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Herein the chiral resolution of racemic Zr4L¢ tetrahedral cages has been realized using luminescent enan-
tiopure coordination cations. Accordingly, anionic AAAA-ZrsLe and AAAA-Zrslg cages (L = embonate)
were completely resolved using enantiopure [Ag(R-BINAP),]* and [Ag(S-BINAP),]" cations, respectively,
and a pair of pure enantiomers (PTC-374(R,A) and PTC-374(S,A); PTC = polynuclear titanium cage) were
easily prepared and structurally well-characterized, featuring an uncommon cage-supported supramole-
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cular framework with zeolitic SOD topology. The stepwise transfer of homochirality can be clearly
observed in the unusual resolution process. Moreover, the perfect combination of two functional com-
ponents endows such co-assembled materials with synergistic circular dichroism performance, enhanced
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1. Introduction

Because of its highly directional and highly spatiotemporal
resolution, circularly polarized luminescence (CPL) has broad
application prospects in optical displays, biological imaging
and sensing, information storage and processing, photoelec-
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fluorescence and circularly polarized luminescence response.

tric devices, etc."™ In order to achieve practical applications in
chiral photonics and electronics, numerous elaborately
designed materials have been developed for CPL,”** and a lot
of effort has been directed toward adjusting and improving
luminescence quantum yield, the dissymmetric factor, gum,
and so on."*° As we all know, CPL reflecting chirality in the
excited states of materials requires bright luminescence and
sufficiently strong chiral signals for measurement. Thus, the
purposeful combination of the above two functional com-
ponents would be an interesting topic.

In recent years, our group has been devoted to research
work based on the anionic TisL¢ or Zr,Le cage (L = embo-
nate).”" This cage features abundant interaction sites (uncoor-
dinated carboxyl oxygen atoms and naphthyls), and high solu-
bility and stability in common solvents, and turns out to be an
excellent building block for further assembly.>*® Similar to
other tetrahedral M L cages constructed from achiral biden-
tate ligands and octahedral metal ions, the Ti,L¢ or Zr,Ls cage
also forms an intrinsically chiral structure with all metal
centers having the same chiral configuration (A or A).
However, such MyLe cages usually exist as racemic mixtures in
solution or in the solid state, which limits their applications.
Fortunately, we have achieved the chiral resolution of Ti,Le
cages with enantiopure [Mn(DCH);]*" or [Ag4(DCH)s]*" units
(DCH = 1R,2R-(-)- or (185,25)-(+)-1,2-diaminocyclohexane), and
discovered that the separated homochiral Ti,Ls cage shows
multiple strong CD peaks.>*?° Thus, a simple idea is to
combine two structural types (e.g. the Ti,Lg or Zr,Ls cage and a
strong luminescence unit) into one system, which may be a
new construction mode for CPL materials.

This journal is © the Partner Organisations 2024
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[Ag(R-BINAP), | & {[Ag(MeCN),|@[AAAA-Zr L]}
PTC-374(R,A)

[Ag(S-BINAP),]&{[Ag(MeCN),| @[ AAAA-Zr,L ]}

PTC-374(S,A)
(pure chiral crystals)

Fig. 1 Synthetic optical resolution of racemic ZryLe cages and crystal
structures of PTC-374(R,A) and PTC-374(S,A) enantiomers. Most H
atoms have been removed for clarity. Atom color code: purple, Ag; olive,
Zr; pink, P; red, O; gray, C; off white, H.

From the above considerations, herein we have realized the
chiral resolution of Zr,Ls cages using luminescent enantiopure
coordination cations, and studied the synergistic CPL property.
Through our methodology, the anionic AAAA-Zr,Le¢ and
AAAAN-Zr,Ls cages can be completely resolved with
n-conjugated enantiopure [Ag(R-BINAP),]" and [Ag(S-BINAP),]"
cations (R/S-BINAP = (R)/(S)-2,2"-bis(diphenylphosphino)-1,1'-
binaphthyl), respectively (Fig. 1). Consequently, AAAA-Zr,L
and [Ag(R-BINAP),]" or AAAA-Zr,Le and [Ag(S-BINAP),]" are
tactfully bonded, giving rise to a pair of pure enantiomers
(PTC-374(R,A) and PTC-374(S,A)). Remarkably, PTC-374(R,A)
(or PTC-374(S,A)) exhibits an uncommon cage-supported
supramolecular framework with zeolitic SOD topology. By the
formation of an ordered co-assembled material, its compre-
hensive performance, including circular dichroism (CD) and
fluorescence, can be further improved, thus demonstrating
CPL enhancement.

2. Experimental

Synthesis of (Me,NH,); s;[Ag(MeCN),]{[Ag(R-
BINAP), ], 5(AAAA-Zr,Le)}-guests (PTC-374(R,A))

The above pre-synthesized PTC-101(A,A) was used as the Zr,Le
cage raw material. PTC-101(A,A) (40 mg, 0.01 mmol), Ag
(CH;COO0) (10 mg, 0.06 mmol) and (R)-(+)-2,2-bis(diphenyl-
phosphino)-1,1"-binaphthyl (R-BINAP, 30 mg, 0.05 mmol) were
dissolved in 3 mL of DMSO/MeCN/H,0 (0.5:2: 0.5, v/v, DMSO
= dimethyl sulfoxide) mixed solvent, and then the solution was
sealed in a 20 mL vial. The mixture was heated at 80 °C for 3
days. After being cooled to room temperature, yellowish crys-
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tals of PTC-374(R,A) were obtained (yield: 30% based on
PTC-101(A,A)).

Synthesis of (Me,NH,)s s[Ag(MeCN),]-{[Ag(S-
BINAP),]; 5(AAAA-Zr,Lg)}-guests (PTC-374(S,A))

This compound was synthesized by substituting R-BINAP with
(8)-(=)-2,2"-bis(diphenylphosphino)-1,1"-binaphthyl (S-BINAP)
in the above synthetic procedure for PTC-374(R,A).

Synthesis of [Ag(R-BINAP),](ClO,)-guests (R-Ag)

R-BINAP (30 mg, 0.05 mmol) and AgClO, (15 mg, 0.07 mmol)
were dissolved in 3 mL of DMF/EtOH/H,O (1:1:1, v/v) mixed
solvent, and then the solution was sealed in a 10 mL vial. The
mixture was heated at 80 °C for 3 days. After being cooled to
room temperature, clear crystals of R-Ag were obtained (yield:
50% based on R-BINAP).

Synthesis of [Ag(S-BINAP),](ClO,)-guest (S-Ag)

This compound was synthesized by substituting R-BINAP with
S-BINAP in the above synthetic procedure for S-Ag.

3. Results and discussion

Solvothermal self-assembly of Zr(OPr), or ZrCl, with emonic
acid (H4L) gives rise to anionic tetrahedral Zr,Ls cages in
orthorhombic (PTC-101(A,A)) or cubic (PTC-102(A) and
PTC-102(A)) supramolecular arrangements (Fig. S1 and S27),
which has been successfully demonstrated in our previous
work.>" Although the Zr,Ls cage is chiral, both AAAA-Zr,Ls
and AAAA-Zr,Le isomers exist in the achiral crystal structure
of PTC-101(A,A). Although spontaneous resolution can separ-
ate AAAA-Zr,Ls and AAAA-Zr,Le cages into single crystals
(PTC-102(A) and PTC-102(A)), the bulk sample is a conglomer-
ate with an equal mixture of crystals of opposite handedness.
To obtain homochiral samples for CPL study, PTC-101(A,A)
with high yield was selected to carry out the optical resolution
of Zr,Le cages in this work. Large n-conjugated chiral organic
ligands R/S-BINAP were introduced into the assembled system.
Accordingly, R/S-BINAP and Ag" ions were dissolved in the
DMSO/MeCN/H,0O solution of PTC-101(A,A) for resolution
(Fig. S31), and orange dodecahedral crystals of PTC-374(R,A)
and PTC-374(S,A) were obtained, respectively. In addition, the
chiral enantiomers of R-Ag and S-Ag were also prepared using
R/S-BINAP and Ag" ions in DMF/EtOH/H,O (Fig. S47).
Single-crystal X-ray diffraction analysis revealed that both
PTC-374(R,A) and PTC-374(S,A) crystallized in the cubic chiral
space group 123 (Table S1}). Their asymmetric unit contained
one-third of a formula unit (Fig. S5 and S6t). Only the detailed
structure of PTC-374(S,A) will be described here. As shown in
Fig. 1, the Ag(1) center is P,P-chelated by two S-BINAP ligands,
generating a cationic [Ag(S-BINAP),]" ion. Interestingly, each
[Ag(S-BINAP),]" ion is connected to four adjacent [Ag(S-
BINAP),]" ions through rich C-H---n interactions. When each
cation is treated as a node, the 3D supramolecular framework
can be simplified into a zeolite-type SOD topology, and it has

Inorg. Chem. Front,, 2024, 11, 6486-6492 | 6487
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Fig. 2 Packing structure of PTC-374(S,A): (@ and b) formation of
AAAA-Zryle cage-supported zeolite SOD-type supramolecular frame-
work and its simplified topology network (c and d).

the basic composite building unit of the SOD cage (Fig. 2).
Each SOD cage has six square faces and eight hexagonal faces,
which are all shared with neighboring cages. Tactfully, AAAA-
Zr,Le cages are located at the centroid of each hexagonal face,
which further stabilize the whole architecture via C-H:--O
hydrogen bonds and C-H---x interactions (Fig. 2a and S77).
Unexpectedly, an in situ formed [Ag(MeCN),]" cation is found
in each AAAA-Zr,Le cage, which is accommodated within the
cage through the C-H---m interactions, reflecting its suitable
size and shape complementarity for such a tetrahedral cavity.
Thus, an interesting host-guest {[Ag(MeCN),|@[AAAA-
Zr,Le]}’~ cage is obtained. Here, perfect matching between
anionic AAAA-ZryLe cages and [Ag(S-BINAP),]" cations can
also be observed in PTC-374(S,A). With suitable supramolecu-
lar interactions such as C-H---x and C-H---O (Fig. 2a and S77),
the AAAA-Zr,Lg cage is confined to the hexagonal face of the
SOD cage. In other words, with the anionic AAAA-Zr,Ls cage
as the support template, [Ag(S-BINAP),]" cations are stacked
into a regular supramolecular framework through suitable C-
H---n interactions. In short, charge-driven and H-bonding-
driven co-assembly of anionic ZryLe cages and [Ag(R-BINAP),]"
cations results in an ordered supramolecular framework with
zeolitic SOD topology (Fig. 2b and c). The combination of cage
and cation may render synergetic properties that cannot be
achieved using a single component.

As expected, the opposite [Ag(R-BINAP),]" units and AAAA-
Zr,Ls cages as well as the opposite H-bonded framework can be
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observed in PTC-374(R,A). Obviously, the stepwise transfer of
homochirality is presented in the resolution process. The origin
of the achieved homochirality is from the enantiopure ligand
(R-BINAP or S-BINAP) and the related coordination cation ([Ag
(R-BINAP),]" or [Ag(S-BINAP),]"). Next, the [Ag(R-BINAP),]" (or
[Ag(S-BINAP),]") cations demonstrated their enantioselectivity
towards anionic ZrsLe cages through suitable H-bonding inter-
actions, achieving successful resolution that led to a homochiral
structure with only AAAA-Zr,Ls isomers in PTC-374(R,A) or
AAAA-Zr,Lg isomers in PTC-374(S,A). For the convenience of
comparison, the chiral enantiomers of R-Ag and S-Ag have also
been provided (Fig. S8-101), which are composed of [Ag(R-
BINAP),]" and [Ag(S-BINAP),]" cations with [ClO,]~ counter
anions, respectively. The mirror images can also be observed in
the chiral structures of R-Ag and S-Ag (Fig. S117).

SEM and electron spectroscopy analyses of PTC-374(S,A)
show that P, Ag and Zr atoms are distributed uniformly in
their crystals (Fig. S12}). The atomic ratio of P, Ag and Zr
elements is almost consistent with the theoretical results
(obtained from single-crystal structure data), which indicates
the high purity of the sample. The phase purities of these crys-
tals were also proved by their powder XRD patterns (Fig. S15
and S16+). Although PTC-374(S,A) is based on a supramolecu-
lar stacking framework, it can be stable in air, H,O and some
common organic solvents (such as MeOH, EtOH, THF, MeCN,
etc.), as demonstrated by PXRD (Fig. S17t). However, it can be
soluble in DMF. Liquid-state CD measurements were carried
out at room temperature on large amounts of PTC-374(R,A)
and PTC-374(S,A) samples. As shown in Fig. 3a, their CD
peaks reveal obvious mirror images, indicating their absolute
configuration and enantiomeric nature. In addition, we chose
about 18 different single crystals of PTC-374(R,A) or PTC-374
(S,A) from the same reaction bottle and tested their CD pro-
perties (Fig. S20 and S21t}). The results show that they exhibit
similar CD signal peaks, which further demonstrate their com-
plete separation. The CD peaks at around 390, 310, 280, and
260 nm are similar to those of spontaneously resolved PTC-102
(A) and PTC-102(A) with only AAAA-Zr,Ls and AAAA-Zr,Lg
isomers in its chiral structure (Fig. 3b). Thus, the n-n* tran-
sition and exciton coupling of the naphthyl groups in the L
ligand occur at 260 and 280 nm, which can also be demon-
strated via the UV adsorption spectrum (Fig. S22%). The
intense negative and positive exciton splitting patterns cen-
tered at 310 nm can be assigned to the n—-n* transition of the
phenol and carboxylic oxygen moieties, indicating that each Zr
center in PTC-374(R,A) and PTC-374(S,A) is in the A and A
configuration, respectively. The observed peak at 390 nm
corresponds to the metal-to-ligand charge transfer (MLCT)
transition. Compared to AAAA-Zr,Ls and AAAA-Zr,Lg cages,
the CD spectra of PTC-374(R,A) and PTC-374(S,A) both display
a clear peak at 345 nm (green dotted line), which is attributed
to the phenyl n-n* transition of the chiral BINAP ligand, as
demonstrated by its UV-Vis and CD spectra as well as its
coordination cation (Fig. S18, S19, S23 and S247). Apparently,
co-assembled PTC-374(R,A) and PTC-374(S,A) show a synergis-
tic CD response herein.

This journal is © the Partner Organisations 2024
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Fig. 3
(b) liquid-state CD spectra of PTC-374(R,A) and PTC-374(S,A) in DMF; (c)

Wavelength (nm)
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PTC-374(S,A)

(a) Liquid-state CD spectra of AAAA-ZrsLle and AAAA-Zr4Lg cages in PTC-102(A) and PTC-102(A) single crystals (DMF solution), respectively;

luminescence spectra of ZryLe, R-Ag and PTC-374(S,A) in the solid state;

(d) CPL spectra of AAAA-Zrslg and AAAA-Zrglg cages (lex = 340 nm); (e) CPL spectra of PTC-374(R,A) and PTC-374(S,A) (lex = 370 nm); (f) dissym-
metry factors (gum); (g) comparison of structures between PTC-102(A) and PTC-374(S,A).

What effect does the combination of two chiral components
have on the optical property? Firstly, we investigated the photo-
luminescence (PL) property of such a cooperatively self-
assembled structure, and the solid-state emission spectra of
ZryLe cage raw materials (PTC-102(A) and PTC-102(A)), R-Ag
and PTC-374(S,A) were recorded in air at room temperature. R-
Ag shows an emission maxima at 390 nm (e = 375 nm),
which can be assigned to the phenyl n-rn* transition of the
chiral BINAP ligands, as also proved by the UV-Vis spectra of
BINAP and its coordination cation (Fig. S23 and S24t). Upon
excitation at 425 nm, the Zr,Ls cage displays an emission peak
similar to that of the L ligands (Fig. 3c and S287%), and it has
the highest emission peak at 480 nm in the 400-600 nm band,
which may belong to the phenyl n-n* transition of the L
ligands in the Zr,Le cage. Under the same excitation wave-
length and test conditions, the co-assembled structure
PTC-374(S,A) shows an emission peak similar to Zr,L¢ cages,
and its emission peak can be observed at 460 nm. Their exci-
tation spectra and PL photographs are shown in Fig. S27.f
Remarkably, PTC-374(S,A) exhibits a stronger photo-
luminescence in comparison, and its emission intensity is
about 4 times that of the Zr,L¢ cage. In addition, it shows a
slight blue-shift (ca. 20 nm) in comparison with the Zr L

This journal is © the Partner Organisations 2024

cage. The absolute emission quantum yields (&) were also
measured for the Zr,Ls cage and PTC-374(S,A) at room temp-
erature upon excitation at 425 nm. It is calculated that the @
value (ca. 3.9%) of PTC-374(S,A) is about 10 times than that of
Zr,Le (ca. 0.4%). Chiral R/S-BINAP ligands are highly conju-
gated organic ligands, and they readily coordinate with Ag"
ions to form n-conjugated coordination Ag cations (R-Ag and
S-Ag). R-Ag or S-Ag has a strong photoluminescence property,
which can be proved by its emission spectrum and fluo-
rescence photograph (Fig. 3c and S2771). The combination of
such luminescent Ag units and Ti,Le cages into tightly packed
and ordered structures significantly enhanced the PL perform-
ance, thus revealing a synergistic luminescence effect.

The synergistic CD effect and enhanced PL property encour-
aged us to further investigate the CPL performance of PTC-374
(R,A) and PTC-374(S,A). Due to the existence of the two
racemic PTC-102(A) (only AAAA-Zr,Le cages) and PTC-102(A)
(only AAAA-Zr,Le cages) structures in the single crystals, the
single-crystal CPL was measured for convenience of compari-
son. In fact, such a test method has been reported.®'™*?
Tactfully, PTC-102(A) (or PTC-102(A)) and PTC-374(R,A) (or
PTC-374(S,A)) are all regular crystals. In order to eliminate
differences due to factors such as angle and size, we chose

Inorg. Chem. Front., 2024, 11, 6486-6492 | 6489
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same-size crystals for testing, and tested the same single
crystal (100) plane (Fig. 3d and e). The degree of CPL can be
evaluated using the dissymmetry factors (gm), which is
defined as giym = 2(Ir. — Ir)/(IL + Ir), where I} and I represent
the luminescence intensities of left- and right-handed polar-
ized light, respectively. As shown in Fig. 3e and f, single-crystal
PTC-374(R,A) shows remarkable CPL in the visible region with
a negative g, value of —1.75 x 10> at 465 nm, while PTC-374
(S,A) shows a mirror-image spectrum with a positive gj,n,, value
of +1.50 x 1072 at 465 nm. However, the CPL extremes of
PTC-102(A) and PTC-102(A) single crystals can be observed at
465 nm with the gy, values of —4.2 x 107> and 8.5 x 1073,
respectively. Prominently, the g, values of PTC-374 enantio-
mers in the excited state were boosted by an order of magni-
tude. Comparing the structure of PTC-102(A) and PTC-374
(S,A), we found that they have the same chiral space group of
123 (Fig. 3g) and the AAAA-Zr,Lg cages in their structures have
similar spatial arrangement, although their compositions and
synthesis methods are vastly different. The only difference is
that there are chiral [Ag(S-BINAP),]" units in PTC-374(S,A),
thus resulting in larger cell parameters. In addition, there are
no obvious supramolecular interactions between adjacent
AAAA-Zr,Lg cages in PTC-102(A), while the opposite is true for
PTC-374(S,A). We preliminarily speculate that the introduction
of chiral luminescence through Ag units and the abundant
H-bonding interactions between adjacent lattice units (AAAA-
Zr,Le and [Ag(S-BINAP),]") effectively increases the rigidity of
the supramolecular frameworks, which realizes chiral synergis-
tic amplification and fluorescence enhancement, so as to
boost the CPL performance of the co-assembled material
PTC-374(S,A).

4. Conclusions

In summary, we realized the chiral resolution and functional
application of a tetrahedral Zr,(embonate)s cage. Through suit-
able supramolecular interactions, anionic AAAA-Zr,Ls and
AAAN-Zr,Lg cages have been successfully resolved by enantio-
pure [Ag(R-BINAP),]" and [Ag(S-BINAP),]" cations, respectively.
Such an unusual resolution process is accompanied by the
stepwise transfer of homochirality, leading to chiral amplifica-
tion from an enantiopure molecule to a final homochiral
supramolecular framework with zeolitic SOD topology.
Interestingly, the perfect combination of chiral zirconium
cages and luminescent Ag units showed synergistic CD,
enhanced fluorescence and CPL output with g, values of
~1.5 x 107 These results indicate the potential application of
such homochiral cages in the CPL field.
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