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ABSTRACT: A multi-responsive receptor consisting of two
(acridinium-Zn(II) porphyrin) conjugates has been designed.
The binding constant between this receptor and a ditopic guest has
been modulated (i) upon addition of nucleophiles converting
acridinium moieties into the non-aromatic acridane derivatives and
(ii) upon oxidation of the porphyrin units. A total of eight states
has been probed for this receptor resulting from the cascade of the
recognition and responsive events. Moreover, the acridinium/
acridane conversion leads to a significant change of the
photophysical properties, switching from electron to energy
transfer processes. Interestingly, for the bis(acridinium-Zn(II)
porphyrin) receptor, charge-transfer luminescence in the near-
infrared has been observed.

■ INTRODUCTION
Information processing and storage in biological structures
relies on a network of complex systems. They interact with
each other through various signaling events, resulting in
modifications of their 3D structures and redox and electronic
states. Simple synthetic systems using a binary-encoded
molecule such as a molecular switch can provide the basis of
information transmission in response to chemo-, electro-, or
photostimulation.1 Due to the robustness and diversity of such
molecular components, their developments in the area of
molecular computing, sensors, nanoreactors, machines, and
motors have shown promise.1d,2 Moreover, complex stimuli-
responsive dynamics have been achieved using molecular
systems that combine several responsive units.3 On the other
hand, a single multi-responsive molecular unit that gives rise to
different output signals in response to different stimuli is
attractive to reach advanced information processing with a low
level of molecular components. Only few such units exist, such
as spiropyrans, diarylethenes, dimethyldihydropyrenes, and
flavyliums, that are light, redox, and/or thermally switchable
but are mainly used as photoswitches.4

N-Substituted acridinium and porphyrin moieties represent
appealing multi-responsive units that respond to chemical and
redox signals by reversibly modifying their shape and/or their
chemical and optical properties.5,6 Their combination can lead
to fast photoinduced electron transfer processes,7 and their
integration in various supramolecular systems gives rise to
sensing and actuating properties.6 Since the seminal work of
Kubo and his group,8 receptors pre-organizing porphyrin cores

coupled to secondary recognition units or switches also
showed their ability to modulate their interaction with guests
as the result of a large-amplitude motion.9 Even if such a
behavior was mainly triggered upon addition of metal
cations,10 neutral molecules,11 and anions,12 few examples
involving light13 as well as electron stimuli14 were reported.
Particularly, the group of Bucher14 has developed a bis-
(viologen-Zn(II) porphyrin) tweezer that is able to form a 1:1
host−guest complex with 1,4-diazabicyclo[2.2.2]octane
(DABCO) (Ka = 8.2 × 104 mol L−1) upon formation of
viologen π-dimers in dimethylformamide.

Herein, a tweezer consisting of two (acridinium-Zn(II)
porphyrin) conjugates connected by a flexible linker was
conceived to control the binding properties of the two
porphyrins by various stimuli. The stimuli responsiveness of
the system was investigated using three orthogonal stimuli
(nucleophiles, electrons, and photons) to highlight the multi-
state behavior of the tweezer.

■ RESULTS AND DISCUSSION
Design and Synthesis. The tweezer was designed with a

long alkene chain connecting the two (acridinium-Zn(II)

Received: January 30, 2023
Published: May 8, 2023

Articlepubs.acs.org/JACS

© 2023 The Authors. Published by
American Chemical Society

10691
https://doi.org/10.1021/jacs.3c01089

J. Am. Chem. Soc. 2023, 145, 10691−10699

D
ow

nl
oa

de
d 

vi
a 

13
0.

79
.3

5.
22

9 
on

 M
ay

 3
1,

 2
02

3 
at

 1
2:

42
:2

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amy+Edo-Osagie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dylan+Serillon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federica+Ruani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xavier+Barril"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christophe+Gourlaouen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Armaroli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Armaroli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+Ventura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henri-Pierre+Jacquot+de+Rouville"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vale%CC%81rie+Heitz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c01089&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01089?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01089?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01089?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01089?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c01089?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/19?ref=pdf
https://pubs.acs.org/toc/jacsat/145/19?ref=pdf
https://pubs.acs.org/toc/jacsat/145/19?ref=pdf
https://pubs.acs.org/toc/jacsat/145/19?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c01089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


porphyrin) moieties to ensure enough flexibility to the system
for coordination of a ditopic guest. Introduction of six tert-
butyl groups was considered on the porphyrin moieties to
increase their solubility. In addition, a short benzene linker was
chosen to allow for electronic coupling in the acridinium-
Zn(II) porphyrin conjugates.

The synthesis of the bis(acridinium-Zn(II) porphyrin)
tweezer 1·2PF6, inspired by the work of Fukuzumi and co-
workers,7a was performed in four synthetic steps starting from
the commercially available 4-bromobenzaldehyde (Scheme 1).

The aldehyde functional group was first protected by the
reaction with 2,3-dimethylbutane-2,3-diol (1.1 equiv) in
toluene.15 The obtained 2-(4-bromophenyl)-4,4,5,5-tetrameth-
yl-1,3-dioxolane (2) was reacted with nBuLi (1 equiv) in
tetrahydrofuran at −78 °C followed by addition of dec-9-en-1-
yl-acridin-9(10H)-one (1 equiv), obtained in one step as
reported by us.16 After acidification of the reaction mixture
using HCl (37 wt %), the freshly formed 10-(dec-9-enyl)-9-(4-
formylphenyl)acridin-10-ium chloride (3·Cl) was converted to
the corresponding hexafluorophosphate salt (3·PF6) by anion
metathesis and isolated in 65% yield. The key intermediate 3·
PF6 was then reacted under Lindsey reaction conditions in the
presence of pyrrole (4 equiv), 3,5-di-tert-butylbenzaldehyde (3
equiv),17 and trifluoroacetic acid (TFA, 6 equiv) in CH2Cl2.
After aromatization of the porphyrinogen using 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) (3 equiv), metalation
of the free base porphyrins was undertaken using Zn(OAc)2·
2H2O (1 equiv). After purification by column chromatography
(SiO2), the acridinium-Zn(II) porphyrin conjugate 4·PF6 was
isolated in 12% yield. Finally, the bis(acridinium-Zn(II)
porphyrin) tweezer was formed from two molecules of 4·PF6
under olefin metathesis conditions using the Grubbs I catalyst
(10 mol %) in CH2Cl2.

18 The targeted tweezer 1·2PF6 was
obtained as a purple crystalline solid in 77% yield after
purification by column chromatography followed by crystal-
lization. Full characterization of the bis(acridinium-Zn(II)

porphyrin) tweezer 1·2PF6 was performed by nuclear magnetic
resonance (NMR) and UV/vis spectroscopies and by mass
spectrometry (see Supporting Information).19

Binding Study. Nitrogenous ligands are known to bind
Zn(II) porphyrins.20 Thanks to the flexibility of the linker, the
two remote Zn(II) porphyrins of the tweezer can adopt a face-
to-face arrangement upon binding a ditopic ligand such as 4,4′-
bipyridine (4,4′-bipy). The 1H NMR spectrum (CD2Cl2, 298
K) of the 1:1 mixture of 1·2PF6 and 4,4′-bipy (c = 1 × 10−3

mol L−1) revealed upfield shifts of all protons in comparison to
the respective individual components, thus supporting the
formation of the 4,4′-bipy ⊂ 1·2PF6 host−guest complex
(Figure 1). In particular, the most pronounced upfield shifts

were monitored for the Hα and Hβ protons of 4,4′-bipy
(Δδ(Hα) = −6.25 and Δδ(Hβ) = −2.58 ppm) due to the
anisotropic ring current effect of the porphyrins (Figures S5.1−
5.3). In addition, the pyrrolic protons of 1·2PF6 experienced
the influence of the coordination of the ditopic ligand
(Δδ(Py1) = −0.25, Δδ(Py2) = −0.25, and Δδ(Py3−4) =
−0.23 ppm). Interestingly, the acridinium protons were also
upfield shifted (Δδ(H1/8) = −0.15, Δδ(H2/7) = −0.13,
Δδ(H3/6) = −0.14, and Δδ(H4/5) = −0.19 ppm). In addition,
diffusion-ordered spectroscopy (DOSY) experiments revealed
an identical diffusion coefficient (D = 380 μm2 s−1) for the
protons of 1·2PF6 and 4,4′-bipy, demonstrating the formation
of the corresponding 1:1 host−guest complex (see Supporting
Information, Figure S5.4). The estimated calculated hydro-
dynamic radius (RH) considering a spherical host−guest
system was found to be 13.2 Å. This value is identical to the
value obtained for 1·2PF6 (a diffusion coefficient of D = 380
μm2 s−1 corresponding to an RH of 13.2 Å in a spherical
model), confirming the discrete nature of 4,4′-bipy ⊂ 1·2PF6.
Followed by UV/vis spectroscopy, titration experiments
allowed the estimation of a binding constant of the 1:1
complex (Ka1) of 1.8 ± 0.1 × 105 L mol−1 in CH2Cl2 (see
Supporting Information, Figures S5.5−S5.6).21 It is worthwhile

Scheme 1. Synthesis of the Bis(acridinium-Zn(II)
porphyrin) Tweezer 1·2PF6

Figure 1. 1H NMR (500 MHz, CD2Cl2, 298 K, c = 1 × 10−3 mol L−1)
stack of the bis(acridinium-Zn(II) porphyrin) tweezer 1·2PF6 (top),
the 1:1 complex 4,4′-bipy ⊂ 1·2PF6 (middle), and 4,4′-bipy
(bottom).
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to note that the presence of an isosbestic point at 427 nm was
observed upon titration, thus supporting the formation of a
discrete species under dilute conditions (c = 0.5 × 10−5 mol
L−1) within a range below 20 equiv of 4,4′-bipy. This
hypothesis is corroborated by control titration experiments
performed between the acridinium-Zn(II) porphyrin model
compound Acr+-ZnPorph·PF6 and 4,4′-bipy (see Supporting
Information, Figures S5.13−S5.14). The corresponding (Ka) of
3.9 ± 0.2 × 103 L mol−1 clearly demonstrates the cooperative
binding of the ditopic 4,4′-bipy ligand between both Zn(II)
porphyrins of 1·2PF6.
Switching Properties and Binding and Fatigue

Studies. The chemical switching properties of 1·2PF6 were
then investigated. Preparation of the bis-acridane derivative 5
was performed quantitatively upon addition of tetrabutylam-
monium hydroxide (TBAOH, 2.2 equiv, see Supporting
Information). In the 1H NMR spectrum of 5 (500 MHz,
CD2Cl2, 298 K), dearomatization of the acridane units was
confirmed by an observed upfield shift of the acridane protons
(Δδ(H1/8) = −0.97, Δδ(H2/7) = −0.72, Δδ(H3/6) = −1.16,
and Δδ(H4/5) = −1.41 ppm) in comparison to the ones of the
acridinium units in 1·2PF6 (see Supporting Information,
Figures S4.1−4.2). It is worthwhile to note that a less
pronounced upfield shift was also observed for the pyrrolic
protons (Δδ(Py1) = −0.21, Δδ(Py2) = −0.21, and Δδ(Py3−4)
= −0.06 ppm). In addition, hybridization change of the C9
carbon from sp2 in 1·2PF6 to sp3 in 5 was evidenced in the 13C
spectrum (Δδ(C9) = −83.6 ppm, Figure S4.3). UV/vis
spectroscopy also supported the observed dearomatization in
5. Indeed, upon formation of the acridane units in 1·2PF6, a
decrease of the πA → πA* acridinium-centered transitions at
349 nm (ε = 38,000 L mol−1 cm−1) and 363 nm (55,850 L
mol−1 cm−1) as well as the combination with a porphyrin →
acridinium charge-transfer (CT) transition at 458 nm (25,800
L mol−1 cm−1) was monitored (Figure 2). In addition, the CT
transition above 600 nm disappears upon conversion (the
calculated UV/vis spectra are in accordance with the existence
of a CT band at low energy, (Figure S7.2). The reversible
interconversion between 1·2PF6 and 5 was established upon
addition of TFA (2.2 equiv). It is worthwhile to note that no
demetalation of the porphyrin cores was observed, as shown by
the fatigue study followed by UV/vis spectroscopy (Figure 2,
inset).

The ability of the bis-acridane receptor 5 to bind 4,4′-bipy
was also studied by NMR and UV/vis spectroscopies. As
previously seen for 1·2PF6, 1H NMR experiments of a 1:1
mixture of 4,4′-bipy and 5 revealed that the pyrrolic protons
(Δδ(Py1) = −0.21, Δδ(Py2) = −0.19, and Δδ(Py3−4) = −0.21
ppm) and the Hα and Hβ protons (Δδ(Hα) = −6.38 and
Δδ(Hβ) = −2.71 ppm) were the most affected (see Supporting
Information, Figures S5.7−5.8). In comparison, the acridane
units (Δδ(H1/8) = −0.06, Δδ(H2/7) = −0.04, Δδ(H3/6) =
−0.01, and Δδ(H4/5) = −0.01 ppm) were almost not affected.
As expected, the sp3 hybridization of the C9 atom in 5
precludes electronic coupling between both porphyrin and
acridane units. DOSY experiments also confirmed the
formation of the 1:1 host−guest complex since all protons of
5 and 4,4′-bipy correspond to 4,4′-bipy ⊂ 5 as a single
diffusing species (D = 405 μm2 s−1, Figure S5.10). The
estimated RH (12.4 Å) was in a similar range to that of the
4,4′-bipy ⊂ 1·2PF6 complex. Finally, a decrease of ca. 25% of
the binding constant of 4,4′-bipy with 5 (Ka2 = 1.4 ± 0.3 × 105

L mol−1 in CH2Cl2) compared to 1·2PF6 was estimated by
UV/Vis spectroscopy (Figures S5.11−S5.12).22

To gain further insights on the binding of 4,4′-bipy to the
receptors 1·2PF6 and 5, molecular dynamics simulations were
performed in explicit CH2Cl2. Conformational clustering was
determined by K-nearest neighbors (Knn) clustering based on
atomic root-mean-square deviation23 between conforma-
tions.24 Clustering quality was supported by satisfying the
Davies−Bouldin index and pseudo-F statistic values (see ESI,
Table S9.1). Conformation clusters highlight the preferential
open and semi-open conformations both for 1·2PF6 and 5
(Figures S9.2−S9.3), although the former has a greater
preference for extended conformations, whereas the latter
presents a larger variety of conformations as it lacks charge
repulsion between the acridinium units. It is worthwhile to
note that the calculated Rg values from representative
geometries extracted from the Knn analysis (Table S9.2 and
Figures S9.2−S9.5) are in good agreement with the
experimental estimated RH values (Figures S9.6−S9.7).
Computational prediction of binding free energies was
obtained on a conformational sampling. Predicted binding
free energies for 4,4′-bipy ⊂ 5 and 4,4′-bipy ⊂ 1·2PF6 were
very close to the experimental ones (Δ(ΔG) = +0.29 and
−0.11 kcal mol−1, respectively, Figure 3).25

Electrochemical Study. The tweezer 1·2PF6 exhibits a
quasi-reversible oxidation process (E1/2

(1)) at 0.750 V vs
saturated calomel electrode (SCE) and a quasi-reversible
reduction process (E1/2

(2)) at −0.535 V vs SCE in C2H4Cl2
(Figure 4). Each process corresponds, respectively, to the
oxidation of both porphyrin moieties and the reduction of both
acridinium moieties.26 The bis-acridane tweezer 5 shows only

Figure 2. UV/vis (CH2Cl2, l = 0.1 cm, 298 K) spectra of a solution of
1·2PF6 (c = 1 × 10−4 mol L−1) before (blue) and after addition of
TBAOH (2.2 equiv, red). Inset: fatigue study monitored by UV/vis
spectroscopy at 363 nm. Each cycle corresponds to the successive
addition of TBAOH (2.2 equiv) followed by addition of TFA (2.2
equiv).
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the oxidation process of porphyrins (E1/2
(1)) at 0.708 V vs

SCE.27 The disappearance of the reduction process in 5 in
comparison to 1·2PF6 reflects the dearomatization of the
acridinium units. This dearomatization leads to a cathodic shift
of 42 mV of the oxidation potential since the porphyrins
connected to the acridane moieties are less electron-deficient
than those linked to the acridinium moieties. This observation

supports the occurrence of an electronic coupling between the
porphyrin and the acridinium units.

Upon addition of 4,4′-bipy (1 equiv corresponding to 88%
complex formation for both receptors), a cathodic shift for the
oxidation potential of 1·2PF6 and 5 and no modifications in
the reduction range were observed. This observation supports
the binding of the ditopic ligand between both porphyrins in
1·2PF6 and 5. In addition, coordination of 4,4′-bipy increases
the electronic density of the Zn(II) porphyrin units, making
them easier to oxidize. The half-wave potential difference
before and after addition of 4,4′-bipy (ΔE1/2 = −57 mV in
1·2PF6 and ΔE1/2 = −25 mV in 5) allows the estimation of the
binding constants Ka1′ of 1.9 × 103 L mol−1 for 4,4′-bipy ⊂
[1·2PF6]2(·+) and Ka2′of 1.9 × 104 L mol−1 for 4,4′-bipy ⊂
[5]2(·+), respectively (Table 1).16,28 These binding constants

evidence that the host−guest association between the
receptors and 4,4′-bipy can be electrochemically controlled
according to the redox state of the porphyrin core. In addition,
the acridinium units act as a remote site to modulate the
binding affinity between the porphyrin fragments and the
ditopic ligand. This remote control can be rationalized by the
electronic coupling existing between the porphyrin and the
acridinium cores in the tweezer 1·2PF6. It enhances the Lewis
acidity of the Zn(II) porphyrins, thus strengthening the
binding to 4,4′-bipy.

In order to gain further insight on the observed electro-
chemical behavior of 1·2PF6 and 5, density functional theory
(DFT) calculations were undertaken on models consisting of
acridinium-Zn(II) porphyrin (Acr+-ZnPorph) and acridane-
Zn(II) porphyrin (Acr(OH)-ZnPorph) conjugates (see
Supporting Information, Scheme S7.1). This simplification is
justified since no electronic coupling exists between both of the
acridinium-Zn(II) porphyrin conjugates in 1·2PF6 and 5. For
Acr+-ZnPorph, the HOMO (EHOMO = −5.85 eV) and LUMO
(ELUMO = −3.94 eV) frontier orbitals are localized on the
porphyrin and the acridinium cores, respectively, as expected
(Tables S7.1−S7.2). In Acr(OH)-ZnPorph, the highest
occupied molecular orbital (HOMO, EHOMO = −5.66 eV)
and the lowest unoccupied molecular orbital (LUMO, ELUMO
= −2.81 eV) are both localized on the porphyrin cores and are
higher in energy than in Acr+-ZnPorph. This is in good
agreement with the lower oxidation potential and the absence
of the reduction process in 5 compared to 1·2PF6 in the same
electrochemical range (Tables S7.1 and S7.4). The influence of
4,4′-bipy was simulated by the coordination of pyridine to the
Zn(II) porphyrin. Upon complexation, the HOMO is
destabilized in both adducts (+0.22 and +0.26 eV for Acr+-

Figure 3. Comparison of the experimental and predicted binding free
energy of 4,4′-bipy ⊂ 5 and 4,4′-bipy ⊂ 1·2PF6.

Figure 4. Cyclic voltammograms (C2H4Cl2, WE: Pt, CE: Pt, RE:
SCE, 100 mV s−1, TBAPF6 0.1 mol L−1) of a solution of 1·2PF6 (c = 1
× 10−3 mol L−1) before (purple) and after addition of 1 equiv of 4,4′-
bipy (green) and a solution of 5 (c = 1 × 10−3 mol L−1) before (blue)
and after addition of 1 equiv of 4,4′-bipy (red).

Table 1. Measured Redox Potentials (V vs SCE) of 1·2PF6,
4,4′-bipy ⊂ 1·2PF6, 5, and 4,4′-bipy ⊂ 5 and the
Corresponding E1/2 (V vs SCE), Binding Constants Ka and
Ka′ (L mol−1), and HOMO−LUMO Energies (eV)

compound 1·2PF6 Bipy ⊂ 1·2PF6 5 Bipy ⊂ 5

E1/2
(1) +0.750 +0.693 +0.708 +0.683

E1/2
(2) −0.535 −0.535

Ka 1.8 × 105 1.4 × 105

Ka′a 1.9 × 103 1.9 × 104

HOMO (eV) −5.85 −5.63 −5.66 −5.40
LUMO (eV) −3.94 −3.93 −2.81 −2.69

aBinding constant estimated after oxidation of the porphyrins in the
tweezers.
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ZnPorph and Acr(OH)-ZnPorph conjugates, respectively,
Tables S7.3 and S7.5), thus explaining the observed cathodic
shift in the 4,4′-bipy ⊂ 1·2PF6 and the 4,4′-bipy ⊂ 5
complexes.

Altogether, these results demonstrate that the present
molecular system is able to reach eight distinct states by
combining chemical (hydroxide ions and a ditopic ligand) and
electrochemical stimuli. This behavior can be illustrated with a
cubic scheme for which each apex is a state of the tweezer
(Figure 5). The three dimensions of the cube represent the
different orthogonal stimuli.

Photophysical Studies. Investigations of the excited-state
dynamics of both receptors 1·2PF6 and 5 were also performed
and revealed remarkably different behaviors.

First, 1·2PF6 was proved to be poorly emissive in CH2Cl2
(Φfl < 10−4) regardless of the excited chromophore, porphyrin
or acridinium (Figures 6, S8.3, and Table S8.1). The excitation
spectrum of 1·2PF6 (at λem = 648 nm, corresponding to the
emission of the porphyrin moiety) revealed the same
absorption features of the Zn(II) tetraphenylporphyrin
model compound (Figure S8.5) and the absence of the
absorption bands of the acridinium moiety at 349 and 363 nm.
These observations indicate that no energy transfer occurs
from the acridinium to the porphyrin core in 1·2PF6, thus
suggesting that the quenching results from an ultrafast electron
transfer process. This hypothesis was supported by transient
absorption analysis with fs resolution (Figures 7a and S8.12b).
Excitation of either the porphyrin or the acridinium moieties
resulted in ultrafast formation (0.6 ps) of an envelope of bands
between 600 and 700 nm and a peak at 410 nm, assigned to
the Zn(II) porphyrin cation, as well as transitions at 480 and
520 nm attributed to the reduced acridinium units.26,29 These
changes reflect the formation of a charge-separated (CS) state

involving a photoinduced electron transfer from a porphyrin to
an acridinium moiety followed by a fast charge recombination
of the order of 3 ps. Interestingly, the porphyrin fluorescence
in 1·2PF6 was recovered in a rigid matrix at 77 K (Figure 6, top
inset), where solvent reorganization is disfavored, and thus, the
charge separation process does not occur.

Remarkably, in toluene and regardless of the excitation
wavelength of 1·2PF6, a broad luminescence band in the near-
infrared region peaking at 856 nm was observed (Figure 6,
bottom inset, and Figure S8.9).30 This band can be ascribed to

Figure 5. Cubic scheme showing the eight different states of 1·2PF6
upon addition of 4,4′-bipy, nucleophiles, and electrons.

Figure 6. Corrected fluorescence spectra of isoabsorbing solutions (A
= 0.12) of the model compound Zn(II) tetraphenylporphyrin (red),
1·2PF6 (blue), and 5 (green) at RT in CH2Cl2 or at 77 K in
CH2Cl2:CH3OH (1:1) (top inset) upon selective excitation of the
porphyrin moiety (λexc = 550 nm). In the bottom inset is reported the
near-infrared corrected emission spectrum of 1·2PF6 in toluene (CT
luminescence, λexc = 550 nm).

Figure 7. Transient absorption spectra of (a) 1·2PF6 and (b) 5 in
CH2Cl2 at different delays. Excitation at 550 nm (A550 = 0.1, 0.2 cm
optical path, 4 μJ/pulse). Insets: ΔA time evolutions (dots) and
fittings (lines) at the indicated wavelengths.
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porphyrin → acridinium CT luminescence. Such a lumines-
cence is rarely observed and has been similarly reported for
porphyrin/fullerene,31 porphyrin/anthracene,32 or porphyrin/
anthraquinone33 donor−acceptor systems. The energy of the
related CT state in 1·2PF6 (ECT = 1.45 eV) corresponds to the
CS state in toluene (Figure S8.19), thus underpinning a
radiative charge recombination process.

In contrast to 1·2PF6, no emission quenching was observed
for the Zn(II) porphyrin units in 5 (λmax = 600, 650 nm; Φfl =
0.036, τ = 1.7 ns at RT), and the same behavior was
maintained at 77 K (Figure 6 and Table S8.1). Moreover, upon
prevalent excitation of the acridane moieties at 292 nm, no
residual acridane fluorescence was detected. Instead, a 95%
sensitization of the porphyrin emission was monitored (Figure
S8.4), thus suggesting an almost quantitative energy transfer
from the acridane to the porphyrin component. Further
evidence was provided by the excitation spectrum collected at
670 nm being in good agreement with the absorption
transitions of both the porphyrin and the acridane moieties
(Figure S8.6). Upon selective excitation of the porphyrin unit
at 550 nm, ultrafast transient absorption experiments revealed
for 5 a spectral evolution attributable to S1 → T1 intersystem
crossing (Figure 7b, fitted lifetime: 1.7 ns), as observed for the
model Zn(II) tetraphenylporphyrin (Figure S8.10).

Solutions of 1·2PF6 (c = 2.1 × 10−6 mol L−1) and 5 (c = 2.5
× 10−6 mol L−1) in the presence of 4,4′-bipy (c = 1.0 × 10−3

mol L−1) were also prepared in CH2Cl2. Upon excitation of the
complex 4,4′-bipy ⊂ 1·2PF6 in the Q-band region (λexc = 558
nm), the already weak emission of 1·2PF6 was further reduced
(Figure S8.15). Transient absorption spectra were recorded
upon excitation of the porphyrin components in 4,4′-bipy ⊂ 1·
2PF6 at 550 nm. These experiments corroborated the
previously observed electron transfer in 1·2PF6. However,
slightly faster kinetics compared to the free conjugate were
observed (charge separation of 0.5 ps and recombination
occurring in 2.3 ps; Figure S8.17a). On the other hand, the
emission of the complex 4,4′-bipy ⊂ 5 appeared red-shifted
and slightly decreased with respect to that of the receptor 5
alone (Figure S8.16). The emission quantum yield (0.023) and
lifetime (1.1 ns) of the Zn(II) porphyrin moieties suggest
some electronic interactions with 4,4′-bipy. Transient
absorption spectra of 4,4′-bipy ⊂ 5 showed the typical
intersystem crossing pattern of the Zn(II) porphyrin units with
a lifetime for the singlet decay and triplet rise in line with that
observed in luminescence measurements (1.1 ns, Figure
S8.17b).

Overall, the complexation with 4,4′-bipy slightly affects the
photophysical properties of the individual receptors 1·2PF6
and 5. Conversely, hydroxide ions as chemical stimuli strongly
affect the photophysical properties of the tweezer that switch
from an ultrafast photoinduced electron transfer from the
porphyrin to the acridinium in 1·2PF6 to an almost
quantitative energy transfer from the acridane to the porphyrin
in 5 (Figure 8).

■ CONCLUSIONS
The synthesis of a bis(acridinium-Zn(II) porphyrin) receptor
was successfully described. The efficient binding of 4,4′-bipy
by the Zn(II) porphyrin units of the receptor was
demonstrated. This receptor was also proved to have switching
properties. Upon addition of hydroxide anions, the acridinium
moieties were converted to their corresponding acridane
derivatives in a quantitative manner. This strongly modifies

the excited-state behavior of the tweezer, allowing the
switching from a system converting UV/visible light into
charge separation to a system that harvests and emits light. The
same chemical input led also to the modulation of the host−
guest interaction, resulting in a 25% decrease of the
corresponding association constant. The ditopic ligand and
hydroxide anions have been shown to act as orthogonal stimuli
on the tweezer, both modifying the oxidation potential of the
porphyrin cores. The binding and the switching properties of
this bis(acridinium-Zn(II) porphyrin) receptor gave rise to
eight distinct states, best represented as a cubic scheme. This
work shows that porphyrin units coupled to acridinium cores
are promising aromatic conjugates for the development of
multi-state molecular systems and allosteric receptors.
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