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Molecular Tetris by sequence-specific stacking of
hydrogen bonding molecular clips
Hyun Lee 1 & Dongwhan Lee 1✉

A face-to-face stacking of aromatic rings is an effective non-covalent strategy to build

functional architectures, as elegantly exemplified with protein folding and polynucleotide

assembly. However, weak, non-directional, and context-sensitive van der Waals forces pose a

significant challenge if one wishes to construct well-organized π-stacks outside the confines

of the biological matrix. To meet this design challenge, we have devised a rigid polycyclic

template to create a non-collapsible void between two parallel oriented π-faces. In solution,

these shape-persistent aromatic clips self-dimerize to form quadruple π-stacks, the ther-

modynamic stability of which is enhanced by self-complementary N–H···N hydrogen bonds,

and finely regulated by the regioisomerism of the π-canopy unit. With assistance from suf-

ficient electrostatic polarization of the π-surface and bifurcated hydrogen bonds, a small

polyheterocyclic guest can effectively compete against the self-dimerization of the host to

afford a triple π-stack inclusion complex. A combination of solution spectroscopic, X-ray

crystallographic, and computational studies aided a detailed understanding of this coopera-

tive vs competitive process to afford layered aromatics with extraordinary structural reg-

ularity and fidelity.
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E lectronically tunable columnar stacks of aromatic
molecules1,2 are key functional components in molecular
devices and materials3–9. To define efficient pathways for

charge or energy carriers, precise molecular-level control of the
π–π stacking is needed10–15. For example, a linear molecular
backbone can support regularly spaced aromatic branches
that define a tight π-stack, as exemplified with comb-like
polymers16–19, hairpin turn-motifs20–25, and multi-layer
cyclophanes26,27. Despite intuitive appeal in design, with flex-
ible polymers, it is not easy to control the relative orientations of
the planar π-branches along the backbone axis17. For small
molecules, the spacing between individual π-faces might be
controlled precisely, but covalent construction of multi-layer
molecules to achieve long-range structural ordering is a synthe-
tically demanding task.

To overcome these challenges, supramolecular systems have
been developed by using non-covalent interactions between small-
molecule building blocks28–33. Prominent examples include aro-
matic guest-encapsulated molecular cages14,34–38, through-space π-
conjugated foldamers39–41, metal coordination-induced π-
stacking42–44, and self-assembled molecular tweezers45–49. To
control the special ordering and orientation of π-faces with high
fidelity, a rational molecular design strategy is needed50–54. In this
paper, we report the chemistry of shape-persistent molecular clips.

As schematically shown in Fig. 1, a C-shaped (or horizontal
lying letter U-shaped) molecular skeleton was designed to sup-
port two parallel-oriented π-surfaces that form tight quadruple
stacks upon self-dimerization. With pre-defined anti-parallel
orientations between alternating stacks and N–H···N hydrogen
bonds in the middle55,56, only a a–b–b–a type π-sequence, not an
isomeric a–a–b–b or b–a–a–b, is allowed for the quadruple
layer57. The regularity in stacking orientation58,59 and stacking
sequence32,57,59 facilitate the self-association of quadruple π-
stacks into an infinite columnar π-stacks in the solid state. We
also demonstrate that the quadruple π-stacks can disassemble
into individual π-clips to encapsulate a small polyheterocyclic
molecule, thereby affording a guest-intercalated a–c–b type triple
π-stacks. Such structure- and context-dependent Tetris-like

assembly is a testament to the importance of individually weak
yet collectively strong non-covalent interactions, the details of
which are provided in the following sections.

Results and discussion
Design principles: shape-matching cavities and complementary
hydrogen bonds. To build rigid clip-like molecules that self-
assemble into anti-parallel π-stacks (Fig. 1), a spiro junction was
devised to support a sharp 90° turn between the cyclic ketone-
fused indole and isobenzimidazole. As shown in Fig. 1, such a
molecular scaffold orients two different π-surfaces a and b in a
parallel fashion, while leaving a non-collapsible void in between.
In addition to functioning as a rigid structural support, the indole
unit provides an N–H group as a hydrogen-bonding donor
(HBD). The intermolecular N–H···N hydrogen bonds ensure that
only a a–b–b–a type π-sequence takes full advantage of the shape
complementarity and the maximum number of hydrogen bonds.

Using this general structural platform, a homologous set of
molecular clips C-NI, C-P1, C-P2, and C-P4 were designed.
While sharing the common C-shaped skeleton, these molecules
differ in the chemical composition (C-NI vs. C-Pn, where n= 1,
2, and 4) and regiochemistry (C-P1, C-P2, and C-P4) of the
upper canopy unit (Fig. 2). The conformationally rigid nature of
such π-clip motif is reflected in the presence of only one
rotational bond along the entire molecular backbone:
Cindole–Nimide for C-NI; Cindole–Cpyrene for C-Pn (n= 1, 2, and 4).

Synthesis of π-clips. The synthesis of the upper part of the π-clip
required direct C–C cross-coupling reactions of cyclic ketone-
fused bromoindole 1 with different regioisomers of pyrene
boronic ester/acids to prepare 2 (Fig. 2). Alternatively, the bromo
group of 1 was converted to azide, and subsequently reduced to
the amine intermediate 3, which was condensed with 1,8-naph-
thalic anhydride to afford 4. Each of the ketone intermediates (2
or 4) was subjected to a condensation reaction with the common
precursor 5 to afford the corresponding aminals 6. Unlike ketals,
aminals are prone to hydrolysis back to ketone and amine60,61;
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Fig. 1 Design principles of π-clips and sequence-specific assembly into π-stacks. a Chemical structures of a homologous series of π-clip molecules C-NI,
C-P1, C-P2, and C-P4. b Schematic representations of molecular assembly into triple π-stack, quadruple π-stack, and infinite π-column.
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few isobenzimidazole are thus known to have aromatic sub-
stituents at the quaternary carbon center62,63. For 6, two intra-
molecular N–H···N hydrogen bonds (green circles, Fig. 2), as
evidenced by significantly downfield-shifted Naminal–H proton
resonances at δ= 7.57–7.32 ppm, seem to facilitate the con-
densation reaction by shifting the equilibrium to the product side.
An oxidation reaction with MnO2 cleanly converted 6 to the final
products. High modularity in our synthetic design allows for the
construction of four different π-clips C-NI, C-P1, C-P2, and
C-P4, all sharing the same L-shaped lower skeleton, but differing
in the upper canopy unit that defines the overall C-shaped
molecular architecture (see Supplementary Methods for details on
synthesis and characterization).

Self-assembly in the solution and solid states. An initial indi-
cation of the self-dimerization of π-clips (Fig. 1) came from
comparative 1H NMR spectroscopic studies of C-NI, its N-

methylated derivative C-NIMe, and the substructure model 7
(Fig. 3). While similar aromatic proton resonances were observed
for C-NIMe and 7 (Fig. 3b, c), C-NI displayed dramatic upfield
shifts (Δδ= 0.54–1.07 ppm) of the naphthyl, pyridyl, and iso-
benzimidazolyl C–H protons (Fig. 3a). In contrast, the indole
C–H proton resonances remained essentially unchanged.

A subsequent single-crystal X-ray diffraction (SC-XRD) study
on C-NI, grown by vapor diffusion of Et2O into a CHCl3 solution
at r.t., revealed the formation of dimeric structure [C-NI]2 (Figs. 1
and 4; Supplementary Fig. 1a). Upon self-association of
the two π-clips, a quadruple π-stack is created, with two
symmetrically disposed Nindole–H···Npyridyl hydrogen bonds
(dN···N= 2.944(2) Å) buried deep inside the hydrophobic cavity
(Fig. 4b). When viewed along the vertical direction (Fig. 4c and
d), the quadruple π-stack is arranged in the sequence of
naphthaleneimide–isobenzimidazole–isobenzimidazole–naphtha-
leneimide, i.e., a–b–b–a (Fig. 1). The interplanar distances
of 3.126(1) Å and 3.240(2) Å, determined for the
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Fig. 2 Synthesis of π-clips. The modular construction of C-NI and regioisomeric C-Pn (n= 1, 2, and 4) series π-clip molecules. THF tetrahydrofuran, DMF
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Fig. 3 Spectroscopic signatures of intermolecular association. Partial 1H NMR (400MHz) spectra of a C-NI (9.2 mM), b C-NIMe (13 mM), and c 7
(9.2 mM) in CDCl3 at T= 298 K. NMR nuclear magnetic resonance.
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naphthaleneimide···isobenzimidazole (= a···b) and isobenzimida-
zole···isobenzimidazole (= b···b) contacts, respectively (Fig. 4e,
right), are indicative of intimate π–π stacking. These values were
determined by measuring the distance between the mean plane
centroid of naphthaleneimide and the mean plane centroid of
pyridine–isobenzimidazole–pyridine unit (for a···b), and the
mean centroids of the two stacked (and thus facing) pyridine–
isobenzimidazole–pyridine triads (for b···b).

In the solid-state, dimeric [C-NI]2 stack further to afford an
infinite one-dimensional column with an inter-dimer π–π
stacking distance of 3.187(2) Å (Figs. 1 and 4e, right). The shape
complementarity between adjacent [C-NI]2 units leaves no gaps
in the wire-like arrangement of the vertical π-stack. The critical
functional role of the Nindole–H···Npyridyl hydrogen bonds in the
dimer assembly is supported by the X-ray structure of C-NIMe
(Supplementary Figs. 1e and 2). Here, methylation of the indole
N–H group of the parent C-NI molecule removes the hydrogen
bond and sterically inhibits access to the cavity. As a result, no
dimerization occurs, which is consistent with the 1H NMR
spectroscopic data (Fig. 3b). Unlike C-NI (Supplementary Fig. 3a
and Supplementary Fig. 38), the MALDI-TOF mass spectrum of
C-NIMe (Supplementary Fig. 3e) lacks the molecular ion peak
corresponding to the dimeric [2M+H]+ species.

With the structural evidence for self-association obtained by
X-ray crystallography, we revisited the NMR spectra of C-NI to
fully understand the unusually up-field shifted aromatic reso-
nances (Fig. 3a). The 2D-ROESY 1H NMR spectrum of C-NI
(Supplementary Fig. 4) also revealed strong cross-peaks that
reflect through-space interactions of isobenzimidazole with
indole; isobenzimidazole with naphthaleneimide; naphthalenei-
mide with methoxyethyl ether chain. Such spatial proximity could
only be achieved by self-dimerization (Fig. 4b), which maximizes
van der Waals (vdW) contacts and the number of
hydrogen bonds.

Fluxional motions of the quadruple π-stack. The simple 1H
NMR spectral pattern of [C-NI]2 at r.t. (Fig. 3a) requires the

presence of a mirror plane bisecting the dimeric structure. This
prediction, however, is not consistent with the X-ray structure of
[C-NI]2 with offset stacked dimer of Ci local symmetry (Fig. 4b,
d). To understand these seemingly conflicting experimental
observations, we proceeded to carry out variable-temperature
(VT) 1H NMR spectroscopic studies (Fig. 5). Upon lowering the
temperature from T= 25 °C to −70 °C, the proton resonances of
[C-NI]2 in CD2Cl2 underwent gradual broadening and eventual
splitting (Fig. 5a), which implicated slower exchange of the
magnetic environments by fluxional motions of the quadruple π-
stack (Fig. 5b; Supplementary Movie). Under similar conditions,
the 1H NMR spectra of the N-methylated derivative C-NIMe
showed no such temperature dependence (Supplementary Fig. 5).
As shown in Fig. 4b and d, only one of the two pyridyl nitrogen
atoms of each C-NI molecule within [C-NI]2 can engage in the
intra-dimer Nindole–H···Npyridyl hydrogen bonds breaking the
mirror symmetry. At sufficiently low temperatures, the lateral
sliding motion (Fig. 5b) to exchange the hydrogen-bonding
partners becomes sufficiently slow to create inequivalent mag-
netic environments. Indeed, the 2D-COSY 1H NMR spectrum
measured at T= –70 °C confirmed the Ci-symmetric structure of
[C-NI]2 with the fluxional motions frozen out (Supplementary
Fig. 6), which is consistent with the X-ray structure. The offset
stacked geometry of [C-NI]2 (Fig. 4b, d) is thus an intrinsic
supramolecular property, not an artifact of crystal packing.

From the coalescence temperature Tc= 253K and Δν= 510.25Hz
(Fig. 5a), an energy barrier of ΔG‡= 11.2 kcal mol−1 could be
estimated for the lateral sliding motion shown in Fig. 5b. Considering
that the sliding motion depicted in Fig. 5b should overcome the steric
clash between the Nindole–H group and the C–H bonds of the
isobenzimidazole ring in the transition state, this value could be
considered the upper limit of the ground-state stabilizing effect of the
hydrogen bonds.

Structure-dependent energetics of dimerization. In the solution
phase, the quadruple π-stack of [C-NI]2 is thermodynamically
robust. No spectral changes were observed when the sample
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Fig. 4 Self-dimerization and hierarchical self-assembly. X-ray structures of C-NI as a ORTEP diagram with thermal ellipsoids at the 50% probability level.
Hydrogen atoms have been omitted for clarity, except for the indole N–H group participating in the intermolecular N–H···Npyridyl hydrogen bond shown in
(b). Capped-stick representations b–d are constructed from crystallographically determined atomic coordinates of [C-NI]2 viewed from different
perspectives. The ether chains are simplified as wireframes; van der Waals surfaces are overlaid on the aromatic groups constituting the quadruple π-
stacks with color schemes shown in Fig. 1. e Capped-stick and space-filling models of an infinite vertical stack of {[C-NI]2}∞.; each [C-NI]2 dimer is color-
coded differently to denote the repeating unit and highlight inter-dimer shape complementarity. ORTEP Oak Ridge thermal ellipsoid plot.
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concentration was varied from 13.2 mM to 1.4 mM in CDCl3 at
r.t. (Fig. 6b). In stark contrast, the 2-pyrenyl-substituted C-P2
(Figs. 1 and 2; Supplementary Fig. 1c) displayed significant
downfield shifts in the π–π stacked region upon sample dilution
(Fig. 6c). To better understand this structure-dependent solution
behavior, regioisomeric C-P1 and C-P4 (Figs. 1 and 2; Supple-
mentary Fig. 1b, d) were prepared for comparative studies.
Similar to C-P2, both C-P1 and C-P4 also produced self-
dimerized structures upon crystallization (Figs. 1 and 6a). Density
functional theory (DFT) energy-minimized structures of the π-
clips overlap nicely with the crystallographically determined
structures (Supplementary Fig. 7), which demonstrates the rigid
non-collapsible nature of the C-shaped structural preorganization
for lock-and-key type self-association.

Despite what appeared to be minor differences in the attachment
position of the pyrenyl canopy, however, these three isomeric
quadruple π-stacks showed strikingly different assembly behavior.
Using the pyridine resonances as a spectroscopic handle,
concentration-dependent 1H NMR spectra were obtained at
T= 298 K. Using monomer–dimer isotherm fitting (Supplemen-
tary Note 1), the self-dimerization constants (Kdim) were
determined as 8.1 (±2.3) × 102M−1 for C-P1, and 1.9
(±0.3) × 102M−1 for C-P2 in CDCl3 (Supplementary Figs. 8 and
9)60,61. In more polar CD2Cl2 solvent, a slightly higher Kdim value
of 3.4 (±0.4) × 102M−1 was obtained for C-P2 (Supplementary
Fig. 17). The validity of the simple non-linear regression was
further checked by global fitting analysis using additional proton
resonances showing concentration dependence, which furnished
comparable Kdim values (Supplementary Figs. 12–15). For C-P4, a
severe peak broadening prevented the determination of the Kdim

value under the experimental conditions that we employed
(Supplementary Fig. 10). The MALDI-TOF spectra of C-P1,
C-P2, andC-P4 (Supplementary Fig. 3b–d) consistently showedm/
z peaks corresponding to the dimeric [2M+H]+ species.

A four-fold enhancement in the stability of [C-P1]2 over
[C-P2]2 is quite unexpected since they differ only in the
substitution position at the pyrene ring (Fig. 6a). On an energy
scale, this translates to ca. 0.8 kcal mol−1 in the preferential
stabilization. An analysis of the Connolly surfaces using different
probe radii (0.8–2.5 Å) revealed that the solvent-accessible surface
areas are essentially identical for monomeric C-P1 and C-P2
(Supplementary Fig. 19). On the other hand, the exposed surface
of dimeric [C-P1]2 is always smaller than that of [C-P2]2
(Supplementary Fig. 19), indicating more extensive intradimer
vdW contacts and thus tighter association of the former than the
latter. A subtle difference in the regioisomerism thus translates to
measurable changes in self-association when it becomes an
integral part of the π-clip. With the lowest dimerization constant
(Kdim= 1.9 (±0.3) × 102 M−1), the 1H NMR spectrum of a dilute
(2.4 × 10−2 mM) sample of C-P2 is similar to that of the non-
stacking model 7 and the N-methylated derivative C-P2Me
(Fig. 6c, and Supplementary Figs. 20 and 39), when the proton
resonances of the pyridyl–isobenzimidazole regions are
compared.

Unlike C-P1 and C-P2, the essentially concentration-
independent 1H NMR spectra of C-NI (Fig. 6b) made it difficult
to analyze the monomer–dimer equilibrium within the concen-
tration range that does not suffer from line broadening. To
approximate the free (= non-stacked) C-NI, we instead used the
pyridine resonance of the model compound C-NIMe (Fig. 3b,

Fig. 5 Fluxional motions of quadruple π-stack. a Variable-temperature (VT) 1H NMR (500MHz) spectra of C-NI in CD2Cl2 (9.5 mM) obtained at
T= 203–298 K. The coalescence temperature Tc= 253 K was determined with the pyridine proton resonance (annotated as a red circle in the chemical
structure shown next). b Schematic representation of the lateral sliding motion and the energy barrier. NMR nuclear magnetic resonance.
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δ= 8.793 ppm) to fit the isotherm (Supplementary Fig. 11). The
estimated value of Kdim= 1.3 (±0.8) × 105 M−1 is sufficiently
large so that the solution population is dominated by the dimeric
[C-NI]2. The variable temperature (VT) (Fig. 5) and 2D ROESY
(Supplementary Fig. 4) NMR spectroscopic, and MALDI-TOF
mass spectrometric (Supplementary Fig. 3a) data corroborate this
notion. For a 5 mM solution sample of C-NI in CDCl3 at r.t., the
mole fraction of monomeric C-NI would be as low as 4%. A
further dilution of the NMR sample (down to 0.09 mM) and
overnight scanning barely shifted the pyridine resonance
(Supplementary Fig. 16), suggesting that the Kdim value of 1.3
(±0.8) × 105 M−1 is the lower limit of the self-dimerization
affinity of C-NI. Similar to the situation of C-P2 showing an
enhanced dimerization propensity in more polar CD2Cl2
(Supplementary Figs. 9 and 17), the Kdim value of C-NI also

increased to Kdim= 3.3 (±0.9) × 105 M−1 in CD2Cl2 (Supplemen-
tary Figs. 11 and 18).

The strong self-dimerization propensity of C-NI was further
manifested in comparative studies with C-P2. In DMSO-d6 at
T= 25 °C, the 1H NMR spectrum of C-P2 revealed the co-
existence of monomer and dimer (Supplementary Fig. 21),
whereas C-NI largely maintained its dimeric structure (Supple-
mentary Fig. 23). Upon increasing the temperature, however, a
dramatic sharpening of the peaks occurred for C-NI (Supple-
mentary Fig. 25a). Notably, the spectral pattern of C-NI in
DMSO-d6 observed at T= 80 °C is very similar to that of
C-NIMe in CDCl3 at T= 25 °C (Supplementary Fig. 26),
suggesting that [C-NI]2 could dissociate into monomeric C-NI
in hydrogen-bonding solvent at high temperatures. In stark
contrast, only slight downfield shifts were observed in
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Fig. 6 X-ray structures of regioisomeric dimers and structure-dependent monomer–dimer equilibrium. a Capped-stick representation of the X-ray
structures of [C-Pn]2 (n= 1, 2, and 4). Partial 1H NMR (400MHz, T= 298 K) spectra of b C-NI and c C-P2 were obtained by varying the concentration of
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1,2-dichloroethane-d4 even at elevated temperatures (Supplemen-
tary Fig. 25b). Dimeric [C-NI]2 thus seems to dominate the
solution population in non-hydrogen bonding solvent at the
entire temperature range.

DFT computational studies showed a large difference in the
molecular dipole moment of 3.02 D for C-NI vs. 1.54 D for C-P2
(Supplementary Fig. 27), suggesting that the two antiparallel
oriented π-clips within [C-NI]2 would benefit from stronger
dipole–dipole interaction for enhanced stability. Moreover, the
molecular electrostatic potential (MEP) map revealed the electron-
deficient nature of naphthaleneimide (Supplementary Fig. 27), the
upper canopy unit of C-NI, which always stacks with the bottom
isobenzimidazole layer of the other molecule upon self-dimerization
to [C-NI]2. A donor–acceptor type electrostatic interaction would
thus contribute further to the stability of the quadruple π-stacks of
[C-NI]2. With a less electronic distinction between the pyrene
canopy and isobenzimidazole bottom, [C-P2]2 seems to benefit less
from such secondary effects. In pyridine-d5, however, dimer
disassembly was observed for both C-NI and C-P2 (Supplementary
Figs. 22 and 24), indicating that even electrostatically augmented
vdW contacts are not sufficient to outcompete the loss of
intramolecular hydrogen bonds that hold the quadruple π-stack.
1H DOSY measurements on C-NI and C-Pn (n= 1, 2, and 4) in
CDCl3 provided diffusion coefficients of 8.80–9.55 × 10−10m2 s−1,
which are smaller than that of monomeric C-NIMe
(1.13 × 10−9 m2 s−1), but indicate no significant inter-dimer
interactions in the solution state (Supplementary Fig. 28). In
support of this notion, their molar absorptivities are also
independent of the sample concentration (Supplementary Fig. 29).

Aromatic intercalation to triple π-stacks. To explore the prac-
tical utility of π-stacks beyond simple self-association, we decided
to use the shape-persistent void for guest intercalation. For the
host–guest complexation to occur in solution, the ideal guest
molecule needs to (i) have a flat and large π-surface to fit inside
the interplanar void, and (ii) form hydrogen bond(s) with the
indole N–H group inside the cavity. Among various small
molecules (see Supplementary Figs. 35 and 36 for a complete list)
screened in the exploratory studies, 1,10-phenanthroline-5,6-
dione (PHD) and C-P2 produced a 1:1 host–guest complex as
diffraction quality crystals. Subsequent SC-XRD studies revealed
the formation of an inclusion complex C-P2⊃PHD with tight
π–π stacking distances of 3.3265(18) Å and 3.8182(17) Å, and
dissymmetric bifurcated hydrogen bonds with dN–H···N= 2.947(5)
Å and 3.442(5) Å (Fig. 7 and Supplementary Fig. 1f).

In CDCl3 at r.t., a mixture of C-P2 and PHD produced large
chemical shifts in the aromatic proton resonances of both C-P2
and PHD (Supplementary Fig. 30). The proton resonances
associated with C-P2 reflect solution equilibrium involving at least

three different species, C-P2, [C-P2]2, and C-P2⊃PHD, which is
further complicated by their rapid exchange to produce weight-
averaged broad signals that could not be deconvoluted into
individual components by numerical fitting alone. We thus
decided to employ the simpler 1H NMR patterns of the guest
PHD, which exists as either host-entrapped C-P2⊃PHD or
unbound guest PHD64. Using the C–H proton resonances of
PHD as a spectroscopic handle, a global non-linear regression
(see Supplementary Note 2 for details on the numerical fitting
model) produced a host–guest complexation constant of KHG=
2.0 (±0.1) × 102 M−1 (Fig. 8a and Supplementary Fig. 30)65.
Under similar conditions, a comparable value of KHG= 2.6
(±0.1) × 102 M−1 was estimated for C-P1⊃PHD (Supplementary
Fig. 31); titration studies with C-P4, however, were hampered by
significant line broadening and signal overlap.

A Job plot analysis (Supplementary Fig. 33) further established a
1:1 binding stoichiometry between C-P2 and PHD in solution. An
increasing concentration of the PHD also elicited a gradual
downfield shift of the pyridyl C–H and an upfield shift of the
pyrenyl C–H proton resonances of C-P2 (Supplementary Fig. 34),
which is consistent with the X-ray structure of the inclusion
complex C-P2⊃PHD shown in Fig. 7. To investigate the geometric
and electronic factors dictating guest intercalation, 1H NMR
spectra of C-P2 were obtained in the presence of various aromatic
molecules of structural resemblance to PHD, including 9,10-
phenanthrenequinone (PHQ), phenanthrene, 1,10-phenanthroline
(phen), and 2,2′-bipyridine (bpy). As shown in Fig. 9a and
Supplementary Fig. 35, significant changes in chemical shifts were
observed only for PHD. Nonpolar polyaromatic hydrocarbons
(PAHs) of flat (e.g., perylene, triphenylene, and pyrene) or curved

N H
N

N

O

O

Fig. 7 Host–guest complexation to build a triple π-stack. Capped-stick
representation of the X-ray structure of C-P2⊃PHD with vdW surfaces
overlaid on the stacked aromatic regions, and ether chains simplified as
wireframes. PHD 1,10-phenanthroline-5,6-dione, vdW van der Waals.

Fig. 8 Competitive π-stacking: self-association vs. host–guest
complexation. Representative changes in the chemical shift of the guest
(δGobs, annotated by a yellow circle in the chemical structure;
[PHD]0= 0.45mM) in CDCl3 during titration with either a C-P2 or b C-NI
at T= 298 K. The overlaid gray lines are theoretical fits that take into
account both self-association (Kdim) and guest encapsulation (KHG) of the
host, as described in c: δGHG= chemical shift of the host–guest complex
(either C-P2⊃PHD or C-NI⊃PHD); δG= chemical shift of the unbound
guest. For each case, KHG was determined by global fitting (see
Supplementary Figs. 30 and 32). PHD 1,10-phenanthroline-5,6-dione.
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geometry (e.g., corannulene) were not recognized by C-P2, either
(Supplementary Fig. 36). The molecular electrostatic potential
(MEP) maps revealed the electron-deficient nature of the π-surface
of PHD relative to PHQ (Fig. 9b). Apparently, the strong
complexation of PHD by C-P2 is a synergistic effect of N–H···N
hydrogen bonds and donor–acceptor–donor type electrostatic π–π
stacking working in concert.

Under similar conditions, the addition of PHD to [C-NI]2 also
induced large shifts in the aromatic region of the 1H NMR spectra
(Supplementary Figs. 32 and 37). Using global non-linear
regression, the binding isotherms were fitted with the host–guest
complexation constant of KHG= 8.3 (±0.3) × 103M−1 (Fig. 8b and
Supplementary Fig. 32). The higher binding affinity of C-NI⊃PHD
than C-P2⊃PHD might be ascribed to the larger dipole
(Supplementary Fig. 27) of C-NI (µ= 3.02 D) relative to C-P2
(µ= 1.54 D), thus engendering stronger antiparallel dipole–dipole
interaction with entrapped PHD (µ= 2.61 D). A competitive
encapsulation of the aromatic guest thus turns a–b–b–a type
quadruple π-stacks into a–c–b type triple π-stacks (Fig. 1). For
example, a solution of [C-NI]0= 5.0 mM at r.t. would be mainly
populated by self-dimerized [C-NI]2 (96%) and only a small
amount of free C-NI (4%) (vide supra). The addition of the PHD
guest (6 equiv) to this system reshuffles the π-stacks, from which
the triple-decker C-NI⊃PHD would emerge as the dominant
species (97%), equilibrating with only tiny fractions of the
quadruple-decker [C-NI]2 (2%) and unbound C-NI (1%). This
molecular redistribution process can be graphically represented by
the speciation plot in Fig. 10, which shows how the solution
population is shifted from quadruple π-stacks to triple π-stacks
with an increasing amount of the exogenously added guest (see
Supplementary Note 3 for details on the numerical simulation).

Conclusions
Existing molecular clips exploit rigid backbones, such as bridged
fused rings64,66, glycoluril bicycles67–69, or annulated
polyarenes49,53,70 to create non-collapsible voids. For these systems,
the molecular skeleton’s curved shape64,66 or flipping67–69/
rotating53,70 motion is less ideal for the sequence-specific spatial
organization of multiple π-stacks. We have developed shape-
persistent molecular clips. With a non-collapsible void defined by
two facing flat surfaces and a rigid spacer, these molecules can self-
dimerize to build quadruple stacks, or intercalate an aromatic guest
to afford triple stacks.

Key to the success of our approach is a combination of shape
complementarity and strategic placement of hydrogen bonds that
synergistically reinforce otherwise weak and non-directional
dispersive intermolecular forces. The general applicability of
this design concept was demonstrated with a series of π-clips that
share a common L-shaped backbone but differ in the upper
canopy part’s chemical structure, which profoundly impacts the
thermodynamics of self-assembly and selective intercalation of
hydrogen-bonding polyaromatic molecule with electronically
polarized π-surfaces. Efforts are currently underway in our
laboratory to expand the scope of this chemistry and find prac-
tical applications of the π-clips for sensing and switching.

Methods
Synthetic procedures and characterization of π-clips reported in this work are
provided in the Supplementary Methods.

Physical measurements. 1H NMR and 13C NMR spectra were recorded on a
400MHz Agilent 400-MR DD2 Magnetic Resonance System, a 500MHz Varian/
Oxford As-500 spectrometer, or an 850MHz Bruker Avance III HD spectrometer.
VT and low-temperature 2D-COSY 1H NMR spectra were recorded on a 500MHz
Bruker Avance III spectrometer. Chemical shifts were referenced to the internal
standard of tetramethylsilane (as δ= 0.00 ppm) or referenced to the residual sol-
vent peaks. High-resolution electrospray ionization (ESI) mass spectra were
obtained on an ESI-Q-TOF mass spectrometer (Compact, Bruker Daltonics Inc.).
FT-IR spectra were recorded on a PerkinElmer Spectrum Two Fourier transform
infrared (FT-IR) spectrometer. Elemental analysis was performed by a Perkin
Elmer 2400 Series II CHNS/O Analyzer. MALDI-TOF spectra were recorded in
positive-ion reflectron mode using an Applied Biosystems Voyager DE-STR.

Computational studies. All DFT71 calculations were carried out using Gaussian
09 suite program72. Geometry optimizations and vibrational frequency calculations
were conducted with B3LYP-D3 and 6–31G(d,p) basis set73,74. For [C-P2]2 and
[C-NI]2, crystallographically determined atomic coordinates were used as an input
without a geometry optimization process. The calculated structures were varied by
frequency calculations: no imaginary frequencies for the minima. Molecular electrostatic
potential (MEP) maps were generated by using GaussView 5 and Gaussian 09 software.

Fig. 9 Selective intercalation of π-conjugated guest. a Partial 1H NMR
spectra (400MHz) of C-P2 obtained in the presence of various
poly(hetero)aromatic guests G in CDCl3 at T= 298 K ([C-P2]= 4.0mM;
[G]= 16.0 mM). The pyridyl proton (denoted with purple circles in the
chemical structure of C-P2) resonances are shaded with purple to red.
b MEP maps of phen, PHD, and PHQ, calculated at the B3LYP-D3/6-
31 g(d,p) level of theory. NMR nuclear magnetic resonance, MEP molecular
electrostatic potential, phen phenanthrene, PHD 1,10-phenanthroline-5,6-
dione, PHQ phenanthrenequinone.
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Fig. 10 Molecular reshuffling. Speciation plot showing changes in the mole
fractions of individual species originating from the π-clip (unbound C-NI,
blue line; dimeric [C-NI]2, red line; host–guest complex C-NI⊃PHD, green
line) with the supply of the guest PHD. [C-NI]0= 5.0mM; see Fig. 8 for the
Kdim and KHG values used in the numerical simulation. PHD 1,10-
phenanthroline-5,6-dione.

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00802-4

8 COMMUNICATIONS CHEMISTRY |           (2022) 5:180 | https://doi.org/10.1038/s42004-022-00802-4 | www.nature.com/commschem

www.nature.com/commschem


Data availability
The X-ray crystallographic coordinates for structures reported in this study have been
deposited at the Cambridge Crystallographic Data Centre (CCDC), under deposition
numbers 2015414 (C-P2⊃PHD), 2015415 (C-NI), 2015416 (C-P1), 2015417 (C-NIMe),
2015418 (C-P2), and 2015419 (C-P4). These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
A summary of X-ray crystallographic data is available in Supplementary Table 1.
Experimental procedures and supplementary figures are available in the

Supplementary Information.
NMR spectra and DFT Cartesian coordinates are available in the Supplementary Data.
A schematic animation of self-assembly and fluxional motion is provided in

the Supplementary Movie.

Received: 4 November 2022; Accepted: 20 December 2022;

References
1. Bhosale, S. et al. Photoproduction of proton gradients with π-stacked

fluorophore scaffolds in lipid bilayers. Science 313, 84–86 (2006).
2. Bialas, D. et al. Perspectives in dye chemistry: a rational approach toward

functional materials by understanding the aggregate state. J. Am. Chem. Soc.
143, 4500–4518 (2021).

3. Drummond, T. G., Hill, M. G. & Barton, J. K. Electrochemical DNA sensors.
Nat. Biotechnol. 21, 1192–1199 (2003).

4. Batra, A. et al. Quantifying through-space charge transfer dynamics in π-
coupled molecular systems. Nat. Commun. 3, 1086 (2012).

5. Busseron, E., Ruff, Y., Moulin, E. & Giuseppone, N. Supramolecular self-
assemblies as functional nanomaterials. Nanoscale 5, 7098–7140 (2013).

6. Li, X. et al. Photoinduced electron transfer and hole migration in nanosized
helical aromatic oligoamide foldamers. J. Am. Chem. Soc. 138, 13568–13578
(2016).

7. Xiang, D., Wang, X., Jia, C., Lee, T. & Guo, X. Molecular-scale electronics:
from concept to function. Chem. Rev. 116, 4318–4440 (2016).

8. Würthner, F. et al. Perylene bisimide dye assemblies as archetype functional
supramolecular materials. Chem. Rev. 116, 962–1052 (2016).

9. Li, C. et al. Functionalized π stacks of hexabenzoperylenes as a platform for
chemical and biological sensing. Chem 4, 1416–1426 (2018).

10. Lewis, F. D., Zhang, L. & Zuo, X. Orientation control of fluorescence
resonance energy transfer using DNA as a helical scaffold. J. Am. Chem. Soc.
127, 10002–10003 (2005).

11. Genereux, J. C. & Barton, J. K. Mechanisms for DNA charge transport. Chem.
Rev. 110, 1642–1662 (2010).

12. Slinker, J. D., Muren, N. B., Renfrew, S. E. & Barton, J. K. DNA charge
transport over 34 nm. Nat. Chem. 3, 228–233 (2011).

13. Zhang, F. et al. Self-assembly, optical and electrical properties of perylene
diimide dyes bearing unsymmetrical substituents at bay position. Sci. Rep. 8,
8208 (2018).

14. Iwane, M. et al. Controlling stacking order and charge transport in π-stacks of
aromatic molecules based on surface assembly. Chem. Commun. 54,
12443–12446 (2018).

15. Keshri, S. K., Ishizuka, T., Kojima, T., Matsushita, Y. & Takeuchi, M. Long-
range order in supramolecular π assemblies in discrete multidecker
naphthalenediimides. J. Am. Chem. Soc. 143, 3238–3244 (2021).

16. Nakano, T., Takewaki, K., Yade, T. & Okamoto, Y. Dibenzofulvene, a 1,1-
diphenylethylene analogue, gives a π-stacked polymer by anionic, free-radical,
and cationic catalysts. J. Am. Chem. Soc. 123, 9182–9183 (2001).

17. Nakano, T. & Yade, T. Synthesis, structure, and photophysical and
electrochemical properties of a π-stacked polymer. J. Am. Chem. Soc. 125,
15474–15484 (2003).

18. Cappelli, A. et al. Synthesis and characterization of a new benzofulvene
polymer showing a thermoreversible polymerization behavior. J. Org. Chem.
68, 9473–9476 (2003).

19. Nakano, T. Synthesis, structure and function of π-stacked polymers. Polym. J.
42, 103–123 (2010).

20. Kang, Y. K., Rubtsov, I. V., Iovine, P. M., Chen, J. & Therien, M. J. Distance
dependence of electron transfer in rigid, cofacially compressed, π-stacked
porphyrin−bridge−quinone systems. J. Am. Chem. Soc. 124, 8275–8279 (2002).

21. Lewis, F. D., Delos Santos, G. B. & Liu, W. Convergent synthesis of
nonsymmetric π-stacked protophanes assembled with urea linkers. J. Org.
Chem. 70, 2974–2979 (2005).

22. Takai, A., Yasuda, T., Ishizuka, T., Kojima, T. & Takeuchi, M. A directly
linked ferrocene–naphthalenediimide conjugate: precise control of stacking
structures of π-systems by redox stimuli. Angew. Chem. Int. Ed. 52, 9167–9171
(2013).

23. Bornhof, A.-B. et al. Synergistic anion–(π)n–π catalysis on π-stacked
foldamers. J. Am. Chem. Soc. 140, 4884–4892 (2018).

24. Kaufmann, C., Bialas, D., Stolte, M. & Würthner, F. Discrete π-stacks of
perylene bisimide dyes within folda-dimers: insight into long- and short-range
exciton coupling. J. Am. Chem. Soc. 140, 9986–9995 (2018).

25. Atcher, J. et al. Aromatic β-sheet foldamers based on tertiary squaramides.
Chem. Commun. 55, 10392–10395 (2019).

26. Shibahara, M. et al. Synthesis, structure, and transannular π−π interaction of
three- and four-layered [3.3]paracyclophanes (1). J. Org. Chem. 73, 4433–4442
(2008).

27. Schneebeli, S. T. et al. Single-molecule conductance through multiple π−π-
Stacked benzene rings determined with direct electrode-to-benzene ring
connections. J. Am. Chem. Soc. 133, 2136–2139 (2011).

28. Sakai, N., Sisson, A. L., Bürgi, T. & Matile, S. Zipper assembly of photoactive
rigid-rod naphthalenediimide π-stack architectures on gold nanoparticles and
gold electrodes. J. Am. Chem. Soc. 129, 15758–15759 (2007).

29. Janssen, P. G. A., Vandenbergh, J., van Dongen, J. L., Meijer, E. W. &
Schenning, A. P. H. J. ssDNA templated self-assembly of chromophores. J.
Am. Chem. Soc. 129, 6078–6079 (2007).

30. Klosterman, J. K., Yamauchi, Y. & Fujita, M. Engineering discrete stacks of
aromatic molecules. Chem. Soc. Rev. 38, 1714–1725 (2009).

31. Ensslen, P. & Wagenknecht, H.-A. One-dimensional multichromophor arrays
based on DNA: from self-assembly to light-harvesting. Acc. Chem. Res. 48,
2724–2733 (2015).

32. Sarkar, A. et al. Self-sorted, random, and block supramolecular copolymers via
sequence controlled, multicomponent self-assembly. J. Am. Chem. Soc. 142,
7606–7617 (2020).

33. Sarkar, A. et al. Tricomponent supramolecular multiblock copolymers with
tunable composition via sequential seeded growth. Angew. Chem. Int. Ed. 60,
18209–18216 (2021).

34. Lin, R. et al. Self-assembly and molecular recognition of a luminescent gold
rectangle. J. Am. Chem. Soc. 126, 15852–15869 (2004).

35. Yoshizawa, M. et al. Discrete stacking of large aromatic molecules within
organic-pillared coordination cages. Angew. Chem. Int. Ed. 44, 1810–1813
(2005).

36. Yamauchi, Y., Yoshizawa, M. & Fujita, M. Engineering stacks of aromatic
rings by the interpenetration of self-assembled coordination cages. J. Am.
Chem. Soc. 130, 5832–5833 (2008).

37. Kiguchi, M. et al. Electron transport through single molecules comprising
aromatic stacks enclosed in self-assembled cages. Angew. Chem. Int. Ed. 50,
5708–5711 (2011).

38. Fujii, S. et al. Rectifying electron-transport properties through stacks of
aromatic molecules inserted into a self-assembled cage. J. Am. Chem. Soc. 137,
5939–5947 (2015).

39. Lokey, R. S. & Iverson, B. L. Synthetic molecules that fold into a pleated
secondary structure in solution. Nature 375, 303–305 (1995).

40. Dehm, V., Büchner, M., Seibt, J., Engel, V. & Würthner, F. Foldamer with a
spiral perylene bisimide staircase aggregate structure. Chem. Sci. 2, 2094–2100
(2011).

41. Hu, X., Lindner, J. O. & Würthner, F. Stepwise folding and self-assembly
of a merocyanine folda-pentamer. J. Am. Chem. Soc. 142, 3321–3325
(2020).

42. El Sayed Moussa, M. et al. Dissymmetrical U-Shaped π-stacked
supramolecular assemblies by using a dinuclear CuI clip with
organophosphorus ligands and monotopic fully π-conjugated ligands. Chem.
Eur. J. 20, 14853–14867 (2014).

43. Attenberger, B. et al. Discrete polymetallic arrangements of AgI and CuI ions
based on multiple bridging phosphane ligands and π–π interactions. Eur. J.
Inorg. Chem. 2015, 2934–2938 (2015).

44. Lescop, C. Coordination-driven syntheses of compact supramolecular
metallacycles toward extended metallo-organic stacked supramolecular
assemblies. Acc. Chem. Res. 50, 885–894 (2017).

45. Lohr, A., Grüne, M. & Würthner, F. Self-assembly of bis(merocyanine)
tweezers into discrete bimolecular π-stacks. Chem. Eur. J. 15, 3691–3705
(2009).

46. Zhu, Z., Cardin, C. J., Gan, Y. & Colquhoun, H. M. Sequence-selective
assembly of tweezer molecules on linear templates enables frameshift-reading
of sequence information. Nat. Chem. 2, 653–660 (2010).

47. Kong, F. K.-W., Chan, A. K.-W., Ng, M., Low, K.-H. & Yam, V. W.-W.
Construction of discrete pentanuclear platinum(II) stacks with extended
metal–metal interactions by using phosphorescent platinum(II) tweezers.
Angew. Chem. Int. Ed. 56, 15103–15107 (2017).

48. Kirchner, E., Bialas, D., Fennel, F., Grüne, M. & Würthner, F. Defined
merocyanine dye stacks from a dimer up to an octamer by spacer-encoded
self-assembly approach. J. Am. Chem. Soc. 141, 7428–7438 (2019).

49. Thakur, K., Wang, D., Mirzaei, S. & Rathore, R. Electron-transfer-induced
self-assembly of a molecular tweezer platform. Chem. Eur. J. 26, 14085–14089
(2020).

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00802-4 ARTICLE

COMMUNICATIONS CHEMISTRY |           (2022) 5:180 | https://doi.org/10.1038/s42004-022-00802-4 | www.nature.com/commschem 9

https://www.ccdc.cam.ac.uk/structures/Search?Ccdc=2015414
https://www.ccdc.cam.ac.uk/structures/Search?Ccdc=2015415
https://www.ccdc.cam.ac.uk/structures/Search?Ccdc=2015416
https://www.ccdc.cam.ac.uk/structures/Search?Ccdc=2015417
https://www.ccdc.cam.ac.uk/structures/Search?Ccdc=2015418
https://www.ccdc.cam.ac.uk/structures/Search?Ccdc=2015419
http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/commschem
www.nature.com/commschem


50. Hisamatsu, Y. & Aihara, H. Diverse dimerization of molecular tweezers with a
2,4,6-triphenyl-1,3,5-triazine spacer in the solid state. Chem. Commun. 46,
4902–4904 (2010).

51. Kim, S. K. et al. Self-association and nitroaromatic-induced deaggregation
of pyrene substituted pyridine amides. J. Am. Chem. Soc. 136, 495–505
(2014).

52. Jacquot de Rouville, H.-P., Zorn, N., Leize-Wagner, E. & Heitz, V. Entwined
dimer formation from self-complementary bis-acridiniums. Chem. Commun.
54, 10966–10969 (2018).

53. Ibáñez, S. & Peris, E. A matter of fidelity: self-sorting behavior of di-gold
metallotweezers. Chem. Eur. J. 25, 8254–8258 (2019).

54. Keshri, S. K. et al. Discrete π stack of a tweezer-shaped
naphthalenediimide–anthracene conjugate. Chem. Eur. J. 26, 13288–13294
(2020).

55. Prins, L. J., Reinhoudt, D. N. & Timmerman, P. Noncovalent synthesis using
hydrogen bonding. Angew. Chem. Int. Ed. 40, 2382–2426 (2001).

56. Biz, C., Ibáñez, S., Poyatos, M., Gusev, D. & Peris, E. Gold(I) metallo-tweezers
for the recognition of functionalized polycyclic aromatic hydrocarbons by
combined π–π stacking and H-bonding. Chem. Eur. J. 23, 14439–14444
(2017).

57. Bialas, D., Zitzler-Kunkel, A., Kirchner, E., Schmidt, D. & Würthner, F.
Structural and quantum chemical analysis of exciton coupling in homo- and
heteroaggregate stacks of merocyanines. Nat. Commun. 7, 12949 (2016).

58. Lamouroux, A. et al. Controlling dipole orientation through curvature:
aromatic foldamer bent β-sheets and helix–sheet–helix architectures. J. Am.
Chem. Soc. 139, 14668–14675 (2017).

59. Igarashi, M. et al. Parallel-stacked aromatic molecules in hydrogen-bonded
inorganic frameworks. Nat. Commun. 12, 7025 (2021).

60. Buchs née Levrand, B. et al. Reversible aminal formation: controlling the
evaporation of bioactive volatiles by dynamic combinatorial/covalent
chemistry. Eur. J. Org. Chem. 2011, 681–695 (2011).

61. Timofeeva, M. N. et al. Iron-containing materials as catalysts for the synthesis
of 1,5-benzodiazepine from 1,2-phenylenediamine and acetone. React. Kinet.
Mech. Catal. 121, 689–699 (2017).

62. Lu, J., Yang, H., Jin, Y., Jiang, Y. & Fu, H. Easy conjugations between
molecules via copper-catalyzed reactions of ortho-aromatic diamines with
ketones. Green. Chem. 15, 3184–3187 (2013).

63. Smitha, G. & Sreekumar, K. Highly functionalized heterogeneous dendrigraft
catalysts with peripheral copper moieties for the facile synthesis of
2-substituted benzimidazoles and 2,2-disubstituted benzimidazoles. RSC Adv.
6, 18141–18155 (2016).

64. Klärner, F.-G. et al. Molecular tweezer and clip in aqueous solution:
unexpected self-assembly, powerful host–guest complex formation and
quantum chemical 1H NMR shift calculation. J. Am. Chem. Soc. 128,
4831–4841 (2006).

65. Thordarson, P. Determining association constants from titration experiments
in supramolecular chemistry. Chem. Soc. Rev. 40, 1305–1323 (2011).

66. Klärner, F.-G., Burkert, U., Kamieth, M., Boese, R. & Benet-Buchholz, J.
Molecular tweezers as synthetic receptors: molecular recognition of electron‐
deficient aromatic and aliphatic substrates. Chem. Eur. J. 5, 1700–1707
(1999).

67. Ghosh, S., Wu, A., Fettinger, J. C., Zavalij, P. Y. & Isaacs, L. Self-sorting
molecular clips. J. Org. Chem. 73, 5915–5925 (2008).

68. Sijbesma, R. P., Wijmenga, S. S. & Nolte, R. J. M. A molecular clip that binds
aromatic guests by an induced-fit mechanism. J. Am. Chem. Soc. 114,
9807–9813 (1992).

69. Reek, J. N. H., Elemans, J. A. A. W. & Nolte, R. J. M. Synthesis, conformational
analysis, and binding properties of molecular clips with two different side
walls. J. Org. Chem. 62, 2234–2243 (1997).

70. Zimmerman, S. C., Mrksich, M. & Baloga, M. Highly efficient complexation of
a π-acceptor by a molecular tweezer containing two π-donors: the role of
preorganization. J. Am. Chem. Soc. 111, 8528–8530 (1989).

71. Parr, R. G. & Yang, W. Density Functional Theory of Atoms and Molecules.
(Oxford University Press, New York, 1989).

72. Frisch, M. J. et al. Gaussian 09, Revision D.01. (Gaussian, Inc., Wallingford
CT, 2013).

73. Dickson, R. M. & Becke, A. D. Basis-set-free local density-functional
calculations of geometries of polyatomic molecules. J. Chem. Phys. 99,
3898–3905 (1993).

74. Lee, C., Yang, W. & Parr, R. G. Development of the colle-salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B 37,
785–798 (1988).

Acknowledgements
This work was supported by the Samsung Science and Technology Foundation (SSTF-
BA1701-10680), and the National Research Foundation of Korea (2020R1A2C2006381
and 2021R1A5A1030054).

Author contributions
H.L., under the supervision of D.L., synthesized the molecules, designed the experiments,
and performed spectroscopic and X-ray crystallographic measurements. Both authors
contributed to the analysis of the results and the writing of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42004-022-00802-4.

Correspondence and requests for materials should be addressed to Dongwhan Lee.

Peer review information Communications Chemistry thanks Denan Wang and the
other, anonymous, reviewers for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-022-00802-4

10 COMMUNICATIONS CHEMISTRY |           (2022) 5:180 | https://doi.org/10.1038/s42004-022-00802-4 | www.nature.com/commschem

https://doi.org/10.1038/s42004-022-00802-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Molecular Tetris by sequence-specific stacking of hydrogen bonding molecular clips
	Results and discussion
	Design principles: shape-matching cavities and complementary hydrogen bonds
	Synthesis of π-clips
	Self-assembly in the solution and solid states
	Fluxional motions of the quadruple π-stack
	Structure-dependent energetics of dimerization
	Aromatic intercalation to triple π-stacks

	Conclusions
	Methods
	Physical measurements
	Computational studies

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




