.

ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue

Unusual near infrared (NIR) fluorescent palladium(n)
macrocyclic complexes containing M—C bonds
with bioimaging capability

i '.) Check for updates ‘

Cite this: Chem. Sci., 2019, 10, 10170

8 All publication charges for this article
have been paid for by the Royal Society

of Chemistry Yuhang Yao,? Chun-Liang Hou,® Zi-Shu Yang,? Guangliu Ran,© Lei Kang,® Cuicui Li,°

Wenkai Zhang, © *¢ Jing Zhang*® and Jun-Long Zhang & *@

Near infrared (NIR) luminescent metal complexes are promising probes in bioimaging and biosensing,
however they generally suffer from oxygen interference arising from heavy metal effects. We designed
new tetradentate macrocyclic benzitripyrrin (CANANAN) ligands by combination of M—C bond formation
and reducing the m-conjugation to achieve NIR fluorescent Pd complexes (700-1000 nm) with quantum
yields up to 14%. To understand the origin of NIR fluorescence, detailed analyses by density functional
theory/time-dependent density functional theory (DFT/TDDFT) calculations together with femtosecond
and nanosecond transient absorption spectroscopies suggest that M—C bond formation indeed leads to
destabilization of the d—d excited state and less effective quenching of emission; and importantly, small
spin—orbital coupling (SOC) and the large singlet-triplet energy gap are the primary causes of the non-
population of triplet states. Comparison of Pd" and Pt" analogues shows that the non-radiative channel
of the out-plane vibration of the tripyrrin plane effectively quenches the fluorescence of the Pt complex

but not the Pd" congener. We also demonstrate the proof-of-concept applications of Pd" complexes
Received 13th August 2019 (Pd-1 and Pd-3) lated in sil ticles. in both in vit d in vivo bioi . ) t
Accepted 11th September 2019 an encapsulated in silica nanoparticles, in both in vitro and in vivo bioimaging experiments
without oxygen interference. Moreover, pH-induced reversible switching of NIR fluorescence was

DOI-10.1039/c95c040449 achieved even intracellularly using the Pd complex (Pd-2), which shows the potential to further develop
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Introduction

Imaging in the near infrared (NIR) region (700-1700 nm),
known as the biological transparency window, attracts
increasing attention for its unique advantages such as low
tissue auto-absorption, small photon scattering, and deep
tissue penetration, which is highly desirable to improve disease
detection and treatment in clinical applications.* Exploring NIR
molecular fluorophores with both high luminescence efficiency
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perspective stimuli-responsive NIR materials.

and biocompatibility, to circumvent the safety issues such as
toxicity and metabolism arising from inorganic and carbon-
based nanomaterials such as carbon nanotubes, quantum
dots, and Ln doped nanoparticles, is essential to boost clinical
translations.> Toward this goal, many organic fluorophores
such as cyanines, donor-acceptor-donor (D-A-D) dyes, and
borondipyrromethanes have been extensively studied as prom-
ising candidates in NIR imaging.® In sharp contrast to the
tremendous progress made by organic fluorophores, metal
coordination compounds that are equally important molecular
fluorophores have been seldom employed as the candidates in
NIR biological imaging.* Metal complexes possess intriguing
photophysical properties such as brightness, large Stokes shifts,
long lifetimes and anti-photobleaching and have been exten-
sively used in visible bioimaging.> However, they generally
suffer from severe photocytotoxicity because the population of
triplet states arising from heavy metal effects initiates reactive
oxygen species such as '0,, 0," " etc., which hamper the direct
application in NIR bioimaging. As such, further effort is
required to design NIR metal complexes on par with their
organic counterparts in biological applications.

Thanks to the fast growth of palladacycles,® notable exam-
ples of luminescent Pd" complexes containing Pd-C bonds have
emerged, because introducing a strong c-donating carbanion

This journal is © The Royal Society of Chemistry 2019
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can destabilize the antibonding 4d,:_,: orbital, allow metal to
ligand charge transfer and thus enhance the luminescence.®”
However, extending this strategy to Pd" porphyrinoids, which
are typical phosphorescent complexes as red/NIR photosensi-
tizers or probes (Fig. 1a),*” to improve NIR luminescence has
not been successful. Replacement of one of the pyrrolic
nitrogen donors by a o-donating carbanion afforded carbapor-
phyrinoids including N-confused porphyrins (Fig. 1b)® previ-
ously developed by Lash, Latos-Grazynski, Furuta and others.
Deprotonation of the inner C-H bonds indeed offers the
opportunity to form Pd-C bonds in porphyrin macrocycles, yet
their photophysical properties have been much less frequently
reported.® Another issue is the extent of m-conjugation. Che
et al. pointed out the importance of the m-conjugation of
ligands on the excited states and photophysical properties, for
example, increasing m-conjugation leads to more allowed low-
lying singlet transitions for the lowest triplet state to borrow
intensity from and more likely displays phosphorescence than
fluorescence.® By taking advantage of the merits of each
approach, we reason that incorporation of O-bridging to replace
the methine linker reduces the extent of the m-conjugation
(Fig. 1c), which might give rise to new ligands with electronic
structures different from those of traditional N, or CN; por-
phyrinoids.' Importantly, we envision that this design could
impact upon the photophysical properties and achieve NIR
fluorescent Pd" complexes to minimize the oxygen interference.

In this work, we synthesized a series of new macrocyclic tet-
radentate ~ C"N”N”N ligands, namely benzitripyrrin,
(1'E,1°2,5'E,5°Z)-2,4-bis(perfluorophenyl)-1°H,3"H,5”H-6,8-dioxa-
1,3,5(2,5)-tripyrrola-7(1,3)-benzenacyclo-octaphane  derivatives,
(1-5) by connecting tripyrrin with 1,3-dihydroxybenzene (resor-
cinol) derivatives (Fig. 1c). Surprisingly, Pd" complexes displayed
strong NIR fluorescence (700-1000 nm) with quantum yields up
to 14%, but not the phosphorescence often observed in Pd"
porphyrins,** while the Pt(u) congener displays negligible NIR
fluorescence. To the best of our knowledge, only a handful of Pd
fluorescent complexes in the visible to deep red region have been
previously reported.” Rybtchinski et al. ascribed the lack of
phosphorescence to the weak electronic interactions between the
metal centers and ligand m-system.”® To gain insight into the
luminescence mechanism, we performed fs/ns transient
absorption (TA) spectroscopy and density functional theory/time-
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Fig. 1 Schematic view of the ligand design: (a) porphyrinoids, (b)
carbaporphyrinoids, and (c) benzitripyrrins.
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dependent density functional theory (DFT/TDDFT) calculations
so that comparisons between Pd" and Pt" systems can be made.
In view of the strong NIR fluorescence of the Pd complexes, proof-
of-concept applications are performed in living cell imaging as
well as in vivo imaging using a mice model by encapsulating Pd"
complexes including a pH sensitive compound into the nano-
channels of mesoporous silica nanoparticles (MSN). Collectively,
this work offers a new molecular scaffold to design NIR fluores-
cent Pd" complexes with the capability of bioimaging without
oxygen interference.

Results and discussion
Synthesis and characterization

As shown in Scheme 1a, we synthesized a series of new tripyrrin
ligands (1'E,1%Z,5"E,5°Z)-2,4-bis(perfluorophenyl)-1°H,3"H,5”H-
6,8-dioxa-1,3,5(2,5)-tripyrrola-7(1,3)-benzenacyclooctaphane with
different substituents on the bridging phenyl group (1-5,R; =R,
=H,1;R, = NMe,, R, =H, 2; R, = CN, R, = H, 3; R, = H, R,
= OMe, 4; R; = H, and R, = CN, 5) in 3 steps.'® Synthesis of the
Pd" (Pd-1-3) or Pt" (Pt-1) complexes was achieved in the yields of
ca. 10-25%. 1-5, Pd-1-3 and Pt-1 have been characterized using
HR ESI-MS, 'H, *C and '°F NMR, FT-IR spectrometers and
spectroscopes and the detailed synthetic procedures are listed in
the ESI (Schemes S1-S11, Fig. S1-S457).

Single crystals of 1, Pd-1 and Pt-1 suitable for X-ray diffrac-
tion were obtained by slow diffusion of hexane to chloroform
solution (CCDC: 1912139, 1912140, 1912141 in Table S17}). As
shown in Scheme 1b and Fig. S46-S48,71 displays a larger N;C
cavity than carbaporphyrin with a distance of opposite N atoms
of ~3.96 A. Pd-1 and Pt-1 show a planar-square structure with
the average Pd-N/Pt-N bond distances of ~2.01 A. The short
distances of 2.00 and 2.01 A of the M~C bond are shown in Pd-1

1,Pd-1,Pt-1:Ry=Ry,=H
2, Pd-2: Ry =NMey, Ry =H
3,Pd-3: R =CN,Ry=H
4: Ry =H, R, = OMe
5:Ry=H,R,=CN

1~5 Pd-1~3, Pt-1
® —

/Z"/’\/\\* Y \‘

, » -

e ) -
NN~ S N

S \[\l,/’l"' .
1 Pd-1 Pt-1

Scheme 1 (a) Synthetic routes of 1-5, Pd-1-3 and Pt-1. (b) X-ray
crystal structures of 1, Pd-1 and Pt-1. Hydrogen atoms, meso-
substituents and solvent molecules are omitted for clarity.
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and Pt-1, respectively, which are comparable to those (1.95-2.06
and 1.95-2.05 A) observed in palladacycles or platinum
complexes.”

Photophysical properties

Absorption and emission spectra of 1-5, Pd-1-3 and Pt-1 were
recorded at 298 K in CH,Cl, (Fig. 2 and S49-S77%) and the
photophysical data are tabulated in Table S2.71-5 show a sharp
and intense band at around 300-400 nm and a broad, split band
at 500-600 nm with extinction coefficients in the order of 10*
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Fig. 2 (a) Absorption (solid line) and emission (dashed line) spectra of
the free base ligands 1-5 and (b) absorption and (c) emission spectra of
Pd-1-3 and Pt-1in CH,Cl,.
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dm® mol " em™'. The absorption could be assigned to the
intraligand (IL) [r — m*] transitions.'® Interestingly, the aryl
substitution has a slight effect on the absorption of 1-5, indi-
cating that the vertical transition mainly involves HOMO —
LUMO transition localized on the tripyrrin core.'® Upon excita-
tion at 500 nm, 1, 3 and 5 display intense vibronic-structured
emission with a maximum at 600 or 615 nm, while 2 and 4
show a weak, structureless emission around 550-800 nm. It is
worthy to note that the electron-donating NMe, quenches the
fluorescence of 2, probably due to the photoinduced electron
transfer (PET) process.'*

Pd-1-3 and Pt-1 exhibit a sharp and intense absorbance in
the range of 320-400 and 500-750 nm, with red-shifts of ca.
45 nm in the high energy region (320-400 nm) and ca. 150 nm in
the low energy region (500-750 nm) compared to the corre-
sponding ligands. With the electron-withdrawing CN, Pd-3
leads to a ca. 17 nm hypsochromic shift to Pd-1, while Pd-2
displays a bathochromic shift of ca. 8 nm. This indicates the
more significant effect of the aryl substituents on the metal
complexes than on the ligands. Upon excitation at 600 or
700 nm, all of the metal complexes emit at 700-1000 nm, red-
shifts of ca. ~130 nm compared to the corresponding ligands
(Fig. 2¢). Interestingly, exposure of such a solution to air does
not quench the emission (Fig. S49-S5271). The emission life-
times are in the nanosecond scale (<4 ns) even in 77 K glass
(Fig. S65-S677). Small Stokes shifts (<40 nm) are observed under
either aerobic or anaerobic conditions. These photophysical
data are suggestive of fluorescence for Pd-1-3 and Pt-1. Among
them, Pd-1 and Pd-3 exhibit intense fluorescence maxima at 732
and 700 nm with a vibronic band at 792 and 758 nm (& = 6.0
and 14.0%, t = 1.06 and 2.40 ns), respectively, while Pd-2
displays a weak, less discernible vibrational emission centered
at 767 nm with bi-exponential decay lifetimes of 0.26 (9%) and
2.05 ns (91%). Pt-1 also exhibits a weak fluorescence centered at
729 nm with a bi-exponential decay lifetime of 0.17 (20%) and
3.34 ns (80%). As shown in Fig. S77,T decreasing temperature
from 300 to 77 K enhances the emission of Pt-1 (~5.2 fold) more
than that of Pd-1 (~1.3 fold), indicating that emission of Pt-1 is
more temperature- and vibration-dependent and will be dis-
cussed in context.

Electrochemical properties

The redox properties of 1, Pd-1 and Pt-1 were examined by cyclic
voltammetry (CV) wusing tetra-n-butylammonium hexa-
fluorophosphate ("Bu,NPFg, 0.1 M) as the supporting electrolyte
(Fig. 3, S78-S801) and Table S3t summarizes the electro-
chemical data. Two quasi-reversible reduction waves at about
—0.85 and —1.03 V vs. SCE and one irreversible oxidation wave
at ca. 1.25 V vs. SCE are tentatively assigned to the cyclic tri-
pyrrin ligand-centered redox potentials for 1 (Fig. S78t), similar
to the previously reported cyclic tripyrrins (Eq = —0.92,
—1.17 V and E,, = 1.35 V)." Pd-1 and Pt-1 display two quasi-
reversible reduction waves (—0.75 and —1.18 V vs. SCE for Pd-
1, —0.67 and —1.11 V vs. SCE for Pt-1, Fig. 3a) and one irre-
versible oxidation wave (1.45 V vs. SCE for Pd-1, 1.25 V vs. SCE
for Pt-1, Fig. 3a). These results suggest that both reduction and

This journal is © The Royal Society of Chemistry 2019
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Fig. 3
potentials (1.45 and 1.25 V, respectively) of Pd-1 and Pt-1in CH,Cl,.

oxidation are cyclic tripyrrin ligand-centered with mixing of the
metal-centered contribution.

The spectroelectrochemistry of 1, Pd-1 and Pt-1 were per-
formed to monitor the spectral changes during the reduction
and oxidation processes. As shown in Fig. S79, one-electron
reduction of 1 at —0.85 V causes a decreased absorption
centered at 320 and 500 nm, and new peaks centered at 420, 600
and 750 nm appear with an isosbestic point at 366, 471 and
540 nm. One-electron reduction of Pd-1 at —0.75 V and Pt-1 at
—0.67 V causes a slightly decreased absorption at 373, 640 and
692 nm with the appearance of a new peak at ~750 nm (Fig. 3b).
Such bands could be ascribed to the feature of the anionic
radicals of the ligands. Oxidation of 1 at 1.25 V slightly
decreases the absorption at 323, 508 and 540 nm, and new
absorption centered at 380 and 600 nm appears with an iso-
sbestic point at 350, 453 and 556 nm (Fig. S801). When Pd-1 or
Pt-1 was oxidized at ca. 1.45 or 1.25 V, respectively, the
absorption intensity sharply decreases with a slight red-shift,
and a new broad absorption peak at 750-1050 nm appears
assigned to the cationic radicals (Fig. 3c).

Transient absorption spectroscopy

Insights into the nature of the excited states, exemplified by Pd-
1 and Pt-1, were obtained using nanosecond (ns) and femto-
second (fs) transient absorption (TA) spectroscopes in degassed
tetrahydrofuran (THF). The ns-TA spectra display negligible
signals of ground-state bleaching (GSB) (Fig. S81-S83t) upon
excitation at 355 nm, indicating that there is no population of
the triplet excited state for Pd-1 and Pt-1. This is consistent with
no phosphorescence observed in degassed solution or glass
state in 77 K.

Fig. 4 shows the contour plot of the time-resolved absorption
difference spectra for Pd-1 and Pt-1 upon excitation at 700 nm.
We observed a GSB band maximum at 700 nm and the excited-

This journal is © The Royal Society of Chemistry 2019
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(a) Cyclic voltammograms and spectroelectrochemistry at (b) reduction potentials (—0.75 and —0.67 V, respectively) and (c) oxidation

state absorption (ESA) band centered in the range of 750-
850 nm and 875-925 nm for Pd-1. Pd-1 displays single expo-
nential decay lifetime of 1.28 ns at 770 nm and bi-exponential
decay lifetimes (86.34 ps and 1.32 ns) as monitored at 910 nm
(Fig. 4c). This is assigned to the structural relaxation dynamics
(~100 ps) and intrinsic S; state lifetime (Table S21). The ESA
bands at 910 nm for Pd-1 and ~950 nm for Pt-1 are identical to
the absorption under one electron oxidation (Fig. 3c), suggest-
ing that the structures at the singlet state may be similar to the
cation radicals of Pd-1 and Pt-1.

More importantly, in the range of 10-100 ps, Pt-1 shows
a new band around 758 nm accompanied with a simultaneous
vanishing of ESA at 796 nm and a clear isosbestic point at
770 nm (Fig. 4d). As shown in Fig. 4d, a fast decay with tri-
exponential lifetimes (0.20, 4.67 and 16.34 ps) at 796 nm
decreases accompanied with a simultaneous appearance (0.046,
0.78 and 8.75 ps) of a new peak at 758 nm, followed by a single
exponential decay lifetime of 3.77 ns comparable to the fluo-
rescence lifetime of Pt-1 (Table S2+). This suggest a fast energy
transfer (within 100 ps) from the intrinsic S; state of Pt-1 to
a dark state, which might quench emission. We assumed this to
be a vibrational state, usually in accordance with the time range
of the structural relaxation (10-100 ps). Thus the S; excited state
of Pt-1 is probably deactivated by this non-radiative vibrational
state, which is ascribed to a more temperature- and vibration-
dependent fluorescence (Fig. S771).

Computational studies

Pd" and Pt" complexes are well-known phosphorescent emit-
ters due to the heavy-metal effect with large spin-orbit coupling
(SOC) constants ({soc = 1504 and 4481 cm ™ * for Pd" and Pt").*s
However, increasing examples demonstrated that incorporation
of a heavy metal does not guarantee efficient ISC and the
structure and the nature of ligands also play important roles.*®

Chem. Sci,, 2019, 10, 10170-10178 | 10173
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Fig. 4 Contour plot of time-resolved absorption difference spectra of (a) Pd-1 and (b) Pt-1 for time delays up to 3000 ps in the range of 600—-
950 nm in toluene. Femtosecond transient absorption (fs-TA) difference spectra of (c) Pd-1 and (d) Pt-1 recorded at selected decay times in
toluene at 298 K. Insert: ESA kinetic decay traces at the specified wavelengths and lifetimes: fitting with exponential decay for (c) Pd-1 (r = 1281

ps, R? = 0.996 at 770 nm; 1, = 86.34 ps, 1, = 1318 ps, and R? =
decay at 758 nm; t; = 0.046 ps, 1, = 0.78 ps, 13 = 8.75 ps, and R? =
R? = 0.988 at 796 nm).

To understand the unusual fluorescence of Pd" and Pt"
complexes, we investigated the electronic structures of 1-5, Pd-1
and Pt-1 using DFT and TDDFT calculations. Electron-donating
substituents (NMe, and OMe) destabilize both HOMO and
LUMO in 2 and 4, while the electron-withdrawing substituent
(cyano group) stabilizes them in 3 and 5 (Fig. S841). TDDFT
results indicate that the vertical w—m* excitations are localized
in tripyrrin moiety (Fig. S84 and Table S47) for 1 and 3-5. In 2,
the charge transfers from the bridging phenyl group to the tri-
pyrrin moiety, similar to photoinduced electron transfer
(PET).** Metal coordination stabilizes the LUMO and destabi-
lizes the HOMO and thus narrows the HOMO-LUMO gap
(Fig. S85t), which induces a red-shifted absorption. All the
FMOs in Pd-1 and Pt-1 are ligand-centered.'® The natural
localized molecular orbital (NLMO) analysis***** reveals that the
C-donor atom of the M-C bond shows sp*like behavior,
different from sp®-carbons in the benzene ring (Fig. S867),
which is suggestive of the o-donating nature, analogous to the
M-C bond in previously reported complexes of benziporphyrin
and carbaporphyrin.®*>* Formation of M-C bonds largely
stabilizes the metal-centered bonding orbitals (Fig. S87t). The
splitting (Add*) between the occupied and unoccupied
d orbitals is found to be quite large for Pd-1 (5.78 eV) and Pt-1
(6.70 eV). This indicates that the non-radiative decay channels
through the MC dd excited states could be excluded for Pd-1 and
Pt-1.

For Pd-1 and Pt-1, their S, states are 6640 and 7292 cm™
above the T, state, 2135 and 59 cm ™" below the T, state (Tables
S5 and S67). The calculated ISC rate constants using the
MOMAP program? are given in Fig. 5a and Table S7,} as well as
the radiative and non-radiative rate constants of S; states. Since
the AEgy are large (0.82 and 0.60 eV for Pd-1 and Pt-1), the spin—
orbit coupling values are estimated to be 0.82 and 0.60 cm ™" for
Pd-1 and Pt-1 (Table S7t). This leads to negligible ISC rate
constants (3.66 x 10° and 1.87 x 10° s™' for Pd-1 and Pt-1),
much smaller than the radiative rate constants (8.11 x 10° and
5.13 x 10° s~ for Pd-1 and Pt-1) and non-radiative rates (4.04 x

1

10174 | Chem. Sci,, 2019, 10, 10170-10178

0.996 at 910 nm) and (d) Pt-1 (t = 3773 ps and R? =
0.995 for curve rising at 758 nm; 1, = 0.20 ps, 1, = 4.67 ps, 13 = 16.34 ps, and

0.982 at 758 nm for curve

107 and 7.46 x 10’ s " for Pd-1 and Pt-1). These results suggest
that the small SOC, large AEgsr and the ligand-centered FMOs
(Fig. S85%) are important factors for the non-population of the
triplet state in Pd" or Pt" complexes.

To understand the S; — S, process, we analyzed the Huang-
Rhys factors as well as the displacement vectors of the vibra-
tional modes with the largest Huang-Rhys factors (Fig. 5b, c
and S88 details in the ESIT).” The most important non-radiative
channels for Pd-1 and Pt-1 can be assigned to the torsional
motion of the pentafluorophenyl group (with frequencies of
16.28 and 14.45 cm™ ' in Fig. 5b and c). Pt-1 has an additional
non-negligible non-radiative channel (Fig. 5¢), which is the out-
plane vibration of the tripyrrin plane with a frequency of
22.12 em™ . This could be correlated to the dark state assigned
to the structural relaxation observed in fs-TA for Pt-1 in Fig. 4.
Moreover, this out-plane vibration of tripyrrin plane can also be
associated with the 1 — 0 band in the emission spectra
according to the simulation of vibrationally resolved spectra
(Fig. S89 and details in ESI{). This additional non-radiative
channel leads to a larger non-radiative rate constant (7.46 x
107 s, in Table S77), compared with Pd-1 (4.04 x 10" s~ '), and
quenches the luminescence of Pt-1 by a fast energy transfer
(16.34 ps) in the luminescent S, state (Fig. 5d).

NIR bioimaging

As a proof-of-concept application, we herein introduced Pd-1
and Pd-3 into nanochannels of mesoporous silica nano-
particles, which endows fluorescent Pd" complexes with excel-
lent colloidal stability, low cytotoxicity, desirable blood
circulation time and passive tumor-targeting ability by the
enhanced permeability and retention (EPR) effects.*® We
prepared and characterized NIR fluorescent nanocapsules (Pd-
1-MSN-F127 and Pd-3-MSN-F127), by encapsulating Pd-1 or Pd-3
into mesoporous channels of silica nanoparticles following
previous reports in the literature (Fig. 6a, S90 and S91t).>* As
expected, Pd-1-MSN-F127 and Pd-3-MSN-F127 display strong
NIR emission centered at 717 and 771 nm in water solution,

This journal is © The Royal Society of Chemistry 2019
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(a) General illustration of the low-lying singlet and triplet excited states of Pd-1 and Pt-1, and the calculated rate constants of different

photophysical processes, in which the solid and dashed arrows represent radiative and non-radiative processes, respectively. Huang—Rhys
factors for energy conversion between the S; and Sq states of (b) Pd-1 and (c) Pt-1, as well as the displacement vectors of important vibrational
modes with the largest value of Huang—Rhys factor.’” (d) Illustration of fluorescence quenching by the non-radiative channel in Pt-1.

Fig. 6 (a) Sketch of the Pd-1 and Pd-3 in a single NIR-MSN-F127. (b)
Confocal fluorescence image of (i) living Hela cells with Pd-3-MSN-
F127 by the em > 776 nm channel under laser excitation at 700 nm; (ii)
LysoTracker Green DND-26 excited at 488 nm, em = 525/50 channel;
(iii) merged confocal fluorescence images of (i) and (ii); and (iv)
differential interference contrast (DIC) images. Images of Pd-3-MSN-
F127 (incubated for 12 h) are presented with fake color; scale bar
presents 20 um. (c) Fluorescence imaging of 4T1 tumor-bearing mice
after intravenous injection of Pd-3-MSN-F127 at different time points.
(d) Photograph (left) and fluorescence imaging (right) of main organs
of 4T1 tumor-bearing mice at 96 h p.i. of Pd-3-MSN-F127. ® -® stand
for tumor, heart, liver, spleen, lung, kidney, stomach, intestine,
pancreas, bladder, muscle, bone, and brain, respectively (ex = 710 nm,
Aem = 776 nm).

upon excitation at 600 or 700 nm (Fig. S92-S951). After verifying
the high cell viability (Fig. S961), we performed living cell
imaging by incubation of Pd-1-MSN-F127 (~10 uM) and Pd-3-
MSN-F127 (~10 uM) in living HeLa cells. As shown in Fig. S97t

This journal is © The Royal Society of Chemistry 2019

and 6b, distinct NIR fluorescence (700-000 nm) precisely co-
localized with commercial LysoTracker Green DND-26 Dye
(the Pearson coefficients were 0.74 and 0.80 for Pd-1 and Pd-3
respectively, Fig. S987), suggesting the capability of Pd-1 and Pd-
3 as NIR bioprobes for living cell imaging.

To demonstrate the application in in vivo bioimaging, we
chose 4T1 tumor-bearing mice as our model. Each mouse was
intravenously injected via the tail vein with Pd-1-MSN-F127 or
Pd-3-MSN-F127 (100 pL, ~10 uM) and subjected to fluorescence
imaging with 710 nm excitation and 776 nm emission at
different time points. The luminescence signal was weak in 6 h
(Fig. 6¢c and S99at). After 24 h, we observed strong in vivo
fluorescence, mainly accumulated specifically at the tumor site,
as shown in Fig. 6c and S99a.t The mouse was sacrificed and
dissected after 96 h post injection. Ex vivo fluorescence imaging
as shown in Fig. S99bt and 6d displayed strong NIR fluores-
cence signals in the tumor and low intensity in the liver and
stomach, indicating that Pd-1-MSN-F127 or Pd-3-MSN-F127
accumulated specifically at the tumor and was probably
excreted through enterohepatic circulation and the digestive
system. The sharp contrast of the tumor versus the remaining
organs and tissues could be attributed to the strong fluores-
cence of Pd-1-MSN-F127 or Pd-3-MSN-F127, their good stability
and effective accumulation in tumors. Although more details
about the long-term fate and clearance pathways remain
unclear at the present stage, Pd-1-MSN-F127 or Pd-3-MSN-F127
are promising NIR candidate probes for in vivo bioimaging
applications such as tumor diagnosis and imaging-guided
surgery.

To further construct stimuli-responsive probes, we used Pd-
2, which has weak fluorescence due to PET, to prepare a pH
sensitive NIR probe (Pd-2-MSN-F12) by encapsulation of Pd-2
into mesoporous silica nanoparticles. Pd-2-MSN-F127 localized
in the lysosome with a Pearson coefficient of 0.74 (Fig. 7a and
S1007). From pH 5 to 10, Pd-2-MSN-F127 exhibits a remarkable
fluorescence increase of 4 fold and shows good reversibility
(Fig. 7b-d, S100 and S101f). This could be assigned to the
protonation of NMe, which inhibits the PET process and turns
on the NIR fluorescence (Fig. 7b). To study the pH-sensitivity in
living cells, we monitor the endogenous pH changes using the

Chem. Sci,, 2019, 10, 10170-10178 | 10175
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Fig.7 (a) Confocal fluorescence image of (i) living Hela cells with Pd-2-MSN-F127 by em > 776 nm channel under laser excitation at 700 nm; (ii)
LysoTracker Green DND-26 excited at 488 nm, em = 525/50 channel; (iii) merged confocal fluorescence images of (i) and (ii); and (iv) differential

interference contrast (DIC) images. (b) Schematic view of pH sensitivity of Pd-2 due to the switching on/off of photoinduced electron transfer
(PET) by protonation. (c) Emission intensity of Pd-2-MSN-F127 versus the pH values in the pH range 5-11. (d) Plot showing the reversible
switching on/off of the emission of Pd-2-MSN-F127 between pH 5 and 10. (e) Fluorescence imaging of Pd-2-MSN-F127 at different pH values in
pH range 6-9. (f) Dependence of normalized average intensity of fluorescence per cell on pH. Images of Pd-2-MSN-F127 (incubated for 12 h) are

presented with fake color; scale bar represents 20 um.

antibiotic nigericin as an H'/K" ionophore to induce H" efflux.?
As shown in Fig. 7e, the intracellular NIR fluorescence intensity
decreases as the pH is increased from 6 to 10 (Fig. 7f), similar to
pH sensitive NIR emission in aqueous solution (Fig. 7c). These
results demonstrate the capability of Pd complexes as a molec-
ular platform to further design physiological stimuli-responsive
NIR probes.

Conclusions

In summary, we designed and synthesized a series of new tet-
radentate macrocyclic benzitripyrrin C"N~N”N ligands (1-5)
and the palladium(i) and platinum(ir) complexes Pd-1-3 and Pt-
3. Coordination of Pd" or Pt" ion leads to a bathochromic shift
of absorption and emission compared to the corresponding
ligands, indicating that the metal chelating affects the ground-
and excited-state structures. Importantly, chelating the Pd" ion

10176 | Chem. Sci., 2019, 10, 10170-10178

produces strong NIR fluorescence while no phosphorescence is
observed, which is unusual for the previously reported Pd"
porphyrinoids or palladacycles. Femtosecond transient
absorption spectra of Pd-1 and Pt-1 showed the intraligand ('IL)
charge transfer process and the nanosecond transient absorp-
tion spectra suggest no triplet states are populated. This could
be attributed to a small SOC, arising from large singlet-triplet
energy gaps and the ligand-centered FMOs, as suggested by
the TDDFT calculation results. Additionally, the weak fluores-
cence of Pt-1 can be ascribed to the non-radiative channel of the
out-plane vibration of the tripyrrin plane, different from Pd-1.
More importantly, we also demonstrated the strong NIR emis-
sion of Pd complexes (Pd-1 and Pd-3) by encapsulation into
mesoporous silica nanoparticles is advantageous compared to
other phosphorescent metal complexes in in vitro or in vivo
bioimaging because of much less oxygen interference. Finally,
Pd-2 was employed as a pH sensitive probe intracellularly,

ety of C
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demonstrating the potential of these Pd complexes as a molec-
ular scaffold to design stimuli-responsive materials. Therefore,
this work reveals the potential application of NIR fluorescent Pd
complexes and promotes the development of Pd chemistry in
biomedicine.
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