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ABSTRACT: The synthesis, excited-state dynamics, and biological mitochondria
application of luminescent lanthanide salen complexes (Ln = Lu, Gd, N A oA

Eu, Yb, salen = N,N’-bis(salicylidene)ethylenediamine-based ligands) :,!'\ & v .«r°““ag“9

with sandwich structures are described. Among them, Lu(III)

complexes show unusually strong ligand-centered fluorescence with P e

quantum yields up to 62%, although the metal center is close to a oo

chromophore ligand. The excited-state dynamic studies including < - 2R

ultrafast spectroscopy for Ln-salen complexes revealed that their ¢ ¥ v

excited states are solely dependent on the salen ligands and the ISC ; ,oﬂ‘.

rates are slow (10°—10° s™'). Importantly, time-dependent density 17“0,%

functional theory calculations attribute the low energy transfer 610 nm e, MZ
efficiency to the weak spin—orbital coupling (SOC) between the $i = 62%

singlet and triplet excited states. More importantly, Lu-salen has been

applied as a molecular platform to construct fluorescence probes with

organelle specificity in living cell imaging, which demonstrates the advantages of the sandwich structures as being capable of
preventing intramolecular metal—ligand interactions and behaviors different from those of the previously reported Zn-salens.
Most importantly, the preliminary study for in vivo imaging using a mouse model demonstrated the potential application of Ln
coordination complexes in therapeutic and diagnostic bioimaging beyond living cells or in vitro.

H INTRODUCTION Therefore, reference to new insights gained from d-block
complexes, in revisiting the ISC process, is of fundamental
importance and is highly desirable for the design of
luminescent Ln coordination compounds.”*™""
N,N'-bis(salicylidene)ethylenediamine-based ligands, often
abbreviated as “salen”, are a class of extensively studied ligands
prepared through the condensation of 2 equiv of salicylalde-
hyde and 1 equiv of ethylenediamine.® As tetradentate ligands,
salens are able to stabilize lanthanide ions and provide flexible
coordination spheres as well as light-harvesting antennas to
sensitize lanthanide luminescence arising from the forbidden
f—f transition.” Over the past decades, much attention has
been focused on the construction of Ln-salen complexes with
variable novel structures and magnetic and optical properties.”

Coordinating late transition metals to organic chromophore
ligands is well-known to promote spin—orbit coupling (SOC)
arising from heavy-metal effects and accelerate intersystem
crossing (ISC) from singlet (S) to triplet (T) states. This thus
leads to phosphorescence accompanied by the quenched
fluorescence.' This view, however, is challenged by the
increasing number of d-block transition-metal complexes
featuring strong fluorescence under aerated conditions.” It
has become clear that incorporation of a heavy metal does not
guarantee enhanced SOC or efficient ISC, where the metal
contribution to the excited states should be considered.”’ In
contrast to d-block complexes, most fluorescent f-block
lanthanide complexes previously reported have been depend-

ent on f—f transitions rather than ligand-centered emission due Several examples ogf lanthanide complexes exhibited ligand-
to their large atomic numbers.* They have been long assumed centered emission;” however, their luminescence quantum
to have efficient ISC during the sensitization process, in which
energy transfer from the triplet state of the chromophore Received: August 22, 2018
ligand to the excited state of Ln occurs intramolecularly.’ Published: December 21, 2018
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efficiencies were still very low.”® In addition, Wong and co-
workers have reported a series of 3d—4f heterobimetallic
lanthanide salen complexes, which also display fluorescence.”

As part of our longstanding research to explore the strongly
luminescent Ln complexes, we herein chose 3-bis[(4-
dialkylamino-2-hydroxybenzylidene)amino]but-2-enedinitrile
ligands, containing both an electron-withdrawing cyano group
and an electron-donating dialkylamino substituent, to sensitize
Ln emission. We envisioned that, analogously to Ln
porphyrinates,'” such sandwich coordination structures render
effective sensitization of Ln for the close distance between the
Ln center and salen chromophore ligands, facilitating energy
transfer from the ligand to the Ln centers. In this work, we
report the synthesis of Ln-salen complexes (Lu, Eu, Yb, and
Gd) and, beyond our expectations, found strong ligand-
centered fluorescence with quantum yields up to 62%. To
understand the nature behind Ln coordination, a combination
of excited-state dynamic studies as well as theoretical
calculations suggested that the slow ISC process arising from
ineffective SOC could be attributed to the strong ligand-
centered fluorescence. More importantly, Lu-salens have been
demonstrated as molecular platforms to construct fluorescent
bioprobes for living cell imaging, featuring a robust sandwich
structure with a Kldui ligand and minimizing intermolecular
metal—ligand interactions. Most importantly, Lu-salen was
successfully applied to in vivo imaging using a mouse model,
revealing the potential role of lanthanide coordination
complexes in bioimaging that is not only limited to living
cells or in vitro studies.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Ln-salen complexes
were synthesized according to the previously reported methods
as shown in Scheme la."" Treatment of free salen ligands (L1
or L2), Ln(acac); (acac = acetylacetone, Ln = Lu, Gd, Eu, Yb),
and the Klaui tripodal ligand [Na(#*-CsH)Co{P(=0)-
(OMe),};] (NaLgy.) with the deprotonation of the free
ligands by using triethylamine in a mixed solution of methanol
and acetonitrile (1/1) afforded LnL1 or LnL2 complexes in
50—60% vyields. To achieve biocompatibility and water
solubility,'* we introduced the phosphonium “onium” group,
known to specifically target mitochondria, and prepared LuL3
by transmetalation with ZnL3.'>'” These Ln compounds were
characterized by '"H and P NMR spectroscopy, electrospray
ionization mass spectrometry (ESI-MS) and IR spectroscopy
(Figures S1—S26 in the Supporting Information). '"H NMR
spectra of LuL1—LuL3 showed the proton signals of imine and
cyclopentadienyl groups of the Klaui tripodal ligand in the
ranges of 8.08—8.19 and 4.91—4.93 ppm, respectively (Figures
S3, S6, and S7). Due to unpaired f electrons of Ln atoms such
as Eu and Yb, EuL1 and YbL1 showed proton signals but with
paramagnetic shifts in comparison to Lu complexes. For
example, the proton signals of imine and cyclopentadienyl
groups in the Kldui tripodal ligand of EuL1 appear in 4.02 and
2.89 ppm, respectively (Figure S4), while YbL1 exhibits the
protons of the imine moiety and Klaui ligand at 11.69 and 0.49
ppm (Figure S5). In *'P NMR spectra, the P signals of the
Klaui tripodal ligand for LuL1—LuL3 appear at 117.7—118.6
ppm and the P signals of the phosphonium group of LuL3
appear at 23.8 ppm (Figures S8, S11, and S12). The P signals
of the Klaui tripodal ligand in EuL1 and YbL1 appear at 13.5
and 99.7 ppm, respectively (Figures S9 and S10).
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Scheme 1. (a) Synthesis Routes of LnL1 (Ln = Lu, Gd, Eu,
Yb), LnL2 (Ln = Lu, Gd), and LuL3 and Single-Crystal
Structures of (b) LuL1 and LuL2”
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“The thermal ellipsoids are scaled to the 50% probability level, and
solvent molecules are omitted for clarity.

X-ray Crystallography. Several single crystals of LnL1 and
LnL2 suitable for X-ray diffraction were obtained by
evaporation of the solvent from a mixed solution of CH,Cl,
and petroleum ether (CCDC 1568442, 1568443, 1568448,
1568449, 1568452 and 1836024 in Tables S1 and S2). LuLl,
GdL1, and YbL1 crystallize in a triclinic space group, and
EuLl, LuL2, and GdL2 crystallize in a monoclinic space group
(Tables S1 and S2). As shown in Scheme 1b and Figures S27—
S30, these Ln-salen complexes display a seven-coordination
environment around the lanthanide center, which is
sandwiched between the salen and the Kldui tripodal ligands.
The salen ligands of LnL1 and LnL2 series are planar, which is
different from the case for polynuclear lanthanide salen
complexes””'* but similar to the the case for previously
reported zinc,'” platinum,'® and palladium'*" salen complexes.

To better illustrate the metal effect, we compared the
structural information of LnL1 with the same salen ligands. As
shown in Table 1 and Table S3, the average lengths of Ln—O
and Ln—N bonds are in the ranges 2.220—2.306 and 2.419—
2.524, A respectively, in the order of Ln(III) ion radius (EuL1
> GdL1 > YbL1 > LuL1). The distance between the metal
center and the N,0, mean plane in GdL1 (1.010 A) is shorter
than those of YbL1 (1.047 A), LuL1 (1.046 A), and EuLl1
(1.070 A). In comparison with previously reported Ln
porphyrinate analogues (~1.308 A for Gd and 1.209—1.215
A for Yb),""""™!' YbL1 and GdL1 showed slightly smaller
displacements of the metal center out of the N,O, mean plane
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Table 1. Summary of the Ln—O and Ln—N Bond Distances,
Ln to Plane Center Distances, and Dihedral Angles between
N,O, and O; planes

LuL1 GdL1 EuL1 YbL1 LuL2
Distances (A)
av Ln—0O 2.220 2.298 2.306 2.226 2.220
av Ln—N 2.434 2.522 2.524 2.445 2.419
Ln—N,O, 1.046 1.010 1.070 1.047 1.111
Ln—-0; 1.532 1.620 1.605 1.533 1.533
Dihedral Angles (deg)

£4N,0,—-0; 179 175 170 179 176

(1.047 and 1.010 A, respectively) in the presence of the Kliui
ligand, indicating that the Ln ion is located close enough to the
chromophore ligands.

The ligand effect was also investigated by comparison of the
structures of LuL1 and LuL2. The average Lu—O (2.220 A for
LuLl and LuL2) and Lu—N (2.434 A for LuLl and 2.419 A
for LuL2) distances are almost the same. The Lu(III) ion is
located 1.046 A above the N,0, mean plane and 1.532 A
under the O; plane for LuLl, similar to the distances of LuL2
(1.111 A above the N,0, mean plane and 1.533 A under the
O; plane). The N,0, and O; planes are almost planar (179
and 176° for LuLl and LuL2, respectively). These results
suggested that substitution at the salicylaldehyde moiety have a
slight effect on Ln coordination.

Photophysical Properties. Absorptions of LnL1-LnL3
were recorded at 298 K in CH,Cl, (Figure 1 and Figures S31
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Figure 1. Normalized electronic absorption (dashed line) and
emission (solid line) spectra of the LnL1 series in CH,Cl, (inset:
near-IR luminescence of YbL1).

and $32), and the photophysical data are given in Table 2. For
example, LnL1 shows a sharp band with a maximum centered
at 377—381 nm with a shoulder at ca. 435 nm and an intense
absorption maximum at 573 nm, similar to those of free base
ligand and Zn-salen.'” They are different from their Pt and Pd
counterparts, which display absorption maxima at 560 and 596
nm arising from metal—ligand charge transfer (MLCT)."" Ln
coordination resulted in a small bathochromic shift (~3 nm)
of absorption with respect to the free ligand. Replacing Lu with
Gd, Eu, and Yb has a very slight influence on the absorption,
indicating that the nature of the metal ions plays only a minor
role in the electronic structures of the frontier molecular
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orbitals. The intense absorption manifold of the LnLl
maximum at 573 nm manifests a full width at half maximun
(fwhm) of ~1250 cm™ and less discernible vibrational
structures, suggesting that the LuLl chromophores have an
intraligand transition of CT character. This is supported by
theoretical computations in this context. LuL2 and GdL2
exhibit a similarly strong absorption centered at 392 nm with a
shoulder at ca. 455 nm and an intense band maximum at ca.
600 nm in MeOH (Figure S31 and Table 2), and LuL3
displays a hypsochromically shifted absorption in comparison
with LuL1 (Figure S32 and Table 2).

Upon excitation at 573 nm, Ln complexes exhibit a ligand-
centered fluorescence maximum at ca. 610 nm (Figure 1 and
Figures $31—S62), insensitive to air or oxygen (Figures S63—
S69). Even at 77 K, no phosphorescence was observed
(Figures S70—S78). Nanosecond time-resolved emission (ns-
TRE) spectra of LnL1 complexes (Ln = Lu, Gd, Yb) showed
emission decay with a single component, as presented in
Figures S79—S83. Thus, the emission is not from the low-lying
triplet excited state of the ligand or MLCT, different from the
case for previously reported Pt'>'® and Pd"*™'? salen
complexes. As expected, YbL1 exhibits ligand-centered
fluorescence with the appearance of NIR emission of the
Yb** ion at 900—1100 nm with a lifetime of 16 us, arising from
a ’F;;, — ’F,), transition. This suggests that energy transfer
from salen ligand to the Yb*" center is similar to those of the
previously reported polynuclear Yb(III) salen complexes.””*’
We also recorded the concentration-dependent emission in
CH,Cl, and water. As shown in Figure S34, the emission
intensity of LuLl increases linearly with concentration up to
0.4 mM in CH,Cl,. However, the fluorescent intensity of LuL3
increases linearly with concentration from 3.33 X 107 to 3.33
X 107> mM and then decreases when the concentration larger
than 3.33 X 107> mM due to the limited solubility in water.

Transient Absorption Spectroscopy. Insights into the
nature of the photodynamic processes, exemplified by LnL1,
were obtained using nanosecond (ns-TA) and femtosecond
(fs-TA) transient absorption spectroscopy. Figure 2a shows the
intense positive absorptions for LuLl from T, — T,
transitions centered at 410, 480, and 625 nm, accompanied
by the ground-state bleaching (GSB) maxima at 380, 450, and
575 nm. A similar ns-TA spectrum was observed for GdL1
(Figure 2b). The triplet-state decay lifetimes of LuLl and
GdL1 were determined to be 80.0 and 16.0 us in degassed
CH,CI, and decreased to 0.81 and 0.50 us under air-saturated
conditions (Figure S84), respectively. The shorter lifetime of
GdL1 might be due to unpaired f electrons of Gd*" in
comparison to those of LuL1. YbL1 exhibited a smaller AOD
value (Figure 2c) in comparison to LuL1 and GdL1, which is
ascribed to energy transfer from the triplet state of the ligand
to the excited state of Yb3*.''" Thus, ns-TA spectroscopic
studies confirmed the population of the triplet excited state of
LnL1 upon photoexcitation similar to that of L1 (Figure S85).
Figure 2d—f shows fs-TA spectra for LuL1, GdL1, and ligand
L1 with a time window of approximate 3.50 ns. We observed a
decay of the GSB band maximum at 575 nm and a
simultaneous rise in the excited-state absorption (ESA) band
centered at ca. 680 nm. These compounds display triple-
exponential decay lifetimes (1.00—3.50 ps, 78.0—128.0 ps, and
1.00—2.51 ns) as monitored at 672—700 nm, indicating at least
three relaxation processes (Figure 2d—f). The two fast-decay
processes were assumed to be solvation (<10 ps) and
structural relaxation dynamics (~100 ps). The nanosecond
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Table 2. Absorption and Luminescence Data of LnL1 in CH,CIl, at Room Temperature

compound Ama/nm (log €) Aem/NM /%" 7/ns”

LuL1 381 (4.85), 435 (4.61), 573 (5.05) 608 62 2.99

GdL1 381 (4.72), 435 (4.23), 573 (5.03) 602 19 0.87 (23%), 2.29 (77%)

EuL1 381 (5.10), 434 (4.95), 573 (5.25) 613 11 2.50

YbL1 381 (4.89), 435 (4.65), 573 (5.09) 612, 976, 1002, 1033 6.8° 0.73 (63%), 3.40 (37%), 16 ps
LuL3 376 (4.53), 426 (4.29), 565 (4.62) 601 53 2.94

LuL2 392 (4.90), 455 (4.55), 600 (4.79) 642 31 2.53

GdL2 392 (4.78), 456 (4.57), 597 (4.99) 652 45 0.49 (10%), 2.40 (90%)

“Referenced to the ligand-centered fluorescence in CH,Cl, solution at room temperature. Absolute quantum yields (®,) were determined on an
Edinburgh Analytical Instrument FLS-980 equipped with an integrating sphere. YDetermined in CH,Cl, solution at room temperature. Gd and Yb
complexes show fluorescence with two-component lifetimes, while other complexes show fluorescence with single-component lifetimes. “For YbL1,
the emission maximum at 612 nm refers to ligand-centered fluorescence and the NIR emission is from a f—f transition of Yb**, which is too weak

for a determination of ®. “Kinetic decay at 1002 nm.
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Figure 2. Nanosecond transient absorption (ns-TA) difference spectra of (a) LuL1, (b) GdL1, and (c) YbL1 recorded at selected decay times in
degassed CH,Cl, at 298 K. Femtosecond transient absorption (fs-TA) difference spectra of (d) LuL1, (e) GdL1, and (f) L1 recorded at selected
decay times in CH,Cl, at 298 K. Insets show the ESA kinetic decay traces at the specified wavelengths and lifetimes, which were fitted to a single-

exponential decay for ns-TA and a triple-exponential decay for fs-TA.

component is assigned to the intrinsic S; state lifetime, which
is comparable to the fluorescence lifetimes. In this work, we
could not observe phosphorescence; this might be due to the
triplet states not being emissive or the ISC process is slow for
inefficient SOC, despite the Ln center being close enough (~1
A) to chromophore ligands. With reference to Pt or Pd salen
counterparts even with the same Iigand,l‘Sb which display
strong phosphorescence arising from the triplet intraligand
transition or *MLCT,”" we tentatively excluded the possibility
that the triplet states are not emissive. Thus, we ascribed strong
fluorescence to slow ISC due to inefficient SOC.

To estimate ISC efficiency, we assumed that the major
nonradiative decay of the S, state is ISC: i.e. k,, & kigc. On the
basis of the fluorescence quantum yields (@) and the lifetimes
(7) for LnL1, an upper bound approximation of ki values
and quantum yields (®5c) of ISC could be calculated, as
shown in Table 3. LuL1 shows the highest radiative decay rate
(kg = 2.07 X 10°® s7") from the S, to S, state among the four
complexes. The lower ISC efficiency (38%) for LuLl was
obtained on the basis of the slow ISC rate (1.28 X 10 s™') in
comparison to those of GdL1, GdL1, and YbL1. Thus, it is not
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Table 3. Excited-State Relaxation Dynamic Data,
Fluorescence Quantum Yields, and ISC Efficiencies for the
LnL1 Series Determined in CH,Cl,

relaxation rate from S,/s™"

compd 7,,/ns ke (S;—Sy)” kisc(S;—T)" /% Dio/%
LuL1 2.99 2.07 x 108 1.28 x 10° 62 38
GdL1 2.29 8.30 x 107 3.54 x 108 19 81
EuL1 2.50 4.40 X 107 3.56 x 10° 11 89
YbL1 0.73 9.32 X 107 1.28 X 10° 6.8 93

“kg denotes the intrinsic fluorescence rate constant, and ks denotes
the S; = T, ISC rate constant. Excited-state relaxation rate constants
were calculated on the basis of the following equations: 7, = 1/ (kg +
kisc), @ = kg X 7, Pisc = kise X 7, and Pp + Dygc = L.

surprising that LuL1 could emit strong fluorescence but not
phosphorescence due to the low ISC efficiency. GdL1 and
EuLl exhibited a faster ISC process (10°—10° s™') and
displayed a higher ISC quantum yield (81% for GAL1 and 89%
for EuL1) in comparison to LuL1. This is probably due to the
unpaired 4f electrons accelerating spin—orbital coupling.””
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This could be supported by the comparison of decay rates
between GdL1 and LuL1 in nanosecond transient absorption;
the Lu complex is much slower (80 us) than the Gd complex
(16 us). It is worth noting that the Yb complex displayed a
faster ISC rate (1.28 X 10° s™") in comparison to the Lu, Gd,
and Eu complexes ((1.28—3.56) X 10° s7'), indicating the
possibility that the population of the triplet state of the ligand
led to Yb emission. This could also be supported by the
nanosecond transient absorption spectrum of the Yb complex,
which showed a faster decay of the triplet state in comparison
to that of the Lu complex and much lower AOD values in
comparison to the Gd complex. A weak Yb emission at 900—
1100 nm from a *Fs/, — *F,, transition was observed, and the
lifetime (16 ps) was very short, which might be due to high
vibrational C—H bond quenching or inefficient energy transfer.
For EuLl, in which emissive states (for example, Eu “D,) are
lying higher than the lowest triplet state of L1, we only
observed ligand-centered fluorescence. In this work, for either
Eu or Yb complexes, we could not exclude the mechanism of
electron exchange between the excited singlet state of the
ligand to metal center due to the lack of experimental evidence.

Theoretical Computation. To further understand the
electronic structure of LuL1, DFT and TDDFT calculations at
the level of B3LYP/6-311G(d)** (the Stuttgart relativistic
pseudopotential and its accompanying basis set
(ECP60OMWB)** and the effective core potential (ECP)
Lanl2DZ basis set”> were used for Lu and Co atoms,
respectively) in the Gaussian 09 package provided structural
optimization and prediction of electronic absorption (Table S4
and Figures S86—S88). An interaction diagram of the fragment
orbitals by charge decomposition analysis (CDA)*® suggests
that valence orbitals and low-lying virtual orbitals of LuL1 are
mainly localized in the salen ligand and axial ligand (Figure 3).
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Figure 3. Interaction diagram of fragment orbitals determined by
charge decomposition analysis (CDA) for LuLl.

This is in accordance with the absorption and emission spectra,
which are less dependent on Ln ions. As shown in Figure 4a
and Table S5, we calculated kg and the rate of phosphor-
escence (kp) for LuL1 with the ADF 2016 program package
using perturbative SOC-TDDFT.”” The computed rate kg
from the S, to S, state is 2.74 X 10% s7%, close to that found
experimentally (2.07 X 10° s7'). In addition, the calculated rate
kp from the T, to S, state is 15.6 s~". The energy separations
AE(S,—T,) between S, and the T}, T, and T} states are 5977,
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Mainly F
kg=2.74x10% &7

2o7x10°s) X NoP

kp=15.65"

LuL1

electron

Figure 4. (a) Illustration of the low-lying singlet and triplet excited
states of the LuLl complex and the calculated rate constants of
different photophysical processes with experimental results in
parentheses. (b) Pictorial representation of natural transition orbitals
(h, hole; e, electron) of the S; and T;—Tj states for LuL1. The weight
of the hole—electron contribution to the excitation is also included.

398, and 186 cm™" (Table 4), respectively. In comparison with
Pt and Pd salen complexes,'® a small AEg; value between the
S, and Tj states is a prerequisite for efficient ISC.

Table 4. Calculated Low-Lying Singlet and Triplet Excited
States and the Nature of the Transitions at the Optimized
Ground State Geometry of LuL1 in CH,Cl,

state (crf_l) A (nm) major contribution”

T, 12210 819.04 H — L (93%)

T, 17789 56216 H-1 - L (53%), H-2 — L (31%)

T, 18001 55552 H-6 — L+2 (21%), H-4 — L+1 (13%),
H-12 - L+1 (10%), H-11 — L+2 (10%)

S, 18187  549.86 H — L (99%)

“H = HOMO; L = LUMO.

The ISC rate constant (kigc) was theoretically estimated
according to Fermi’s golden rule and Marcus—Levich—Jortner
theory (eq 1).”*

2r A
kisc = N |<Tm|HSO|Sn>|2 Prc (1)
Two major factors, i.e. SOC matrix element (SOCME) and
Franck—Condon weighted density of states (FCWD, pgc),
were used to evaluate kigc.”® SOCMEs of LuL1 (Figure 4b and
Table S6) between S, and T, (0.179 cm™), T, (3.62 cm™),
and T (5.80 cm™") states are about 2 or 3 orders of magnitude
smaller than those of the other heavy-metal salen complexes
mentioned above, which should be the key point for such an
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inefficient ISC.** We took the ISC process between S, and T,
states as an example. The kg value between S, and Tj states
was calculated to be 1.75 X 10% s™' (Tables S7 and S8), in
agreement with the experimental value of 1.28 X 10% s™'. The
theoretical results suggest that a small SOC and slow ISC
process are the primary causes of the ligand-centered
fluorescence for LuLl.

Bioimaging. The high extinction coefficients (¢) and
quantum yields (@) contribute to the exceptional brightness of
Lu-salens, which is of prime significance for their further
applications as bioimaging probes. Lu-salens described in this
work have sandwich structures which minimize intermolecular
metal—ligand or metal—metal interactions, making them
different from the previously reported luminescent metallo-
salens, 65121729

We measured the absorption and emission of LuLl and
LuL3 in water. As shown in Figure S33, LuL1l exhibits much
broader and more red shifted bands in both absorption and
emission spectra in comparison to LuL3. This suggests that
LuL1 tends to aggregate in water, while LuL3 tends to form a
monomer probably due to the water-soluble phosphonium ion.
For the sandwich structures of Ln complexes in this work, we
assumed that the driving force for the aggregation is their
hydrophobicity rather than the intermolecular metal—ligand
interaction observed in Zn-salen.””! The quantum yields of
LuL1l and LuL3 were 0.21 and 0.55%, respectively, in water
(Figures S61 and S62). Shorter lifetimes (0.31 ns for LuL1 and
1.57 ns for LuL3; Figures S50 and SS1) in comparison to those
in CH,Cl, were obtained, due to water possibly quenching the
fluorescence.

As LuL3 has better water solubility, we then assessed the
stability and cytotoxicity of LuL3 in aqueous media and living
cells. It remained stable in water and phosphate buffer solution
(PBS) for 12 h, with over 90% and 80% retention of the UV—
vis absorbance (Figure S89), respectively. The stability was
also retained after 1 h of white light irradiation (Figure $90).
The cytotoxicity and photocytotoxicity of LuL3 were
measured by a CCK-8 tool kit, and HeLa cells possessed a
high cell viability up to 90% under 8 yM LuL3 incubation
(Figure S91). Therefore, the high fluorescence, stability, and
low cytotoxicity of Lu-salens make them potential live cell
imaging agents.

The subcellular locations of LuLl and LuL3 were
investigated by laser scanning confocal microscopy (LSCM)
in HeLa cells, and experimental details are given in the
Supporting Information. As shown in Figure 5, LuLl was
mainly located in lysosomes and was colocalized with the
lysosome tracker LysoTracker Green DND-26 (the Pearson
coefficient was 0.80). LuL3 colocalized well with MitoTracker
Green FM (the Pearson coefficient was 0.71), which is
different from the case for the previously reported
phosphonium ion modified Zn-salen. The phosphonium ion
modified Zn-salen was located mainly in lysosomal and
endosomal compartments due to the intermolecular metal—
ligand interaction induced :1ggregation.12’29d’30 LuL3 was
successfully directed into mitochondria by the targeting
group triphenylphosphine ion, suggesting that the sandwich
structure helps inhibit the aggregation process. Thus, Lu-salen
is a decent fluorescent molecular platform with high brightness
and possibility of further modifications for different organelles.

To demonstrate the potential application to in vivo
bioimaging, we chose the nude mouse as an animal model
using LuL3 as the probe. A normal saline solution of LuL3
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Figure 5. Colocalization assay of (a) LuLl with LysoTracker Green
DND-26 and (b) LuL3 with MitoTracker Green FM: (i) confocal
fluorescence images of LuL1 and LuL3; (ii) confocal fluorescence
images of LysoTracker Green DND-26 and MitoTracker Green FM;
(iti) merged confocal fluorescence images of (i) and (ii); (iv)
differential interference contrast (DIC) images. Scale bar: 10 ym.

(100 uL, 2 mg/mL) was injected intravenously into the nude
mouse via the tail vein and imaged with 570 nm excitation and
620 nm emission. Immediately after injection, the lumines-
cence signal was weak (Figure $92). However, as shown in
Figure 6a, after 30 min, strong in vivo fluorescence was

C 3

pancreas intestinal muscle

bladder

tumor

Figure 6. () In vivo fluorescence images (¢, 570 nm, Ao, 620 nm) of
a 2-week-old nude mouse with a subcutaneous tumor after tail-vein
injection of LuL3 (100 uL, ~2 mg/mL) in the (i) supine and (ii)
prone positions. (b) Ex vivo biodistribution studies of LuL3 at 320
min after injection.

observed. The signals mainly accumulated in the liver and renal
system, indicating that LuL3 circuited quickly in the body with
blood circulation. After 320 min, the in vivo fluorescence
signals almost disappeared but very weak signals could be
observed from the prone position. This suggested the short
blood-circulation half-life of LuL3. Thereafter, the mouse was
euthanized and dissected after S h postinjection to investigate
the distribution of LuL3 in major organs. As shown in Figure
6b, an ex vivo fluorescence study showed strong signals in the
liver, kidney, intestine, and stomach, indicating that LuL3 was
mainly excreted through enterohepatic circulation and the
digestive system. In bone, brain, tumor, heart, spleen, and lung,
no luminescence signals were observed, suggesting that the
cardiopulmonary system was not involved in the process and
the complex was not able to cross the blood—brain barrier and
accumulate in tumors without further modifications. However,
the ex vivo experimental results highly matched the in vivo
fluorescence results. This revealed that, although the excitation
and emission wavelengths of the Lu complexes are in the
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visible region, their high quantum yields still render them
potential in vivo fluorescence imaging agents.

Bl CONCLUSIONS

The sandwich lanthanide salen complexes LnL1—LuL3 were
synthesized and characterized. The single-crystal structures
suggested planar salen ligands for the LnL1 and LnL2 series,
which are different from the case for previous polynuclear
lanthanide salen complexes but similar to the case for the zinc
and platinum salen complexes. Ligand-centered absorption and
emission spectra revealed the minor effect of the lanthanides
on the ground- and excited-state properties of the complexes.
The combination of ultrafast transient spectroscopy and
TDDFT calculations revealed that the nature of ligand-
centered fluorescence resulted from weak spin—orbital
coupling and thus ineflicient intersystem crossing even with
very little energy separation, which differed from the case for
other heavy-metal salen complexes. Lutetium salen complexes
were also applied to in vivo imaging using a mouse model,
revealing the potential role of lanthanide coordination
complexes in bioimaging that is not limited to living cells or
in vitro studies and thus enriching the realm of metal

bioprobes.
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