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The lower-rim functionalised distal bis-(4-picolyl)-p-tert-butylcalix[4]larene (L) selectively and quantitat-
ively self-assembles into a series of discrete [2 + 2] blue-emitting metallacycles of general formula
M,L,X,, with diverse metal salts (M = Zn?*, Pd*, Ag*, and Cd?*; X = CI~, NOs~, ClO,~, BF4~, CF35057,
PFg™, SbF¢™; n = 2, 4). Macrocycle assembly has been corroborated by 2D-DOSY NMR and ESI-MS ana-
lyses, which further indicate that the M,L,X,, entities are quite stable and persist as robust and discrete
macrocyclic species in solution. While free L units display modest blue emission (Anax = 307-405 nm),
self-assembly of M,L,X,, results in amplified fluorescence (up to 13-fold). This remarkable enhancement
may be primarily ascribed to the increase in conformational rigidity imposed on the L units by supramole-
cular assembly formation upon metal coordination to the pyridyl groups; in addition, subtle intensity-
emission modulation may be provided by the different metal components. Titrations aimed at exploring
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the possibilities for ratiometric detection of metal cations or sensing of nitroaromatic species, revealed
that the M,L,X,, platform may be a suitable “turn-on/off" system. Our results provide valuable insights into
luminescence enhancement within the context of coordination-driven assemblies, which may be engi-
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Introduction

Coordination-driven self-assembly is an effective and versatile
strategy to design and construct aesthetically appealing 2D
and 3D metallo-structures by a judicious combination of
donor and acceptor components of suitable geometries."” The
low synthetic cost and the usual outcome of a single thermo-
dynamic product under mild conditions, not only makes avail-
able tailor-made assemblies of the desired shape and size, but
also promises direct access to advanced multifunctional supra-
molecular coordination complexes in high yields.> The past
few years in particular have witnessed a tremendous progress
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neered to increase their fluorescence by imposing rigidity on the chromophores.

in the engineering of photoactive coordination-driven architec-
tures with perspectives in molecular sensing, cell imaging,
and materials science.”” Despite continuous advances in these
areas, it is not yet possible to fully control the luminescent
response of supramolecular entities; in this sense, the ability
to alter photophysical properties through rational structural
modifications is of utmost relevance. Of special interest are
the factors directly related to self-assembly, which may induce
higher emission of photoactive assemblies. In practice, fluo-
rescence enhancement by supramolecular coordination
complex formation is generally achieved by blocking the PET
quenching (Photoinduced Electron Transfer),® or by the
sensing of various chemical species.” In search of easily-acces-
sible modular systems with tunable optical elements, we exam-
ined the repercussions of self-assembly on the modestly
emissive bis-(4-picolyl)-p-tert-butylcalix[4]arene L, affording a
series of blue-emissive M,L,X, metallamacrocycles with a
variety of metals (Scheme 1). The semi-flexible tecton L was
employed to control the shape, size, and stoichiometry of this
new class of supermolecules. We envisaged that the orien-
tation of the 4-picolyl moieties as adaptable and flexible
coordination sites, would direct the construction of discrete
macrocycles over potential oligomeric or polymeric species.

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 General synthesis of metallomacrocycles 1-10.

Although calix[4]arenes represent one of the most iconic
classes of macrocyclic motifs in supramolecular chemistry,®
they have been seldom employed in multi-metal self-assembly.
Sophisticated examples include architectures covalently
assembled through carboxylic® and dithiocarbamate'® func-
tionalities, as well as metal clusters.'* Surprisingly, little work
has been reported on coordination-driven calixarene com-
plexes,'* with a single example regarding the crystal structure
of a coordination macrocycle."*> Moreover, investigations on
photoactive coordination-driven calixarene assemblies are vir-
tually non-existent. Thus, we herein present an investigation of
the impact of self-assembly on the fluorescence of calixarene
L, providing a first glimpse into the potential of this class of
macrocycles as turn-on/off prototypes for cation and nitroaro-
matic sensing. To the best of our knowledge, this work rep-
resents the first example of a novel family of photoactive self-
assembled coordination macrocycles based on a calix[4]arene
derivative, typifying the luminescent enhancement in terms of
the increase of molecular rigidity in M,L,X,, systems. While
supramolecular rigidity has been envisaged as a factor for
improving fluorescence of coordination-driven assemblies,>"*
reports in this area are seldom encountered. We herein
present a unique platform to examine the role of confor-
mational constraint upon self-assembly, which may have been
overlooked in previous supramolecular coordination design,
thus providing advantageous insights into principles of
luminescence tuning.

Results and discussion
Synthesis and characterisation of M,L,X,, metallomacrocycles

Initially, the solid-state structure of calixarene L was deter-
mined by X-ray crystallography. Single crystals were obtained
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Fig. 1 ORTEP representation of calixarene L (50% thermal ellipsoids).
Disordered DMSO solvent molecules and hydrogen atoms have been
omitted for clarity.

in the triclinic space group P1 by slow evaporation of a concen-
trated dmso solution (see ESIt). The asymmetric unit consists
of one molecule of calix[4]arene L as well as two disordered
molecules of dmso. The molecular structure of L confirms the
presence of two picolyl groups at the distal position on the
lower rim of the macrocycle, as well as a cone conformation
(characterised by intramolecular O-H---O hydrogen bonding)
adopted by the calix[4]arene. An ORTEP representation of L is
depicted in Fig. 1.

The preparation of dinuclear M,L,X, macrocycles was
achieved by mixing the corresponding M™" salt (M = Ag", Pd*",
Zn**, and Cd*") with L in a 1: 1 ratio under mild conditions. It
was anticipated that the orientation of the N-donors at the
4-positions (angle between lone pairs close to 0°, Fig. 1) would
lead to selective [2 + 2] self-assembly of macrocycles as thermo-
dynamic products, in contrast to the previously reported
mononuclear or polymeric complexes obtained with 2-picolyl
groups in the presence of Cu®>" ions.'” Initial reactions
between L and M(NOs), (M = Zn*", Cd*") in a 1:1 ratio in
CHCI; or CH,CI, led to complex mixtures as determined by H
NMR spectroscopy, suggesting the presence of the desired
macrocycles and oligomeric species. The use of more polar sol-
vents such as MeOH or CH;CN allowed the isolation of micro-
crystals formulated as the desired macrocycles in nearly
quantitative yields. The simplicity of this methodology illus-
trates the level of control provided by the coordination-driven
self-assembly approach,'® suggesting that the main driving
force for the selective association into macrocycles may be the
hydrophobicity of L.

The "H NMR spectrum of L displays one set of signals for
each half of the molecule that remains unchanged upon
M,L,X, assembly, indicative of the presence of a single C,-sym-
metric species. Additionally, all M,L,X,, '"H NMR spectra
display a pair of doublets ranging from 3.3 to 4.3 ppm
assigned to the typical AB spin system of the bridging —-CH,-
groups of calixarene units, indicating that cone conformation
of L is preserved upon macrocycle formation in all cases. The
chemical shifts of the pyridyl protons Hay,, and Hby, are highly
sensitive towards metal ion coordination, with significant
downfield shifts due to deprotection upon cation binding
(Fig. 2). While this represents the most evident feature in the
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Fig. 2 Partial *H NMR spectra of L and M,L,X,, macrocycles 1-10 in
CDClz at 25 °C.

"H NMR spectra of the macrocycles, the remaining resonances
are only slightly affected by coordination. Furthermore, the "H
NMR spectra of the macrocycles bearing Pd** and Ag" ions
display sharp signals indicating free motion, consistent with
the anticipated rectangular macrocyclic shapes given the
coordination preferences of Ag" and trans-disubstituted Pd**
ions. In contrast, in the spectra of Zn** and Cd*" metallo-
macrocycles the signals tend to broaden, possibly due to the
more restricted motion imposed by the tetrahedral environ-
ment around Zn*" and Cd*" centres that give rise to “twisted”
macrocycles, as predicted by Merck Molecular Force Field
(MMFF) simulations (vide infra). It is noteworthy that this
effect is more pronounced in the case of Cd*>" complex 10,
where the doublets assigned to Ha and Hb are split into an
additional pair of broad doublets; this may be attributed to the
more hindered rotation of the pyridine rings upon coordi-
nation to bulky cadmium perchlorate motifs.
Diffusion-ordered NMR spectroscopy (DOSY) spectra
showed that all proton resonances of the complexes exhibit
the same diffusion coefficient (see the ESI{); accordingly, the
selective formation of a single assembly is confirmed. By
applying the Stokes-Einstein equation, we estimated the
hydrodynamic radii (rH) of different metallomacrocycles,
diffusion coefficients and the calculated radii are given in
Table 1. The rH values of the assemblies are nearly double the
value determined for L, providing strong evidence for the
larger dimensions of the metallic species, which are in reason-
able agreement with the M,L,X,, formulation and indicate that
these macrocycles persist in solution as discrete dinuclear
species. Likewise, the formation of higher order assemblies,
such as coordination oligomers or smaller 1:1 MLX, com-
plexes is ruled out. It is worth mentioning that in all cases the
rH values represent average molecular sizes, which may
involve the potential effect of counterions and the nearest sol-
vation shell, especially for Zn>" and Cd*" macrocycles. Perhaps
more importantly, the diverse macrocycle conformations
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Table 1 Measured diffusion constants and calculated hydrodynamic
radii for L and 1-10 in CDCl; solutions at 298 K

Diffusion coefficients Hydrodynamic

Compound (x107" m*s7', 298 K) radii 7H (A)
Free L 5.83 6.88
1Zn,L,Cl, 3.63 11.10
2 Zn,L,(NO;), 3.61 11.25
3 Zn,1,(ClO,), 3.05 13.20
4 Pd,L,Cl, 3.73 10.81
5 Ag,L,(BF,), 4.46 9.04
6 Ag,L,(CF5S05), 4.16 9.69
7 Ag,L,(PFy), 4.03 9.97
8 Ag,L,(SbF), 4.30 9.37
9 Cd,L,(NO;), 3.34 12.07
10 Cd,L,(ClO,), 3.09 13.03

arising from the varied coordination geometries also account
for variations in size among the series of macrocycles pre-
pared. For instance, the smaller 7H values observed for the Ag"
metallomacrocycles (from 9.0 to 10.0 A) may be due to the
presence of only one counterion for each silver centre and a
roughly rectangular macrocycle shape.

The molecular M,L,X, (n = 2, 4) composition of [2 + 2]
assemblies was confirmed by ESI-MS analysis (see ESIf). In
general, the spectra indicate the exclusive formation of the
target macrocycles. Nonetheless, in some cases it is possible to
distinguish species of a slightly higher molecular weight
arising from coordination of solvents or capture of free metal
ions; such reactivity may be feasible under ESI-MS conditions
(Fig. S26 and S28, ESIf). Overall, the spectra showed charged
states consistent with the macrocyclic fragments [M,L,X,,—1]"
as a result of the loss of one counterion, except for macrocycle
10, where it was only possible to observe the peaks attributable
to a proposed hemimacrocycle [CdL,(ClO,4)]"; the observed
peaks are in good agreement with the calculated isotopic dis-
tributions. Peaks assignable to generic [AgL,]" and [ML,X]"
hemimacrocycles were also detected in most cases, suggesting
that a general pathway for disassembly may proceed through
such species. Notably, all ESI-MS spectra of silver macrocycles
5-8 exhibit a common pattern displaying peaks consistent
with [AgL,]" and [AgL]" at approximately m/z = 1769 and 939,
respectively. Given that DOSY-NMR and ESI-MS techniques
constitute suitable means for the solution characterisation of
supramolecular assemblies,’” these data provide compelling
evidence of the stability of macrocycles 1-10 in solution, in
both nonpolar (CH,Cl,, CHCl;) and polar (CH;O0H, CH;CN)
solvents. In addition to the satisfactory DOSY and ESI-MS data,
as well as elemental analyses, the target macrocycles were
modelled by means of MMFF simulations in order to predict
their shape and size. The model structures of palladium
complex 4 and silver macrocycles 5-8 feature roughly rectangu-
lar shapes, as envisaged, given the metal coordination prefer-
ences. Meanwhile, simulations of macrocycles containing Zn>*
and Cd** predict a helical-type shape imposed by the expected
tetrahedral geometries of these ions. As a result of the twisted
macrocyclic conformation, the MMFF models suggest the pres-

This journal is © The Royal Society of Chemistry 2015
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(8) [Ag,L2(SbFg),]

(10) [Cd,L5(CIO,),]

Fig. 3 Proposed space-filling molecular models of macrocycles dis-
playing varied conformations (Spartan, MMFF).

ence of an inner cavity with the potential to host small guests
such as solvent molecules or additional metal ions (Fig. 3). In
all cases, the values obtained for the diameters from molecular
modelling (distance between the two most distant points of
calixarene units) were comparable to the calculated diameters
from the diffusion coefficient using the Stokes-Einstein
equation. These results predict that the semi-flexible L is able
to adopt diverse macrocyclic conformations through N,,-M
bonds, leading to varied conformations in order to meet the
geometric requirements of each metal ion. Unfortunately, all
efforts to obtain X-ray quality crystals of the macrocycles were
unsuccessful; a few well-formed crystals were obtained, but
apparently the presence of large voids resulted in weak scatter-
ing to collect satisfactory data.

Photophysical properties of M,L,X,, metallomacrocycles

In order to discern the role of metallomacrocyclic self-assem-
bly in emission modulation, we measured absorption and
emission of L at twice the concentration of the macrocycles to
keep the stoichiometry of the ligand in the supramolecular
assemblies. The UV-vis spectra of L and macrocycles 1-10 in
MeOH exhibit a prominent absorption band at Ay, = 280 nm
assigned to n-m* symmetry-allowed intraligand transitions.
The absorption spectra are similar among the whole series,
showing that the energy of the bands is not sensitive to the
identity of the metal, with only minor changes in absorption
coefficients. Upon excitation of MeOH solutions (Aex

280 nm), L exhibits a single emission band at A,,x = 307 nm.
Notably, most M,L,X, macrocycles display a fluorescence
enhancement relative to the parent calixarene L, with a stron-
ger single emission band around the wavelength observed for
L (Amax & 307 nm) and no additional emission peaks. All
macrocycles afford nearly identical spectra to the uncoordi-
nated L, evidencing that the emission can be traced to the
calixarene scaffolds, and that self-assembly did not alter the
shape of the parent spectrum (Fig. 4). Macrocycles
Ag,L,(SbFs), (8), Zn,L,(Cl0,), (3) and Ag,L,(PFs), (7) display
the highest emission, whereas self-assembly of macrocycles
Zn,L,(NO;3), (2), CdyLy(NO3), (9) induce poor emission, and
Pd,L,Cl, (5) even quenches the fluorescence to some extent.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Fluorescence spectra of L (17.0 x 107 M) and M,L,X, (8.5 x
107° M) recorded in CHzOH at room temperature, 1o, = 280 nm. Inset:
pictures of emitting solutions of Ag,L,(SbF), (8, left), and L (0, right).

Thus, the observed change in the fluorescence intensity
ranged from 20% to 350% upon self-assembly, as compared to
the emission of two uncoordinated L tectons in MeOH.

We also examined the luminescent behaviour of this family
of macrocycles as CHCl; solutions; excitation at A., = 280 nm
yielded spectra with a different pattern than that observed in
MeOH. The former band at A, = 307 nm is observed along
with more intense peaks (Amax = 354, 373 and 392 + 4 nm). In
contrast, the absorption features do not present a solvatochro-
mic shift, with UV-vis spectra recorded in CHCI; nearly identi-
cal to those determined in methanolic solutions, An.. ~
280 nm (Fig. S33, ESIf). For most M,L,X, macrocycles their
emissive properties as CHCIl; solutions can be described as
modest. Nevertheless, outstanding exceptions are Ag,L,(SbF),
(8) and Zn,L,(Cl0O,), (3), which exhibit 13-fold and 9-fold emis-
sion enhancements in the same solvent, respectively; their
strongest blue emission is centred at A,,.x &~ 375 nm (Fig. 5).

The observations described above attest that supramolecu-
lar assembly may yield distinctive and improved photonic
functionality relative to the parent isolated luminophores. In
our case two assembled molecules (L), locked in the M,L,X,
macrocycles, emit stronger fluorescence than two dis-
assembled L molecular entities. The improved emission of the
macrocycles may be primarily ascribed to the increased rigidity
of L as emissive building blocks upon self-assembly. The flexi-
ble picolyl arms are partially locked by formation of four
N,,~M bonds, with a geometric arrangement that is deter-
mined by the specific metal ion involved. While luminescence
in the majority of examples of coordination-driven assemblies
relies on the intrinsic high photoactive properties of rigid
organic building blocks, our results are intriguing for the
reason that we achieved improved emissions simply by increas-
ing rigidity as the main element upon self-assembly of the
relatively flexible and poorly emissive tecton L. The confor-
mational restraints seemingly minimise structural pertur-

Dalton Trans., 2015, 44, 15966-15975 | 15969


http://dx.doi.org/10.1039/c5dt02058a

Published on 04 August 2015. Downloaded by FAC DE QUIMICA on 25/11/2015 19:35:49.

Paper
4000000 -
3 %
.3 o
£ 3000000 - [AgL5(SbFe),] (8)
=
o
£
k7
[
Q
£ 2000000

Zn,Ly(CIO, 3
1000000 [Zn;L5(Cl04)4] (3)

. ¢ v
300 400 500
Wavelength (nm)

Fig. 5 Macrocycles displaying the highest enhanced emission relative
to the parent L ligand in CHCl; (8.5 x 10~ M for M,L,X,, and 17 x 107° M
for L).

bations, such as vibrations and torsions associated with non-
radiative decay that deactivate the excited state of the pyridine-
containing L chromophores; as a result, the emission pro-
perties due to macrocycle formation are significantly
enhanced. Interestingly, similar fluorescence enhancement
related to the increase of rigidity and restricted motions has
been observed in many molecular systems that do not involve
self-assembly.’® Only in a few very recent examples this
increase in rigidity has been proposed to be a factor for the
enhanced emission of photoactive ligands upon self-assem-
bly.>'* The resulting emission intensity can be further modu-
lated by electronic effects on L units induced by each metal
component. Cd>" ions, for example, tend to induce poor emis-
sion enhancement when compared to Zn>* ions, probably due
to the usual quenching effect of heavy-atoms."® Likewise, emis-
sion of Ag,L,X, macrocycles 5-8 proves that the nature of the
counterion is important: generally, all AgX salts (X = BF,",
OTf™, PFs, and SbFs ) cause higher emission than L in
MeOH, with AgSbF, inducing the highest fluorescence
response among the silver salts even in CHCl;. It is worth
pointing out that the investigation into the role of metal ions
in assemblies is fundamental for the development of novel
functional materials, considering that such studies remain
relatively scarce.*”

Metal ion sensing in methanol

Given that L exhibits an increase in the fluorescence intensity
in the presence of the metal ions employed, we performed
fluorescence titrations on L to monitor self-assembly and to
examine the potential for metal ion binding at different stoi-
chiometric ratios. Titrations of L with ZnCl,, Zn(ClO,), and
AgSbF¢ in MeOH were chosen as representative examples.
When a 1:1 ratio was attained, and after approximately 1 h at
room temperature, fluorescence measurements afforded stable
values indicative of exclusive M,L,X,, formation. Under these
conditions, a good response to the additional Zn** ions was
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observed, since the fluorescence intensity does not saturate
upon formation of the putative macrocycle with Zn,L,X, stoi-
chiometry when one equivalent of Zn*" relative to L is present.
For instance, when excess ZnCl, is added to the in situ formed
Zn,L,Cl,, macrocycle 1 displays fluorescence enhancement
until addition of up to 5 equivalents of ZnCl, (Fig. S35, ESIf).
Likewise, titration of L with Zn(ClO,), revealed that addition of
1 equivalent of salt led to an emission enhancement without
any spectral changes after approximately 50 minutes, indicat-
ing that assembly of macrocycle 3 is complete within this
period. In order to determine if ClO,™ increases emission, this
was probed by addition of NaClO, solutions, but little effect on
fluorescence emission was observed (enhancement of 8% with
addition of 2 equivalents). In contrast, 3 displayed a continu-
ous turn-on enhancement upon addition of up to 30 equiva-
lents of Zn>" (Fig. 6). Finally, addition of a solution of AgSbFj
to L resulted in the highest fluorescence enhancement on L
obtained with only one equiv. of Ag', although excess of
AgSDbF; still had a slight enhancement effect on the emission
spectra (Fig. S36, ESIT).

Fluorescence titrations of L with Zn** and Ag” ions confirm
the enhancement of blue emission associated with the for-
mation of the M,L,X, macrocycles. This illustrates that the
coordination-driven self-assembly approach could serve as the
basis for the development of ion detection systems with “turn-
on” signalling, which is often more desirable than “turn-off”
metal detection for better selectivity and sensitivity.

Detection of nitroaromatic species

Since fluorescent coordination-driven assemblies have been
successfully employed as sensors for diverse nitro-containing
explosives via turn-off signaling,’®?* we explored the possi-
bility of using macrocycles 1-10 for sensing nitroaromatic
compounds by monitoring their blue fluorescence under UV
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Fig. 6 Enhancement of fluorescence of L (8.5 x 10™® M solution in

MeOH) upon assembly of macrocycle Zn,L,(ClOy)4 (3), and relative

changes upon addition of excess of Zn(ClOy),. Inset: simulation rep-
resenting the assembly of macrocycle 3.
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light. In this context, picric acid (PA) has been widely employed
as a chemical reagent in pharmaceutical, firework and leather-
dye industries, resulting in its widespread presence as an
environmental pollutant with repercussions on human health.
Its highly explosive nature makes the development of selective
and inexpensive chemosensors for PA a topic of paramount
interest for safety and environmental remediation.

In order to illustrate the potential of macrocycles 1-10 as
sensors, we investigated the fluorescence response of selected
macrocycles 2, 5, 8 and 10 towards PA. The initial emission
gradually decreased with broadening of the spectrum, while
the intense and sharp bands progressively disappeared,
accompanied by appearance of a low-energy shoulder at ca.
450 nm that may be assigned to the formation of an inter-

Table 2 Picric acid (PA) concentration to quench emission of metalla-
cycles 2, 5, 8, and 10, and K¢ (from Stern—Volmer equation)

Macrocycle PA” (uM) Kass (x10° M)
Zn,1,(NO3), (2) 638 1.52
Ag,L,(BF,), (5) 672 1.01
Ag,L,(SbFy), (8) 680 1.00
Cd,L,(Cl0,), (10) 765 1.65

“ Concentration of PA needed to quench emission ca. 90%.
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molecular charge transfer complex, as assumed usually for the
interaction between PA and the fluorogenic unit.>"*> This low-
energy band was detected after addition of one equivalent of
PA. The fluorescence quenching data were also analysed using
the Stern-Volmer equation to obtain an association or quench-
ing constant (K,g); the nonlinear upward curve plot implies in
all cases the engagement of a dual static and dynamic mechan-
ism in the fluorescence quenching (Fig. S37, S38, S40, and
S41, ESIt). The K,¢ values and the PA concentrations required
to quench emission ca. 90% are shown in Table 2. The highest
quenching efficiency is observed in 10 among the tested metal-
lacycles; Fig. 7, S39, and S41t1 show the changes in fluo-
rescence upon addition of PA to 2, 5, 8 and 10. These
preliminary results suggest that larger metallacycles bearing
tetrahedral metal ions (Zn** and Cd**), display higher quench-
ing efficiency than macrocycles assembled through linear Ag"
ions; this might be associated with the enforced confor-
mations and the predicted size of each macrocycle based on
the corresponding metal ions.

Further insight into the interaction between macrocycles
and PA in solution, and proof for strong binding are evidenced
by 'H NMR titration studies, with incremental addition of PA
inducing changes in the spectral patterns of the tested macro-
cycles. In general, the NMR spectra are characterised by a
gradual broadening of resonances and downfield shifting of
the signals corresponding to pyridyl protons Ha and Hb, as
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Fig. 7 Fluorescence quenching profiles of CHCls solutions (8.5 x 10~ M) of macrocycles 8 (left) and 10 (right) upon gradual addition of PA (1.0 x
1073 M solution in CHCls) along with the corresponding *H NMR partial titration plots in CDCls at room temperature.
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well as the methylene groups He in the 4-position of the pyri-
dine rings upon addition of PA; the largest downfield shift for
this set of signals suggests that the PA..-M,L,X,, interaction
occurs mainly in the proximity of the picolyl moieties: the Hb
protons experience the largest downfield shift, indicating a
major electron withdrawing effect on such protons. Notably,
the phenolic -OH protons exhibit a high sensitivity towards
the presence of PA, evidenced in the downfield shifts and
broadening of the corresponding signals. Interestingly, the
addition of PA to macrocycle 10 led to a gradual downfield
shifting and sharpening of signals corresponding to the
pyridyl rings; the original four-signal pattern (Hal, Ha2, Hb1
and Hb2, Fig. 2 and 7) is simplified into a pair of sharp doub-
lets, Ha and Hb, similar to those observed for 1-9. Likewise,
PA resonances undergo a downfield shift likely associated with
the variations in solution from the bound charge-transfer state
to the unbound state of PA. This effect has been observed for
coordination-driven metallacycles in the presence of PA as a
quencher.”® The NMR data strongly indicate interaction
between PA and macrocycles, likely via formation of a charge-
transfer complex. This interaction is mainly localised in the
proximity of the picolyl rings and the free OH groups, given
the high sensitivity of these protons to the presence of PA in
the NMR spectra. Overall, the examined macrocycles exhibit
fast and sensitive fluorescence quenching behaviour towards
PA, thus rendering them as a promising family of macrocycles
for the detection of nitro-containing explosives. This behaviour
will be investigated in detail in forthcoming work.

Conclusions

We have presented a rational and simple strategy to afford a
novel family of discrete [2 + 2] metallomacrocycles using a bis-
picolylcalix[4]arene derivative with control over stoichiometry
and size via a coordination-driven self-assembly approach.
These robust macrocycles persist in solution as evidenced by
2D-DOSY NMR and ESI-MS experiments. MMFF simulations
predict that calixarene L is able to adjust to the variable geo-
metric needs of diverse metals ions that maintain the supra-
molecular integrity, despite their varied conformational
arrangements. Generally, macrocycles 1-10 display stronger
emission than the parent L, demonstrating that two assembled
L molecules emit stronger fluorescence than two uncoordi-
nated L molecules. Such an effect may be primarily triggered
by the supramolecular rigidity imposed on L by the metal ions
in the macrocycles, so that the N,,~M interactions restrict the
molecular motions and minimise non-radiative decay mecha-
nisms. Secondly, the intensity of emission is further modu-
lated according to the electronic properties of the metal
centres, while preserving the blue emissive colour. The latter
property may be further exploited to tune the fluorescence of
blue emitting materials, and possibly to develop novel emitters
at different wavelengths. Our observations imply that our strat-
egy to assemble macrocycles appears to be a promising proto-
type for chemosensors, with L and M,L,X, as versatile
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luminescent probes for “turn-on” metal detection or “turn-off”
sensing of nitroaromatics, respectively.

The results herein presented should stimulate the use of
calixarenes and related supramolecular macrocyclic platforms
as versatile scaffolds for photoactive coordination-driven
assemblies. This may result in novel sensors with architectures
comprising the calixarene cavities, combined with pre-
organised metal-binding sites. To the best of our knowledge,
this is the first report that combines the use of calixarenes in
coordination-driven self-assembly with potential applications
in emission enhancement, and potential for turn-on/off signal-
ing sensors. This rigidity principle may be extended to the
design of new types of photoactive functional materials in the
context of architecture-dependent supramolecular sensors by
fluorescence enhancement, and also to achieve fine-tuning of
fluorescence through the binding of selected metal ions.
Further exploration of these types of systems with different
metals, solvents, and anions need to be evaluated for the
development of novel fluorescent probes.

Experimental details
Materials and methods

Reagents were purchased from commercial suppliers and used
as received. All solvents were purified and distilled under N,
by standard methods prior to use. Melting points were deter-
mined on an Electrothermal Mel-Temp apparatus and are
uncorrected. Infrared spectra were obtained with a Bruker
Tensor 27 spectrometer in the 4000-400 cm™" spectral region
as KBr disks. Combustion analyses were performed at the
microanalytical laboratory of Instituto de Quimica. Electron
Ionisation mass spectrometry (ESI MS) experiments were per-
formed with a Bruker Daltonics Esquire 6000 spectrometer
with an ion trap. NMR spectra were recorded with a Bruker
Avance III 400 or with a Bruker 300 with tetramethylsilane
(TMS) as an internal standard. The 'H-DOSY spectra were
recorded at 25 °C with 150 ms diffusion delay and 32 transi-
ents, using the 2D diffusion measurement Stimulated Echo &
Led Bipolar Gradient (PFG-LED) with a 2 spoil gradient
ledgs2s pulse sequence in the standard Bruker pulse sequence
library. Sample concentration of 10 mM was used to reduce
viscosity changes and intermolecular interactions. Hydrodyn-
amic radii in CDCl; were calculated by using the viscosity
value 7CDCl; = 0.542 x 107 kg m™" s™', 298 K. Absorption
spectra were obtained as MeOH solutions on a Unicam UV300
spectrometer using a deuterium lamp, whereas an Agilent UV-
vis spectrophotometer model 8453 was employed to record the
spectra as CHCI; solutions. All fluorescence spectra were
recorded on a Fluorolog Horiba Spectrofluorometer equipped
with a Xe lamp; the samples were excited at a wavelength of
absorption maxima Apy.x = 280 nm, all emission measurements
were carried out with 5 nm slit widths. Molecular modeling of
macrocycles was performed with Merck Molecular Force Field
(MMFF) methods on Spartan ‘08 software (Wavefunction,
Irvine, CA). Caution: Cadmium compounds should be handled
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with care due to their high toxicity. Metal perchlorates may
undergo explosive reactions!

M™* titration of L for M,L,X,, formation and fluorescence
enhancement studies

Methanolic solutions of L (2 mL, 8.5 x 107° M in MeOH) were
prepared by repeated dilution, placed in a quartz cuvette and
the initial fluorescence emission spectra were recorded. Small
volumes (8.5-85 L) of stock ZnCl,, Zn(ClO,), and AgSbF, solu-
tions (7.5 x 107" M in MeOH) were added sequentially to the
cuvette using a microsyringe until maximum fluorescence
intensity was observed, or a total volume of 4 mL was reached;
the solutions were shaken well before recording measurements.

Fluorescence quenching study

2 mL stock solutions (8.5 x 10~° M) of the selected macrocycles
(2, 5, 8 and 10) in CHCI; was placed in a quartz cell of 1 cm
width and the quencher stock solution of picric acid (1.0 x
10" M) in CHCl; was added in incremental mode at room
temperature; for titration measurements all macrocycles were
excited at 4 = 280 nm. The data were related as a Stern-Volmer
plot of I,/I against [Q], and the association-quenching con-
stants K,ss were calculated from the slope of the Stern-Volmer
plot obtained by linear regression according to the equation:

Io/l =1+ Kass[Q];

where I, and I represent the fluorescence intensity before and
after addition of the quencher Q. Nevertheless, in the case of
combined static and dynamic quenching, the Stern-Volmer
plot exhibits an upward curve (concave toward the y-axis), the
data were plotted as [(I,/I — 1)/Q] versus [Q], yielding a straight
line with a slope of KpKs as K,g, according to the following
equation:**

IO/I =1 +Kass[Q]
Kass = [(Io/I) — 1][1/Q] = (Kp + Ks) + Kp + Ks[Q]

Synthesis of calix[4]arene L and M,L,X,, metallomacrocycles
1-10

To prepare calix[4]Jarene L, we followed the procedure
described below; in our hands, the reported method resulted
in low and variable yields.>*
{5,11,17,23-Tetra-tbutyl-25,27-dihydroxy-26,28-bis-( pyridine-4-
ylmethoxy)  calix[4]arene}  (L). 5,11,17,23-Tetra-tert-butyl-
25,26,27,28-tetrahydroxy-calix[4]arene (1.00 g, 3.08 mmol) was
dried under vacuum at 60 °C for 1 h whereupon anhydrous
K,CO; (4.26 g, 30.82 mmol) was added into CH3CN (150 mL)
and the mixture was refluxed for 2 h under N, flow. Then, (4-
chloromethyl)-pyridine hydrochloride (3.03 g, 18.49 mmol)
and KI (0.13 g, 0.77 mmol) were added and stirred for 2 h at
40 °C, followed by reflux with vigorous stirring for 48 h. After
this period, the reaction mixture was vacuum filtered and the
solid was washed with hot MeCN; the mother liquor afforded a
dark solid after solvent removal. This was dispersed and
boiled in distilled water (250 mL) for 1 h, filtered, and washed
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thoroughly with hot water until the liquor was colourless. After
column chromatography on silica gel with 20:1 CH,Cl,:
MeOH as the eluant, L was obtained as a colourless solid.
Yield: 1.21 g (48%); m.p.: 109-111 °C. IR (KBr): v = 3391m (br)
(O-H), [2955s, 2905w, 2866w] (C-H), [1602m, 1563w] (C=N),
[14815, 1460m, 1415m] (C=C), 1195s, 1019m, 804s. 'H NMR
(400 MHz, CDCl;, 25 °C): 6 = 8.63 (d, *Jyi; = 6.0 Hz, 4H, Py),
7.64 (d, *Jy_y = 6.0 Hz, 4H, Py), 7.07 (s, 4H, Ar), 6.97 (s, 2H,
OH), 6.79 (s, 4H, Ar), 5.07 (s, 4H, OCH,-), 4.25 (d, *Ji_y = 13.1
Hz, 4H, -CH,-), 3.33 (d, *Jy_u = 13.2 Hz, 4H, -CH,-), 1.30 (s,
18H, ‘Bu), 0.93 (s, 18H, ‘Bu). *C NMR (75 MHz, CDCl;, 25 °C):
5=150.6, 150.2, 149.5, 147.7, 146.3, 142.0, 132.4, 127.6, 125.8,
125.3, 121.4, 76.1, 34.0, 31.8, 31.7, 31.1. Elemental analysis
caled (%) for Cs¢HggN,O5 C 79.21, H 8.07, N 3.30; found C
79.58, H 8.19, N 3.44.

All macrocycles were obtained through a similar protocol;
preparation of macrocycle 1 is described below, while detailed
synthetic procedures for the rest of 1-10 macrocycles are pro-
vided in the ESL.{

[Zn,L,Cl,] (1). To a solution of zinc chloride (9.0 mg,
0.07 mmol) in acetonitrile was added L (50.1 mg, 0.06 mmol)
in three portions under N, over 20 minutes. The resulting sus-
pension was further stirred at room temperature for 4 h, the
precipitate was vacuum filtered and washed with cold MeCN
and cold MeOH to give 1 as a colourless solid. Yield: 52 mg,
91%; m.p.: 278-281 °C. "H NMR (400 MHz, CDCl;, 25 °C): § =
8.79 (br, 8H, Py), 8.01 (br, 8H, Py), 7.02 (s, 8H, Ar), 6.91 (br,
4H, OH), 6.76 (s {br}, 8H, Ar), 5.19 (s {br}, 8H, OCH,-), 4.17 (d,
Ju-n = 13.0 Hz, 8H, -CH,-), 3.30 (br, 8H, -CH,-), 1.26 (s, 36H,
‘Bu), 0.92 (s {br}, 36H, ‘Bu). IR (KBr): v = 3466m (br) (O-H),
[2958s, 2867m] (C-H), 1622 m (C=N), [1482s, 1431m] (C=C),
1259m, 1198s, 1028s, 795s. MS (+ESI, CH;OH): m/z = 1897.8
[Zn,L,Cl, — CIT, 1798.9 [Zn,L,Cl, — Zn*" — 2ClI~ + H'T,
1761.9 [Zn,L,Cl, — Zn*" — 3C17]". Elemental analysis calcd (%)
for C;,,H;35CI4N,0,,Zn, C 67.64, H 6.99, N 2.82; found C
67.51, H 6.76, N 2.80.

X ray diffraction of calix[4Jarene L

A suitable single crystal of L was mounted on a glass fiber
under a cryogenic system and crystallographic data were col-
lected with an Oxford Diffraction Gemini “A” diffractometer
with a CCD area detector with Ayoxe = 0.71073 A and a mono-
chromator of graphite at 130 K. CrysAlisPro and CrysAlis RED
software packages were used for data collection and inte-
gration.”® The double pass method of scanning was used to
exclude any noise. The collected frames were integrated by
using an orientation matrix determined from the narrow
frame scans. Final cell constants were determined by a global
refinement; collected data were corrected for absorbance by
using analytical numeric absorption correction using a multi-
faceted crystal model based on expressions upon the Laue
symmetry using equivalent reflections.*® Structure solution
and refinement were carried out with the SHELXS-2014 and
SHELXL-2014 packages;*” WinGX v2014.1 software was used to
prepare material for publication.”® Full-matrix least-squares
refinement was carried out by minimising (F,> — F.*)%. All non-
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hydrogen atoms were refined anisotropically. The H atom of
the hydroxo group (H-O) was located in the difference map
and refined isotropically with Ujso(H) = 1.5 for H-O. H atoms
attached to C atoms were placed in geometrically idealized
positions and refined as riding on their parent atoms, with
C-H = 0.95-0.98 A and with Ujso(H) = 1.2U.4(C) for aromatic
groups, and Ujs(H) = 1.5Uq(C) for methyl groups. Crystal data
and experimental details of the structural determination of L
are listed in Table S1, ESL.f The crystallographic data for the
structure reported in this paper has been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC 1403977.
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