guest methylene groups
display several intermolecular correlations with the aromatic
resonances of the host, as well as with the ArCH2Ar and OCH3
hydrogen atoms of H, indicating that the dodecanediyl moiety
of G is encircled at both ends.
To verify how successful the monomer design was in terms

of polymerization efficiency, a series of diffusion ordered
spectroscopy (DOSY) NMR spectra were recorded on
equimolar H/G samples at different concentrations. The self-
diffusion coefficients (D), extracted from the peaks belonging

Figure 1. Top: structure of the assembled internally ion-paired H/G
PSP. Bottom: 1H NMR spectra (500 MHz, 25 °C, CDCl3/
CF3CD2OD, 9:1, v/v) of: (a) [H] = 13 mM; (b) [H] = [G] = 13
mM; and (c) [G] = 13 mM. Asterisks and hashtags indicate the
residual solvent and HOD peaks, respectively.
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to the aromatic hydrogen atoms of the pillar[5]arene moiety,
decreased with respect to that measured for the free H,
indicating the formation of larger aggregates (Table 1 and

Figure 3). The self-diffusion coefficient extracted from the
decay of the resonances assigned to the cavity-included G
confirmed that both H and G are part of the same PSP
aggregate.
Assuming that the polymeric species adopt a random coil

spherical shape in solution, their average molecular mass at
different concentrations was estimated by means of eq 1,33

which inversely correlates the diffusion coefficients of the
monomers and the aggregates to their molecular masses

D D M M/ ( / )aggregate monomer monomer aggregate
1/3= (1)

At [H] = [G] = 13 mM, the aggregates displayed an estimated
average M = 46 600 amu, which corresponds to ca. 24−25 H/
G monomer pairs. The estimated M values follow the expected
trend upon dilution, decreasing to 16 000 amu at 6 mM (ca.
eight H/G pairs) and ultimately to 4000 amu at 0.6 mM (two
H/G pairs), where the polymer had practically disassembled.
Further experiments were carried out to clarify whether the

host-to-guest proton transfer had actually taken place under
the conditions employed. Protic solvents are well known to
stabilize charge-separated species and, in line with this, we have
previously demonstrated, for a similar bis-calix[5]arene
dicarboxylic acid/1,12-diaminododecane monomer pair, that
trifluoroethanol31 plays a pivotal role in assisting the host-to-
guest proton transfer,23f,25,34 thus increasing the natural
tendency of the pillar[5]arene cavity to include amino-
terminated alkyl chains by providing additional electrostatic
interactions.35 Therefore, to understand whether the proton
had actually transferred from the carboxylic acid moiety of the
host to the guest amino groups, we decided to carry out 1H
and DOSY NMR experiments on H and on the H/G aggregate
in neat CDCl3,

36 to test the behavior of the polymer under less
favorable (i.e., aprotic) conditions. Addition of 1 equiv of G to
a 10 mM solution of H in CDCl3 provided a remarkably
different picture than that previously seen for the CDCl3/
CF3CD2OD experiments (Figure 4). In this case, the peaks for
the included methylene groups of the guest broadened
considerably, as a result of an association process that relies
exclusively on cation−π and CH−π interactions without the
additional electrostatic (CO2

−···H3N
+) stabilization. Further-

more, a new broad resonance at δ = 2.75 ppm, consistent with
the presence in solution of the α-CH2 of an uncomplexed guest
moiety, provided evidence for a less efficient complexation/
polymerization process. A DOSY spectrum confirmed that the
size of the aggregate had dramatically decreased (Figure S4).
The self-diffusion coefficient derived from the resonances of
the aromatic hydrogen atoms of the host (2.72 ± 0.03 × 10−10

m2/s) allowed an average molecular mass of 8000 amu to be
estimated for the new PSP,37 significantly lower in comparison

Figure 2. Sections of the 2D NOESY spectrum (500 MHz, 25 °C,
CDCl3/CF3CD2OD, 9:1, v/v) of a [H] = [G] = 13 mM solution.

Table 1. Self-Diffusion Coefficient and Average Molecular
Mass of H and H/G Aggregates Measured at 25 °C in
CDCl3/CF3CD2OD (9:1, v/v) in the 0.6−13 mM
Concentration Rangea

[H] (mM) [G] (mM) D (×10−10 m2/s) Maggregate
b (amu)

13 13 1.23 ± 0.07 46 600b

6.0 6.0 1.77 ± 0.08 16 000b

0.6 0.6 2.82 ± 0.08 4000b

13 0 3.74 ± 0.08 1700
aThe self-diffusion coefficient of H was found to be concentration-
independent in this range. bEstimated by means of eq 1.

Figure 3. Selected DOSY plots (500 MHz, 25 °C, CDCl3/CF3CD2OD, 9:1, v/v) recorded on the free H and upon dilution of the H/G equimolar
solution: (a) [H] = [G] = 13 mM; (b) [H] = [G] = 6 mM; (c) [H] = [G] = 0.6 mM; and (d) [H] = 13 mM. Asterisks designate the residual
solvent peak.
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even than that observed at 6 mM in the CDCl3/CF3CD2OD
solvent mixture.
UV−vis titrations of H with G in the CHCl3/CF3CH2OH

(9:1, v/v) solvent mixture as well as in neat CHCl3 were
carried out for additional evidence on the influence of the
solvent(s) on the self-assembly of PSPs (Figure 5). The
absorption spectrum of H, in both solvents, is characterized by
an intense band in the UV region at about λmax = 290 nm (ε =
4.0 × 104 M−1 cm−1 in both solvent systems), attributed to π→

π* transitions.38 In analogy with what had been observed by
1H NMR, depending on the medium used, the addition of G to
a solution of H produced different spectral outcomes. When
neat CHCl3 was used, the band around 290 nm underwent a
hyperchromic effect as well as a bathochromic shift (about 5
nm). Fitting of the data39 using a 1:1 binding model (polymer
formation was considered unlikely in the concentration range
employed for this titration, i.e., 3.6−3.7 × 10−5 M) returned a
Ka = 2.41 × 104 M−1 for the likely formation of a G ⊂ H
complex.
In the case of the CHCl3/CF3CH2OH mixture, on the other

hand, two successive binding events were observed. Upon
addition of 3 equiv of G, the response was similar to that
observed in neat chloroform. Further addition of G however
produced a hypochromic effect on the ∼290 nm band and gave
rise to a new low-intensity band between 315 and 490 nm. In
this latter case, fitting of the data returned values of Ka(1:1) =
7.16 × 104 M−1 and Ka(1:2) = 4.52 × 107 M−2 for the 1:1 and
1:2 (H:G) complexes, respectively, in agreement with the
formation of first a G ⊂ H and then a G ⊂ H ⊃ G complex.
UV−vis and 1H and DOSY NMR experiments carried out in

the two solvent systems, along with recent literature reports on
pillararene−carboxylic acid/amine34 and calixarene−carboxylic
acid/amine24,25 complexes, led to the conclusion that the
formation of these PSPs relies heavily on the proton transfer
from the carboxyl moieties of the monomer host to the amine
groups of the diaminododecane monomer guest. PSPs self-
assemble more efficiently in the presence of trifluoroethanol,
most probably by taking advantage not only of the inclusion of
the alkyl chain inside the cavity32d but also of the additional
stabilization provided to the H/G pair by −CO2

−···H3N
+

electrostatic attraction. On the contrary, in neat chloroform,
where proton transfer is unfavored, such an additional
stabilization cannot be gained. This is further confirmed by
the evidence that at the concentration used for the UV−vis
titration in the CHCl3/CF3CH2OH mixture, H is able to bind
two G units (one per cavity), whereas in neat CHCl3
complexation, it halts at the 1:1 stage.
Control over the self-assembly of the H/G PSP can be

exerted using a suitable base to deprotonate the ammonium
ion, thus nullifying the effects of the salt−bridge interaction.
Earlier investigations on calix[5]arene/alkylammonium poly-
mers23d,g had shown that base treatment led to disassembly,
owing to the inability of calix[5]arenes to bind amines. It was
envisaged though that the H/G PSP would not meet the same
fate, since pillar[5]arene/alkylamine (or alkylammonium)
recognition is mainly driven by CH−π interactions between
the guest chain and the host cavity. Indeed, upon addition of 4
equiv of triethylamine (TEA) to a 13 mM PSP solution, the 1H
NMR spectrum of the H/G mixture dramatically changed
(Figure 6). In the high-field region of the spectrum, the
resonances assigned to the symmetrically complexed guest
virtually disappeared, being replaced by a new set of cavity-
shielded peaks and a new resonance (δ = 2.63 ppm)
accounting for the presence of a cavity-unshielded α-methylene
group of a primary amine (i.e., δ = 2.61 ppm for the
−CH2NH2 of free G, see Figure 1c). A COSY spectrum
(Figure S5) showed that all these new resonances belonged to
a dodecanediamine chain with a single amino end group
included in a pillar[5]arene cavity,40 while a DOSY spectrum
on the same mixture demonstrated that depolymerization of
the H/G aggregate had taken place (Figure S6), with the self-
diffusion coefficient extracted from the aromatic hydrogen

Figure 4. Top: proposed structure of the H/G aggregate in CDCl3.
Bottom: 1H NMR spectrum (500 MHz, 25 °C, CDCl3) of [H] = [G]
= 13 mM. The asterisk and the hashtag indicate the residual solvent
and H2O peaks, respectively.

Figure 5. UV−vis titrations of bis-pillar[5]arene H with 1,12-
dodecanediamine G. Top: in CHCl3, [H] = 3.58 × 10−5 M, [G] = 0−
7.01 × 10−4 M; bottom: in CHCl3/CF3CH2OH, 9:1, v/v, [H] = 3.71
× 10−5 M, [G] = 0−1.26 × 10−3 M.
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atoms (3.09 ± 0.02 × 10−10 m2/s) nearing the one obtained
for the free H (3.74 ± 0.08 × 10−10 m2/s, see above).
In agreement with the data discussed so far, the assembly

and disassembly of the PSP may also be deduced by observing
the shifts undergone by the peaks of the methine hydrogen
atom adjacent to the carboxyl moiety. Prior to G addition, the
CHCO2Hs of the free H resonate as a sharp triplet at δ = 4.52
ppm (Figure 6a), whereas upon host-to-guest proton transfer
leading to PSP self-assembly, the newly formed CHCO2

−

moieties give rise to a broad singlet at δ = 4.33 ppm (Figure
6b). Finally, after TEA treatment, the spectrum shows two

distinct resonances (δ = 4.33 and 4.22 ppm of approximately
the same intensity, Figure 6c) for each methine hydrogen atom
(CHCO2

−) adjacent to a “different” pillararene unit, fully
consistent with the presence in solution of a “full” and an
“empty” pillararene cavity.
Atomic force microscopy (AFM) provided interesting

evidence on the morphology of the H/G PSP. Figure 7a
shows the AFM topography of the thin film obtained from an
equimolar solution of H and G spin-coated onto a silica
surface. The image shows a rather regular grid-like pattern,
consistent with a bundle of fibers made up of H/G polymers.41

As can be seen from Figure 7b, the height of these fiber cross
sections is around 140 nm.
The polymer disassembly process, caused by the base

treatment of a solution of the H/G polymer, can be fully
appreciated by AFM analysis (Figure 8). The morphology of

the film obtained by spin-coating a H/G solution after TEA
addition shows no grid structure (very similar to what is seen
for a film obtained by a solution of H, see Figure S8), with an

Figure 6. Top: proposed structure of the H/G aggregate after TEA
addition. Bottom: 1H NMR spectra (500 MHz, 25 °C, CDCl3/
CF3CD2OD, 9:1, v/v) of (a) [H] = 13 mM; (b) [H] = [G] = 13 mM;
and (c) [H] = [G] = 13 mM, [TEA] = 52 mM. Asterisks and hashtags
indicate the residual solvent and HOD peaks, respectively.

Figure 7. (a) AFM topography image of the grid obtained upon spin-coating a [H] = [G] = 1 mM solution (CHCl3/CF3CH2OH, 9:1, v/v) onto a
silica surface and (b) profile of the cross section of the fiber orthogonally cut along the blue line shown in the inset to (a).

Figure 8. AFM topography image of a silica surface spin-coated with a
[H] = [G] = 1 mM solution (CHCl3/CF3CH2OH, 9:1, v/v) treated
with triethylamine (4 mM).
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overall landscape characterized by the presence of small
discrete objects, 50−150 nm in diameter, resulting from a
disorganized amorphous aggregation.

■ CONCLUSIONS
The self-assembly of a pillar[5]arene-based AA/BB-type
supramolecular polymer has been reported. This PSP is held
together by host−guest interactions between 1,12-diaminodo-
decane G and bis-pillar[5]arene dicarboxylic acid H. In
addition, host-to-guest double proton transfer allows for an
additional electrostatic interaction between the ammonium
groups of the guest monomer and the carboxylate moieties of
the host monomer. We have demonstrated that it is possible to
exert a high level of control over the assembly of these PSPs by
changing concentration, solvent, or by addition of a base.
Remarkably, each stimulus had different effects on the PSP:
even though they always result in depolymerization, each of
them induces a change in the recognition motif, leading to
−CO2

−···H3N
+−, −CO2H···H2N−, or −CO2

−···H2N− inter-
actions, respectively, that deeply affect the size of the PSP.
These findings, taken together with our earlier contributions
on internally ion-paired supramolecular assemblies, will
provide new powerful means for the fine-tuning of PSP
properties.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Melting points were

determined on a Kofler hot stage apparatus and are uncorrected.
1H and 13C NMR spectra were recorded on a Varian 500
spectrometer at 25 °C, at 500 and 125 MHz respectively. Chemical
shifts are reported in ppm and are referenced to the residual CDCl3
solvent (δH 7.26 and δC 77.0 ppm). Structural assignments were made
with additional information from gCOSY, gNOESY, and gDOSY
experiments. ESI mass spectra (positive or negative ion mode) were
acquired on an API-2000 AB Sciex spectrometer, using 1.0 mM
CH3OH stock solutions. UV−vis absorption spectra were recorded on
a Jasco V-560 spectrophotometer. Nonamethoxy-pillar[5]arene29 1
and meso-dimethyl dibromododecanedioate30 2 were prepared
according to literature procedures. Prior to use, 1,12-diaminodode-
cane (>97%, purchased from Fluka) (G) was dissolved in CH2Cl2 and
filtered through aluminum oxide. Anhydrous solvents were either
obtained commercially or dried by standard methods prior to use,
while other chemicals were of reagent grade, routinely used without
any further purification. Column chromatography was performed on
silica gel (Merck, 230−400 mesh).
Synthetic Procedures. meso-Bis-pillar[5]arene Dimethyl Die-

ster (3). A suspension of nonamethoxy-pillar[5]arene 1 (216 mg, 0.29
mmol), dimethyl dibromododecanedioate 2 (54 mg, 0.13 mmol), and
K2CO3 (75 mg, 0.54 mmol) in MeCN (30 mL) was heated to reflux
in an oil bath for 1 day under a nitrogen atmosphere. After cooling,
the solvent was evaporated under reduced pressure, and the resulting
crude mixture was partitioned between CH2Cl2 (25 mL) and H2O
(10 mL). The organic layer was washed twice with H2O (2 × 20 mL),
dried over MgSO4, filtered, and evaporated under reduced pressure to
give a white solid. Column chromatography (SiO2, toluene/AcOEt,
9:1, v/v) followed by preparative thin-layer chromatography (SiO2,
toluene/AcOEt, 9:1, v/v) afforded 3 as a white solid; yield: 102 mg,
46%. 1H NMR (500 MHz, CDCl3) δ 6.85, 6.84, 6.82, 6.81, 6.76, 6.75,
6.71, 6.66, 6.46 (9 × s, ratio 2:1:1:1:1:1:1:1:1, ArH, 20 H), 4.42 (t, J =
6.4 Hz, OCH, 2 H), 3.91−3.64 (m, ArCH2Ar, 20 H), 3.76, 3.75, 3.72,
3.70, 3.69, 3.62, 3.60 (8×s, ratio 1:1:1:1:1:3:1:1, OCH3, 30 H), 1.81
(quintuplet, J = 6.4 Hz, CHCH2, 4 H), 1.62−1.44 (m, CH2, 8 H),
1.38−1.28 (m, CH2, 4 H) ppm. 13C{1H} (125 MHz, CDCl3) NMR δ
172.5, 151.0, 150.62, 150.57, 150.54 (×2), 150.46, 150.44, 150.4,
150.3, 149.2, 128.8 (×2), 128.5, 128.4, 128.3, 128.13 (×2), 128.09,
127.9, 127.8, 114.9, 114.7, 114.1, 114.0, 113.8, 113.7. 113.5 (×2),
113.2, 56.1, 55.91, 55.88, 55.77, 55.75, 55.71, 55.60, 55.58, 55.8, 50.6,

33.0, 30.8, 29.6, 29.5 (×2), 29.42, 29.35 (×2), 28.3, 25.7 ppm.
ESI(+)-MS m/z 1765 ([M + K]+, 100%). Anal. calcd for C102H118O24:
C, 70.90; H, 6.88. Found: C, 70.55; H, 6.74.

meso-Bis-pillar[5]arene Dicarboxylic Acid (H). Aqueous LiOH (1
M, 3 mL) was added to a solution of bis-pillar[5]arene dimethyl
diester 3 (66 mg, 0.04 mmol) in THF (15 mL), and the resulting
mixture was stirred overnight in a thermostated oil bath at 50 °C. HCl
(1 M, 9 mL) and H2O (30 mL) were then added, and the resulting
solution was extracted with CHCl3 (3 × 20 mL). The combined
organic layer was dried (MgSO4), filtered, and evaporated under
reduced pressure to give a white precipitate that was crystallized from
MeCN/CH2Cl2 to yield H as white crystals; yield: 66 mg,
quantitative. 1H NMR (500 MHz, CDCl3) δ 6.79, 6.76, 6.74, 6.72,
6.71, 6.70, 6.69, 6.67, 6.62 (9×s, ratio 1:1:1:1:1:1:2:1:1, ArH, 20 H),
4.53 (t, J = 5.8 Hz, OCH, 2 H), 3.87−3.68 (m, ArCH2Ar, 20 H), 3.71,
3.67, 3.65, 3.64, 3.59, 3.58, 3.52 (7 × s, ratio 1:1:1:2:2:1:1, OCH3, 27
H), 1.87 (quintuplet, J = 5.8 Hz, CHCH2, 4 H), 1.45−1.38 (m, CH2,
4 H), 1.28−1.22 (m, CH2, 4 H), 1.19−1.11 (m, CH2, 4 H) ppm.
13C{1H} (125 MHz, CDCl3) NMR δ 173.1, 151.4, 151.2, 150.93,
150.91 (×2), 150.89, 150.8, 150.7, 150.6, 148.1, 128.95, 128.90,
128.5, 128.43 (×2), 128.41, 128.2, 128.08, 128.07, 127.8, 115.0,
114.6, 114.48, 114.46, 114.3 (×2), 114.0 (×2), 113.9, 113.8, 56.3
(×2), 56.2, 56.03, 56.02, 55.96 (×2), 55.94, 55.9, 55.7, 32.5, 30.3,
29.86, 29.82, 29.77, 29.70, 29,13, 29.05, 29.01, 25.0 ppm. ESI(−)-MS
m/z 1697 ([M − H]−, 100%). Anal. calcd for C100H114O24: C, 70.65;
H, 6.76. Found: C, 70.29; H, 6.81.

1H NMR Dilution Experiments. 1H NMR spectra (500 MHz)
were recorded at 25 °C either in CDCl3 or in CDCl3/CF3CD2OD
(9:1, v/v). Prior to use, CDCl3 was filtered through neutral aluminum
oxide to remove any traces of acid. Sample solutions of H + G were
prepared by mixing together H and G in a 1 to 1 molar ratio to
produce [H] = [G] = 13 mM, which was then diluted with the same
solvent mixture down to [H] = [G] = 6 or 0.6 mM.

Diffusion-Ordered Spectroscopy Studies. DOSY experiments
were carried out on a 500 MHz NMR spectrometer equipped with a
z-gradient system capable of producing pulse gradients up to 50 gauss
× cm−1. Spectra were recorded either in CDCl3 or in CDCl3/
CF3CD2OD (9:1, v/v) at 25 ± 0.1 °C, using a gradient stimulated
echo with spin-lock and a convection compensation pulse sequence.

Atomic Force Microscopy. Spin-coated H/G thin films for AFM
analysis were prepared at room temperature by casting a few drops of
a [H] = [G] = 1 mM solution (CHCl3/CF3CH2OH, 9:1, v/v) onto a
silica surface while spinning at about 2000 rpm. The same procedure
was also carried out with a [H] = [G] = 1 mM solution (CHCl3/
CF3CH2OH, 9:1, v/v) to which 4 equiv of trimethylamine (TEA) had
subsequently been added. The images were acquired using an AFM
SMENA (NT-MDT) apparatus equipped with a silicon probe
working in semi-contact mode (NSG30, 6 nm typical curvature
radius). All of the images were postprocessed by a plane removal
numerical procedure.
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