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ABSTRACT: Dimers are probably the simplest model to facilitate the understanding of fundamental physical and chemical
processes that take place in much-expanded systems like aggregates, crystals, and other solid states. The molecular interplay within a
dimer differentiates it from the corresponding monomeric state and determines its features. Molecular engineering of noncovalent
dimerization through applied supramolecular restrictions enables additional control over molecular interplay, particularly over its
dynamic aspect. This Perspective introduces the recent effort that has been made in the molecular engineering of noncovalent
dimerization, including supramolecular dimers, folda-dimers, and macrocyclic dimers. It showcases how the variation in
supramolecular restrictions endows molecular-based materials with improved performance and/or functions like enhanced emission,
room-temperature phosphorescence, and effective catalysis. We particularly discuss pseudostatic dimers that can sustain molecular
interplay for a long period of time, yet are still flexible enough to adapt to variations. The pseudostatic feature allows for active
species to decay along an alternate pathway, thereby spinning off emerging features that are not readily accessible from conventional
dynamic systems.

1. INTRODUCTION
Organic molecular-based functional materials are recognized as
crucial drivers of emerging technologies for their rapid
development and applications as dyes and semiconductors in
optoelectronics,1,2 as probes and medicine in theragnostics,3,4

as active intermediates and catalysts in chemical reactions,5,6 as
switches and rotors in molecular machines,7−9 etc. To
customize a molecular-based system toward desired functions,
it typically requires careful consideration of two aspects: (i) the
intrinsic features of a single molecule species determined by its
atomic arrangement and connection; and (ii) the coherent
features of molecular ensembles determined by the interplay
among them.10 The latter, in terms of material design, is
practically more important as most materials are present as an
ensemble of molecules. The attention to this importance has
been particularly drawn by the extensive reports of
aggregation-induced phenomena, which offer functionalities
that are not accessible by single molecular species.11−13

However, the term of “aggregation” depicts a coarse-grain
picture for molecular ensembles, without explicit information
on the number and arrangement of molecules involved. As
more knowledge is gained on molecular self-assembly,10,14−17

now it comes to a point that the interplay among molecules
can be introduced, controlled, and understood in more subtle
ways and, more importantly, with a precision at molecular
scale.
Noncovalent dimerization is employed in this Perspective to

showcase the recent effort that has been made in the pursuit of
precise control, either spatially or temporally, over molecular
interplay. Dimers are probably the simplest system to enable
the presence of molecular interplay experimentally and
theoretically.18,19 The premise behind control is variability,
which is one of the key features of noncovalent systems on the

basis of dynamic and reversible interactions.20 Therefore,
through the molecular engineering of noncovalent dimeriza-
tion, one could readily elucidate how the change of molecular
interplay leads to the variability of functions. Moreover, on
account of its normally good dispersion in solvent, the
investigation of a minimal molecular system like a dimer is
more feasible with the help of plentiful characterization
techniques.
The task of dimerization is to drive monomers into dimeric

entities, i.e., discrete pairs of monomeric species, and to sustain
their spatial proximity and interaction for a certain period of
time. In contrast to isodesmic or cooperative self-assembly,21

which typically leads to expanded molecular systems like
oligomers, supramolecular polymers, or random aggre-
gates,11,22,23 dimerization can be regarded as a special case of
anticooperative self-assembly24,25 that prohibits growth beyond
dimers. For a molecule inclining to aggregation, the challenge
of dimerization becomes to isolate pairs of monomers out of
their aggregates. To address this challenge, the volume-
exclusion strategy is often employed by introducing bulky
groups during the molecular design (Figure 1a).26−29

Selectively tethered bulky groups allow for the interplay of
two molecules along a specific direction while sterically
blocking others. However, this strategy is diffusion controlled
and does not work for molecules that are well solvated and
dispersed in solution. In other words, it works for molecular
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moieties intrinsically prone to assembly or upon conditions
that favor their aggregation such as concentrated solution or
solid states.30,31

An alternative strategy, instead of the passive exclusion, is to
actively bring two molecular moieties to close proximity
through single or multiple linkages. An advantage of this
strategy is that noncovalent molecular interplay can be held
between two moieties no matter whether they are prone to
aggregation or not. In other words, this type of noncovalent
dimerization is concentration independent and can take place
in a broad range of concentrations. Moreover, it can even
enforce repelling moieties into their dimeric form and generate
features that are inaccessible by normal methods.32−34

According to the fashion of linkages, products from this
prelinked noncovalent dimerization are divided into three
catalogues in this Perspective (Figure 1b): (i) supramolecular
dimers in which the dimerization of two moieties is associated
with supramolecular binding events; (ii) folda-dimers in which
two interacting moieties are tethered by a single and switchable
covalent bridge; and (iii) macrocyclic dimers in which two
interacting moieties are settled by multiple covalent linkages
into a macrocyclic form.
The control over the dimeric molecular interplay can be

realized in each type of noncovalent dimer through a variation
in the degree of restriction (Figure 1b,c). For instance,
additionally introduced supramolecular restriction can aug-
ment the interplay and generally endow the dimers with
shorter spatial distance and more persistent interaction.35,36 As
a result, the additional restriction turns a dynamic supra-
molecular dimer into a less dynamic one;37 makes an adaptive
folda-dimer, which is tethered by a switchable linkage, less
labile;38 and strengthens the coupling within a macrocyclic
dimer even though the dimeric moieties have been settled by
multiple covalent linkages (Figure 1c).39 We classify those
dimers generated by the additional restriction as “pseudostatic
dimers”, on the one hand, for their more persistent interplay
compared with typical dynamic noncovalent dimers, and on
the other hand, for their noncovalent nature against completely
static species.
Well-controlled restriction leads to well-regulated dimeric

interplay and subsequently well-defined dimer functions.
Besides the ground state, the influence from the applied
restriction is particularly imposed on dimers’ excited states, and
also extended to dimers with different redox states (Figure 2).
For instance, excited dimers can be generated by a direct
excitation from ground-state dimers,40 which should differ-

entiate from the formation of excimers or exciplexes that are
initially excited from a monomer.41 If a dimer is sustained with
strong restriction, as will be introduced later, its pseudostatic
excited state can remain as a dimeric form before relaxation to
the ground state. On account of the restriction, the relaxation
will mainly choose a radiative pathway of high efficiency, which
could lead to dimerization-induced enhanced emission
(DIEE)40,42−47 or room-temperature phosphorescence
(RTP).35,38 If a dimer is dynamically and loosely held with
weak restriction, its excited dimer may have more chances to
dissociate into an excited monomer, which then behaves as a
supramolecular catalyst to trigger subsequent reactions.48,49

Similar profiles could also be found for the redox products of
noncovalent dimers, working either as stable near-infrared
(NIR) probes or catalytic supramolecular radicals depending
on oxygen content.50,51

The perspective we therefore aim to convey is that an active
and precise control over the dynamics of molecular interplay is
an effective way to endow molecular-based materials with
improved performance and/or new functions. The rest of this
Perspective will expand and demonstrate this idea with recent
progress that has been made in the molecular engineering of
noncovalent dimerization, from dynamic supramolecular
dimers, adaptive folda-dimers, and macrocyclic dimers to
their corresponding pseudostatic counterparts. Dimeric sys-
tems and accompanying features generated through various
restriction methods are mainly introduced, along with a few
emerging cases of discrete dimers in solid states mentioned in
the end.

2. SUPRAMOLECULAR DIMERIZATION
The basic idea of supramolecular dimerization is to associate a
dimerization process with a thermodynamically favorable
supramolecular binding event. The formation of a dimer
from two molecular moieties in solution has to overcome the
penalty from a loss of translational entropy.52 The associated
supramolecular binding, of adequately high binding affinity,
will append a change of free energy that is large enough to pay
off the entropic penalty, thereby favoring the dimerization with
preorganized and less diffusion-controlled features. A broad
range of supramolecular dimers have been achieved by
association with various types of supramolecular binding
events such as macrocyclic complexations,53,54 capsulation
through hydrogen bonding,55 or halogen and chalcogen
bonding,56 antielectrostatic hydrogen bonding,57−59 metal-
coordination,60−63 metal−metal interaction,64 micelliza-
tion,65,66 and so on. This Perspective mainly employs
macrocyclic-based, particularly cucurbituril-based, host−guest

Figure 1. Typical pathways toward noncovalent dimers with variable
degrees of restriction.

Figure 2. Exemplified functions and relevant pathways for non-
covalent dimers with a variable extent of restriction applied on their
ground states, excited states, and redox states. (i) Dimerization-
induced enhanced emission (DIEE); (ii) room-temperature phos-
phorescence (RTP); (iii) catalysis; (iv) near-infrared (NIR) probes.
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systems to exemplify the molecular engineering of supra-
molecular dimerization.
Host−guest inclusion as a supramolecular binding system is

a good candidate to perform supramolecular dimerization
through a simple mix-and-match fashion at low molar
concentration. Typical hosts like cyclodextrin,67,68 cucurbit-
[n]urils (CB[n]),54,69 pillararenes,70 molecular cages,71,72 etc.,
can provide a confined and isolated cavity space for
accommodating guest molecules, including a dimer. Kim et
al. in 2000 found that cucurbit[8]uril (CB[8]), a macrocyclic
host with eight repeat units, was capable of encapsulating two
guest molecules in aqueous solution.53,73,74 Biedermann et al.
then revealed that the main driving force for cucurbituril-based
binding was the release of energetically frustrated cavity-bound
water (so-called “high-energy water”).14,75,76 This means once
the combined shape and size of two molecular moieties match
the cavity of CB[8], they are likely to be dragged into the
macrocycle and sustained as a dimer even if the two moieties
are not inclined to dimerization. Moreover, the macrocyclic
backbone as a shielding layer can mechanically prevent further
aggregation of guests and sustain dimers as discrete entities.77

The pursuit of radical dimers is a good illustration of the
advantage of supramolecular dimerization. Effective spin−spin
coupling between two radical species results in narrow
bandgaps and significant absorption in the near-infrared
region, which has shown a promising potential as NIR
reagents for photothermal conversion and therapy.78,79

However, the intermolecular spin−spin interaction is often
not strong enough to generate and sustain a long-lasting radical
pair against the thermal fluctuation in solution.80 Moreover, it
is difficult for a highly reactive radical species to meet with
another radical before being promptly diminished by other
quenchers.
Radical dimers with enhanced stability could be achieved by

the combination of a supramolecular host−guest binding with
spin−spin coupling. Through the inclusion by CB[8], Kim et
al. reported the stabilized radical dimers of methylated
viologen in 2002.81 Discrete dimers for tetrathiafulvalene
radical cations were successfully prepared and stabilized by
various supramolecular hosts such as CB[8] by Kim et al.,82

self-assembled coordination cages by Fujita et al.,83 and
[3]catenanes by Stoddart et al.84 Recently, Zhang et al.
reported the application of a radical dimer in NIR-II
photothermal therapy51 (Figure 3) on the basis of the
supramolecular dimerization between N,N′-dimethylated
dipyridinium thiazolo[5,4-d]thiazole radical cation (MPT•+)
and CB[8]. On the one hand, the formation of a supra-
molecular radical dimer stabilized the radical and improved its
redox reversibility. On the other hand, the supramolecular
radical dimer exhibited a strong absorption at NIR-II
biowindow (1000−1350 nm) owing to the intermolecular
spin−spin coupling. Combining the enhanced stability and
strong NIR-II absorption of the supramolecular radical dimer,
2MPT•+-CB[8] exhibited an efficient and reliable NIR-II
photothermal conversion. On account of the large penetration
depth and maximum permissible exposure to human skin of
NIR-II light, the supramolecular radical dimer showed a high
inhibition rate toward HepG2 cancer cells with NIR-II
irradiation penetrating through a 5 mm-thick chicken breast
tissue. The supramolecular radical dimer as a novel candidate
for NIR photothermal reagents features in metal-free
composition, facile fabrication, considerable aqueous solubility,

and more importantly, strong long-wavelength absorption for
biosafety.
Dynamic Dimers. Supramolecular dimerization, on the

one hand, requires an engagement with a supramolecular event
of high thermodynamic stability; on the other hand, it allows
for large degree of variation in the kinetic aspect and offers a
means to control the molecular interplay by imposing varied
restriction on dimers. The variation in restriction can be
performed by the introduction of a different number of binding
or restriction sites.
A dimer sustained by only one CB[8] macrocycle is

generally more dynamic than those bearing multiple restriction
sites. Zhang et al. reported a supramolecular dimerization of
two MPT2+ guests with one CB[8], yielding a 2MPT2+-CB[8]
dimer with two guests arranged in a parallel and staggered
conformation (Figure 4).50 Owing to their acceptor−donor−

acceptor structures, two MPT2+ guests were coupled with each
other as a discrete charge-transfer (CT) pair inside cavity.
Upon excitation, the CT interaction was known to promote
the intersystem crossing process and generated triplets through
a charge separation and recombination mechanism.49,85,86 The
supramolecular CT dimer of 2MPT2+-CB[8] thereby behaved
as a triplet generator, displaying an increasing yield of triplets
upon photoexcitation. As this CT pair was associated with only
one CB[8] macrocycle, the resulting triplets were loosely

Figure 3. Supramolecular radical dimers, 2MPT•+-CB[8], exhibiting
strong absorption at NIR-II biowindow (1000−1350 nm) with an
application in photothermal therapy. Adapted with permission from
ref 51. Copyright (2019) Wiley-VCH.

Figure 4. A dynamic supramolecular CT dimer, 2MPT2+-CB[8],
performed as an efficient photocatalyst by effectively generating and
releasing triplet species for subsequent reactions. The triplet
generation is assisted by host-sustained discrete CT pair that
promotes the intersystem crossing. The release of triplet species is
favored by the dynamic nature of this supramolecular dimer loosely
restricted by one macrocycle. Adapted with permission from ref 50.
Copyright (2021) Wiley-VCH.
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restricted and could move in and out of the host cavity at a fast
exchange rate. This dynamic nature of 2MPT2+-CB[8] is also
demonstrated by their susceptibility to the change of
conditions, such as host−guest ratio, solvent, pH, humidity,
etc.87

The loosely bound and temporally escaped single triplet
species can trigger subsequent physical processes or chemical
reactions. As for excited 2MPT2+-CB[8] dimers, the resulting
fast-exchanging triplets were prone to accept an electron
transfer from electron donors and generate radical cations that
further reacted with oxygen to produce superoxide ions.
Superoxide ions could oxidize arylboronic acids into phenols.
As a result, the supramolecular dimer 2MPT2+-CB[8] could
serve as an efficient photocatalyst for the oxidative
hydroxylation of arylboronic acids (Figure 4).50 Providing
that MPT is a fluorescent dye with over 90% quantum yield,
this finding demonstrates the great power of supramolecular
dimerization in terms of dramatically changing the photo-
physical and photochemical properties of a molecular system.
Pseudostatic Dimers. By appending additional restriction

sites, one can turn a supramolecular dimer from a dynamic pair
into a pseudostatic one that maintains as an interacting pair for
a longer period of time. Pseudostatic features were initially
pointed out by Scherman et al.37,40,88 when comparing doubly
restricted dimers with a singly restricted counterpart. The
pseudostatic concept is thereby a relative description of
dynamics depending on specific time scales. For a supra-
molecular complex that is pseudostatic under an equilibrium
state, it typically displays a slow exchanging rate which can be
qualitatively elucidated from the pattern and the line width of
NMR signals and quantified through variable-temperature
NMR.37,40 A pseudostatic system is often formed in a
quantitative manner insusceptible to the mixing ratio of
starting materials.
In Scherman’s work, a series of arylviologen derivatives were

found to bind with CB[8] at a “1:1” stoichiometry, whereas
exhibiting sharp proton NMR signals at slow exchanging limit
and showing exclusive complexation products insusceptible to
the mixing ratio.37 Theses complexes were verified to be
supramolecular dimers composed of two arylviologens
simultaneously restricted by two CB[8] macrocycles (Figure
5a). They further developed a modular strategy to ease the
design and preparation of multiple restricted dimers universally
feasible for a variety of molecular moieties. By using bis(N-
arylpyridinium) (BAP) as a restricting or clamping module and
attaching multiple BAP units onto one chromophore moiety,
supramolecular dimers of more than ten chromophore
moieties were fabricated upon complexation with CB[8]
macrocycles (Figure 5b).40,45,88 The doubly or triply restricted
dimers can sustain a long-lived interchromophore coupling and
generally display significant dimerization-induced enhanced
emission.
This modular strategy toward pseudostatic dimers can

readily construct and provide a series of dimer-based
fluorescent dyes whose emission wavelength covers a broad
range of spectra and displays fluorescent quantum yields
generally larger than 80% (Figure 5b).40 Unlike the direct
inclusion in CB[8] cavity, by separating functional and
clamping modules, the supramolecular dimerization can be
extensively applied to various chromophores or fluorophores
even if their size and shape do not perfectly match the cavity of
macrocycles. Moreover, a precise control over the stacking and
alignment of the two functional moieties can be achieved by a

variation in their clamping modules. For instance, a triply
restricted stacking and directional alignment of two 2,6-
anthracene moieties along their long molecular axis led to
extremely large bathochromic shifts in absorption and
emission, which is significantly different from those of random
aggregates.88 Utilizing multiple supramolecular restrictions
thereby not only strengthens the interplay within the dimeric
pair, but also can precisely define their spatial alignment.
A triplet generated from a pseudostatic dimer will adopt a

relaxation pathway different from those generated in a dynamic
dimer according to their different exchanging rates. For
example, a supramolecular dimer capable of room-temperature
phosphorescence (RTP) was reported by Tian and Ma et al.
using two CB[8] macrocycles to construct a pair of triazine
derivatives (TBP).35 Single crystal analysis of the dimer
showed that two TBP molecules were aligned in a parallel and
partially overlapped conformation (Figure 6). Upon photo-
excitation, the CT interaction between two TBPs promoted
intersystem crossing to generate triplets. In contrary to triplets
produced by dynamic 2MPT2+-CB[8] dimers,50 the triplets
generated in doubly restricted (TBP)2-CB[8]2 complexes

Figure 5. Pseudostatic supramolecular dimers of various chromo-
phores constructed by the introduction of multiply CB[8] restriction
as exemplified in detail by (a) 9,10-anthracene moiety and universally
demonstrated by (b) another ten chromophore moieties, generally
exhibiting enhanced fluorescence quantum yield (ϕF) and bath-
ochromic shifts in adsorption and emission. Panel (a) is adapted with
permission from ref 88. Copyright (2019) Royal Society of
Chemistry. Panel (b) is adapted with permission from ref 40.
Copyright (2019) Royal Society of Chemistry. https://
creativecommons.org/licenses/by/3.0/.
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exhibited less chance to escape the initial dimeric state but
mainly relaxed along a radiative pathway leading to RTP in
solution. Owing to its pseudostatic feature, the formation of
this doubly restricted dimer is not susceptible to the mixing
ratio of TBP and CB[8]. This feature enables a further
development of a dual-emitting hydrogel, which is composed
of restricted dimers to emit RTP and an excess amount of TBP
monomers to emit fluorescence. To achieve RTP in solution is
a challenging topic; the restricted supramolecular dimerization
provides a feasible way to tackle this problem and provide new
guidelines for the design of luminescent materials in solution.
Besides RTP, through the formation of similar pseudostatic
dimers, more emerging features have been achieved including
enhanced emission,40,42−47 red-shifted absorption,37,45 direc-
tional self-sorting,89 and a negative pKa shift.

90

A noncovalent dimer itself can function as a supramolecular
linker, for instance, to dimerize large molecular systems like
proteins as reported by Brunsveld et al.91,92 Being endowed
with a pseudostatic feature, a supramolecular linker is
kinetically steady and capable of sustaining hierarchical
structures. Flood et al. and Zhang et al. have utilized doubly
restricted dimeric motifs to strengthen anion−anion inter-
action93 and CT interactions,94 respectively, which were then
performed as linkers to trigger effective supramolecular
polymerization. In contrary to the complete static behaviors
performed by covalent linkages,33 a pseudostatic dimer is still
of dynamic nature and convertible in responsive to the change
of equilibrium. Heterodimers bearing a coupling of different
moieties were thereby realized by simply mixing two
pseudostatic homodimers.32 However, in order to produce
exclusive heterodimeric species with minimized equilibrium
byproducts, shape-complementary moieties were introduced
onto clamping modules and promoted the quantitative
formation of heterodimers via a social self-sorting. Following
this method, an exclusive heterocoupling of naphthalene and
anthracene moieties was successfully generated and exhibited a
highly efficient intermolecular energy transfer upon photo-
excitation.32 A rapidly changing linker is not steady enough to
hold a hierarchical structure, while a completely static
connection is too rigid for adaptive structure adjustment.
Therefore, pseudostatic dimerization literally fills the demand

for a system that can sustain a long-lived connection yet still
along with adaptive and self-correction features. This is an
essential step toward the fabrication of higher-ordered
molecular architectures.

3. FOLDA-DIMERS
Endowing a pair of molecular moieties with controllable
features does not necessarily require a noncovalent connection
or encapsulation. Covalent but switchable linkages are as well
employed to fabricate folda-type dimers that are adaptive to
external stimuli.
Ferrocene (Fc) can be utilized as a molecular rotor95,96 with

a rotational barrier of two cyclopentadienyl (Cp) rings of ca. 1
kcal mol−1, similar to the thermal fluctuation at room
temperature of ca. 0.6 kcal mol−1. Attachment of a moiety
onto each Cp ring of Fc facilitates the formation of dimeric
entities such as π-dimers,97 π-pimers,98 or diradicals.99

Following this idea, Bucher et al.97 and Takeuchi et al.98

reported the synthesis of Fc derivatives having two connected
viologens and naphthalenediimide (NDI), respectively. They
demonstrated that the rotational dynamics could be controlled
through redox stimuli. For instance, different redox states of
NDI determined the pivoting motion of Fc (Figure 7a). At

room temperature, the rotation of NDIs was smooth in the
neutral state, forbidden in the one-electron reduced state
owing to the electron-rich π-bonding with a stabilization
energy of 5.7 kcal mol−1, and became stepwise between two
equilibrated forms upon two-electron reduction.98

Besides redox control, the dimeric interplay within a folda-
dimer can be tuned by the polarity of solvent. Würthner et al.
developed a series of bis(merocyanine) derivatives with
rotatable spacers.100 A cofacial π-stacking of two, either
homo- or hetero-, chromophores, was generated through a
folding process triggered by lowering the polarity of solvent
(Figure 7b). Through a modular molecular engineering, the
dimeric coupling of dye’s transition dipole moments could be
systematically investigated with variables like chromophore
types, conjugation length, and spacers.101−104 It thereby
provided various folda-dimers with different coupling strength
to enable the experimental study of the interplay between
exciton and vibrational coupling.11

Figure 6. Single crystal structure of (TBP)2·CB[8]2 and photo-
luminescence emission spectra and chromaticity coordinates of TBP
with different ratios of CB[8]. Adapted with permission from ref 35.
Copyright (2020) Wiley-VCH.

Figure 7. Folda-dimers allowed for intramolecular dimerization
controlled by (a) redox stimuli and (b) solvent polarity. Panel (a)
is adapted with permission from ref 98. Copyright (2013) Wiley-
VCH. Panel (b) is adapted with permission from ref 103 and ref 104.
Copyright (2019) Wiley-VCH.
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It is noteworthy that the role of rotary or foldable linkers in
the above cases is to bring the two interacting moieties to close
proximity so that their dimerization is not limited by diffusion
and at the same time remains certain degree of freedom for
coupling. However, the linkage itself is not directly responsible
for the coupling. Therefore, the strength and dynamics of
dimeric interplay are determined by the intrinsic noncovalent
affinity of the two moieties involved.
Restricted Folda-Dimers. Besides intrinsic affinities, a

long-lasting proximity of the two moieties in a folda-dimer can
be enforced and retained by the introduction of additional
supramolecular restrictions like host−guest encapsulation. The
resulting folda-dimers may lose their adaptive features while
acquiring pseudostatic features that lead to specific photo-
physical or catalytic properties.105

Two phenylpyridinium (PhPyd) moieties were bridged via a
flexible alkyl-spacer into a folda-dimer, as reported by Liu et
al.38 Upon photoexcitation, this molecule was mainly relaxed
through a fluorescent radiation, suggesting weak interaction
between two linked PhPyds. No phosphorescence was
observed even if PhPyds were modified with heavy atoms
like bromine or sulfur (Figure 8a).38 However, in the presence

of CB[8] macrocycles, the bromine and sulfur modified
PhPyds folda-dimers displayed a red-shifted RTP in solution. It
was demonstrated by NMR that the two neighboring PhPyds
were folded into one CB[8] cavity in a self-inclusion form. The
narrow line width and split pattern of certain complexing
signals in proton NMR spectra suggested a slow-exchange rate
at the NMR time-scale. It is thought that this pseudostatic
dimerization strengthened the interaction between two PhPyds
and promoted charge-transfer during excitation for subsequent
efficient intersystem crossing. A further transfer of these
restricted folda-dimers into a rigid matrix led to ultrahigh
phosphorescence quantum yield (ca. 99%), which enabled an
application in targeted phosphorescent imaging of mitochon-

dria.38 The two RTP cases, either the previous one displayed in
the doubly restricted dimer35 or this one performed in the
restricted folda-dimer, both demonstrate the power of
pseudostatic dimerization in sustaining long-lived excited
states, which should increase our capability in engineering
the relaxation pathway of excited species.
A macroscopic physical property such as circular dichroism

(CD) of a molecular system comes from the ensemble average
of the contribution from all possible states or conformations
within a certain period of time. Therefore, by confining a
molecular system at a specific conformation, for instance,
through restricted dimerization, one may control the system to
display desired functions. Urbach et al. found that a folda-
dimer of oligopeptides could be readily produced by the
binding of CB[8] with a specific peptide sequence,106,107

Scherman et al.108,109 then observed intense CD signals for
these peptide-based folda-dimers owing to the pseudostatic
secondary structure induced by the restricted folding. More-
over, the secondary chirality can be simply inverted by
changing the sequence (Figure 8b).109 This restricted turn-
type motif is thermodynamically and kinetically stable enough
to manipulate the folding of a peptide sequence, offering a
facile way to perform artificial protein folding.
The selected conformation, spatial proximity, and long-

lasting interaction favored by the restricted folda-dimer can
facilitate chemical reactions in a microenvironment.5 The
intramolecular Diels−Alder reaction of N-allyl-2-furfurylamine
derivatives was accelerated by more than 1000 times by a tight
and self-inclusion folding inside a CB[7] cavity.110 Fujita et al.
found that a crowded dimerization of reagents in a coordinated
cage eased the hydration of amide bonds.111 Attaching
restricted folda-dimers to the reaction center is an alternative
way to regulate their reactivity. For the Fenton oxidation of a
1,4-diketopyrrolo[3,4-c]pyrrole derivative (DPP), its radical
cation (DPP•+) is the key intermediate to determine the
reaction rate. Zhang et al. found a close contact of the carbonyl
groups to the spin center of DPP•+ can enhance the reactivity
of radical cations. This is realized by a self-inclusion
complexation of DPP side groups with CB[8], which
accelerated the Fenton oxidation by more than 100 times
(Figure 9).112 By contrast, a loose binding over alkyl chains
with smaller CB[7] macrocycles, which were slightly far away
from the radical cation center, only displayed mild catalytic
effect. In other words, the restricted folda-dimer may play up

Figure 8. Restricted folda-dimerization through a self-inclusion
folding into CB[8] cavity, leading to (a) ultralong efficient
phosphorescence and (b) structural chirality. Panel (a) is reprinted
with permission from ref 38. Copyright (2021) Wiley-VCH. Panel (b)
is reprinted with permission from ref 109. Copyright (2021)
American Chemical Society.

Figure 9. Fenton oxidation of DPP derivatives activated by the
association with cucurbiturils. Reprinted with permission from ref
112. Copyright (2018) Royal Society of Chemistry.
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the electronic effect and further activate radical cations, thus
providing a new way for supramolecular catalysis.

4. MACROCYCLIC DIMERS
Two types of pseudostatic dimers are introduced so far: one
can be regarded as a dimer restricted by multiple noncovalent
linkages; the other folda-type can be taken as a dimer sustained
via a combination of covalent and noncovalent connections. It
is the introduction of noncovalent components that endows
the system with dynamic features, whereas the presence of
multivalency makes it less dynamic.
If all the multiple connections are covalent as typically

exemplified by cyclophanes,113,114 it results in macrocyclic
dimers with settled spatial alignments. Settled dimeric
alignment is not necessarily equivalent to an effective interplay
of dimeric moieties. Instead, optimized spatial coupling is
hardly achieved in the macrocyclic dimer on account of its
limited degree of structural freedom. For instance, Young,
Wasielewski et al. reported a series of cycloalkanes containing
two coplanar oriented extended viologens, whose planar
distance was variable according to the substitution fashion of
their xylylene linkers (Figure 10).33 Upon photoexcitation, the

charge-transfer of these cyclophanes exhibited distance
dependence leading to variation in emission (red line in
Figure 10). However, the absorption of all relevant species was
unified (blue line in Figure 10) and insusceptible to their
planar distance, which suggested ineffective π-stacking or
orbital hybridization between coplanar oriented viologen
derivatives. This is contrary to the pseudostatic supramolecular
dimers of extended viologens as mentioned above,40,45 where
the noncovalent dimeric interplay is sustained via multiple
CB[8] bindings and displays significant bathochromic shifts in
both absorption and emission. The supramolecular restriction
still allows the dimerized chromophores to self-optimize their
alignments toward an effective π-stacking.
To Squeeze a Macrocyclic Dimer. Properties of a

macrocyclic dimer, however, can still be regulated by
introducing additional supramolecular restrictions. Recently,

Stoddart et al. reported the formation of ring-in-ring(s)
complexes by threading a cyclophane-based dimer through
CB[8] macrocycles (Figure 11a−d).39 The introduced supra-

molecular restriction “squeezes” the extended tetracationic
cyclophane ring mechanically, thereby narrowing the planar
distance between two extended viologen moieties and
facilitating their effective π-stacking. Compared with uncom-
plexed cyclophanes, the resulting ring-in-ring complexes
exhibited significant bathochromic shifts in absorption as
well as in emission along with increased fluorescence lifetime.
Moreover, the bathochromic effect was augmented when more
CB[8] macrocycles were bound to squeeze the cyclophane
backbone. As a consequence, color-tunable emissions were
realized in one single chromophore from sky blue, to cyan,
green, and yellow, by simply adding different amounts of
supramolecular cofactors like CB[8] macrocycles. This work
opens up a feasible approach to attain tunable multicolor dyes
based on single chromophores without introducing irreversible
chemical reactions.
Conformation of the squeezed inner ring in a ring-in-ring

complex is often thermodynamically unfavorable by itself. By

Figure 10. Normalized absorption (blue line) and fluorescence (red
line) spectra of a series of extended viologen derivatives in CH3CN at
295 K and phosphorescence (green line) spectra in glassy PrCN at 77
K. Adapted with permission from ref 33. Copyright (2017) American
Chemical Society.

Figure 11. Schematic diagram of (a) ring-in-ring(s) complexes with
an extended tetracationic cyclophane threaded through one or two
CB[8] macrocycles and their corresponding space-filling representa-
tions (b). Color-tunable emission (c) and fluorescence photographs
(d) of a series of cyclophane solutions with the addition of different
equivalents of CB[8] macrocycles. Adapted with permission from ref
39. Copyright (2020) American Chemical Society. (e) Synthesis of an
ultralarge macrocycle driven by the preferable formation of ring-in-
ring(s) complexes. Adapted with permission from ref 115. Copyright
(2022) Royal Society of Chemistry. https://creativecommons.org/
licenses/by/3.0/.
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associating with supramolecular binding events, however, such
uncomfortable conformations become attainable owing to the
favorable free energy changes contributed by the associated
bindings. In other words, the propensity toward the formation
of ring-in-ring complexes can be used as a driving force to
catalyze the direct synthesis of specific products that are not
achievable under normal reaction conditions. Li et al. recently
demonstrated this idea and used it to successfully synthesize an
ultralarge macrocycle.115 A dihydrazide with a glycol spacer
and a cationic bisaldehyde with a p-xylene linker, as shown in
Figure 11e, typically condensed in a [1 + 1] manner into
macrocycles, which actually led to a quantitative formation of
[2]catenanes consisting of two interlocked macrocycles. In the
presence of CB[8], the same reagents and conditions resulted
in a ring-in-ring product containing an ultralarge macrocycle as
the inner ring. Products of both reactions were confirmed
unambiguously by single crystal XRD analysis. It was found
that cationic bisaldehydes were prone to form a pseudostatic
supramolecular dimer as clamped by two CB[8] macrocycles.
In this preorganized complex, two bisaldehydes had to adopt
an expanded conformation which only allowed for condensa-
tion in a [2 + 2] manner, thereby generating a macrocyclic
dimer with an ultralarge backbone containing over one
hundred atoms. However, this ultralarge and flexible backbone
had to be sustained by outer rings, as it would turn back to
[2]catenane products when withdrawing CB[8] by competitive
guests such as adamantan-1-ol.115 We foresee this flaw could
be solved by employing dynamic covalent linkages that are
capable of performing subsequent reactions toward robust
covalent bonds.

5. DISCRETE DIMERS IN SOLID STATES
The dimers that have been introduced so far are all constructed
with the help of third-party linkers, either covalently or
noncovalently. This prelinking design can minimize the
concentration effect and allow for effective dimerization taking
place in a broad range of conditions, which is particularly
helpful for dimeric moieties of weak attraction or even
repulsion. For moieties that are of a strong attraction between
each other and prone to aggregation, a steric spacer, instead of
a linker, is needed to ensure an anticooperative dimerization
with only dimeric products, i.e., discrete dimers, by blocking
unlimited aggregation.
Perylene bisimide (PBI) derivatives, for instance, are a

typical class of fluorophores that are inclined to aggregate and
often suffer from aggregation-caused emission quenching,
particularly, in solid states. In order to prevent its unlimited
aggregation, Würthner et al. bridged the two bay positions of
PBIs by a macrocyclic spacer, which sterically blocked one π-
face of the PBIs and allowed the other face to dimerize freely
with only a second PBI (Figure 12a).116 The bridging unit
substituted from bay positions, meanwhile, evokes a twist of
the chromophore core. As a result, the dimeric π-stacking
exhibited a chiral recognition with self-recognition prevailing
over self-discrimination.116 Although the distortion of the core
was demonstrated to be alleviated by lengthening the bridge
unit,117 it inevitably led to photophysical properties different
from typical planar PBI cores. By substituting at the two imide
positions, Stoddart et al. further developed a series of PBI
derivatives showing a rigid structure with a cyclic triangular
geometry.118 This way of substitution not only favored the
formation of discrete PBI−PBI π-dimers, but also maintained
an undistorted planar fluorophore core, which was confirmed

by single crystal XRD analysis (Figure 12b).28 In the solid
state, the discrete dimers formed by these triangular PBIs
exhibited enhanced fluorescence efficiency of at least an order
of magnitude higher than the reference PBI.
The fluorescence intensity of modified PBIs, although

increased by an order of magnitude, was still quite weak
considering that the reference PBI was almost completely
quenched in solid state.28 However, the finding of achieving
enhanced solid-state emission through the pursuit of discrete
dimers or oligomers is inspiring. Along this line, Yang et al.
developed a series of highly emissive organic crystals consisting
of discrete pairwise fluorophore dimers.119−122 For example, an
anthracene moiety was tethered by a bent thianthrene group
(TA-AN) that only allowed for a pairwise stacking of
anthracenes in its crystal state (Figure 12c).121 In contrast
with short-life blue emission of 26% efficiency in its dispersed
solution, the crystal of discrete TA-AN dimers exhibited
excimer fluorescence with bathochromic emission, significantly
enhanced luminous efficiency (up to 80%), and elongated
lifetime (164 ns). Besides bent thianthrene, other steric
tethering groups such as triphenylamine,123 spirofluorene,123

2-(p-tolyl)ethene-1,1-diyl)dibenzene,124 and tetra-phenyl eth-
ylene120 were demonstrated to play the same role in ensuring
discrete fluorophore dimerization in crystal states. On the
other hand, highly emissive crystals with different wavelengths
were also obtained through a variation in the π-conjugation of

Figure 12. (a) Schematic representation of chiral PBIs modified from
bay positions of the PBI core and their competitive homo- and
heterodimerization products. Reprinted with permission from ref 116.
Copyright (2010) Wiley-VCH. (b) Triangular PBIs modified from
two imide positions. Reprinted with permission from ref 28.
Copyright (2019) American Chemical Society. (c) Photophysical
properties of TA-AN in its dispersed solution and dimerized crystal
state. Adapted with permission from ref 121. Copyright (2016) Royal
Society of Chemistry. (d) Emissive crystals of discrete π-dimers
achievable for a variety of fluorophores that generally exhibited high-
efficiency dimer-based emissions. Adapted with permission from ref
123. Copyright (2019) American Chemical Society.
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fluorophore moieties, while the tethering group remained
unchanged (Figure 12d).123

It is noteworthy that crystals of discrete dimers should be
distinguished from the classic bimolecular cocrystals exten-
sively reported before.125,126 Both types of crystals consist of
pairwise entities as their minimized repeated unit. However,
the repeated dimeric units in a classic bimolecular crystal will
continue to interact with other pairs in a coherent fashion, in
contrast to the localized dimeric interplay within the crystal of
discrete dimers. With regard to fluorophore dimers, the
extensive stacking in bimolecular crystals often results in
emission quenching according to the energy gap law, while
discrete and localized dimerization without unlimited stacking
can uphold the emission.
In addition, the restriction offered by rigid crystal frame-

works that limited the nonradiative decay is another key
request toward high-efficiency emission. In other words, the
dimerized systems which adopt a passive exclusion design by
tethering steric repulsive groups may perform quite differently
in solution and in crystal states. This could be an advantage if a
self-adaptive system is desired to react according to external
stimuli such as pressure,120 temperature,119 and vapors.124

However, discrete dimers achieved by this means may not
meet the need in material applications which mostly require
consistent performance. An alternative way to address this
problem is to transfer pseudostatic dimers that are designed
and fabricated by active restriction strategy from solution to
solid states, a positive attempt of which has been carried out by
Liu et al. in their restricted folda-dimers, as mentioned in
Figure 8a.38

6. PERSPECTIVES AND OUTLOOK
“One begets two; two begets three; three begets everything.”
This is how Taoism, a Chinese philosophy, interprets the
formation of our material universe. This Perspective, with a
similar logic yet only regarding to the formation of organic
functional materials, briefly introduces various approaches
toward a molecular system consisting of “two” key
components, i.e., dimerization. We particularly emphasize the
important roles of supramolecular restrictions in defining
dimeric features. Effective dimerization can be generally
performed through an association with energy-favorable
prelinking processes such as covalent bonding or noncovalent
binding. We attempt to demonstrate that it is the number of,
rather than the type of, linkages that mainly determines the
dynamic property of a dimerized system. On the one hand, a
dimer prelinked by single covalent bridge can be a switchable
folda-dimer and become less dynamic by appending supra-
molecular restrictions.38,109 On the other hand, a dimer
restricted by multiple noncovalent linkages can be rather
static, denoted here as pseudostatic, yet still be adaptive to
variations.32,40 We highlight the recent progress in fabricating
pseudostatic supramolecular systems that can sustain molec-
ular interplay for a long period of time. This elongated
association allows for active species like radicals and excimers
to decay along an alternate pathway thereby spinning off
emerging properties such as RTP in solutions, DIEE, and
highly efficient catalysis that are not readily accessible from
conventional dynamic systems.
There is still plenty of room left for the precision chemistry

of noncovalent dimerization, as we can envision at least in the
following four aspects:

1. Toward quantification. Noncovalent dimers in the
current stage are only described with qualitative terms
like “dynamic”, “pseudostatic”, and “static” due to the
lack of kinetic data from the literature. Although whether
it is fast or slow, dynamic or static highly depends on the
time scale of studied physiochemical properties, it is
crucial to quantify the kinetic aspects of specific objects
like photoexcited dimers in order to provide quantitative
insights into their relaxation and catalytic features. We
thereby anticipate more effort being made to enrich the
kinetic database so that quantitative criteria can be
established for dimeric molecular systems.

2. Toward interface. Despite the deep dive in solutions and
solid states, dimerization at the interface is important yet
rarely explored, particularly in pseudostatic systems.
Recent attempts of using noncovalent dimers as single-
(supra)molecular circuits have provided valuable in-
formation on charge transport127,128 and quantum
interference.129 With a complexation nature that is
neither fast exchanging nor completely static, it is
anticipated that pseudostatic chromophore dimers at the
interface would be robust yet self-adaptive tectons or
linkers for the fabrication of optical molecular devices.
This lays the foundations for the further construction of
photon-based molecular integrated circuits that not only
generate less heat and allow for higher data transfer rates
than electronic systems, but also would be capable in
manipulation of the quantum state of light for optical
quantum computing.130

3. Toward customization. In terms of spatial alignments in
dimerization, many cases display a dimeric cofacial
stacking of chromophores, which is not necessarily the
most desired geometry. Singlet fission that can generate
two triplet excitons from one high-energy singlet exciton,
for instance, requires the chromophore dimerization in
close proximity but often suffers from their cofacial
stacking.131 It is thereby desired to develop a more
flexible dimerization that can customize the position and
alignment of functional moieties. Moreover, although
customizable positioning of (bio)molecular entities has
been realized through DNA engineering with a spatial
resolution at the molecular level,132 noncovalent
dimerization with tunable dynamics may further allow
for manipulation over functional molecules with
adequate temporal resolution. This will append another
dimension during the survey of energy landscapes for
molecular coupling and provide additional understand-
ing for dimer-based physical processes.133

4. Toward oligomers. In order to fill the gap between “two”
and “everything”, it is highly desirable to expand our
capability from “two”, i.e., dimers, to “three”, which can
be regarded as oligomers in a general sense. Although a
supramolecular trimer has recently been demonstrated
using a cucurbituril homologue larger than CB[8],134 the
idea of simply expanding the cavity size of macrocycles
may not work for bigger oligomers. The driving force
stemmed from the release of “high energy” water will
drop dramatically when the cavity is too big to generate
a “frustrated” water network. To address this point,
rather than expanding macrocycles, we anticipate more
effort be made in developing diverse frameworks, either
organic or inorganic, which possess anisotropic inner-
space with the size of at least one dimension small
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enough to comfort the oligomerization. It is anticipated
that next-generation pigments would be prepared from
only one single dye, but could display various colors by
simply mixing with different molecular “containers”,
where the color is mainly determined by the degree of
oligomerization.

To make a long story short, noncovalent dimerization is a
field that we can continue to make full use of the power of
imagination, though lots of beautiful chemistry has been
discovered in this regard. Various tailor-made architectures can
be envisioned, and more importantly, ensembles with emerging
functions may be achieved through noncovalent dimerization.
Bridging the gap between tailor-made architectures and
emerging functions will enrich the realm of molecular
engineering for functional supramolecular systems.
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D.; Deperasinśka, I.; Pernice, W. H.; Koppens, F. H. L.; Kozankiewicz,
B.; Gourdon, A.; Sandoghdar, V.; Orrit, M. Single Organic Molecules
for Photonic Quantum Technologies. Nat. Mater. 2021, 20, 1615−
1628.
(131) Johnson, J. C.; Nozik, A. J.; Michl, J. The Role of
Chromophore Coupling in Singlet Fission. Acc. Chem. Res. 2013,
46, 1290−1299.
(132) Rosier, B. J. H. M.; Markvoort, A. J.; Gumí-Audenis, B.;
Roodhuizen, J. A. L.; den Hamer, A.; Brunsveld, L.; de Greef, T. F. A.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c02434
J. Am. Chem. Soc. 2022, 144, 14962−14975

14974

https://doi.org/10.1016/0301-0104(81)80224-8
https://doi.org/10.1016/0301-0104(81)80224-8
https://doi.org/10.1016/0301-0104(81)80224-8
https://doi.org/10.1021/ja209766e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209766e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201302587
https://doi.org/10.1002/anie.201302587
https://doi.org/10.1002/anie.201302587
https://doi.org/10.1021/ja0566331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0566331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CC00221H
https://doi.org/10.1039/C6CC00221H
https://doi.org/10.1002/chem.201405231
https://doi.org/10.1002/chem.201405231
https://doi.org/10.1002/chem.201405231
https://doi.org/10.31635/ccschem.021.202100871
https://doi.org/10.31635/ccschem.021.202100871
https://doi.org/10.31635/ccschem.021.202100871
https://doi.org/10.31635/ccschem.021.202100871
https://doi.org/10.1002/chem.201901754
https://doi.org/10.1002/chem.201901754
https://doi.org/10.1002/chem.201901757
https://doi.org/10.1002/chem.201901757
https://doi.org/10.1002/chem.201901757
https://doi.org/10.1021/jo200349u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo200349u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo200349u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b00718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9OB00592G
https://doi.org/10.1039/C9OB00592G
https://doi.org/10.1021/jacs.1c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00342?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201706487
https://doi.org/10.1002/anie.201706487
https://doi.org/10.1038/s41557-020-0455-y
https://doi.org/10.1038/s41557-020-0455-y
https://doi.org/10.1039/C8SC01434E
https://doi.org/10.1039/C8SC01434E
https://doi.org/10.1039/C5CS00274E
https://doi.org/10.1039/C5CS00274E
https://doi.org/10.1002/anie.198815471
https://doi.org/10.1002/anie.198815471
https://doi.org/10.1039/D1SC06236K
https://doi.org/10.1002/chem.201001137
https://doi.org/10.1002/chem.201001137
https://doi.org/10.1021/ja202696d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja202696d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP02656H
https://doi.org/10.1039/C9CP02656H
https://doi.org/10.1039/C9CP02656H
https://doi.org/10.1021/jacs.9b11080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b11080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CC01993E
https://doi.org/10.1039/C6CC01993E
https://doi.org/10.1039/C6CC01993E
https://doi.org/10.1039/C7TC03229C
https://doi.org/10.1039/C7TC03229C
https://doi.org/10.1039/C7TC03229C
https://doi.org/10.1021/acs.jpcc.9b02447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b02447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.201901895
https://doi.org/10.1002/adfm.201901895
https://doi.org/10.1002/adfm.201901895
https://doi.org/10.1039/D1CE01117K
https://doi.org/10.1039/D1CE01117K
https://doi.org/10.1038/1871021a0
https://doi.org/10.1038/1871021a0
https://doi.org/10.1038/s41578-021-00302-2
https://doi.org/10.1038/s41578-021-00302-2
https://doi.org/10.1021/jacs.1c12741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12741?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matt.2021.08.016
https://doi.org/10.1016/j.matt.2021.08.016
https://doi.org/10.1038/s41563-021-00987-4
https://doi.org/10.1038/s41563-021-00987-4
https://doi.org/10.1021/ar300193r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300193r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Proximity-Induced Caspase-9 Activation on a DNA Origami-Based
Synthetic Apoptosome. Nat. Catal. 2020, 3, 295−306.
(133) Young, R. M.; Wasielewski, M. R. Mixed Electronic States in
Molecular Dimers: Connecting Singlet Fission, Excimer Formation,
and Symmetry-Breaking Charge Transfer. Acc. Chem. Res. 2020, 53,
1957−1968.
(134) Liu, F.; Chowdhury, S.; Rosas, R.; Monnier, V.; Charles, L.;
Karoui, H.; Gigmes, D.; Ouari, O.; Chevallier, F.; Bucher, C.;
Kermagoret, A.; Liu, S.; Bardelang, D. Triple Stack of a Viologen
Derivative in a CB[10] Pair. Org. Lett. 2021, 23, 5283−5287.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.2c02434
J. Am. Chem. Soc. 2022, 144, 14962−14975

14975

 Recommended by ACS

Foldaxanes: Rotaxane-like Architectures from Foldamers
Victor Koehler, Yann Ferrand, et al.
MARCH 16, 2022
ACCOUNTS OF CHEMICAL RESEARCH READ 

Regulating Chemically Fueled Peptide Assemblies by
Molecular Design
Kun Dai, Job Boekhoven, et al.
JULY 26, 2020
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Protein Assembly by Design
Jie Zhu, F. Akif Tezcan, et al.
AUGUST 18, 2021
CHEMICAL REVIEWS READ 

Self-Sorting Governed by Chelate Cooperativity
David Serrano-Molina, David González-Rodríguez, et al.
MARCH 19, 2022
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Get More Suggestions >

https://doi.org/10.1038/s41929-019-0403-7
https://doi.org/10.1038/s41929-019-0403-7
https://doi.org/10.1021/acs.accounts.0c00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c02434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00050?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00050?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/acs.accounts.2c00050?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/jacs.0c04203?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/jacs.0c04203?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/jacs.0c04203?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/jacs.0c04203?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/acs.chemrev.1c00308?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/jacs.1c13295?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/jacs.1c13295?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
http://pubs.acs.org/doi/10.1021/jacs.1c13295?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1665720283&referrer_DOI=10.1021%2Fjacs.2c02434
https://preferences.acs.org/ai_alert?follow=1

