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ABSTRACT: Metal-organic cages (MOCs) with luminophores have significant
advantages for the facile detection of specific molecules based on turn-on or turn-off
luminescence changes induced by host—guest complexation. One important challenge is
the development of turn-on-type near-infrared (NIR)-luminescent MOC:s. In this study,
we synthesized a novel MOC consisting of two porphyrin dyes linked by four Yb(III)
complexes, which exhibits bimodal red and NIR fluorescence signals upon
photoexcitation of the porphyrin n-system. Single-crystal X-ray structural analysis and
computational molecular modelling revealed that planar aromatic perfluorocarbons were
intercalated into the MOC. The tight packing between the MOC and guests enhanced the
NIR fluorescence of the Yb(III) by suppressing energy transfer from the photoexcited
porphyrin to oxygen molecules. Guest-responsive turn-on NIR fluorescence changes in a

MOC were successfully demonstrated.



Metal-organic cages (MOCs) organized by coordination-driven self-assembly have
attracted great attention in the field of supramolecular chemistry! because of their
potential applications for sensors,** catalysts,®” molecular separations,®® and biological
technologies.!®!! In particular, MOCs with luminophores have significant advantages for
the development of systems for the facile detection of specific molecules based on turn-
on or turn-off luminescence changes of the host and/or guest molecules through
supramolecular complexation.>!%13 Although many luminescent MOCs have been
reported, there have been limited studies on near-infrared (NIR)-emitting MOCs. 416
NIR-luminescent MOCs are highly desirable for biosensing applications because NIR
light can penetrate deeply into biological tissues.!” However, the development of turn-on-
type NIR-luminescent MOCs with molecular recognition ability remains a challenge.

Trivalent lanthanide ions (Ln(IIl)) are an important class for building photo-
functional MOCs.'® Among the Ln(III) ions, the Yb(III) exhibits long-lived NIR emission
based on 4f—4f transitions, and its complexes have been widely studied for luminescent
probes.!” They can effectively produce NIR fluorescence through energy transfer from
the excited triplet state (Ti) of the organic ligands to the Yb(IIT) ion.2° Porphyrin
derivatives, which have strong visible light absorption and an appropriate T level, are
excellent candidates as photosensitizers for the Yb(IIT).!>?!"25 Furthermore, porphyrin-
based ligands are well-known building blocks with versatile utility to construct cage-like
assemblies owing to the stiffness and symmetry of their aromatic core.?*2® A Yb(III)
complex with the porphyrin-assembled MOC system has been demonstrated for NIR-
fluorescence sensor. '

In this study, we synthesized a novel NIR-emissive MOC composed of Yb(hfa)s
(hfa: hexafluoroacetylacetonato) complexes and a free-base porphyrin containing four
triphenylphosphine oxide units (Figure 1a). The combination of Ln(hfa); and phosphine
oxides is useful for the molecular design of luminescent Ln(III) coordination

compounds.?®-3! The phosphine oxide group also functions as a spacer between porphyrin



and Yb(IIT) and suppresses the heavy-atom effect of the Yb(III) ion,*>3* resulting in
bimodal emission of the porphyrin and Yb(III). The developed MOC was able to
encapsulate planar aromatic perfluorocarbons such as hexafluorobenzene (HFB) or
octafluoronaphthalene (OFN) (Figure 1b). In the presence of these guest molecules, the
MOC showed a ratiometric fluorescence change with an increase in the NIR fluorescence
of the Yb(III). Herein, we demonstrated the guest-responsive turn-on NIR fluorescence

changes in the MOC with porphyrin dyes and Yb(III) ions.
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Figure 1. (a) Molecular structure of [Yba(hfa)i2(PorTPPO);]. (b) Schematic illustration

of host—guest complexation.

A porphyrin ligand with four 4-(diphenylphosphoryl)phenyl groups at the meso-
positions, PorTPPO, was synthesized according to the reported method.** PorTPPO was

17%%% in a mixed solvent of CHCl3 and

mixed with the precursor complex [Yb(hfa);(H20)>
alcohol (MeOH or i-PrOH) to give a crystalline coordination compound,
[Yba(hfa)i2(PorTPPO):] (Figure S1). Single-crystal X-ray diffraction (SCXRD) analysis
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revealed a cage-like framework consisting of two cofacial free-base porphyrins linked by
four Yb(hfa); complexes (Figure 3a/b). The distance between the porphyrin n-planes was
found to be 7.56 A, and the size of the cavity was estimated to be approximately 300 A3
(Figure S2). The coordination of Yb(III) comprises eight oxygen atoms of three hfa and
two phosphine oxides of PorTPPO. Continuous shape measures (CShM) analysis was
performed to clarify the coordination geometry of Yb(III). The coordination structure was
characterized as two types of eight-coordinated square antiprismatic (SARP-8) structures
in a cage molecule (Figure S7 and Table S2). The powder XRD pattern coincided with
the simulated peaks using the SCXRD data, suggesting that the obtained powder was
uniform without polymorphic structures (Figure S3). Elemental analysis and FT-IR also
indicated that [ Yba(hfa)12(PorTPPO),] was successfully synthesized (Figure S4).

The UV-Vis absorption spectrum of [Yba(hfa)i2(PorTPPO),] in CHCIl; solution
showed Soret band at 416 nm and Q bands at 514, 550, 589, and 645 nm, as well as the
n—n* transition of hfa at 307 nm (Figure 2a). The absorption peaks of the porphyrin
moiety were slightly blue-shifted compared to those of PorTPPO (Soret band at 422 nm
and Q bands at 517, 552, 590, and 647 nm). The concentration-dependent UV-Vis
absorption of [ Yba(hfa)12(PorTPPO),] was measured in the range of 2.0 to 0.4 uM (Figure
S10). The absorption maxima of the Soret and Q bands shifted bathochromically at lower
concentrations due to dissociation of the MOC framework by dilution, whereas the MOC
structure is preserved at concentrations above 1.2 uM. ESI-MS analysis provided further

evidence of the presence of the MOC in solution (Figure 2b).
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Figure 2. (a) UV-Vis absorption spectra of PorTPPO (5 uM, purple line) and
[Yba(hfa)io(PorTPPO),] (2.5 uM, red line) in CHCl. (b) ESI-MS of
{[Yba(hfa)i2(PorTPPO),]+H} .

Cage-like compounds containing two parallelly arranged aromatics at a well-
defined distance are known as versatile host materials that can intercalate aromatic guests
through non-covalent n—x interactions.?®?”-33-3% In particular, cofacial porphyrin cage
shows strong intercalation with electron-deficient guests.*® The computational molecular
modelling based on a semi-empirical GFN-xTB method* is useful for determining the
optimized structure and stabilization energy of large host—guest supramolecules with a
certain accuracy,* in comparison to the density functional theory that takes enormous
computational time for geometry optimization. We performed the geometry optimizations
of the host—guest complexes of [Yba(hfa)i2(PorTPPO),] and small aromatic derivatives
with different numbers of electron-withdrawing fluorine substituents by the GFN2-xTB
level of calculations and investigated the interaction energies. The stabilization energy of

the 1:1 host—guest complexation (AEswab) was obtained as the energy difference between
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the host—guest complex (Enost-guest) and its isolated components (Enost and Eguest). Based on
the systematic calculations, a clear trend with increasing number of fluorine substituents
could be observed for both benzene and naphthalene derivatives (Figure S18 and Tables
S5-6). When molecules possess a greater number of fluorine substituents and a larger m-
surface, the guests become more electron-deficient, resulting in a greater AE i, compared
to aromatic hydrocarbons. The computational modelling suggested that aromatic
perfluorocarbons are suitable guests for [ Yba(hfa)i2(PorTPPO),].

In contrast to the low solubility of [Yba(hfa)i2(PorTPPO):] in various organic
solvents, a significantly higher solubility was observed in a CHCIl; solution containing
HFB or OFN (Figure S5). Single crystals were obtained via recrystallization from CHCl3
solutions of [Yba4(hfa)i2(PorTPPO);] mixed with HFB or OFN. The SCXRD analysis
indicated that HFB and OFN were encapsulated in the cage to form the 1:1 host—guest
complexes, [Ybs(hfa)i2(PorTPPO);]oHFB and [Ybs(hfa)i2(PorTPPO);]>OFN (Figure
3c—f). The alignments of the cofacial porphyrins and the coordination geometries of
Yb(hfa); were altered slightly by the host—guest complexation (Figures S6—S9 and Tables
S2—-S4). The distances between the porphyrin n-planes of the cages with HFB and OFN
were found to be 6.92 and 6.71 A, respectively (Figures 3d/f and S6). The shortened
distances can be attributed to the stronger m—m interactions of the porphyrins and
encapsulated guests. The n—m interactions of the host-guest complexes were also
confirmed using a non-covalent interaction (NCI) plot (Figures S19-S20).*! These results
indicated that planar aromatic perfluorocarbons have strong electrostatic interactions with
the double-decker structure of the electron-rich porphyrins to give tight packing, which

is in agreement with the computational modelling.
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Figure 3. Crystal structures of (a/b) [Yba(hfa)i2(PorTPPO),], (c/d)
[Yba(hfa)12(PorTPPO),;]oHFB, and (e/f) [ Yba(hfa)12(PorTPPO)2]>OFN (a/c/e: top view,
b/d/f: side view). Ellipsoids were drawn at 50% probability and hydrogen atoms were

omitted for clarity.

The host—guest complexation of [Yba(hfa)i2(PorTPPO);] in CHCls was also
confirmed using UV-Vis absorption and ESI-MS. The UV-Vis absorption spectra of
[Yba(hfa)12(PorTPPO),] showed a slight absorption change in the presence of HFB or
OFN (Figure S11). In contrast, [ Yba(hfa)12(PorTPPO):] exhibited almost identical spectra
in a solution with benzene, naphthalene, hexane, or perfluorohexane (Figure S12). The
absorption changes might be attribute to a slight influence on the electronic structure of
the ground state of porphyrin induced by alternation of the surrounding environment from
chloroform to guest molecules. The ESI-MS showed peaks corresponding to
{[Yba(hfa)12(PorTPPO),]>OFN+H}* (Figure 4a), indicating that the 1:1 host—guest

complex was formed in CHCIs. Unfortunately, the mass peaks of the
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[Yba(hfa)12(PorTPPO);|oHFB species were not observed, probably due to its weak

binding.
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Figure 4. (a) ESI-MS of {[Yba(hfa)12(PorTPPO):]>OFN-+H}". (b) Emission spectra (Aex
=415 nm) of 2.5 uM [Ybas(hfa)12(PorTPPO);] in CHCl3 with different concentrations of
OFN at r.t., and (c) plots of the relative fluorescence changes (A(Zyvam/Zporphyrin)) and

fitting curve according to the 1:1 host—guest model.

The emission properties of the MOC were investigated for the present
supramolecular host—guest system in CHCIl3 solution under air and Ar atmospheres. Upon
selective photoexcitation of the porphyrin at the Soret band in air,

[Yba(hfa)12(PorTPPO):] exhibited bimodal fluorescence originating from the porphyrin



and Yb(III) (Figure 4b, black line). The fluorescence peaks of the porphyrin moiety were
observed at 651 and 715 nm, and that of the Yb(III) ion (*Fs»—>F7,2) was found at around
1000 nm. The excitation spectrum for the NIR emission was similar to the UV-Vis
absorption spectrum, indicating that the porphyrin dye photosensitized the Yb(III) ions
(Figure S13). The fluorescence quantum yields of porphyrin (@porphyrin) and Yb(III)

(Dyvam)) were determined to be 5.5% and 0.3%, respectively (Table 1).

Table 1. Photophysical properties of [ Yba(hfa)i2(PorTPPO),].

under air under Ar
TYb(III) “Dyt.ar djporphyrin ®Yb(lll) Hsens djporphyrin ®Yb(lll) Hsens
Guest
/ ps / % / % / % / % / % / % / %
no guest 22 3.0 5.5 0.3 10 6.4 1.9 63
HFB 22 3.0 5.8 0.5 17 6.8 1.9 63
OFN 22 3.0 6.0 0.7 23 6.7 1.8 60

“Estimated from [Yb(hfa)3(TPPO),] (TPPO: triphenylphosphine oxide)* using Strickler—
Berg equation (see Supporting Information 5-3).

The guest-concentration-dependent emission spectra showed that the
fluorescence intensity of the Yb(III) gradually increased upon the addition of OFN or
HFB, whereas that of the porphyrin remained almost constant (Figures 4b and S14a). In
the presence of 100 uM OFN or 100 mM HFB, ®vuan) increased to 0.7% and 0.5%,
respectively. The association constants (K,) of the cage were estimated from the change
in the fluorescence intensity of the Yb(III) to relative to that of porphyrin
(A(Iyvamy/Iporphyrin)) at room temperature. Based on the spectral changes, K. values were
calculated using non-linear curve fitting according to the 1:1 host-guest binding model.*?
The K. values of the MOC with OFN and HFB were found to be 7.8x10* and 1.6x10?
ML respectively, indicating that OFN was intercalated stronger (Figures 4c and S14b).

After bubbling Ar gas into the solution to remove dissolved oxygen molecules,

the @ypamy value of the MOC, with or without guests, increased significantly to 1.9%
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(Figure S15). This evidence indicates that the energy transfer from porphyrin to Yb(III)
is promoted by suppression of oxygen quenching. The slight increase of @porphyrin can be
also attribute to removal of oxygen molecules.** The NIR-emission lifetimes of the
Yb(III) showed a single-exponential decay of 22 us (Figure S16). The intrinsic quantum
yield of the Yb(III) (®ar.4r) was calculated to be 3.0% using the Strickler—Berg equation
(see Supporting Information 5-3). These values remained consistent, regardless of the
presence or absence of guests. The energy transfer efficiency from porphyrin to the
Yb(III) ion (#sens = @yvam/Par.4ar) was determined to be 10% in a CHCl3 solution under
air. With the presence of guests in this solution, #sens increased to 23% and 17% for OFN
(100 uM) and HFB (100 mM)), respectively. After bubbling Ar gas through the solutions,
the #sens Values of all the samples increased to 60—63%. The consistent photophysical data
of the Yb(IIl) in the presence or absence of guests under the Ar-saturated conditions
revealed that the guest molecules rarely affect to the 4f-4f emission characteristics of the
Yb(III).

We considered that the guest-responsive turn-on NIR fluorescence enhancement
in air conditions was attributed to oxygen blocking by the formation of a tight host-guest
complex. The structural protection of the ligand m-surface in the luminescent Ln(III)
complexes is a key strategy for suppression of the oxygen quenching.** The higher energy
transfer efficiency of the MOC with guests in air can be explained by the stronger
intercalation and larger cover of the porphyrin n-surface.

In summary, we successfully synthesized a novel NIR-luminescent, bimodal, and
guest-responsive turn-on MOC composed of porphyrin dyes and Yb(III) complexes. The
MOC has a well-defined three-dimensional cavity, and small planar aromatic
perfluorocarbons were intercalated inside the cage to form 1:1 host—guest supramolecules.
The tight host-guest packing partially inhibited oxygen molecules from approaching the
cage and increased the NIR fluorescence of Yb(III). The supramolecular engineering

based on the tightly packed cage structure and oxygen blocking strategy represents a new
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approach towards photofunctional host materials for future biological probes. We expect
that this study will stimulate the design and synthesis of new NIR-emissive MOCs for

practical applications.
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A novel NIR luminescent metal-organic-cage (MOC) composed of porphyrin dyes and Yb(III)
complexes was synthesized. The host-guest packing between the MOC and the perfluoroaromatic
guest molecules partially prevented oxygen molecules from approaching the cage and increased the

NIR fluorescence intensity of the Yb(III) ion by the energy transfer from porphyrin to Yb(III) ion.
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