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Abstract: Optical codes generated from the emission lifetimes of
lanthanide complexes have received considerable attention for their
potential application in multiplexed bioimaging and anti-counterfeiting.
However, such tunable lifetimes are limited to short ranges (0.01-1
ms). Herein, we describe a method that extends the emission lifetime
using dynamic molecular ftriplet excitons in aggregation systems
composed of lanthanide complexes. To demonstrate the conceptual
method, crystals comprising lutetium (Lu**) and
luminescent lanthanide (europium: Eu®* or terbium: Tb%*) complexes
with two organic ligands (2,2,6,6-tetramethyl-3,5-heptanedionate and
2,7-bis(diphenylphosphoryl)-phenanthrene) were prepared. These
molecular crystals exhibited persistent emission via slow triplet

molecular

exciton migration between the phenanthrene units. The extended
degree of the lifetime could be controlled between 1 and 152 ms by
ligand modifications. This proposed lifetime-tuning method should
significantly expand the encoding capacity of lanthanide complexes.

Optical encoding is a technique to generate multiple codes by
combining optical parameters such as ratiometric emission
intensity and emission lifetime of luminophores.!'* This technique
plays a crucial role in multiplexed bioimaging®® and anti-
counterfeiting applications.®'? Among the luminophores for
optical encoding, trivalent lanthanide complexes are promising
candidates for optical encoding owing to their distinguishable
sharp emission bands (Full Width at Half Maximum (FWHM) ~ 10
nm) originating from 4f-4f transitions.l"*2" These complexes also
exhibit bright emission originating from the high absorption
abilities of their organic ligands via energy transfer from the
molecular triplet exciton.?>24
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Figure 1. a: Conceptual design of this study. Black and red balls represent Lu®*
and Eu® (or Tb%"), respectively. b: Emission lifetime tuning range of the
lanthanide complexes in a previous study (0.01-1 ms) and this study (1-152
ms). ¢: Chemical structures of Eu®*-(or Tb%*-)-incorporated Lu®* molecular
crystals for proof-of-concept.



Recently, emission lifetime has become an emerging
parameter for the effective optical encoding of lanthanide
complexes because it offers detection capabilities independent of
ambient background.['*15'° Gallis et al. achieved data storage
and document security using lanthanide metal-organic
frameworks (MOFs) with tunable Eu* emission lifetime by
controlling the energy transfer from Eu®* to Yb®.I'l Lu et al.
demonstrated multiplexed bioimaging by tuning the Eu®* emission
lifetime based on the energy transfer from Eu®" to an organic
ligand.l" However, these lifetime-tuning methods are derived
from a quenching system for lanthanide emissions, and the tuning
range is narrow (0.01-1 ms, Figure 1b). The development of a
new method for extending the lifetime of lanthanide complexes
will significantly expand their encoding capacities.

Herein, we describe a new method for emission lifetime tuning
utilizing the slow triplet exciton migration between the organic
ligands in aggregated lanthanide complexes (Figure 1a). This
slow exciton migration results in delayed formation of lanthanide-
emitting states, leading to an extended emission lifetime. To
demonstrate the proof-of-concept, luminescent Eu?*- (or Tb3*-)-
incorporated Lu3* molecular crystals comprising one neutral
phenanthrene-based ligand (dpph: 2,7-
bis(diphenylphosphoryl)phenanthrene), Figure 1c¢) and six
anionic B-diketonate ligands (tmh: 2,2,6,6-tetramethyl-3,5-
heptanedionate) were designed. The dpph ligand, encapsulated
by the bulky anionic tmh ligands, exhibited a long-lived triplet state
(1 = 47 ms!®), which was selected to facilitate an efficient high
triplet-triplet energy transfer (TTET) between the dpph ligands.
Non-luminescent Lu®* (lowest excited state: ~80,000 cm-' 1) also
promotes TTET in the crystals ?7], resulting in delayed emission
of Eu®* (or Tb**) (see Supplementary Note 1 for a discussion of
systems with other non-luminescent lanthanide ions). The
delayed emission lifetime can be tuned by controlling the Eu®* (or
Tb3*) molar ratio. Another type of phenanthrene-based ligand
(dcph: 2,7-bis(dicyclohexylphosphoryl)phenanthrene)  was
prepared to demonstrate tunable optical codes via ligand
modification. The present dynamic friplet exciton system
significantly expands optical encoding capacities to develop
multiplexed bioimaging and anti-counterfeiting applications.

Figure 2. X-ray crystal structure of Luz-dpph viewed along b-axis (50%
probability ellipsoids). The distances were calculated based on the centroids of
phenanthrene units.
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The [Lux(tmh)edpph] (where Luz-dpph) was prepared using a
previously reported method.?! Single-crystal X-ray diffraction
(XRD) analysis showed seven-coordinated dinuclear structures,
consisting of two Lu(tmh)s; units connected by a dpph ligand
(Crystallographic data are listed in Table S1, Supporting
Information). In the X-ray crystal structure, each Luz-dpph unit is
surrounded by two adjacent Luz-dpph units (Figure 2 and S14).
The distances between the phenanthrene units were determined
to be 1.02 and 1.05 nm.

The preparation and identification of [Eux(tmh)sdpph] (Euz-
dpph) and [Tbz(tmh)esdpph] 25! (Tb2-dpph) were similar to those
of Luz-dpph (Figure S15, crystallographic data are shown in
Table S1). The photophysical measurements were performed in
the crystalline state. The emission spectrum (Figure 3a) of Euz-
dpph exhibits emission bands at approximately 578, 587, 611,
648, and 701 nm, which are assigned to the *Do—’Fs(J=0, 1, 2,
3, and 4, respectively) transitions of Eu®*. For Th2-dpph, emission
bands at approximately 490, 548, 582, 616, and 659 nm were
observed. These emission bands are attributed to the °Ds—"F, (J
= 6, 5, 4, 3, and 2, respectively) transitions of Tb%".?%1 The
excitation spectra showed characteristic vibronic signals at
approximately 346 and 362 nm in the UV region (Figure S16),
indicating the effective emission via energy transfer from the dpph
ligands. The emission decay curves of Euz-dpph and Thz-dpph
(Figure 3b) were fitted to single-exponential function. Emission
lifetimes for Euz-dpph and Th2-dpph were independent of the
excitation wavelength (dpph excitation: ey = 0.55 ms, r, = 0.83
ms (Aex = 356 nm) and lanthanide excitation: 1g, = 0.55 ms (Aex =
510 nm, Figure S18), r, = 0.87 ms (Aex= 495 nm)). These results
indicate the absence of delayed emission via intermolecular triplet
exciton migration (Figure 3c and Figure S19, details of the
excited state dynamics are given in Supplementary Note 2),
which is caused by a very fast energy transfer from the organic
ligands to the lanthanide ions.28-30
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Figure 3. a: Emission spectra (Aex = 356 nm, crystalline state, 293 K) of Eua-
dpph (upper) and Tbz-dpph (lower) under degassed condition. b: Emission
decay curves (Aex = 356 nm, crystalline state, 293 K) of Euz-dpph (upper, Aem =
611 nm) and Tbz2-dpph (lower, Aem = 548 nm) under degassed condition. c:
Schematic image of lanthanide emission in the Euz-dpph and Tbz-dpph
crystals. Red balls represent Eu®* or Tb%*.



Mixed lanthanide crystals, [EuxLus«(tmh)sdpph] (EuxLuzx-
dpph) and [TbyLuz«(tmh)sdpph] (TbxLu2x-dpph), were prepared
by complexation of the dpph ligand with [Lu(tmh)s] and either
[Euz(tmh)g] or [Tbz(tmh)s] in methanol. The Eu®* or Th3* ions were
mixed at concentrations of 1, 5, or 10 mol%. Inductively coupled
plasma atomic emission spectroscopy (ICP-AES) revealed the
molar ratios for EuxLuzx-dpph (x = 0.010, 0.028, or 0.084) and
TbxLuzx-dpph (x = 0.013, 0.060, or 0.140). The powder X-ray
diffraction (PXRD) patterns of the lanthanide mixed crystals were
similar to that of Luz-dpph (Figure S$20), suggesting similar
crystal structures.

The emission spectral shapes of EuxLuzx-dpph and
TbxLuz2x-dpph (Figure 4a and S21) are almost identical to those
of Euz-dpph and Tbz-dpph, respectively. Their photophysical
properties are summarized in Table 1. The emission photographs
of Euo.otoLu1.990-dpph and Tbo.o1sLus.es7-dpph are depicted in
Figure 4b. EuxLu2x-dpph exhibits a significantly extended
emission decay time range compared with that of Euz-dpph
(Figure 4c and $22), which increases with decreasing Eu®* molar
ratios. The decay curves are fitted to triple-exponential functions
(Table S3). In contrast to the single-exponential decay observed
in Euz-dpph and Tbz-dpph, the multi-exponential decay behavior
in EuxLu2x-dpph and ThxLu2x-dpph suggests the presence of
intermolecular triplet exciton migration (Figure 4d). The average
emission lifetime (7ay) for Euoc.otoLu1.990-dpph, Euo.o2slun.972-
dpph, Euo.csslu1.916-dpph is estimated to be 7.42, 3.54, and 1.22
ms, respectively. TbxLuzx-dpph also shows similar photo-
physical properties, with the 1.,y values for Tho.o1sLu1.9s7-dpph,
Tbo.osoLu1.940-dpph, and Tho.140Lu1.s60-dpph being 7.80, 2.14, and
1.31 ms, respectively. Thus, we successfully demonstrated a
method for extending the emission lifetime via triplet exciton
migration in an aggregation system composed of lanthanide
complexes.

Table 1. Photophysical properties of lanthanide molecular crystals. ravg: average

emission lifetime; ®rot: total emission quantum yield based on ligand excitation;
Is: brightness.

Compounds Tavg® / ms Dot® | % g4/ M cm™

Euz-dpph 0.55 9.8+0.7 56.4
Euo.0ssLu1.916-dpph 1.22 23.5+0.1 135
Euo.o2sLu1.972-dpph 3.54 19.9+0.9 114
Euo.o1oLu1.990-dpph 7.42 14.0£1.3 80.5
Euo.o0sLu1.995-dcph 148 3.0+2.0 26.2

Tb2-dpph 0.83 67.9+£0.8 390
Tho.120Lu1.360-dpph 1.31 38.2+0.7 220
Tho.ssoLu1.sap-dpph 2.14 34.7:0.8 200
Tho.o13Lu1.9s7-dpph 7.80 18.5+0.8 106
Tho.o11Lu1.9s9-dcph 152 28.7+1.3 250

[a] Aex = 356 nm, Aem = 612 nm (for EuxLuzx-dpph), 608 nm (for
Euo.o0sLu1.995-dpph) or 548 nm (for TbxLuzx-dpph, Tbo.o11Lu1.9se-dcph), under
degassed condition, crystalline state. [b] Aex = 356 nm, N2 atmosphere,
crystalline state. [c] Ref. [25]. [d] Aex = 356 nm.
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The optical codes were also tunable via ligand modification.
The preparation and identification of Luz-dcph, Euo.oosLu1.995-
dcph and Tbo.o11Lu1.9se-dcph were performed using the same
procedures as those for Luz-dpph, EuxLuz.x-dpph and ThxLuz.x-
dpph, respectively. The PXRD patterns of Euoc.cosLu1.995-dcph
and Tho.o11Lu1.989-dcph were similar to those of Luz-dcph (Figure
S§23), suggesting similar crystal structures. The emission
spectrum of Euo.cosLu.995-dcph (Figure S24) depicts emission
bands at approximately 578, 594, 608, 655, and 701 nm were
observed, which are assigned to the 5Do—’F, (J =0, 1, 2, 3, and
4, respectively) transitions of Eu®*. For Tbo.o11Lu1.989-dcph,
emission bands at approximately 489, 548, 581, 616, and 679 nm
were observed. These emission bands are attributed to the
5D4—7Fy (J = 6, 5, 4, 3, and 2, respectively) transitions of Tb3".
The emission lifetimes of Luz-dcph, Euo.coslui.995-dcph,
Thbo.o11Lu1.9se-decph are significantly extended (r.g = 246, 148,
and 152 ms, respectively; Table1, Figure 4b, and
Supplementary Note 3).

To reveal the origin of the significantly extended emission
lifetime, single-crystal XRD analysis for Lu2-dcph was conducted
(Figure S26, crystallographic parameters are shown in Table S4).
From the X-ray crystal structure, one phenanthrene unit in the
Lu®* complex is surrounded by two adjacent phenanthrene units
at a distance of 1.14 nm (Figure S27), which is larger than those
in Luz-dpph (1.02 and 1.05 nm). According to the Dexter-type
TTET model, the TTET rate exhibits exponential decrease with
increasing donor-acceptor distance.B'! Previous studies indicate
that even a 0.1 nm change in the long-range region (> 1.0 nm)
can lead to an effective change in the TTET rate.’>34 The
increased distance of approximately 0.1 nm can contribute to the
extended lanthanide emission lifetime. Moreover, deactivation
rate from the triplet state is also a factor contributing to extended
emission lifetime. The total emission quantum yield (@) for Tb3*
emission of Thz-dcph (@ = 63.0%, Supplementary Note 4) is
marginally lower than that of the Tbh2-dpph (Pt = 67.9%, Table
1). Conversely, the Tb** emission quantum yield for Tbo.o11Lu1.989-
dcph (Pt = 28.7%) is higher than that of Tho.o13Lu1.987-dpph (Dot
= 18.5%). These results indicate that more efficient intermolecular
TTET occurred in the Tbo.o11Lu1.9se-dcph crystal, which is
considered to be a smaller deactivation rate from the dcph triplet
state in the complex unit. Thus, these combined effects of
increased intermolecular distance and long-lived triplet state
synergistically contribute to the significantly extended lanthanide
emission lifetime in the present triplet exciton migration system.

The space-fill drawing models for Luz-dpph and Luz-dcph
are shown in Figure S30 to discuss the origin of the long-lived T4
state in Luz-dcph. The space-fill drawing model for Luz-dcph
indicates that the central phenanthrene ring is more sterically
protected by the surrounding bulky tmh ligands than that in Lus-
dpph. This enhanced steric protection is considered to suppress
the torsional distortion of the phenanthrene unit, thereby
suppressing access to conical intersections.%!
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Figure 4. a: Emission spectra (Aex = 356 nm, degassed condition, crystalline state, 293 K) of Euo.o10Lu1.900-dpph (orange line) and Tho.o13Lu1.9s7-dpph (blue line).
b: Emission photographs (Aex = 375 nm, degassed condition, crystalline state, 293 K) of Euo.o10Lu1.900-dpph, Tbo.o13Lu1.9s7-dpph, Euo.cosLu1.9e5-dcph, and
Tho.o11Lu1.989-dcph. c: Emission decay curves (Aex = 356 nm, degassed condition, crystalline state, 293 K) of Euo.o10Lu1.990-dpph (upper, orange line, Aem = 612 nm),
Euz-dpph (upper, red line), Tbo.o13Lu1.9s7-dpph (lower, blue line, Aem = 548 nm), and Thz-dpph (lower, green line). d: Energy diagrams of Euo.o10Lu1.990-dpph and

Tho.o13Lu1.9s7-dpph.
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The emission intensity is also a critical factor for optical
encoders. For ThxLuzx-dpph, the total emission quantum vyield
depends on the molar ratio of Tb* (Table 1, @ = 67.9% (x = 2),
38.2% (x = 0.140), 34.7% (x = 0.060), 18.5% (x = 0.013)). The
brightness values (/g) are estimated using the following
equation:©!

I = € X ot

where ¢ is the absorption coefficient (Figure $31). The /g values
are estimated to be 390 (x = 2), 220 (x = 0.140), 200 (x = 0.060),
and 106 (x = 0.013) M"' cm™', respectively (Table 1). Despite the
dilution of the Tb®* ion, the brightness of ThxLuzx-dpph is much
higher than that expected from the dilution degree, indicating
effective photosensitization via intermolecular energy transfer
between the lanthanide complexes.

The total emission quantum yields for EuxLu2x-dpph
change characteristically with decreasing Eu®* molar ratios (@t =
9.8% (x =2), 23.5% (x = 0.084), 19.9% (x = 0.028), and 14.0% (x
= 0.010)). The photophysical analyses reveal that the low @ for
Euz-dpph (9.8%) is due to its low photosensitization efficiency
(Nsens = 17.8%, Supplementary Note 2). According to previous
reports, the low photosensitization efficiency for Euz-dpph is
attributed to the formation of ligand-to-metal charge transfer
(LMCT) states in the lower-energy region than that for the ligand
excited singlet state.B7401 A relatively high HOMO level of the tmh
ligands (-5.12 eV?!) promotes the formation of LMCT states in
the visible region, which can induce energy transfer quenching
from the dpph singlet state. The formation of dpph singlet states
in the Eu®* complex leads to energy transfer quenching to a LMCT
state, resulting in inefficient photosensitized Eu®* emission. The
mixed crystals (EuxLuzx-dpph) suppress the formation of the
dpph singlet state in the Eu®** complex units by intermolecular
photosensitization via TTET, resulting in higher brightness values
(ls= 135 (x =0.084), 114 (x = 0.028), and 80.5 (x = 0.010) M-' cm
") than that of Euz-dpph (/s = 56.4 M cm™).

The total emission quantum yields for Euo.oosLu1.995-dcph
and Tbo.o11Lu1.989-dcph were estimated to be 3.0% and 28.7%,
respectively (Table 1). Their /g values were calculated as 26.2
and 250 M"" cm™" for Euo.o0sLu1.995-dcph and Tho.o11Lu1.9se-dcph,
respectively. Although the Eu®* and Tb®" concentrations in the
mixed lanthanide crystals are significantly lower than those in
pure lanthanide crystals ([Euz(tmh)sdcph]: /s = 45.3 M cm™ and
[Tba(tmh)edcph]: /s = 549 M-' cm™!, Supplementary Note 4), the
Ig values of Euo.o0sLu1.995-dcph and Tbo.o11Lu1.9s9-dcph are much
higher than those expected based on the dilution degree from
[Euz(tmh)sdcph] and [Thz(tmh)sdcph], which indicates effective
photosensitization via TTET.

In this study, Eu®-Lu** and Tb%*-Lu** mixed lanthanide
crystals were prepared to demonstrate a method for controlling
the emission lifetime using an aggregation system. The emission
lifetime was effectively extended by slow intermolecular triplet
exciton migration in the crystals. The emission lifetime (Eu®*:
0.55-148 ms, Tb%": 0.83-152 ms) can be markedly tuned by
varying the molar ratio of Eu®* (or Tb®*) or modifying the ligands.
The present mechanism is expected to allow greater extension of
emission lifetime (> 200 ms) using organic ligands with longer-
lived ftriplet excitons. Long-lived triplet exciton migration also
provides high brightness for an effective optical encoder. This
method significantly expands the optical encoding capacity of
lanthanide complexes. Water-soluble nanoparticles and
amorphous films in aggregated states will be key designs for the
development of applications in multiplexed bioimaging and anti-
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counterfeiting, respectively. The proposed dynamic triplet exciton
system can significantly impact on the fields of bio-chemistry and
analytical chemistry.
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The Eu®*-(or Tb®*-)-incorporated Lu®* molecular crystals were prepared for the demonstration of emission lifetime tuning method
using slow triplet exciton migration. The lanthanide emission lifetimes were drastically extended (Tmax = 152 ms) by controlling the
molar ratios of Eu®* (or Tb®") and modifying the ligand structures.



