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A metallosupramolecular-based ring-in-ring
complex showing reversible host—guest dynamics
and switchable electrochemical propertiest
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Studying reversible host—guest interactions is essential for developing flexible, efficient, and sustainable
systems, as they enhance reusability, improve efficiency, and provide valuable insights for designing
advanced materials and technologies. In this work, we describe the synthesis of a pyrene—naphthalenedii-
mide-based heterocyclophane, which can be encapsulated in an iridium-cornered nanosized metallobox
with a high binding affinity. Electrochemical studies of the resulting host—guest complex reveal that
encapsulation significantly alters the cyclophane’s redox behavior, with the processes being highly sensi-
tive to guest uptake and release dynamics. Reduction of the cyclophane occurs at the naphthalenediimide
(NDI) unit, generating a radical species that is stabilized upon encapsulation within the metallobox cavity.
Host—guest dynamics were investigated using variable temperature *H NMR spectroscopy, and the
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release and uptake of the guest can be precisely controlled by adding chloride or silver(i) ions. We believe
that our studies can help the development of methodologies to controllably allow the release and uptake
of guests from metallosupramolecular assemblies, which are central to many of the applications of these

Open Access Article. Published on 24 heinékuuta 2025. Downloaded on 11.6.2026 12.40.53.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale systems.

Introduction

Charge transfer (CT) complexes formed through -stacking
interactions between n-electron donors (D) and acceptors (A)
have received significant attention in recent decades, because
their inherent conducting properties make them particularly
suitable for the development of well-defined nanostructures
that hold promise as key components in the development of
future electronic nanodevices." Among these CT complexes,
those based on the naphthalenediimide-pyrene system are of
particular interest. The exceptional geometric compatibility
between naphthalenediimide (NDI) and pyrene (Pyr) maximizes
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the contact area between the two planar units, fostering strong
interactions that are crucial for the design of nanodevices with
remarkable optoelectronic properties.> The precise composition
and packing structure of the NDI/Pyr mixture are critical for the
development of materials with CT properties with the potential
to be used in applications of multifunctional optoelectronic or
photochemical devices. One of the most widely used strategies
to build NDI-Pyr assemblies consists of the mixing of the NDI-
and pyrene-based subcomponents, forming mixed stacked
nanoassemblies in which the donors and acceptors occupy
alternating positions (~ADAD-) along the n-stacking direction.’
This strategy is designed to obtain CT functional materials from
independent components through noncovalent bonds, therefore
avoiding the harsh reaction conditions that are often utilized in
chemical bond synthesis.* Although knowing the precise com-
position and packing structure of the CT complex is crucial, in
most of the studies the optimal D/A ratio for an effective CT
material remains unclear.” Another strategy to facilitate the
precise control of D/A interactions is to use hollow supramolecu-
lar assemblies, so that the D/A units can preorganize by encap-
sulation enabling their interaction with each other.® Receptors
capable of intercalating multiple stacks are very challenging,’
because enabling well-defined discrete n-stacks can facilitate the
study of the charge transport at the molecular level, a critical
issue for the design of nanoscale electronic devices.®
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Using a nanosized di-N-heterocyclic carbene (NHC) ligand,
we recently synthesized two distinct iridium(i)-based metallor-
ectangles, each supported by pyrazine® and 4,4"-bipyridine°
ligands acting as structural pillars (labeled 1 and 2 in
Scheme 1). The “shallow” pyrazine-supported metallorectangle
successfully encapsulated a single planar guest in its cavity,’
while the “deeper” bipyridine-based structure was capable of
trapping pairs of planar guests in a cooperative manner,”
thereby facilitating the formation of discrete quadruple stacks.
These quadruple stacks were thermodynamically favored when
donor/acceptor (D/A) heteroguests, such as NDI and coronene,
were employed.

We hypothesized that incorporating a donor/acceptor (D/A)-
containing cyclophane into the system would promote the for-
mation of well-defined n-stacked complexes with metallobox 2.
The use of a cyclophane was expected to reduce the entropic
penalty compared to introducing D/A guests separately.
Additionally, we sought to exploit the shape of the metallobox
cavity to investigate dynamic processes involving the relative
motion of the guest within the host. Understanding such
dynamic behavior is fundamental to the design of more
complex molecular motions, which underpin the development
of molecular machines. To test these hypotheses, we demon-
strate that metallobox 2 efficiently encapsulates a newly syn-
thesized NDI-pyrene cyclophane with high binding affinity.
We further characterize the resulting host-guest complex,
examining its charge-transfer (CT) properties and dynamic
behavior.
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P — polyaromatic donor guest (D)
<« - polyaromatic acceptor guest (A)
P — polyaromatic donor (D) or

acceptor (A) guest

Scheme 1 Two nanosized metallorectangles built with a Janus quinox-
alinophenanthrophenazine-bis-imidazolylidene ligand.
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Results and discussion

The NDI-pyrene cyclophane 3 was obtained by direct reaction
between 2,7-dihydroxypyrene [Pyr-(OH),] and N,N-(bis(2-bro-
moethoxy)ethanol)-1,4,5,8-naphthalenediimide (NDI-Br,) in
the presence of K,CO; in DMF, as depicted in Scheme 2. The
resulting red solid was characterized by NMR spectroscopy and
gave satisfactory elemental analysis.

The cyclic voltammetry of compound 3 shows two reversible
redox events at E;/, values of —1.15 and —1.53 V, which corres-
pond to the sequential one-electron reduction of the NDI unit
of the cyclophane to NDI'~ and NDI*>~ (see Fig. 3 and ESIf for
details). These redox potentials of 3 are 140 and 112 mV more
negative than the related first and second redox potentials of
NDI-(Br), (Ey» = —1.01 V and —1.41 V). This change may be
ascribed to the CT interaction between the NDI and pyrene
units of 3.

The UV-vis spectrum of 3 in dichloromethane shows a very
broad and structureless band at 490 nm, which is assigned to
a CT transition. In the short-wavelength region of the spec-
trum vibrationally-resolved bands are observed, due to the NDI
and pyrene components of the cyclophane.

The molecular structure of compound 3 features pyrene
and NDI units connected by two 2-(2-ethoxyethoxy) linkers.
These aromatic moieties adopt a parallel-displaced stacking
configuration, with a centroid-to-centroid offset of 2.02 A. The
angle between their principal molecular axes is 13.36°, and the
average interplanar distance between the NDI and pyrene
units is 3.52 A (Fig. 1).

Equimolar mixtures of 2 and 3 in CD,Cl, resulted in the
quantitative formation of the related host : guest complex 3@2,
thus indicating a large binding affinity. The diffusion ordered
spectroscopy (DOSY) spectrum of 3@2, shows that the two sub-
components of this molecular assembly have the same
diffusion coefficient (4.37 x 107'® m* s7'), which is smaller
than the coefficients found for the free molecules 2 and 3 (see
ESIt for details), in agreement with the larger size that is
expected for 3@2. By using the Stokes-Einstein equation,
these coefficients provide estimated hydrodynamic radii of
11.4 and 12.18 A for 2 and 3@2, respectively. Fig. 2 shows the
aromatic region of the "H NMR spectrum (CD,Cl,) of 2, 3 and
3@2, from which a clear evidence of the efficiency of the com-
plexation can be observed. As can be observed from the spec-
trum of 3@2, all the resonances due to the pyrene and NDI
units of the guest (f, g, e) are considerably shielded and, con-
sequently, they show a considerable upfield shift compared to

HO~<o—<S=2>OH CO ;’
Pyr-(OH),

* Br”\ OMFH40°C <vo o)
I?l >0 0 ;:8::' N
o) oF—<—N 0

0 3 (37%)

K,CO;

\/Br
NDI-(Br),

Scheme 2 Synthesis of the NDI-Pyr cyclophane 3.
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Fig. 1 Molecular structure of the NDI-pyrene cyclophane 3 deter-
mined by X-ray diffractometry studies. Hydrogen atoms have been
omitted for clarity. Carbon atoms are in grey, nitrogen in blue, and
oxygen in red.
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Fig. 2 Selected region of the *H NMR spectrum (CD,Cl,, 500 MHz,
298 K) of (a) 2, (b) 3 and (c) 3@2.

the resonances in the free guest. In addition, the complexation
results in the upfield shift of the signals due to the aromatic
protons of the di-NHC ligand (a, b), together with the down-
field shift of the protons due to the bipyridine ligand of the
host (d, c).

Single crystals of 3@2 suitable for X-ray diffraction studies
were obtained by slow diffusion of hexane into a solution of
the complex in tetrachloroethane (Fig. 3). The molecular struc-
ture consists of a tetra-iridium rectangle featuring two cofacial
quinoxalinophenanthrophenazine-bis-imidazolylidene ligands
and two 4,4"-bipyridine ligands, which form the long and short
sides of the rectangle, respectively. One molecule of the hetero-
cyclophane 3 is encapsulated within the host structure and
resides in the central art of the cavity. Two orientations of the
guest cyclophane are observed in the crystal structure, each
with 50% occupancy. This dual occupancy arises from the
asymmetric nature of the guest, which allows either the NDI or
pyrene units to face either of the polyaromatic cores of the two
bis-imidazolylidene ligands. The two orientations are related
by inversion symmetry. Refinement details have been included
in the ESL{ This configuration is consistent with variable-

This journal is © The Royal Society of Chemistry 2025

Fig. 3 Two perspectives of the molecular structure of 3@2 obtained
from single X-ray diffraction studies. A single orientation of 3 is shown,
and hydrogen atoms omitted from the figure for clarity. Counter anions
(BF47) and solvent molecules were excluded from the model using a
solvent mask. Carbon atoms are in blue, nitrogen atoms in red, oxygen
atoms in green and iridium atoms in yellow.

temperature '"H NMR experiments described below, which
reveal two degenerate configurations in equilibrium in solu-
tion. The Ir---Ir distance bridged by the di-NHC ligands is
22.57 A, while the Ir---Ir distance across the bipyridine ligands
measures 11.24 A. The distances between the plane of the
central pyrene unit of the host’s di-NHC ligand and the NDI
and pyrene units of the guest are 3.28 and 3.44 A, respectively,
indicating significant n-n stacking interactions between the
guest and host aromatic systems. The average interplanar dis-
tance between the NDI and pyrene units of the guest cyclo-
phane is 3.51 A, closely matching the value observed in the
free cyclophane. Finally, the angle between the principal axes
of the pyrene and NDI units of the guest is 12.87°. These two
latter parameters indicate minimal distortion of the guest
upon encapsulation.

We next carried out titration experiments in order to get
information about the binding affinity between metallobox 2
and cyclophane 3. The '"H NMR titration in CD,Cl, showed
that the addition of increasing amounts of 3, induced the
upfield shift of the two resonances assigned to the protons of
the polyaromatic linker of the di-NHC ligand, together with
the downfield shift of the two signals due to the protons of the
bipyridine ligand (see ESI} for full details). The titration
showed that the encapsulating process shows fast kinetics on
the NMR timescale, as only averaged resonances of 2 and 3@2
are observed. By using a global nonlinear regression analysis,"*

Nanoscale, 2025, 17, 20089-20095 | 20091
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we found that the data were best fitted to a 1: 1 stoichiometric
model, with an association constant of (2.4 + 0.2) x 10* M.

Isothermal titration calorimetry (ITC) experiments were
conducted to further investigate the interaction between metal-
lobox 2 and cyclophane 3. Titrations were carried out in
chloroform by sequentially adding small aliquots of a 1 mM
solution of 3 to a 0.18 mM solution of 2 in the calorimetric
cell. The resulting data were best fitted to a one-site binding
model, consistent with a 1: 1 stoichiometry, yielding a binding
constant of (2.0 + 0.6) x 10* M. This value closely matches
that obtained from the 'H NMR titrations. The enthalpy
change (AH) for the binding event was determined to be —6.7
+ 0.8 kcal mol ™', while the entropy change (AS) was —3.3 cal
mol ™" K. These thermodynamic parameters indicate that the
encapsulation process is primarily enthalpically driven, with
minimal entropic contribution.

We wanted to compare the redox behavior of 3 with that of
3@2 in order to garner information about the effects that the
encapsulation may have in the electrochemical properties of
the guest. As can be observed in Fig. 4a, the cyclic voltammetry
of 3@2 shows two redox events that can be related to the one-
electron and two-electron sequential reductions of the NDI
unit of the guest. When cyclic voltammetry (CV) is performed
at a scan rate of 100 mV s !, the first reduction of the host-
guest complex 3@2 occurs at nearly the same potential as that
of the free guest molecule 3, indicating minimal impact of
encapsulation on the initial electron transfer (ET) step. In con-
trast, the second reduction of 3@2 is irreversible and takes
place at a potential 113 mV more negative than the second

2,5

3@2

2,2 1,7 E/V-07

Fig. 4 (a) A comparison of the cyclic voltammograms (CV) of 3 (top)
and 3@2 (bottom) (1 mM in CH,Cl,, room temperature, 0.25 M [NBu,]
(PFg), 100 mV s7%). (b) Variable scan rate CVs of 3@2, showing that the
peak potential of processes |, Il and IV are scan-rate dependent.
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reduction of free 3, suggesting that the guest remains effec-
tively encapsulated after the first reduction, and that the host
structure hinders the subsequent ET process. The observed
irreversibility likely arises from the release of the guest upon
completion of the second reduction. Additionally, the shape of
the first reduction wave (process I) for 3@2 is dependent on
the scan rate (Fig. 4b). At higher scan rates, peak broadening
and a shift to more negative potentials are observed, which
can be attributed to the timescale of the measurement becom-
ing comparable to or faster than the molecular dynamics of
the system. Under these conditions, a greater fraction of 3@2
remains in its encapsulated form, leading to stronger hin-
drance of ET to the NDI unit. At slower scan rates, the guest
has sufficient time to dissociate from the host, resulting in a
reversible redox wave at the same potential as that of process I
for both free 3 and 3@2. A similar effect is observed for
process II, which refers to the second ET process. This process
is also scan-rate dependent, as the potential becomes more
negative at higher scan rates. This is because the scan rate sur-
passes the (37 )@2 — 3"~ + 2 conversion, thus leaving 3~
encapsulated during the generation of (3°7)@2.

To assess the affinity of the one-electron-reduced cyclo-
phane 3"~ for the metallobox 2, we performed an experiment
where we reduced 3 in CD,Cl, by adding one equivalent of
cobaltocene. The resulting "H NMR spectrum (Fig. 5b) con-
firmed the reduction, evidenced by the disappearance of the
resonance corresponding to the four equivalent protons of the
NDI moiety in 3. This result strongly suggests that the

b) 3 + Cp,Co ‘

a)3 =5

-

9.39.08784817875726.9 6.6 6.3 6.(
5 (ppm)

Fig. 5 Selected region of the NMR spectra (CD,Cl,, 500 MHz, 298 K),
of (a) 3, (b) a solution of 3 after addition of one equivalent of cobalto-
cene, and (c) a solution of 3 + one equivalent cobaltocene + one equi-
valent of 2.

This journal is © The Royal Society of Chemistry 2025
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reduction of 3 produces a radical species with the unpaired
electron localized at the NDI unit, leaving the pyrene moiety
largely unaffected. Upon further addition of one equivalent of
metallobox 2 (Fig. 5¢), the "H NMR spectrum shows a set of
resonances consistent with a metallobox that is ‘cavity-occu-
pied’. However, the signals for the guest (3"7) are no longer
visible, and those for the metallobox are significantly broad-
ened compared to the 3@2 complex (Fig. 2c). This suggests
that the spectrum in Fig. 5c¢ corresponds to the (3"7)@2
adduct, with the absence of guest signals and the broadening
of metallobox resonances indicating the paramagnetic nature
of the host: guest complex. Overall, the experiment confirms
the high binding affinity between 3"~ and 2.

The asymmetric nature of the guest suggests the presence
of two degenerate orientations in 3@2, as the molecule of 3
can align either of its two distinct planar units (pyrene or NDI)
towards the polyaromatic panels of the host (see Fig. 6). This
leads to the inequivalence of the resonances of the protons in
the polyaromatic ligand at slow exchange rates on the NMR
timescale. To investigate this, we conducted a variable-temp-
erature 'H NMR experiment in CD,Cl,, spanning a tempera-
ture range from 20 to —40 °C. As the temperature decreased,
the signals corresponding to the aromatic protons of the di-
NHC ligand (denoted as b and ¢ in Fig. 2) became unequiva-
lent, indicating a transition from fast to slow exchange kinetics
on the NMR timescale. '"H NMR line-shape analysis of the
spectra (Fig. 6), with reference to the evolution of the reso-
nances of protons a and a’, allowed us to determine the rate
constants at each temperature. An Eyring plot was used to
extract the activation enthalpy (AH*) and activation entropy
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TlRd T T d R ha o & Lo R
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Fig. 6 Study of the dynamic behavior of 3@2 conducted by VT *H NMR
spectroscopy. The series of spectra show the region related to the
appearance of the resonances a and a’, as labelled in the reaction
scheme. All spectra recorded in CD,Cl,. Full spectra are given in the
ESL¥ The determination of the kinetic constants was performed by
dynamic *H NMR line-shape simulations. The simulated spectra (in red)
are shown below the experimental ones.
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Fig. 7 Selected region of the NMR spectra (CD,Cl,, 500 MHz, 298 K),
of 3@2 (a), after addition of four equivalents of [NBuylCl (b), and after
further addition of four equivalents of AgBF, (c). The resonances of 3@2
are represented by solid blue circles, solid green triangles are used of
bipyridine, green empty circles for 3, and red solid squares for 4.

(ASY), yielding values of 5.1 + 0.2 keal mol™* and —32 + 1 cal
mol™" K, respectively. These values are consistent with an
intermolecular dynamic process, where the guest undergoes a
reorientation within the host cavity via a dissociative mecha-
nism. The large negative activation entropy suggests that the
separate host and guest molecules are more solvateable than
the host-guest adduct. The positive activation enthalpy likely
reflects the energy cost associated with the structural
rearrangements of both the host and the guest during the
guest’s release.

Finally, we sought to investigate whether the encapsulation
of 3 within 2 could be made reversible. The motivation behind
this is that the practical application of host: guest supramole-
cular systems often relies on the establishment of reversible
binding mechanisms that allow for the controlled storage and
release of cargo in response to a stimulus. We hypothesized
that the lability of the pyridine-iridium bond in metallobox 2
could serve this purpose. Indeed, the addition of four equiva-
lents of [NBuy]Cl to a CD,Cl, solution of 3@2 led to the
release of cyclophane 3, accompanied by the formation of the
NDI-di-NHC connected di-(Ir-Cl) complex 4 (Fig. 7) and free
bipyridine. Furthermore, the abstraction of chloro ligands
from 4 upon the addition of four equivalents of AgBF, resulted
in the re-formation of 3@2, thus demonstrating the reversibil-
ity of the guest uptake and release process.

Conclusions

In summary, we synthesized a pyrene-NDI heterocyclophane
that exhibits strong binding affinity with a metallasupramole-
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cular assembly composed of a nanosized Janus di-NHC ligand.
This high affinity arises from the excellent dimensional match-
ing between the cyclophane and the metallobox cavity. The
resulting host-guest complex forms a discrete quadruple stack
with alternating D-A-D-D layers, providing an ideal framework
for studying electron transfer processes at the molecular level.
Electrochemical studies of the free and encapsulated heterocy-
clophane reveal that encapsulation significantly affects the
pyrene-NDI charge transfer process, which is highly depen-
dent on guest uptake and release dynamics. Notably, the
reduction of the pyrene-NDI cyclophane generates a radical
with an unpaired electron at the NDI unit, which can be stabil-
ized upon encapsulation by the tetracationic metallobox,
enhancing its resistance to oxidation. This demonstrates the
potential of supramolecular recognition to modulate the redox
properties of NDI-based materials and to develop systems with
encapsulated, stabilized radicals, which may find applications
in molecular electronics and paramagnetic smart materials. To
our knowledge, there is only one previous report on a radical
NDI being supramolecularly encapsulated and stabilized in a
polyaromatic cyclophane.'?

An intriguing aspect of this host-guest complex is that the
guest uptake/release can be controlled by adding chloride
anions and silver salts. The introduction of chloride destroys
the metallobox, resulting in NDI-di-NHC connected di-(Ir-Cl)
and bipyridine, alongside free cyclophane, while the complex
can be rebuilt by simply adding soluble silver(i) salts. Studying
reversible host-guest interactions is crucial for developing
adaptable, efficient, and sustainable systems, as these pro-
cesses improve reusability, enhance efficiency, and offer valu-
able insights for designing advanced materials and
technologies.™
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