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A soft salt, S, comprising two oppositely charged platinum(i) complexes, ([Pt(CFZ’\N)(en)]+ and
[Pt(CphZAN)(CN)Z]_), was synthesized and characterized. Compound S exhibits photoluminescence in
DMSO solution, emitting at 558 nm upon excitation at 414 nm, with a quantum yield of 0.49. In the
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solid state, when dispersed in a KBr matrix, a broad emission band centered at 658 nm is observed. The
cationic and anionic components of S interact through electrostatic and van der Waals forces, leading to
pronounced modifications of their luminescent behavior compared to their isolated counterparts. These
include vapochromic responses, reversible photoluminescence quenching upon exposure to acid
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Introduction

Stimuli-responsive materials are of great interest for applications
in photocatalysis,' displays,” data storage,® sensing, bioimaging,*
and security.” External stimuli such as solvents,® temperature,’
pressure,®? light,'® pH,"" or electric fields'* can trigger stereoelec-
tronic changes, including molecular rearrangements,'® bandgap
shifts,"* and coordination changes,'® leading to tunable optical or
luminescent properties.

Transition metal complexes offer a unique combination of
structural versatility, diverse coordination environments, and
enhanced stability, all of which contribute to their chromic
behavior.'® In particular, cyclometalated Pt(i1) complexes with
multidentate ligands are key stimuli-responsive luminescent
materials."” The versatile chromic behavior of Pt(u) complexes
arises from their rigid square-planar coordination geometry,
characteristic of the d® platinum center, combined with planar
n-conjugated ligands. This structural combination provides
access to axial coordination sites, facilitates n-m stacking
and Pt---Pt intermolecular interactions, and enables various
charge-transfer transitions.’® These features impart unique
optical properties to the complexes in both solution and the
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vapors, and thermally induced luminescence enhancement.

solid state, which can be finely tuned through careful ligand
selection.

The design of cyclometalating ligands primarily focuses on
enhancing luminescent quantum efficiency and tuning emis-
sion colors. Our research group has developed several series of
phosphorescent cyclometalated platinum(u) complexes incor-
porating a variety of bidentate and tridentate ligands that
feature diazine rings as electron-accepting groups, alongside
potential azaheterocyclic auxiliary ligands.'® These fragments,
featuring two non-bonding nitrogen atoms, can coordinate to
two metal centers and undergo protonation. Our results
demonstrate that incorporating electron-donating or electron-
accepting groups into the multidentate and auxiliary ligands
effectively tunes and, in some cases, enhances the photophysi-
cal properties of these complexes in both solution and the solid
state.””

We recently adopted a comparative approach focused on a
series of cyclometalated Pt(u) complex-based soft salt materials
(S1-9). These materials consist of two photoactive organo-
metallic complexes with complementary charges, specifically
[Pt(C*N)(CN),]~ and [Pt(C"N)(en)]" (en = ethane-1,2-diamine),
held together by electrostatic attractions and van der Waals
forces.>* This approach has facilitated the elucidation of key
structure-property relationships by examining the impact of
azaheterocycles (pyridine vs. pyrimidine) and the nature and
positioning of electron-withdrawing or electron-donating
groups on the cyclometalating ligands. Notably, structural
modifications to the cyclometalating ligands in both the catio-
nic and anionic platinum(i) complexes of the soft salt series
S$1-9 have a pronounced impact on Pt(u)---Pt(u) distances,
solid-state emission wavelengths, quantum yields, and chromic
behavior. Additionally, the presence of free nitrogen atoms in
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soft salts containing a C*N pyrimidine-based ligand enables
reversible sensitivity to acidic vapors, resulting in phosphores-
cence quenching. Furthermore, we observed reversible vapo-
chromic behavior in selected soft salts, enabling these novel
ion pairs to function as stimuli-responsive materials. Despite
improved understanding of the structure-property relation-
ships involving Pt---Pt and 7---m interactions, the design of
soft salts based on cyclometalated Pt(ir) complexes that exhibit
high-contrast luminescence remains challenging and continues
to attract growing interest.*>>

In this study, we explore the preparation, characterization,
and optical properties of a novel soft salt, S (Fig. 1), comprising
two oppositely charged cyclometalated platinum complexes
with appropriate C*N ligands. Specifically, the platinum(u)
complex [Pt(Cpp, “N)(CN),] Bu;N" (A), containing a Cpy,"N
bidentate ligand (Cpp,"N = 2-(4-N,N-diphenylaminophenyl)-
pyridine), was selected as the anionic component. The
platinum(n) complex [Pt(Cp,"N)(en)]'Cl”~ (C), incorporating
fluorine substitutions and a pyrimidine group on the cyclome-
talating ligand, was chosen as the cationic component. It is
expected that the introduction of fluorine atoms on the cationic
component of S, in place of the CF; group in $1-9, will enhance
the emission quantum yields in both solution and solid state,
as well as improve the chromic responses. In fact, the introduc-
tion of electron-withdrawing fluorine atoms onto the phenyl
moiety has already been shown to stabilize the highest
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occupied molecular orbital (HOMO), resulting in a blue shift
in emission compared to non-fluorinated compounds and
showing an enhanced emission quantum yield in the solid
state.”® The cationic and anionic components were combined
to construct the soft salt S ([Pt(Cy,"N)(en)] [Pt(Cpp,"N)(CN),]")
through van der Waals forces and electrostatic interactions.
The sensitivity of the emission properties of S to various
external stimuli was thoroughly investigated and compared to
those of analogous compounds. A novel proof-of-concept
demonstration of information encryption and decryption using
S was achieved through thermochromic and vapochromic
responses.

Results and discussion

Synthesis and characterization

The cationic platinum(i) complex C ([Pt(Cpp, N)(en)]'Cl",
Cpn,"N = 2-(2,4-difluorophenyl)pyrimidine) was synthesized in
good yield (79%) by stirring the appropriate Pt(u) u-chloro-
bridged dimer complex with ethylenediamine (3 equivalents)
in dichloromethane. In contrast, the anionic platinum(u)
complex A ([Pt(Cg,"N)(CN),] BusN", Cg,"N = 2-(4-N,N-diphenyl-
aminophenyl)pyridine) was obtained in moderate yield (67%)
by stirring the corresponding Pt(u) u-chloro-bridged dimer
complex with tetrabutylammonium cyanide (4 equivalents) in

CHj
X
NN, CN CN
Pt
CN CN
NPh,

CHs

Fig. 1 Molecular structure of the soft salt S investigated in this work and previously studied salts S1-9.
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Scheme 1 Synthesis of the soft salt S.

dichloromethane at 50 °C (see Scheme S1 in the ESIT).?*” The
soft salt S was obtained in a moderate yield (63%) through a
metathesis reaction (Scheme 1) by mixing the oppositely
charged platinum(n) complexes A and C in ethanol, using a
sonic bath.?"??? The ion-paired complex of the soft salt S was
characterized using electrospray ionization high-resolution
mass spectrometry (ESI-HRMS) as well as 'H and “*C nuclear
magnetic resonance (NMR) spectroscopy. The characterization
data were found to be in full agreement with the proposed
structures, as detailed in the SI. Assignments of chemical shifts
for the carbon atoms of both molecules were performed using
2D (*H, *C) COSY, HMQC, and HMBC spectra (Fig. $15-S17,
ESIt). Additionally, '’F NMR measurements and 2D (‘H-'°F
and "*C-"°F) NMR analyses were performed to assign chemical
shifts for carbons bearing fluorine atoms in C and S, as well as
to determine the coupling constants '/ (*°F,"*C) and *J (*°F,"°F)
(Fig. S13, S14 and S18, ESI¥).

N NMR spectroscopy is a very useful method to evaluate
the effects of complexation on pyridine or pyrimidine group,
since the involvement of the nitrogen electron lone pair induces a
dramatic deshielding of the >N RMN signal. The "N and '"H-"°N
HMBC NMR spectra (Fig. S19 and S20, ESIT) obtained for S allow
the assignment of all nitrogen atoms. The chemical shift (6 =
—89.9 ppm) for the free nitrogen atom of the pyrimidine moiety is
close to the expected value for this heterocycle, while the nitrogen
linked to the platinum atom is shielded, with a chemical shift =
—180.6 ppm, indicating a strong n-donating effect from the metal
to the ligand. The same effect is observed for the cyclometalated
pyridine of the cationic part (0 = —155 ppm, compared to —63
ppm for the free nitrogen in pyridine).”® We also observed two
distinct signals for the NH, groups of ethylenediamine, indicating
asymmetry in the coordination to the metal.

Finally, we decided to investigate the '°’Pt NMR spectrum
for S in DMSO-dg. Two signals at —3447.1 ppm and —4065.2 ppm

are observed, confirming the presence of two distinct platinum
atoms (Fig. S21, ESIT) with the same chemical shift values as their
anionic precursor A and cationic precursor C (Fig. S22, ESIT). For
the anionic Pt complex, the resonance is shifted towards a higher
field (—4063.1 ppm), consistent with the o-donor effect of the CN
groups.”® The '*°Pt signal for the cationic complex C is detected
at —3444.9 ppm, showing a good correlation with the signal
detected for S.

The thermal stability of S was studied using differential
scanning calorimetry (DSC), and the corresponding thermo-
graph is presented in Fig. S1 (ESIT). Upon heating the sample
initially between 30 and 90 °C, the residual solvents were
evaporated, as confirmed by a re-cooling and reheating process,
which led to the disappearance of the broad endothermic peak.
Further heating induced an irreversible thermal process
between 210-260 °C, which may be attributed to a monotropic
solid-solid transition or initial decomposition of the sample.
The baseline of DSC curve increased significantly up to 300 °C,
indicating the gradual exothermic degradation of the sample.

Photophysical properties

The photophysical properties of the soft salt S and its precur-
sors were measured in degassed DMSO as well as in the solid
state using a KBr matrix (1 wt%), with the data summarized in
Table 1 and Fig. 2. In DMSO solution, the absorption spectrum
of the soft salt S is the superposition of the two precursors A
and C and the emission profiles of S and the the anionic
precursor A are similar, as observed previously for related
materials.”’ This suggests that no major interactions occur
between the anionic and cationic fragments in solution. For S
and A, the emission profile consists of two bands at 558 and
579 nm attributed to phosphorescence (r = 10.5 and 23.8 us
respectively) with a shoulder at around 490 nm attributed to
ligand centered fluorescence (t = 3 ns). The photoluminescence

Table 1 Photophysical properties of the soft salt S and its precursors A and C in degassed DMSO solution (10> M) and in the solid state using KBr matrix

(1 wt%)
DMSO solution Solid state (KBr matrix, 1 wt%)
Absorption Apa/nm Emission® Emission®
Complex (I}/l’l’lMil Cmil) ;“max/nm (DPLh (TO/HS) ;-max/nm (DPLC (TO/HS) kr/57l knr/571
C 340 (3.3) 516 —4 (9 — —4 — —
A 339 (15.5), 414 (15.6) 558, 579 0.69 (10.5) 545, 579 0.09 (27.5) 3.3 x 10> 3.3 x 10"
s 338 (19.8), 414 (14.4) 558, 579sh 0.49 (23.8) 658 0.02 (20.15) 1.0 x 10> 4.9 x 10*

“ The emission spectra were detected upon excitation at the absorption maxima, /ey = 340 nm for C, and Aex. = 414 nm for A and S. b PLQY (£10%)
measured relative to 9,10-bisphenylethynylanthracene in cyclohexane (@py, = 1.00).>” © Measured as a powder using an integrating sphere. ¢ No

emission detected.
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Fig. 2 Normalized absorption (solid line) and excitation (dotted line) spectra (a) and emission spectra (b) of S (green, Aexc = 414 nm), A (red, dexc =
414 nm), and C (blue, Zexc = 340 Nm) in degassed DMSO solution (107> M). Panel (c) shows the normalized emission spectra of solid samples embedded in

a KBr matrix (1 wt%).

quantum yield (PLQY) of S in solution, measured at 0.49, is lower
than that of A (0.69), likely due to electrostatic interactions
between the anionic and cationic complexes, which contribute
to enhanced emission quenching, even though no emission shift
was observed for S. However, this value remains significantly
higher than that of its analogue S9 (0.03), which contains a CF;
group on the cyclometalated ligand of the cationic component.

The effect of aggregation on the photophysical properties
was investigated by progressively increasing the water content
in a DMSO/water mixture (Fig. 3 and Fig. S2(a), ESIt). Aggrega-
tion induced a significant decrease in emission intensity,
accompanied by a red-shifted emission band. This phenom-
enon is attributed to the formation of aggregates and the
involvement of a metal-metal-to-ligand charge transfer (MMLCT)
excited state.?® At water content >90%, the emission band is
centered around 650 nm, which closely matches the emission
band observed in the solid state (Amax = 658 nm).
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In the solid state, the red shifted emission of S (658 nm)
compared to A (579 nm) clearly evidence the pairing between
cationic and anionic complexes. Surprisingly, S exhibits an
emission maximum significantly blue-shifted compared to
the CF;-substituted analogue S9 (695 nm). Additionally, the
interaction between the two oppositely charged complexes in S
is clearly confirmed by the fact that when one equivalent of
each precursor, A and C, is combined in the solid state, the
observed emission corresponds to that of complex A (Fig. S2(b),
ESIf). Indeed, the cationic complex C does not exhibit any
luminescence. The PLQY of S is significantly reduced compared
to the solution (0.02 vs. 0.49), consistent with the effects of
aggregation. Nevertheless, the solid-state emission retains rea-
sonable intensity, allowing the material to be characterized as a
dual-state emitter.>® The emission lifetime in the solid state
exceeds 20 ps, indicative of the involvement of a triplet excited
state in the emission process.
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Fig. 3 (a) Emission spectra of S (Aexe = 414 nm) in DMSO—water mixtures (10~* M). Above: Photographs of S solutions in DMSO-water mixtures with
increasing water fractions, taken under UV irradiation, from left to right. (b) Variation of emission intensity and maxima with different water contents.
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fuming and grinding on the emission profile of S (eyxc = 414 Nm). (c) Emission wavelength variations measured after three repeated cycles of CHClz vapor
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Fig. 5 (a) Emission spectra of S in degassed DMSO solution (10> M) before and after addition of TFA/NHs3 (Jeye = 414 nm). (b) Emission spectra of S in the
solid state before and after exposure to HCl/NHsz vapors (Lexe = 414 nm). (c) Photographs of S on filter paper under UV-light (Jexc = 365 nm, left) and
daylight (right) in the presence of HCl/NHsz vapors (Jexe = 414 nm).
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Response to external stimuli

The effects of various external stimuli on the photophysical
properties of S were investigated. S exhibits vapochromic
behavior: CHCl; and acetone fuming induce red- and blue-
shifted emissions, respectively (Fig. 4). In both cases, the initial
emission profile can be restored by grinding. Multiple cycles of
fuming and grinding can be performed without altering the
emission properties. The vapochromic properties of Pt(u) com-
plexes are generally attributed to vapor-induced crystallization,
while manual grinding disrupts the framework, restoring the
initial emission process.*°

Many pyrimidine fluorophores have indeed been described
as acid sensors.®® In the case of Pt(n) complexes with
pyrimidine-based ligand, the sensitivity to acid vapor is linked
to the presence of a free nitrogen atom, not involved in
complexation, which is available for interaction with protons.
The soft salt S does not exhibit the same sensitivity to the
presence of acid in solution (Fig. 5(a)) and in the solid state
(Fig. 5(b)). In solution, exposure of S to TFA results in only a
very slight decrease in emission intensity. This phenomenon
can be explained by the fact that, in the case of soft salt S, the
pyrimidine-based ligand is part of the cationic complex, which
is non-emissive. Furthermore, even after the addition of ammo-
nia, the initial intensity is not fully recovered. In the solid state,
exposure to HCI or TFA vapors results in complete quenching of
the emission. This effect is qualitatively reversible upon sub-
sequent exposure to basic ammonia vapors, although the initial
emission intensity is not fully recovered. After the first HCI/NH;
cycle, the reversibility is complete over three cycles. As pre-
viously observed with the analogue S9, the sensitivity to
acid exposure is attributed to the presence of a protonatable
pyrimidine-based ligand, even when it is located on the cationic
fragment of the soft salt.>' In the solid state, as previously
discussed, the emission is indeed related to the MMLCT excited
state, which is influenced by the protonation of the ligand in
the cationic component.

A proof-of-concept demonstration of information encryption/
decryption is detailed in Fig. 5(c). A filter paper was impregnated
with the soft salt S, and, using a hollow mask, a portion of the
sample representing the logo of the University of Rennes was
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exposed to HCI vapor. No modification of the sample was
observed under daylight, but UV light irradiation (lexc =
365 nm) revealed the university logo in black. Upon exposure
to ammonia vapor, the logo progressively disappeared.

Thermo-induced photoluminescence enhancement was also
demonstrated using a sample of S impregnated on filter paper.
A significant increase in photoluminescence intensity was
observed as the temperature was raised to 60 °C (Fig. 6(a)).
Upon selective heating through a hollow mask containing the
university logo, the logo became visible on the sample under
UV light irradiation, while no change in the color of the sample
was observed under daylight. This phenomenon is progres-
sively reversible upon cooling over at least three cycles (Fig. 5b
and c). For most room-temperature phosphorescent materials,
emission quenching is typically observed as the temperature
increases.>> However, the enhancement of emission intensity
upon heating could be related to transitioning from an amor-
phous to crystalline state as reported before.*®

Conclusion

In summary, we have successfully synthesized and character-
ized a novel soft salt, S, consisting of a pair of ionic Pt(u)
complexes bearing specific cyclometalated ligands. We have
shown that the cationic and anionic components of S interact
through electrostatic and van der Waals forces, leading to
significant modifications in its luminescent behavior compared
to their isolated counterparts and the previously described analo-
gues S1-9. The soft salt S exhibits photoluminescence in DMSO
solution, emitting at 558 nm when excited at 414 nm, with a
quantum yield of 0.49. In the solid state, when dispersed in a KBr
matrix, a broad emission peak is observed at 658 nm. The study
reveals that the complex exhibits vapochromic behavior, with red-
and blue-shifted emissions upon exposure to CHCl; and acetone
vapors, respectively. The photoluminescence intensity can be fully
restored by grinding, demonstrating the reversibility of the pro-
cess. S exhibits photoluminescence quenching in the presence of
acid vapors, with the emission being restored upon exposure
to basic ammonia vapors. Additionally, the thermo-induced
enhancement of photoluminescence was demonstrated with a
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i
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i

455 555 655

A (nm)

Fig. 6

2000

Time (min) Cooling

(a) PL spectrum of S on filter paper at room temperature (blue) and after heating to 60 °C (red) (lexc = 414 nm). (b) Variation in the emission

intensity of S on filter paper after heating at 60 °C for 3600 s. (c) PL photographs of S on filter paper before and after heating and cooling.
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sample of S impregnated on filter paper. The remarkable sensi-
tivity of S to external stimuli, such as solvent vapors, acid/base
vapors, and temperature, highlights the versatility and adapt-
ability of cyclometalated Pt(n) complexes, particularly in the
context of soft salts. These results pave the way for future research
to develop advanced materials with stimuli-responsive properties,
offering a wide range of technological applications.
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