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The construction of chiral nanoobjects with atomically precise
nanostructures has attracted much more attention in the past
decades. However, this field is still in its early stages. We designed
and synthesized a series of chiral ligands containing the
binaphthalene moiety and isophthalate module. Then, four chiral
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metal—-organic cages (MOCs) were obtained through the coordi-
nation between isophthalate modules and copper ions. These
chiral MOCs exhibit discrete, uniform and stable structures, good
solubility and photoluminescence behaviors.

Chirality" is widespread in nature, not only at the microscopic
level, but also at the macroscopic level. With the discovery of
the chirality of amino acids and the chiral structure of proteins
by Dutch scientist Jacobus Henricus van 't Hoff, researchers
have realized that chirality is crucial to the building processes
of life. Chiral molecules,” widely studied in biology and chem-
istry, are a class of molecules characterized by non-recombin-
ing mirror symmetry due to their own steric structure. Chiral
molecules of different configurations manifest different
effects. In the field of optics, chiral molecules offer unique
advantages. For instance, the direction of polarization of light
can be adjusted by utilizing the optical activity of chiral mole-
cules. Chiral molecules also have enormous potential for appli-
cations in fields such as medicine,** catalysis," and photovol-
taics.” In order to achieve well-defined effects, scientists have
always desired to obtain chiral molecules or chiral materials
with a single configuration. Chiral nanomaterials with atomic-
ally precise structures have attracted much more attention due
to their potential as chiral building blocks to construct specifi-
cally designed advanced structures with expected properties.
These precise chiral nanoobjects will also help in elucidating
the evolution process from the chiral molecular level to the
chiral macroscopic level.

Among these precise chiral nanoobjects, metal-organic
cages (MOCs)®™ constructed by coordination between metal
clusters or ions and organic ligands have been rising stars.
MOCs possess the functionality of organic ligands and the
characteristics of metal clusters or ions. MOCs have precise,
discrete and customizable nanostructures at the atomic level
and independent cavities. The structure and properties of
MOCs can be modulated using adjustments in the choice and
ratio of metal clusters or ions and organic ligands, which
greatly extends the diversity of MOCs. Due to the advantages of
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MOCs such as versatility, easy functionality and high stability,
they provide new insights and opportunities for solving key
problems in fields such as energy, photovoltaics and
nanomedicine.>'*"?

In recent years, a number of researchers have combined
chirality with MOCs, which has largely expanded the pro-
perties and applications of MOCs. For example, Prof. Yan Liu
and Prof. Yong Cui designed several chiral MOCs with chiral
skeletons from chiral ligands."*"” Prof. Chengyong Su utilized
chiral metallized triphenanthroline ligands coordinated with
Pd** to construct homochiral MOC enantiomers as chiral
catalysts.'®>* Prof. Xiaoping Zhou introduced various func-
tional groups (e.g., the chiral binaphthol (BINOL) moiety, sub-
stituted pyrene, etc.) into Pd,L,,type (n = 2 or 12) MOCs
through post-synthesis covalent modification.”® The BINOL-
modified MOCs are chiral; chiral BINOL and non-chiral pyrene
co-modified MOCs exhibit circularly polarized luminescence
(CPL) properties.>** Incorporating chirality into the construc-
tion of MOCs endows these molecular cages with unique
potential in the fields of stereochemistry, nanomedicine, cata-
lysis, and photovoltaics. However, this field is still in its early
stages.

Based on the advantages of easy functionalization and well-
defined structures of MOCs, we hope to develop a new class of
chiral MOCs from specifically designed chiral ligands. We
have designed and synthesized a series of chiral ligands con-
taining the chiral binaphthalene moiety and isophthalate
module; then, a series of chiral MOCs were constructed (R-R/
S-MOC, R = H/Br) through coordination between chiral ligands
and copper ions as shown in Scheme 1.

1,1'-Bi-2-naphthol and 6,6’-dibromo-1,1"-bi-2-naphthol of
different chirality were selected as chiral sources to construct
chiral ligands with the isophthalate module. After nucleophilic
substitution reactions and a hydrolysis reaction, four chiral
ligands, H-R-L, H-S-L, Br-R-L, and Br-S-L, were obtained. The
synthetic route and processes are detailed in Scheme S1 and
the Experimental section (ESIf). All the synthesized com-
pounds were structurally confirmed by nuclear magnetic reso-
nance (NMR) and mass spectrometry (Fig. S1-S14, ESIT).
Because of the flexible alkyl chains, all the chiral ligands have
good solubility in common organic solvents (such as THEF,

Chiral Ligands

R-S/R-L (R =H or Br) Chiral MOCs: Cu,,L,,

Scheme 1 The construction of chiral MOCs from binaphthalene-based
chiral ligands.
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DCM, CH;CN, and DMF). The isophthalate module is easy to
form homoleptic cuboctahedral MOCs in an almost quantitat-
ive manner through coordination with copper ions to form
Cu,(COO™), paddlewheel nodes. Then, upon coordination of
the chiral ligands with copper ions, homoleptic cuboctahedral
shaped chiral MOCs (R-R/S-MOC, R = H or Br) with molecular
formula of Cu,,L,, were expected to form in high yields (ESIf).
Similarly, all the chiral R-R/S-MOCs (R = H or Br) have good
solubility in common organic solvents.

From comparison of the "H-NMR spectra of chiral ligands
and related MOCs in CDCl; (Fig. S15-18, ESIf), the character-
istic peaks of these ligands exhibit obvious shifts and widen-
ing in MOCs. Due to the signal interference from residual
chloroform, we recorded the "H-NMR spectra of Br-R-L and Br-
R-MOC in 1,1,2,2-tetrachloroethane-d, as shown in Fig. 1A. All
the peaks of chiral ligands are shifted to the higher field after
the coordination with copper ions, and some peaks merge to
become broad peaks.”> The peaks in the aromatic region
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Fig. 1 (A) The 'H-NMR and (B) DOSY spectra of Br-R-L and Br-R-
MOC:s. (C) The SEC plots of Br-R/S-L and Br-R/S-MOCs.
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corresponding to the isophthalate module within Br-R-L were at
8.19 and 7.49 ppm, and these shifted to 7.00 and 7.38 ppm,
respectively, in Br-R-MOC. The characteristic signals from
methylene groups linked with 2,2-binaphthalene moieties
(3.81 ppm, dual peaks) and the isophthalate module (3.60 ppm)
shifted to 3.61 ppm and 2.74 ppm, respectively. All the aromatic
peaks corresponding to the 2,2"-binaphthalene moieties shifted
to the higher field and merged into broad peaks. The compari-
sons of '"H-NMR spectra demonstrated the successful coordi-
nation of the chiral ligands with the copper ions.

Two-dimensional diffusion-ordered spectroscopy (DOSY)
results, as shown in Fig. 1B, revealed that all the proton reso-
nances of Br-R-MOC in 1,1,2,2-tetrachloroethane-d, display the
same diffusion coefficient,>>?° proving that the obtained MOC
has a discrete and uniform structure. At the same time, the
diffusion coefficient of Br-R-MOC (logD = —10.20 m”> s™") is
significantly lower than the diffusion coefficient of Br-R-L
(log D = —9.15 m* s7') consistent with the much larger hydro-
dynamic volume of the MOC than that of the ligand.
According to the Stokes-Einstein equation, D = kgT/6myr
(where D is the diffusion coefficient, kg is the Boltzmann con-
stant, T is the temperature, 5 is the viscosity coefficient of sol-
vents, and r is the hydrodynamic radius), the dynamic dia-
meters of the ligand and MOC were calculated to be 0.48 and
4.28 nm, respectively. The hydrodynamic diameters of Br-R/
S-MOC from the dynamic light scattering (DLS) plots are
almost the same, at around 4.8 nm and 5.1 nm, respectively,
and their respective polydispersity indices (PDIs) are extremely
small with values of 0.21 and 0.22 (Fig. S19, ESIt). Considering
that the size of the core cuboctahedral MOC is about 3.4 nm,
the calculated and measured size of the obtained chiral MOC
is reasonable.

Size exclusion chromatography (SEC) was also conducted to
measure the molecular weights and the molecular weight dis-
tribution (Fig. 1C). Approximately 5 mg of the sample was dis-
solved in 2 ml of tetrahydrofuran (THF) for SEC.>” From the
SEC plots, both Br-R/S-MOCs showed a single sharp peak at
around 18.7 min, while both Br-R/S-L showed a single sharp
peak at around 20.5 min. Br-R/S-MOC had a shorter elution
time due to its larger hydrodynamic volume. The molecular
weights of Br-R/S-MOC and Br-R/S-L calculated from SEC plots
were 18 695, 18 708, 820 and 807 g mol ™', respectively, and the
PDIs were relatively narrow, with values of 1.04, 1.05, 1.07, and
1.07, respectively. To further clarify the structures of the
formed MOCs, we performed matrix-assisted laser desorption
ionization time of flight (MALDI-TOF) mass spectrometry. All
the measured molecular weights were very close to the theore-
tical molecular weights (Fig. S20 and Table S1, ESI{), proving
the formation of cuboctahedral MOCs with the molecular
formula of Cu,,L,,.

The structures of chiral ligands and MOCs were also con-
firmed using Fourier transform infrared (FT-IR) spectroscopy
(Fig. S21, ESIY). Taking Br-R/S-L and Br-R/S-MOC as examples,
their spectra are quite similar. Both Br-R/S-L and Br-R/S-MOC
exhibited signals at 3487 cm™', 1582 cm™ ', and 1273 cm™’
from the binaphthalene moiety; however, the signal at
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1698 cm ™" from carboxylic bands within ligands disappeared
in the MOCs due to the coordination of Cu®>" with the car-
boxylic acid. From the above results, the obtained MOCs have
uniform, discrete and stable nanostructures as expected.

Due to the interesting optical properties of the binaphtha-
lene moiety, we tested the UV-vis absorption and photo-
luminescence (PL) behaviour of the obtained chiral ligands
and MOCs. In THF, the chiral ligands and MOCs showed
similar absorbance behaviours and maximum absorbance at
240 nm (Fig. 2A and B, and Fig. S22, ESIT). The PL spectra of
the chiral ligands and MOCs in THF excited at 240 nm are
quite similar, as shown in Fig. 2A and B (more in Fig. S22,
ESI}). The PL signals were detected at around 375 nm, which
were slightly widened for the MOCs. Compared with the chiral
ligands, the relatively weaker PL intensity of the formed MOCs
may be caused by the energy transfer between the closely
dense luminescence centers of binaphthalene moieties on the
surface of the MOCs. On the other hand, the brominated
MOCs exhibited weaker PL intensity in relation to the hydro-
gen-substituted MOCs caused by the heavy atom effect. Due to
the chiral feature of the binaphthalene moiety, the MOCs con-
structed from ligands decorated with the chiral binaphthalene
moiety should exhibit chirality through the chiral transfer.
Circular dichroism (CD), a type of rotational spectroscopy used
to infer the conformation and configuration of asymmetric
structures, was utilized to verify the chiral nature of the
ligands and assembled MOCs. 0.1 mg of the samples were dis-
solved in 2 ml of THF for CD analysis. All the ligands and
MOCs in THF exhibited strong CD signals at room temperature
(Fig. 2C, D and Fig. S23 in ESI{). Taking Br-R-MOC and Br-S-
MOC as examples, their CD spectra show a good mirror
relationship between 200 and 400 nm. This proves that all the
obtained MOCs carry chirality from the chiral ligands based
on binaphthalene. We also calculated the anisotropic g-factor
of ligands and MOCs (Fig. S24 and 25, ESIt). The anisotropic
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Fig.2 (A and B) The UV-vis absorbance and photoluminescence
spectra of Br-R/S-L and Br-R/S-MOCs in THF. (C and D) The CD curves
of the obtained chiral MOCs in THF.
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g-factors of H-R/S-MOC were 0.09 and —0.09, and those of Br-
R/S-MOC were —0.28 and —0.29, respectively. These results
suggest that chiral brominated MOCs exhibit enhanced an-
isotropy compared with hydrogen-substituted MOCs.

Because of the chirality and photoluminescence properties
of 1,1'-bi-2-naphthol and 6,6’-dibromo-1,1"-bi-2-naphthol, R-R/
S-L and R-R/S-MOC were expected to exhibit CPL properties.
Unfortunately, no obvious CPL signal was found for R-R/S-L
and R-R/S-MOC in solution or solid form, which might be due
to the weak fluorescence of these MOCs.

Due to the heavy atom effect, we expected that Br-R/S-L and
Br-R/S-MOC should exhibit phosphorescence behaviours.
However, in THF, there is no obvious phosphorescence signal
even in an inert atmosphere, which might be caused by
solvent molecule quenching. Based on this, we performed
solid PL tests. This time, both Br-R/S-L and Br-R/S-MOC films
exhibited phosphorescence signals at around 600 nm excited
under 240 nm as shown in Fig. 3A and B. Also, a fluorescence
signal at around 420 nm was found. Because of the different
states, there is some deviation in the signal between the solu-
tion and solid forms. The chiral MOCs based on 6,6-dibromo-
1,1"-binaphthyl ligands exhibit both fluorescence and
phosphorescence.

We further tested the phosphorescence lifetime of Br-R/S-L
and Br-R/S-MOC, and the phosphorescence lifetime of Br-R/S-L
was close to 1 ms, but the phosphorescence lifetime of Br-Rr/
S-MOC was much reduced (Fig. 3C). This may be due to the
presence of dense binaphthalene moieties confined at a
similar distance on the MOC surface with ease of contact with
each other, which causes energy transfer to induce the decay
of the phosphorescence lifetime.

The nitrogen adsorption-desorption isotherms of the chiral
MOCs were estimated (Fig. S26, ESIT). A low specific surface
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Fig. 3 The phosphorescence spectra (A and B) and lifetime (C) of Br-R/
S-L and Br-R/S-MOC films (D) the TGA polt of Br-R-L and Br-R-MOC.
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area of about 20 m”> g~* was found for Br-R-MOC, which might
be due to the blocking effect from the large number of flexible
chains on the surface of the MOCs.

The thermal behaviours of the chiral ligands and MOCs
were evaluated using thermogravimetric analysis (TGA). For
TGA tests, all the ligands and MOC samples were heated at a
rate of 10 °C min~" under a nitrogen flow (Fig. S27, ESI{). All
the samples were stable below 400 °C, and then they lost
weight quickly in the range of 400-500 °C until they became
thermally stable. As shown in Fig. 3D, both Br-R-L and Br-R-
MOC maintained good thermal stability until 400 °C. The
slight weight loss of Br-R-MOC might result from the volatile
solvent molecules combining with copper nodes or loading
within the MOC interior. Afterwards, the residues of Br-R-MOC
not only from the carbonization of ligands, but also from the
copper compound quickly decompose. Generally, the obtained
chiral MOCs exhibit good thermal stability.

Conclusions

In conclusion, a series of chiral MOCs were constructed
through coordination between chiral ligands decorated with
binaphthalene moieties and copper ions. The assembled
MOCs exhibit uniform, discrete, and stable structures and
good solubility in common organic solvents. All the chiral
MOCs showed photoluminescence behaviours. The bromi-
nated MOCs possess fluorescence and phosphorescence simul-
taneously in the solid state. The obtained chiral MOCs deco-
rated with binaphthalene moieties enrich the diversity of
chiral MOCs and further extend the application of chiral
MOCs in optoelectronics. The chiral nanoobjects with atomic-
ally precise structures as chiral modules can be further used to
assemble complex structures and to deepen the understanding
of chiral transfer processes.
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