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Soft salts based on platinum(ll) complexes with high emission quantum
efficiencies in the near infrared region for in vivo imaging

Jun Li,¥* Yun Ma, *a¢ Suyi Liu,¢ Zhu Mao,® Zhenguo Chi,® Peng-Cheng Qian* and Wai-Yeung Wong*abd

Two soft salts (51 and S2) based on platinum(ll) complexes with a
near-infrared emission have been designed and synthesized. It has
been demonstrated that S2 has a high photostability and a low
cytotoxicity, and it has been successfully applied to in vivo imaging
for the first time.

In recent years, near-infrared (NIR) materials have shown emerging
and promising applications in OLEDs,* night-vision technology,? and
photodynamic therapy.3 In particular, luminescent probes emitting
in the NIR region with a high quantum efficiency are essential for in
vivo imaging due to their deep tissue penetration, low photo-
damage, and minimal background fluorescence.* The most popular
NIR imaging agents are quantum dots (QDs)® and organic dyes.®
However, QDs are often cytotoxic because heavy metal ions are
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released in an oxidative environment. Most NIR organic dyes have
small Stokes shifts and poor photostabilities, which are not suitable
for in vivo imaging. Consequently, the development of alternative
NIR luminescent probes with a high quantum efficiency, a large
Stokes shift, remains a challenge.
Phosphorescent transition metal complexes (TMCs) have high

and a low cytotoxicity
quantum efficiency, high photostability, easy tunability of the
emission wavelength, and remarkably large Stokes shift.37 This
makes them potential candidates for in vivo imaging applications.
Despite the advantages of phosphorescent TMCs-based probes, the
emission wavelength of most of the previously reported probes is
located in the visible spectrum. Therefore, NIR probes based on
phosphorescent TMCs still need to be further developed.

Soft salt complexes are emerging phosphorescent materials that
consist of two photoactive organometallic complexes with opposite
charges linked by an electrostatic attraction and van der Waals
forces.® Such materials can comprise of different metal complexes,
both interesting

Although  the
phosphorescent soft salt complexes is still in its infancy, these
materials have a great potential in various optoelectronic areas. For

and consequently have structural and

photophysical  properties. research  on

example, many soft salts based on iridium(lll) complexes have been
prepared for different applications in organic light-emitting diodes,?
electrochromic switches,!® bioimaging,!! and porous crystals.!? In
addition, Yam et al. have reported a series of water-soluble
platinum(ll)bzimpy complex salts (bzimpy = 2,6-bis (benzimidazol-
2’-yl)pyridine) that form infinite 1-D chains through Pt:--Pt and m-it
stacking interactions.!® These supramolecular nanostructures have
a bright NIR emission. The high efficiency is attributed to the metal-
metal-to-ligand charge transfer (MMLCT) induced by the very close
Pt--Pt interaction (~3.4 A). This is an effective method to obtain NIR
PTMCs, which has been verified by several previous studies.'*

In this work, we have designed and prepared soft salts based on
two platinum(ll) complexes with a bright NIR emission. The
platinum(ll) complexes of (Pt-dfppy)"NBus* (A1, dfppy = 2-(2,4-
(Pt-piq)"NBus* (A2, piq = 1-
phenylisoquinoline) were chosen as the anionic components. The

difluorophenyl)pyridine) and



platinum(ll) complexes of [Pt(tpp)(ed)]*Cl - (C1, tpp = 2-(thiophen-2-
yl)pyridine, ed = ethylenediamine) and [Pt(dfppy)(ed)]*Cl - (C2) were
selected as the cationic components. The soft salt complexes were
formed by these two oppositely-charged components via
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Fig. 1 (a) Chemical structures of soft salt complexes S1 and S2. (b)
Single crystal of S1 (CCDC1967647) and its perpendicular view
illustrating the alternation of Pt complex cations and anions.
electrostatic interactions. In addition, these complexes have
square-planar geometry, which facilitates very close Pt--Pt and
T-+TU interactions, resulting in a NIR emission in the solid state.
Furthermore, the synthesized NIR soft salt complex S2 has a low
cytotoxicity and a good photostability that allowed its use for in vivo
imaging.

The anionic and cationic platinum(ll) complexes were synthesized
according to the literature methods.'®> The platinum(ll) soft salts
were prepared through the simple metathesis reactions of anionic
platinum(ll) complexes and 1.1 equivalents of cationic platinum(ll)
complexes in solution. The detailed synthetic procedures are
provided in the electronic supplementary information. The desired
soft salt complexes were characterized by 'H NMR, 13C NMR (Figs.
S1-S6), MALDI-TOF MS spectrometry, and X-ray crystal structure
analysis.

Single crystals of the C1 and soft salt complex S1 were obtained
by slow evaporation of its ethanol solution. The packing diagram of
C1 displayed that the distance between two adjacent Pt atoms is
4.336 A (Fig. $7), suggesting the absence of Pt---Pt interaction in C1.
Compared to it, the X-ray crystal structure of S1 showed that the C1
cations are placed between adjacent Al anions, forming alternating
layers of two oppositely-charged ions (Fig. 1b). Moreover, the single
crystals of S1 presents a distance between two adjacent Pt atoms of
3.467 A, clearly indicating the presence of a Pt---Pt interaction. The
plane of the dfppy (from A1) and the 2-(thiophen-2-yl)pyridine
plane (from C1) are almost parallel since the angle between both
planes is only 0.662° and the distance between both planes is 3.564

A. This suggests the existence of a strong m-m stacking. The
intramolecular Pt---Pt and m-m interactions likely resulted in the
large bathochromic shift in the solid-state emission of the soft salt
complexes S1 and S2. Some selected parameters of the single
crystal are summarized in Tables S1 and S2.
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Fig. 2 (a) PL spectra of A1, C1 and S1 in MeOH (1x10* M). (b) PL spectra of A2, C2 and
S2 in MeOH (1x10 M). (c) PL spectra of cationic complex €2 (10> M) in MeOH solution
with various amounts of anionic complex A2. (d) Stern—Volmer plot of the quenching
study between C2 and A2 ([Q] = [A2]), R2=0.99. (e) PL spectra of A1, C1 and S1 in the

solid state (f) PL spectra of A2, C2 and S2 in the solid state.

The photophysical properties of the synthesized cationic
complexes, the anionic complexes, and the soft salt complexes
were investigated. Their UV/visible absorption spectra were
recorded in methanol at room temperature (Fig. S8). All complexes
showed multiple absorption bands. The intense absorption bands
below 350 nm are attributed to the spin-allowed ligand-centered
transition (*LC). The moderately intense absorption bands within
350-400 nm are attributed to the singlet metal-to-ligand charge-
transfer transition (*MLCT) and the weak bands above 400 nm are
assigned to the triplet metal-to-ligand charge-transfer transition
(3MLCT) and the spin-forbidden ligand-centered transition (3LC).
Additionally, all platinum(ll) complexes have a weak emission in
methanol at room temperature. Their photoluminescence (PL)
spectra are shown in Figs. 2a and 2b. The emission wavelength of
these complexes can be significantly tuned from 465 to 632 nm
depending on the nature of the cyclo-metalating ligands. The
emission bands of all complexes show vibronic progressions, which
originates from the triplet ligand-centered transition on the
cyclometalated ligands.



Fig. 2c shows that the emission intensities of short wavelengths
remarkably quenched in the soft complexes.
Consequently, we performed a quenching study according to the
equation of Io/l = 1 + k4[Q], where Iy and [ indicate the PL intensity
of C2 with and without the quencher A2, k, refers to the

were salt

Table. 1 Photophysical properties of A1, C1, S1 and A2, C2, S2 in the solid state

Name Aem/ NM QY /% Lifetime / us
Al 460, 492, 524 60 19.0
C1 582, 610, 667 3.3 6.53
S1 674 20.3 2.95
A2 602, 637, 692 2.6 6.83
Cc2 464, 495, 524 85.1 9.13
S2 718 17.0 0.40
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Fig. 3 (a) Emission intensity of a DMSO/PBS (v : v = 1 : 99) mixture of S2 (1x10* M)
under continuous laser excitation at 405 nm. (b) Cell viability values (%) assessed using
a MTT (MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide)
proliferation test versus incubation concentration of S2.

experimental quenching rate constant, and [Q] represents the
molar concentration of the quencher A2. The emission intensity of
C2 decreases with the addition of increasing equivalents of A2,
which is likely due to the intermolecular triplet—triplet energy
transfer. The plot shows a very good linear relationship with a
coefficient of regression R? = 0.99 and the calculation gives a k, of
5.05 x 10° M (Fig. 2d), suggesting the energy transfer/quenching
process is efficient in §2.%2

Next, we studied the PL properties of these platinum(ll)
complexes in the solid state, as shown in Figs. 2e and 2f. The data
are summarized in Table 1. Fig. 2e shows that Al had a sharp
structured emission band at 460-524 nm in the solid-state with a
high quantum yield (QY) of 60.0%. The strong sky-blue colour
observed can be assigned to the isolated monomer because the
bulky n-BusN* cations separate two neighbouring platinum(ll)
complexes. Similarly, the emission peaks of A2 (A= 637 nm, QY =
2.6%) also came from the platinum(ll) monomer. For the cationic
components, C1 had a weak red emission at 667 nm with QY of 3.3
% in the solid state, while C2 showed strong emission intensity at
495 nm with a QY of 85.1% (Figs. 2e and 2f and Table 1). Both S1
and S2 had a bright NIR emission in the solid state with a single
peak at 674 and 718 nm and a high QY of 20.3% and 17.0%,
respectively (Table S3). This characteristic emission is likely to come
from the MMLCT transitions according to previous reports.! To
demonstrate the important role of the Pt(Il) anionic component of
the soft salt complex in contributing to the bright NIR emission,
cationic complex with different counter anions (Br, BF,, and PFg)

were prepared and their PL properties were investigated. Fig. S9
showed the PL spectra of these cationic complexes in the solid
state, and their emission profiles are quite different from that of S1.
In addition, the emission quantum vyields of these cationic
complexes were measured to be 1.6%, 1.8%, and 3.9%, which are
much lower than that of S1. The molecular packing illustrated in Fig.
1b and Fig. S7 confirmed the difference in the Pt---Pt interactions of
these two different complexes.

The morphology of S2 in DMSO/PBS (v : v = 1 : 99) mixture was
characterized by transmission electron microscopy (TEM). As shown
in Fig. S10, the image indicates that the nanoparticles were formed,
which had a spherical shape with diameters ranging from 40 to 60
nm. Good photostability in aqueous solution is important for
biological applications, especially in long-duration studies.
Considering that the emission wavelength of S2 is located in the NIR
region, it was selected as a potential probe for in vivo imaging. The
PL intensity evolution of S2 was investigated by monitoring the
change in emission when dispersed in a dimethylsulfoxide
(DMSO)/phosphate buffer solution (PBS) (v : v = 1 : 99) mixture at
different irradiation times. Fig. 3a indicates no significant PL
intensity decrease after a continuous excitation at 405 nm for 2 h,
which is sufficiently long to perform in vivo imaging experiments.

To evaluate the cytotoxicity, the viability of Hela cells was
investigated after incubation with S$2 at different concentrations.
Fig. 3b shows the cytotoxicity results of S2 when incubated with
Hela cells for 24 h. The cellular viabilities were over 90% for S2 at
concentrations within 25—-100 uM, indicating a low cytotoxicity of
this soft salt complex. This confirms it is a good candidate for
biological imaging.

To demonstrate the potential application of the soft salt
complexes prepared for in vivo NIR phosphorescent imaging, S2 was
used to image live mice. Firstly, a DMSO solution of S2 was rapidly
injected into a PBS buffer (v : v = 1 : 99) under continuous
ultrasound to form nanoparticles with strong NIR emission (Figs.
S11 and S12). Then, the DMSO/PBS solution of S2 was injected into
a small mouse, which had a strong NIR emission under the live
fluorescence imaging system, whereas there was no signal in the
DMSO/PBS mixture (Fig. 4a). Figs. 4b and 4c show that no
luminescent signal was detected with an excitation of 440 nm when
the DMSO/PBS solution was injected, whereas an intense emission
was observed when a DMSO/PBS (v : v = 1 : 99) mixture of S2 (1 x
10“ M, 200 pL) was injected. This suggests that the soft salts based
on platinum(ll) complexes have a strong potential to be applied as
the bright NIR probe for in vivo imaging.

In summary, we developed two soft salts based on platinum(ll)
complexes with a NIR emission at a high quantum efficiency. Their
single crystal structures revealed strong Pt:--Pt and m-mt interactions,
which might be responsible for the NIR emission via MMLCT
transitions. The soft salt complex S2 has a good photostability and a
low cytotoxicity. Hence, S2 was successfully employed as a NIR
probe for in vivo imaging in live mice. Overall, our design principle
offers a new route to obtain NIR emitters with soft salt complexes,
which has a tremendous potential for biological applications.
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Fig. 4 (a) PL images of the DMSO/PBS mixture and DMSO/PBS S2 solution. (b) In
vivo imaging of mice after subcutaneous injection of DMSO/PBS (v : v =1:99) S2
solution upon excitation at 440 nm. (c) Emission intensity of different areas in
mice and background.
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