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Subtle differences between geometrical isomers of organic
molecules can give rise to distinctly different structures and
properties upon assembly into supramolecular aggregates.
The cis and trans isomers of alkenes, and stilbene and
azobenzene derivatives in particular, are much-studied motifs
in supramolecular assemblies; they exhibit intriguing steric
and electronic properties depending on their geometric
conformation.[1, 2] Atropisomers are often found in various
bioactive natural products and organometallic catalysts where
the restricted rotation about the aromatic–aromatic bond
creates an axially chiral element that determines the observed
activity or reactivity by intermolecular interactions.[3] The
effects of atropisomerism in the self-assembly of supramolec-
ular nanostructures,[4] however, are relatively unexplored and
are found in only a few examples of hydrogen-bonding and
coordination-bonding cages[5] where host–guest interactions
were not observed. Herein we present the first atroposelec-
tive formation of a molecular capsule through hydrophobic
and aromatic–aromatic interactions. The curved amphiphilic
atropisomer (cis-1 a ; Figure 1) bearing three anthracene rings
forms a dimeric capsule in an aqueous solution[6] whereas the
zigzag-shaped amphiphilic isomer (trans-1a) forms non-
specific aggregates. Only the molecular capsule serves as
a molecular host capable of binding small guest molecules.
Close proximity to the anthracene panels favors strong host–
guest charge-transfer (CT) interactions upon guest enclath-
ration, and these tune the emissive properties of the
fluorescent capsule.

We previously reported the preparation of tape-shaped
anthracene trimer 1b (R = H) composed of alternately linked
anthracene rings and meta-phenylene spacers decorated with
two hydroxy groups (Figure 1).[7] Rotation about the anthryl–
phenyl bonds is sterically restricted owing to the ortho
substituents[8] so that the trimer generates cis and trans
atropisomers. The cis–trans equilibrium ratio of 1b can be
determined by changing solvents, but the poor water solu-
bility of the atropisomeric pair precluded further investiga-
tions into their behavior as supramolecular subunits.[7] Herein

we replace the hydroxy substituents with sulfonates, which are
readily accessible, bulky, hydrophilic groups, to obtain water-
soluble, rigid atropisomers cis-1 a and trans-1a. With the
atropisomers in hand, we envisioned that the amphiphilic cis-
isomer could reversibly dimerize in an aqueous solution to
form a supramolecular capsule with a cavity protected by the
large aromatic shells.

Atropisomers cis-1a and trans-1a were synthesized in
a straightforward procedure.[9] An aqueous NaOH solution of
1b (10 mm) was stirred at 80 8C for one day, and then
a solution of 1,3-propanesultone (ca. 5 equiv per hydroxy
group) in 1,4-dioxane was added to the resultant reaction
mixture. The solution was further stirred at 80 8C for one day
to give a mixture of cis-1a and trans-1a. The cis-1a isomer is
highly soluble in water (up to 150 mm), and the addition of
acetone into the H2O solution of the cis–trans isomeric
mixture afforded the precipitate of trans-1a. Pure cis-1 a and
trans-1a were obtained as pale yellow solids in 24 and 24%
yields of isolated product (based on 1 b), respectively.
Complete replacement of the hydroxy groups with alkanesul-
fonate groups in 1b and the formation of 1a was confirmed by
ESI-TOF MS analysis (m/z = 307.56 [M�4 Na+]4� ; Support-
ing Information, Figure S7). Identification of cis-1a and trans-
1a was determined by the 1H NMR spectra observed in
CD3OD:[7] the Hh and Ha signals of cis-1a were observed at
higher field than those of trans-1a (Dd =�0.15 and
�0.07 ppm, respectively), which is due to efficient shielding
by the three surrounding anthracene rings (Figure 2b,e).

Selective formation of molecular capsule 2 was observed
in an aqueous solution (3.0 mm) of cis-1a (Figure 2a).[9] The
1H NMR spectrum of cis-1a in CD3OD showed sharp signals

Figure 1. Amphiphilic cis and trans atropisomers 1a and 1b.
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corresponding to the monomeric species (Figure 2 b), but the
signals gradually broadened and shifted upfield significantly
in mixed aqueous solvents (D2O/CD3OD 4:6 to 8:2 by
volume). In a D2O/CD3OD 8:2 solution (Figure 2 d), the
proton signals of the aromatic moieties (Ha–Hi) of cis-1a were
broadened to an extent greater than those of the hydrophilic
side chains (Hj–Ho), suggesting reduced conformational
mobility owing to intermolecular interactions between aro-
matic frameworks. Presence of a single assembly was
confirmed by 1H DOSY. All of the signals in the DOSY
spectrum have an identical log(D) value of �9.2 (D = 6.2 �
10�10 m2 s�1) (Supporting Information, Figure S19). The for-
mation of a dimeric capsule 2 in an aqueous solution was
further confirmed by ESI-TOF MS; a (cis-1 a)2 composition
fits well with peaks observed at m/z = 506.3 [M�5Na+]5�,
638.4 [M�4Na+]4�, and 858.8 [M�3Na+]3� (Supporting
Information, Figure S21). In sharp contrast, the 1H NMR
spectra of trans-1a in D2O/CD3OD 6:4 and 8:2 solutions
showed sharp signals with small upfield shifts (Figure 2 f,g).
Furthermore, trans-1a was less soluble in an aqueous solution
(up to about 1 mm) and prone to generate oligomeric
aggregates, which precipitated as pale yellow solids 3.

The morphologies of 2 and 3 were then examined using
atomic force microscopy (AFM). Aqueous solutions of cis-1a
(3 mm) and trans-1 a (< 1 mm) were deposited on freshly
cleaved mica surfaces and subsequently dried in the air.
Representative AFM images of 2 showed small spherical
particles with diameters of approximately 3 nm and narrow
size distributions (� 1 nm; Figure 3a–c). This result is con-
sistent with the dimeric capsules indicated by the NMR and
MS analyses of 2. In stark contrast to 2, the AFM images of 3
revealed non-uniform spherical particles with heights in the
range of 5–12 nm (Figure 3d–f), again supporting the forma-
tion of various aggregates (trans-1a)n (n = 3–10).

Comparison of the optimized structures of cis-1a and
trans-1a clarified how initial structural differences guided the

assemblies to capsule 2 and
aggregates 3 in aqueous sol-
utions. Optimized by theo-
retical calculations
(PM3),[10] cis-1a features
1) a concave structure with
a hydrophobic cleft defined
by the flat aromatic panels,
and 2) a convex hydrophilic
surface covered by the alka-
nesulfonate groups (Fig-
ure 4a). Thus, hydrophobic
and aromatic–aromatic
interactions lead cis-1a to
generate the dimeric cap-
sule 2 in an aqueous solu-
tion. The optimized struc-
ture of trans-1a, however,
adopts a zigzag arrange-
ment where the hydropho-
bic aromatic panels are
effectively blocked by the
hydrophilic sulfonate

groups (Figure 4b). Thus the trans-atropisomer 1a lacks the
uncovered amphiphilic surfaces and exposed aromatic surfa-
ces needed to direct the self-assembly of a well-defined,
discrete capsule, and only random aggregates were formed.
An optimized molecular model of 2, composed of two
molecules of cis-1a assembled in a tennis-ball fashion,[11] has
an external diameters of approximately 3 nm, matching the
heights of the observed AFM peaks, and an internal cavity
with a long axis of about 1 nm (Figure 4 c).

When molecular capsule 2 was treated with various
quinones in aqueous solutions, ground-state host–guest CT
interactions along with guest-sensitive fluorescent behavior
were observed upon the formation of host–guest complexes
2�(G)n. Capsule 2 was combined with 2,3,5,6-tetramethyl-
benzoquinone (4a ; ca. 10 equiv, suspended) in a D2O/CD3OD
8:2 solution for 2 h at room temperature to give rise to
a yellow solution (Figure 5a). Excess guest was removed by
filtration and the selective formation of host–guest complex
2�(4a)2 was confirmed by 1H NMR analysis (Figure 5c).[9]

The methyl signal of 4 a was found at 1.2 ppm (Dd =

�0.8 ppm), which is due to the shielding by the nearby
anthracene shells of 2 upon encapsulation. Integration of the
1H NMR signals confirmed a 1:2 host–guest composition. In
the same manner, the treatment of 2 with 2-methyl-1,4-
naphthoquinone (4b) afforded a red solution of 2�(4b)2. The
1H NMR spectrum revealed that the proton signals of the
encapsulated guests 4b in 2 were also greatly shifted upfield
(Dd =�0.5–1.3 ppm). Furthermore, the aromatic signals of 2
were less broad upon the encapsulation of 4b, indicating less
conformational motion of the capsule owing to strong host–
guest CT interactions. Aggregates 3 resulting from the trans-
atropisomer 1a showed no host behavior, as neither spectral
nor color changes were observed upon treatment with
quinone 4 b under similar conditions.

Spectroscopic analyses of 2�(4)2 established the forma-
tion of a CT complex. In the UV/Vis spectrum of 2�(4b)2,

Figure 2. a) Representation of the formation of molecular capsule 2 from cis-1a and oligomeric aggregates 3
from trans-1a in aqueous solutions. b)–g) 1H NMR spectra (400 MHz, room temperature, TMS as an external
standard) of solutions of b) cis-1a and e) trans-1a in CD3OD; c),d) cis-1a (3.0 mm) in D2O/CD3OD, ratio
c) 6:4, d) 8:2; f),g) trans-1a (<1.0 mm) in D2O/CD3OD, ratio f) 6:4, g) 8:2.
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absorption bands at 320–460 nm were assigned to the p–p*
transitions of the anthracene moieties, and a new CT
absorption band was observed as a shoulder around 510 nm
(Figure 6a). Formation of the molecular capsule is essential
for the strong host–guest interactions, as indicated by the CT
band and NMR signals, because the addition of acetone to the
solution of 2�(4b)2 gave a colorless solution with no CT
absorption band (Supporting Information, Figures S39 and
S40) that is due to the disassembly of both capsule 2 and the
host–guest complex. The capsule containing two molecules of
4a also showed a CT absorption band at around 510 nm
(Figure 6a). Interestingly, capsule 2 bound one molecule of 2-
methylnaphthalene (5), but the 2�5 complex did not show
any CT bands in the UV/Vis spectrum.

The emissive properties of capsule 2 were quite sensitive
to the guest identity (and the resultant CT interactions) and
dramatically changed depending on the encapsulated guest
molecules. Upon irradiation of the anthracene absorption
band at 370 nm, capsule emission (lmax = 466 nm, FF = 6.3%)
was enhanced by 1.4-fold in the presence of comparatively

Figure 3. AFM images of aqueous solutions of a) dimeric capsule 2
(3 mm) and d) oligomeric aggregates 3 (<1 mm) dispersed on mica.
Height profiles of selected features of the AFM images of b) 2 and
e) 3. Size and number (N) distribution of the AFM images of c) 2 and
f) 3.

Figure 4. a) Optimized structures of a) cis-1a, b) trans-1a, and c) cap-
sule 2 composed of two molecules of cis-1a by PM3 calculations
without counterions and solvents.

Figure 5. a) Representation of the encapsulation of quinones 4a,b by
dimeric capsule 2. 1H NMR spectra (400 MHz, D2O/CD3OD 8:2, room
temperature) of b) 2, c) 2�(4a)2, and d) 2�(4b)2 complexes. Colored
symbols labeling signals in the spectra correspond to the colors in the
molecular structure representations.

Figure 6. a) UV/Vis and b) fluorescence spectra (H2O/CH3OH 8:2,
3.0 mm as based on cis-1a, room temperature, lex = 370 nm) of 2,
2�(4a)2, 2�(4b)2, and 2�5 complexes.
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electron-rich guest 5 within 2. On the other hand, the emission
decreased significantly with the electron-poor and strongly
interacting guests 4a and 4b (0.16 and 0.05-fold, respectively;
Figure 6b). Thus, the molecular capsule can behave as an
unique fluorescent molecular sensor for small organic mole-
cules.[12]

In summary, we prepared two amphiphilic atropisomers
composed of three anthracene rings linked by two phenylene
spacers with peripheral hydrophilic sulfonate groups. The cis-
atropisomer with a large concave aromatic framework gave
rise to a dimeric capsule in an aqueous solution, whereas the
trans-isomer afforded only oligomeric aggregates, as con-
firmed by NMR, MS, and AFM analyses. The dimeric capsule
encapsulates quinone derivatives to form vibrant host–guest
CT complexes. Emission intensity from the fluorescent
capsule is modulated depending on the nature of the
encapsulated guest molecules.[12] Finally, we demonstrated
the prominent effect of incorporating atropisomers as supra-
molecular subunits in the self-assembly process; only the rigid
cis-atropisomer formed a well-defined assembly capable of
encapsulating guest molecules. We believe the use of atropi-
someric behavior will enrich supramolecular host–guest
structures and engender new functions based on the stereo-
chemistry.
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