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A novel pillar[5]arene (P5DPB) that includes a classical m-conjugated molecule, 4,4’-(1,4-phenylenedi-
2,1-ethenediyl) bis-pyridine (DPB), was designed and synthesized as a substituent. Because of this modi-
fication, P5DPB exhibits several unique properties that differ from those of common pillar[5]arenes. The
P5DPB neutral pyridine shows good selectivity for Agt and Fe3*. The presence of Agt ions cause a blue
shift (from yellow-green to green) and a decrease in the intensity of the P5SDPB emission, while the ad-
dition of Fe3* significantly quenches the P5DPB fluorescence. In addition, PSDPB satisfies the conditions
for the construction of an energy transfer system with the commonly used Rhodamine B dye and shows
great potential for the development of artificial light-harvesting systems. This work provides a new ap-
proach for the construction of energy transfer systems and a new reference for metal detection based on
derivatized pillar[n]arenes, greatly enriching the applications of these systems.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Pillar[n]arenes [1-3] are important macrocyclic molecules
formed by the cyclic arrangement of a certain number (n) of hy-
droquinone or 1,4-dimethoxybenzene units linked to each other
by methylene bridges, generating rigid pillar-like m-electron-rich
cavities with strong binding abilities to electron-poor species and
having excellent potential for chemical modification [4,5]. Pil-
lar[5]arene, with a cavity size around 5.5A that is sufficiently
large to form sTable 1:1 complexes with small electron-poor
molecules, have most widely been investigated to date [6-9].
Functionalization can endow pillar[n]arenes with new physical or
chemical properties or generate completely new materials, lead-
ing to broader applications [10-14] and this area of investigation
is rapidly growing. However, this functionalization may require
quite tedious synthetic procedures. Functionalized pillar[n]arenes
have initially been classified according to the degree of substi-
tution, including monofunctionalized, difunctionalized, and per-
functionalized [15-19]. In addition to growing fundamental re-
search, practical applications, which comprise chemosensors, or-
ganic light-emitting diodes, hydrogel materials, nanomaterials, etc.,
are also increasing [20-26]. For example, Ma and his collabora-
tors [27] synthesized a perfunctionalized pillar[5]arene based on 8-
hydroxyquinoline, which introduced reactive sites for sensing met-
als and anions. A logic gate made up of Hg?t, CN~ and this pil-
lar[5]arene was then successfully fabricated. Moreover, functional-
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ization also gave great impetus to improve the pillar[5]arene fluo-
rescence performance. Gouda and co-workers [28] made full use of
the BODIPY dye to synthesize a green-emissive pillar[5]arene. Due
to the strong redshift of the emission wavelength after functional-
ization, this BODIPY-based pillar[5]arene meets the conditions of
triggering the Forster resonance energy transfer (FRET) behavior
with merocyanine. The strong research effort on functionalized pil-
lar[5]arenes is continuing, revealing the great value of functional-
ized pillar[5]arenes as well as their impressive application poten-
tial.

In the present work, a new difunctionalized pillar[5]arene
(P5DPB, Scheme 1), containing two 4,4’-(1,4-phenylenedi-2,1-
ethenediyl) bis-pyridine (DPB) units on the pillar[5]arenes ring,
was designed and synthesized (Schemes S1-S3 in Supporting infor-
mation). DPB, as a typical dye, is a linear ;r-conjugated molecule
that is often used in the research of artificial light-harvesting sys-
tems, metal-organic frameworks, light-emitting diodes, etc. [29].
Therefore, the introduction of DPB endows P5DPB with many new
features. Compared with the ordinary pillar[5]arene [30,31], the
intervention of a large hydrophobic conjugated group drastically
changes the structure and induces a deformation of the columnar
cavity, suppressing the basic aggregation-induced emission (AIE)
property of the parent pillar[5]arene, and conversely introduc-
ing the new aggregation-caused quenching (ACQ) property [32,33].
Moreover, P5DPB serves as a metal coordination ligand [34-38].
Experiments show that the neutral pyridine of P5DPB specific
recognition towards Ag* and Fe3*. The presence of Ag+ directly in-
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Scheme 1. The structures of PSDPB and RB.
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Fig. 1. Fluorescence spectra (Aex =425nm) of (A) PSDPB (20 pmol/L) in water/DMSO with increasing fuater and (B) PSDPB (20 pmol/L) in the presence of 10 equiv. of different
metals in DMSO; (C) photographs of PSDPB solutions (20 umol/L) in DMSO before and after the addition of different metals under UV irradiation.

duced the aggregation of P5DPB, further leading to a significant de-
crease in the emission intensity of P5DPB and a blue shift of wave-
length from yellow to green, while the addition of Fe3* quenches
the P5DPB fluorescence. Finally, since the emission of P5DPB over-
laps with the excitation of Rhodamine B (RB) dye to meet the nec-
essary conditions for triggering the FRET system, P5DPB can con-
struct a fast and simple FRET system with RB dye, indicating that
it is a potential donor for an artificial light-harvest system [39-42].
The pillar[5]arene derivatives synthesized in this paper, which have
the functions of metal detection and artificial light-harvest system,
provide ideas for designing and synthesizing more and more prac-
tical pillar[5]arene derivatives, and promote pillar[5]arene deriva-
tives to practical applications.

P5DPB is a pillar[5]arene derivative modified with two fluo-
rescent conjugated DPB molecules and simultaneously possesses
two hydrophilic pyridinium groups and two neutral pyridines that
can easily coordinate with metals. Such a modification is of great
significance to improve the P5DPB performance. For example, the
emission wavelength of P5DPB is greatly red-shifted from the typi-
cal value of common pillar[5]arenes (about 325 nm) [30] to 542 nm
by the modification with the large conjugate groups. The fluores-
cence characteristics are also changed. P5DPB no longer exhibits
the typical aggregation-induced emission (AIE) effect of normal pil-
lar[n]arenes. On the contrary, it exhibits the aggregation-caused
quenching (ACQ) effect that most fluorescent compounds have (Fig.
1A). At a fixed 20pumol/L concentration in a mixture of DMSO
(good solvent) and water (poor solvent), the fluorescence inten-
sity decreases from 313 a.u. to 97 a.u. (AI=216 a.u.) as the wa-
ter content is increased from 0 to 90%. What influenced the huge
difference between P5DPB and the normal pillar[n]arenes was the
introduction of large DPB molecules. The AIE effect of the normal
pillar[n]arenes mainly originates from the aggregation of benzene
rings to form rigid columnar structures of the cavity. However, due
to the modification of the classical w-conjugated DPB molecules,
the aggregation of P5DPB occurs mainly between DPB molecules,

while the benzene rings of P5DPB are difficult to aggregate into
rigid structures, so PSDPB mainly reflects the ACQ effect.

Meanwhile, the introduction of two neutral pyridines endows
P5DPB with strong coordinating abilities and can thus be utilized
in metal detection. The effect of the metal addition on the fluores-
cence response was probed for the alkali and alkaline-earth metals
and several transition metals, using 10 equiv. of M"*. As shown
in Fig. 1B, Agt and Fe3* show the strongest change. The addition
of Ag™ reduces the P5DPB emission intensity and shifts the emis-
sion wavelength to blue, while the presence of Fe3* significantly
quenches the P5DPB emission, also with a blue shift. The effect of
these metal additions is also visually evident under UV lamp irra-
diation. The emitted light of the solution changes to green in the
presence of Agt and is dramatically weakened by Fe3* (Fig. 1C).

To further explore the interaction between the PSDPB and the
above two metals, fluorescence titrations were carried out. As
shown in Fig. 2B, the emission of P5DPB-Ag™ decreases to about
288 a.u. and blueshifts by about 42nm as the Ag™ amount is in-
creased. In addition to the visually evident light change from yel-
low to green (inset of Fig. 2B), the chromaticity coordinates also
change dramatically from (0.35, 0.54) for P5DPB to (0.23, 0.36)
for P5DPB-Ag*, crossing the chromaticity diagram (Fig. S8 and Ta-
ble S1 in Supporting information). The corresponding binding con-
stant is calculated as 3.64 x 10° L/mol [34,37]. The detection limit
of P5DPB towards Ag' is calculated as 2.45 x 10~% mol/L (Fig. S9
in Supporting information) and other metal ions do not interfere
with the Ag* detection process, except for the Fe3+ ion (Fig. S10 in
Supporting information).

The reason for the fluorescence reduction and the Ag™ detec-
tion mechanism was further studied. TH NMR titration experi-
ments (Fig. 2A) show that the Ag* addition shifts the P5SDPB H,-
Hg proton signals downfield, which is attributed to the deshield-
ing effect of the Ag™ coordination. More specifically, H, shifts
from 8.53 ppm to 8.72ppm (A$ 0.19ppm), Hy, Hc, and Hg (over-
lapped in one observed peak) shift from 7.54ppm to 8.01 ppm
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Fig. 2. (A) "H NMR titration of P5DPB (1 mmol/L in DMSO-ds) with an increasing Ag* amount from 0 (i), 0.2 (ii), 0.7 (iii), 1.7 (iv), 2 (v), 4 (vi), 7 (vii), 10 (viii), 15 (ix) to 25
(x) equiv.; (B) fluorescence spectra of PSDPB (20 umol/L in DMSO, Aex =425nm) with an increasing Ag* amount from 0 to 73 equiv.; (C) UV-vis spectra of P5SDPB (20 umol/L

in DMSO) with an increasing Ag* amount from 0 to 3 equiv.
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Fig. 3. The fluorescence spectra (A) of P5DPB (20 umol/L) with the increasing amount of Fe3* from 0 to 35 equiv. in DMSO at Aex =425nm, and the DL (B) plot of PSDPB

detecting Fe3+.

(AS 0.47 ppm), Hy shifts from 7.34 to 7.56ppm (AS 0.22 ppm)
and Hy and He (also overlapped) shift from 7.75 to 7.81ppm
(AS 0.06 ppm). Meanwhile, the UV-vis absorption spectrum also
changes as a result of the P5DPB-Ag™ coordination interaction (Fig.
2C). The P5DPB absorbance at Amax =395 nm increases from 0.64
to 0.74 in the presence of Ag™, which is mainly attributed to the
n-7* and m-7* transition caused by the metal coordination. The
intensity increases plateaus after the addition of 1 equiv. of Agt,
indicating the formation of a 1:1 P5DPB-Ag™ complex (Fig. S12 in
Supporting information). Thus, the mechanism of detecting silver
ions can be summarized as Ag™ constructs a 1:1 stable assembly
with P5DPB by coordination with the neutral pyridine, which fa-
cilitated the n-7* and m-7* transition between Ag* and P5DPB.
The formation of the P5DPB-Agt supramolecular polymers can be
further demonstrated by scanning electron microscopy (SEM) and
dynamic light scattering (DLS) analyses. The SEM images (Figs. S14
and S15 in Supporting information) show that the dispersed P5DPB
molecules aggregate into regular, ordered morphologies due to the
coordination interaction after the addition of Ag*. Meanwhile, the
DLS (Fig. S16 in Supporting information) shows an increase in the
particle size from 6.71nm to 136.5nm in the presence of Ag",
which also confirms the Ag*-induced P5DPB aggregation.

P5DPB also has a good detection ability for Fe3+ with a low de-
tection limit of 3.11 x 10~7 mol/L, K;=2.63 x 10*L/mol [34,37] as
well as a strong anti-interference ability (Fig. 4B and Fig. S10).
The same methods described above for Ag™ were used to further
study the P5DPB-Fe3+interaction. The NMR titration experiment
(Fig. S17 in Supporting information) suggests that Fe3* is also coor-
dinated, like Ag*, by the two neutral pyridines of P5DPB. However,
the fluorescence titration reveals a different trend. As shown in
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Fig. 4. (A) Fluorescence spectrum of PSDPB (20 umol/L) with increasing amounts of
RB and (insert) photographs of solutions before and after the addition of RB un-
der UV irradiation at Aex =365nm; (B) chromaticity diagram with the coordinates
of P5DPB (20 pumol/L, red star), PSDPB-RB (20 pmol/L, Npsppg/Ngg = 12.5:1, blue tri-
angle) and P5DPB-Ag* (20 pmol/L, Npspps/Nag™ = 1:40, red square).

Fig. 4A, as the concentration of Fe3* increases, the P5DPB emis-
sion is rapidly quenched from 571 a.u. to 53 a.u., and a blue shift of
about 40 nm can be also observed. In the corresponding UV-vis ab-
sorption study [38,43], since high concentrations of iron ions have
a strong and broad absorption peak ranging from 200~550 nm, the
P5DPB absorption gradually becomes more intense and broader as
the Fe3*+ concentration increases (Fig. S19 in Supporting informa-
tion). It is worth emphasizing that the overlap region between the
absorption of iron ions and the emission of P5DPB becomes larger
with the increasing concentration of iron ions (Fig. S20 in Support-
ing information). Therefore, Fe3+ with strong UV absorption could
easily absorb the excitation energy of the light source [38,41], and
cause a significant decrease in the fluorescence of P5DPB. Fur-
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thermore, experiments with NMR titration and binding constants
showed that Fe3*could likewise construct stable supramolecular
assemblies via a neutral pyridine with P5SDPB. Both DLS and SEM
demonstrate the existence of this assembly, the P5DPB particle size
(6.71 nm) increases to 197.11 nm in the presence of Fe3+, while the
SEM analysis shows an evolution from sparse and scattered objects
to gathered and tight particles in the presence of Fe3* (Figs. S14,
S16 and S21 in Supporting information).

In addition to ion detection, P5DPB has another function. The
major change observed in the P5DPB fluorescence emission can be
exploited to construct a Forster resonance energy transfer (FRET)
system. The P5DPB emission (542nm) overlaps with the RB ex-
citation (555nm), which meets the basic condition of the energy
transfer system (Fig. S22 in Supporting information). Therefore,
P5DPB acts as the energy donor and RB as the energy acceptor.
As shown in Fig. 4A, the addition of a small RB amount induces
a gradual decrease (AI=72 a.u.) and blue shift (AL =9nm) of the
P5DPB emission, while the RB emission at 580nm is greatly in-
creased (Fig. S23 in Supporting information), resulting in an emis-
sion light change from yellow-green to bright orange (inset of Figs.
4A and B). A solution of free RB at the same concentration does not
show significant emission following excitation at 425nm, which
strongly certifies the construction of an energy transfer system be-
tween P5DPB and RB. The energy transfer efficiency from P5SDPB to
RB is estimated as 8.87% and the P5DPB quantum yield increases
from 9.59% for free P5DPB to 19.1% in the presence of RB (Figs.
S24 and S25 in Supporting information). These results indicate that
P5DPB has great potential as an energy donor in the construction
of artificial light-harvesting systems with Rhodamine B.

A new type of yellow-green luminescent pillar[5]arenes P5DPB
was designed and synthesized by incorporating a classical fluores-
cent molecule (DPB). In comparison with common pillar[5]arenes,
P5DPB exhibits many unique properties. For example, the neutral
pyridine of P5DPB can be utilized for metal coordination and spe-
cific recognition of Agt and Fe3*. The presence of Ag® causes
a significant blue shift (from yellow to green) and a decrease
in emission intensity, while the addition of Fe3* significantly
quenches the P5DPB fluorescence. In addition, due to the dramatic
redshift of the excitation wavelength caused by the chemical mod-
ification, P5DPB can be further used to construct an energy trans-
fer system with Rhodamine B dye, with an estimated transfer effi-
ciency of 8.87%. The work provides new ideas for the energy trans-
fer system of pillar[n]arenes as donors and a new reference for
metal detection, greatly enriching the applications of these sys-
tems.
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