#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

Anion—1 interaction guided switchable TADF
and low-temperature phosphorescence in
phosphonium salts for multiplexed
anti-counterfeitingt

i ") Check for updates ‘

Cite this: Chem. Sci., 2025, 16, 7239

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

Jun-Hua Wei, Yao Xiao, Jian-Bin Luo, Zi-Lin He, Jing-Hua Chen, Qing-Peng Peng
and Dai-Bin Kuang ®*

Anion-7t* interactions have gained continuous attention in diverse organic aggregates, as they can
effectively alter emission behavior. Herein, the anion—=* interaction is introduced to phosphonium salts,
which exhibit tunable thermally activated delayed fluorescence and phosphorescence emission.
Intriguingly, the emission spectra evolve from deep-blue to yellow emission by regulation of the anion—
w" interaction strength through varying the anions, such as BF,~, CF3SOsz~, PFs~, and NOz, accompanied
by adjustable luminescent decay times from milliseconds to several seconds. Notably, bright blue
emission with a high photoluminescence quantum yield near 100% is achieved when substituting the
iodide ions with larger counter anions. The phosphonium iodide with strong anion-m* interaction and
heavy atom effect shows a high inter-system crossing rate, which inhibits the direct and prompt

fluorescence emission. The anion-w* interaction and twisted structure strongly suppress m—m stacking
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Accepted 14th March 2025 and afford ultra-high photoluminescence yields. Furthermore, the participation of polar solvent
molecules results in the solvation and bathochromic-shift phenomenon of the solid-state phosphonium

DOI: 10.1035/d55c00522a iodide due to the ionic polarized host—guest structure. This work provides new insights into the anion-
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Introduction

Organic luminescent aggregates have attracted tremendous
research interest due to their rich structures, remarkable pho-
tophysical properties, and abundant element reserves."” These
advantages make them widely used in the fields of anti-
counterfeiting, biomedicine, cell imaging, light-emitting
diodes, and fluorescence sensors. The various weak interac-
tions (e.g. m-m, CH-, ion-m, and hydrogen bonding) in fluo-
rescent organic aggregates largely influence the emission
behavior.” For instance, the weak interaction of CH-7 or
hydrogen bonding in aggregates inhibits the non-radiative
recombination induced by w-m stacking, giving rise to
aggregation-induced emission (AIE).*'* Among the diverse
weak interactions, ion-T interactions, including anion-=" and
cation-m~ interactions, have gained growing attention in ionic
liquids and supramolecular chemistry.**™*
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w* interaction in luminescent phosphonium aggregates.

Anion-w" interaction is a category of non-covalent interac-
tion that usually exists between electronegative anions and
electron-deficient aromatic systems.’?° The anion-r" interac-
tion was first experimentally verified in 1993 and plays
a substantial role in the design of ionic fluorescent materials.*
In 2017, Tang and coauthors investigated the role of anion-w"
interaction in inherently charged AIE molecules.*” It was found
that the anion-7t" interaction inhibits -7 stacking and actu-
ates room-temperature phosphorescence.”>* In particular, the
anion-7" interaction exerts a heavy atom effect and promotes
the population of triplet states in bromide and iodide salts.

Thermally activated delayed fluorescence (TADF) molecules
are an important class of functional optical materials, showing
promise in organic light-emitting diodes (OLED), anti-
counterfeiting, and scintillators.**** TADF emitters require
high intersystem (ISC) and reverse intersystem crossing (RISC)
rates. Introducing the heavy atom effect through anion-w"
interaction in charged aggregates would be a promising route to
construct efficient TADF molecules. However, reports of anion—
m" interaction in TADF emitters are still quite rare.

The field of inherently charged aggregates is limited to
electron-deficient protonated nitrogen-containing
molecules.””****3” Though the positive phosphonium core is
a strong electron acceptor and meets the requirements in
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designing host-guest molecules with a small energy gap
between S; and T, states, the exploration of phosphonium
derivatives is rather deficient.*®** In phosphonium salts with
aromatic substituents, the sp® hybridization of P(v) leads to
a twisted molecular framework, which inhibits -7 stacking
and promotes a higher radiative recombination rate. Further-
more, the special positions between anions and the electron-
deficient 7 aromatic system connected with P(v) would regu-
late the strength of anion-w" interactions and further adjust the
emission behavior.**** It is also conceivable that the insertion
of polar molecules and alteration of counter anions would
disturb the anion-m' interaction of phosphonium salts,
providing the feasibility of constructing stimuli-responsive and
emission-tunable TADF molecules.

Motivated by the insufficient research into the anion-m"
interaction in TADF phosphonium salts, we aimed to investi-
gate the role of anion species and solvent molecules on the
anion-w' interaction of host-guest phosphonium salts. Herein,
we developed a class of host-guest phosphonium salts with
dimethylamine-substituted phenyl and phosphonium serving
as the electron donor and acceptor, respectively. Spectroscopy
and first-principles calculation reveal that the anion-w' charge
transfer contributes to the TADF emission. The anion-w*
interaction applies a heavy atom effect to the iodide product,
promoting the population of triplet states. The complexation
energies decrease from C3-I to other C3-X with larger anions,
leading to the weaker anion-w" interaction and heavy atom
effect. Therefore, the emission behavior of C3-X is highly
dependent on the anion species, and ultralong low-temperature
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phosphorescence is observed when changing the iodide ions to
anions with a weaker heavy atom effect. The host-guest phos-
phonium salts show solvatochromism when exposed to solvent
molecules. Leveraging the solid-state solvatochromism and
ultra-long low-temperature phosphorescence, the family of C3-X
materials was elaborately designed as anti-counterfeiting
patterns. This work provides a promising route to design
charged molecules with switchable TADF and long-lived phos-
phorescence by tuning the anion-w" interactions.

Results and discussion
Synthesis and electronic transition analysis of the iodide salts

The propylated phosphonium iodide (C3-I) was synthesized
through a conventional reaction between tertiary phosphine and
iodopropane (please see the Experimental section in the ESIT{ file
for details). As displayed in Fig. 1a, C3-I powders exhibit bright
blue emission under UV light. "H and *'P NMR spectra verify the
successful synthesis of the target molecules. The organic
composition of C3-I was further proved by the elemental analysis
results (Table S17). Single-crystal X-ray diffraction suggests that
a new P-C bond is formed in C3-I, where the I anions distribute
among the phosphonium cations (Fig. S1}). The coincidence of
the experimental and simulated PXRD patterns certifies the
purity of the C3-1 powders (Fig. S2}). The phosphonium cations
stack in a head-to-tail arrangement, and one phosphonium
cation is paired with a counter anion, suggesting abundant weak
inter- and intra-molecular interactions. The m-m stacking is

Pob o] [ JPLE,emof470 | €, | i
1.0 1.0
o2 [CTIPL, ex@365 2 320K —— 240K
i 8 2 300K 220K
. C 4 C 4
g R 2 0.8 280K 200K
[ 3 260 K 180 K
i o6 a 0.6 —— 160K
LB 3 —— 140K
I =044 \ 2041 120K
i g g 100 K
n So2 So0.2- 77K
c3l 00l . : , , 00+ ey
300 400 500 600 700 400 450 500 550 600 650 700 750
e Wavelength (nm) Wavelength (nm)
d 10000 4 f .
264 es e 77K —— 160K —— 300K ;

= e Activated 100K — 180K 320K S

©2.60- 1000 120K 200K

c - | 220K

2 . o

2 2.56- 5

o =

=2 L -

8252 a

T Deactivated i

2481 g a s e @
50 100 150 200 250 300 350

Temperature (K)

Time (ms)

Fig. 1 Photophysical properties of C3-I. (a) Photographs of C3-1 powders under visible and UV light. (b) PLE and PL spectra of C3-I. (c)
Temperature-dependent PL spectra of C3-I. (d) PL peak positions of C3-I| versus temperature. (e) Temperature-dependent CIE coordinate
diagram TRPL decay curves of C3-I. (f) Charge density difference of Sg — S; excitation for C3-I. The electron density decreases in the orange area

and increases in the green area.
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suppressed due to the twisted structure of tetrahedral
phosphonium.

The photophysical properties of C3-I were further investi-
gated. As shown in Fig. 1b, C3-I powders exhibit broad-band blue
emission at 470 nm, delivering a high PLQY value of 75.3% when
excited at 365 nm. Excitation-wavelength-dependent PL spectra
demonstrate that the blue emission originates from the same
energy level (Fig. S31). Temperature-dependent PL spectra show
a redshift and broadening trend as the temperature decreases
(Fig. 1c). The PL peak position remains unchanged within the
temperature range of 77 K to 160 K, which can be ascribed to the
spin-forbidden phosphorescence emission from T; to S,
(Fig. 1d). The triplet excitons can overcome the energy barrier
between S; and T, states, giving rise to TADF emission from S; to
So. The emission color transforms from blue to green as the
sample is cooled down to 77 K (Fig. S4t), providing one of the
encryption channels for designing anti-counterfeiting patterns.
The temperature-dependent TRPL decay curves of C3-I display
a thermally activated acceleration trend, agreeing well with the
TADF mechanism. The TRPL spectrum of C3-I at 300 K gives an
overwhelming proportion of TADF (97.34%) compared to prompt
fluorescence (2.66%), suggesting that prompt fluorescence is
suppressed in C3-I due to the high ISC rate induced by I".

Time-dependent density functional theory (TDDFT) calcula-
tion was performed to reveal the charge transfer dynamics of
excited states. As shown in Fig. S5, the highest occupied
molecular orbitals (HOMO) are distributed on the iodide ions
and dimethylamine-substituted phenyl fragments, while the
lowest unoccupied molecular orbitals are located on the phenyl
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groups connected with the phosphonium core, showing
a spatially separated pattern. Furthermore, the hole-electron
analysis demonstrates that the S, — S; excitation mainly
involves the n-m* and iodide-anion-to-m* transitions (Fig. 1f).
Therefore, the intramolecular donor-acceptor interaction
within organic cations and intermolecular anion-m" stacking
would play an important role in the electronic transition of
solid-state C3-I.

Our group previously synthesized a family of novel phos-
phonium salts (BzDPP-X) by adopting substituted phosphine
and phosphonium as the electron donor and acceptor linked by
the polarized m-spacer. The prepared phosphonium bromide
and iodide salts exhibit intriguing green TADF emission with
much lower PLQY values of 26.9% and 9.8%.?° The higher PLQY
for the present C3-I than the previous BzZDPP-X is ascribed to the
stronger electron-donating ability of dimethylamine and more
effective charge transfer in C3-I.

Mechanism investigation of the anion-dependent emission

To investigate the role of the counter anions, we performed ion
exchange from parental C3-I and obtained a series of C3-X (X=
BF, , ClO, , NO;, CF3S0; ) salts. As displayed in Fig. 2a and
b, the obtained C3-X salts show anion-dependent emission
under UV light. Intriguingly, C3-BF, delivers pure blue emission
at 458 nm, while C3-NO; shows green to yellow emission at
507 nm (Fig. 2c and S6at). Notably, C3-CF;SO; delivers an ultra-
high PLQY value of 99.1% (Fig. S6bt). The TRPL decay curves of
C3-X with different anion components (Fig. 2d) can be fitted by
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Fig.2 Role of counter anions. (a) Structures of C3-X with different counter anions. (b) Photographs and (c) PL spectra of C3-X under 365 nm UV
light. (d) TRPL decay curves of C3-X at 300 K. (e) Long-lived PL lifetimes of C3-X with different anions.
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double-exponential functions, which can provide more infor-
mation about the emissive mechanism. The TRPL decay curves
suggest that C3-I has the shortest lifetime due to the heavy atom
effect of iodide (Fig. 2e). The role of heavy atom effect in the
accumulation of triplet excitons in TADF phosphonium salts is
consistent with previous reports. For instance, the previous
BzDPP-X reported by our group shows anion-dependent emis-
sion, where the Cl-based salt is a pure fluorescent material due
to the weaker heavy atom effect and low intersystem crossing
rate.”

The crystal structure of C3-NOj; could not be obtained due to
its poor crystallization ability. Therefore, C3-BF,;, C3-I, and
C3-CF;S0; were chosen as the models to investigate the emis-
sion mechanism.

SCXRD analyses reveal that the counter anions of BF,  and
CF3S0;~ successfully substitute the iodide ions (Fig. S77).
Temperature-dependent PL spectra of C3-X were collected to get
more in-depth insights into the influence of counter anions. As
shown in Fig. 3a and S8,1 C3-BF, exhibits an emission peak at
458 nm that originates from the coexistence of short-lived
prompt fluorescence and long-lived TADF emission of the
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S; — S, transition. Intriguingly, as the temperature decreases,
a shoulder peak at 516 nm appears, while the intensity of the
peak at 458 nm decreases. C3-BF, shows dual emission at 78 K,
and the peak at 516 nm arises from the phosphorescence
emission. The TRPL decay curve probed at 516 nm gives an
ultra-long average lifetime of 357.18 ms, suggesting the phos-
phorescence nature at 78 K (Fig. 3b). The phosphorescence
spectra of C3-BF, at 78 K were obtained using the time-gate
module (Fig. 3c), which is located at 516 nm with a broad-
ened full width at half maximum (FWHM) compared with
300 K. For C3-CF;3S503, a similarly broadened trend was observed
at 77 K (Fig. 3d and S97). The TRPL decay curve of C3-CF;SO; at
77 K gives an average lifetime of 995.15 ms, stemming from the
phosphorescence emission (Fig. 3e). As displayed in Fig. 3f, the
phosphorescence spectrum obtained from the time-gate
module shows a broad band profile at 517 nm. Apart from
C3-BF, and C3-CF3S03;, C3-NO; powders also show green and
ultra-long phosphorescence with an average lifetime of 309.76
ms at 77 K (Fig. S107).

TDDFT calculations were also performed on C3-BF, and
C3-CF3S0;. It turned out that C3-BF, and C3-CF;SO; exhibit
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Fig. 3 Electronic transition behavior of C3-X. (a) Temperature-dependent PL spectra of C3-BF,4. (b) TRPL decay curve of C3-BF4 at 78 K. (c) The
prompt and delayed PL spectra of C3-BF, at 78 K. (d) Temperature-dependent PL spectra of C3-CF3SOs. (e) TRPL decay curve of C3-CF3SOs at
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larger AEgy of 0.2240 and 0.2557 eV than that of C3-1(0.1794 eV).
The larger AEsy values are responsible for the lower kgysc of C3-
BF, and C3-CF;SO; than C3-I (Table S3t1). Different from C3-I,
the counter anions in C3-BF, and C3-CF;SO; are not involved
in the HOMO and LUMO orbitals. Hole-electron analyses of C3-
BF, and C3-CF;S0; reveal that the electron density decreases on
the dimethylamine-substituted the phenyl fragment and
increases on the phosphonium fragment for the S, — S; exci-
tation, which lacks the participation of counter anions (Fig. 3g
and h).

Previous reports have highlighted the importance of inter-
molecular and intramolecular interactions in the anion-
dependent donor-acceptor phosphonium
salts.**** NCI (non-covalent interaction)® and IGMH (indepen-
dent gradient model based on Hirshfeld partition of molecular
density)**** analyses prove the abundant intramolecular and
intermolecular interactions in C3-I, C3-BF,, and C3-CF;SO;. The
analyses were performed using the Multiwfn package.>**® As
shown in Fig. S11,f NCI analyses for C3-I, C3-BF,, and C3-
CF;S0; indicate there is weak intramolecular interaction
between the dimethylamine-substituted phenyl group and
phenyl group connected with the phosphonium core. The
intramolecular interaction within the host-guest phosphonium
cations promotes the electronic transition of n — m*, which is
proved by the TDDFT calculation. Furthermore, Fig. S12F
presents the IGMH results of C3-I, C3-BF,, and C3-CF3SO;; there
exist intermolecular CH---7t, CH---CH, and CH--I (or CH-'F,
CH---O) of cation-cation and cation-anion interactions. The
anion-cation complexation energy of C3-I between the posi-
tively charged phosphonium and electronegative iodide anion
is calculated as —66.06 kcal mol ', demonstrating stronger
anion-cation interaction than C3-BF, and C3-CF;SO;
(Fig. S137). The contribution of iodide ions to the frontier
orbitals and effective excited state charge transfer from iodide
ions to phosphonium cations reduce the energy gap between S;
and T; for C3-I, accounting for the higher ISC and RISC rates.
The anion-cation complexation energy of C3-BF, and C3-
CF3S0; between phosphonium and the anions are calculated as
—41.54 and —63.42 kcal mol™*. The more compact stacking in
C3-CF;S0; compared with C3-BF, restricts the motion and non-
radiative recombination of organic cations, accounting for the
longer decay time of C3-CF;SO; than C3-BF,.

Based on the above results, the emissive mechanism of C3-X
can be described by the model shown in Fig. 3i. The electrons
are pumped to the excited singlet states and then relax to the
lowest excited singlet state (S;) or undergo an ISC process to
form triplet excitons. The direct recombination from S; to the
ground state (S,) gives rise to the short-lived prompt fluores-
cence. The triplet excitons can overcome the splitting energy
between S; and T; to populate the S; state, and then TADF
emission with a micro-second lifetime was observed within the
activated temperature range. The recombination from T; to S,
generates ultra-long phosphorescence (afterglow) at low
temperatures. The weaker spin-orbital coupling effect and
larger AEgr compared with C3-I lead to the pronounced prompt
fluorescence recombination and longer phosphorescence decay
time of C3-BF, and C3-CF;S0;.

emission of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Solvation effect in C3-X

To explore the emission behavior in polar solvents, C3-1
powders were dissolved in different kinds of solvents. As
shown in Fig. 4a, since the dimethylamine-substituted phenyl
and the phosphonium fragments afford the host-guest struc-
ture, the solutions of C3-1 exhibit a strong solvatochromism
effect, with green to yellow emission under UV light.”*® The PL
spectrum of the C3-I solution in CH,Cl, is located at 512 nm
and redshifts to 561 nm in water due to the increase of solvent
polarity (Fig. 4b, ¢, and Table S47). The TRPL decay curve of the
CH,Cl, solution gives an average lifetime of 4.65 ns, lacking
a long-lived component (Fig. S147). It is conceivable that the
cation-anion pair dissociates into isolated ions, leading to the
disappearance of anion-m stacking. Furthermore, the solvent
molecule would bring non-radiative recombination channels to
the phosphonium cations and inhibit the population of triplet
states, leading to the absence of TADF emission in solution.*

Meanwhile, C3-CF;S0;, C3-BF,, and C3-NO; were also dis-
solved in CH,Cl,, exhibiting green emission under UV light and
showing consistent PL profiles (Fig. S15). The emission of C3-X
in solution originates from the phosphonium cations, which
are independent of the anions. The dipole-dipole interaction
between phosphonium cations and polar solvent reduces the
excited singlet state and affords the solvatochromic green
emission at room temperature. More information about the
solvent effect can be obtained from the solvent-dependent
absorption spectra of C3-1. As shown in Fig. S16,1 the absorp-
tion bands of C3-I are independent of the solvent. The induced
structural relaxation of donor-acceptor organic cations results
in the rearrangement of solvent molecules. Such phenomena
are consistent with the reported donor-acceptor molecules,
which possess larger excited-state dipole moments than the
ground state.®®®* Intriguingly, the frozen CH,Cl, solutions of
C3-CF5S03, C3-BF,, C3-NO3;, and C3-I exhibited unexpected blue
prompt emission and green afterglow when they were cooled to
77 K. As shown in Fig. S17,1 the phosphonium cations in the
frozen CH,Cl, solutions of C3-X show coincident blue fluores-
cence emission and green afterglow at 475 and 535 nm,
respectively. The reemerging blue fluorescence emission and
ultra-long green phosphorescence emission in the frozen
phosphonium cations stem from the suppressed vibration-
induced non-radiative process. Besides, the low-temperature
phosphorescence of C3-I in different polar solvents was also
investigated. As shown in Fig. S18,T blue fluorescence and green
emission were also observed in the frozen EtOH and DMSO
solutions. Notably, the EtOH solution shows the longest phos-
phorescence at 77 K (Fig. S191), originating from the hydrogen
bonding of organic cations with EtOH molecules, which further
increases the rigidity of organic cations. Therefore, the emis-
sion behavior of isolated organic cations in frozen polar
solvents resembles that of solid-state salts. The compact
packing of the cation-anion pair in the solid state and when
frozen inhibit the vibration of the organic moiety, accounting
for the population of triplet excitons through ISC.

Considering the solvation response to polar solvents, we
attempted to synthesize solid-state materials containing solvent

Chem. Sci., 2025, 16, 7239-7248 | 7243
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PL spectra and (c) PL peak positions of C3-1 solutions in different polar solvents. (d) The conversion between C3-1 and C3-I| containing CH,Cl,
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10.16CH,Clo. (@) *H NMR spectra of C3-l and C3-1-0.16CH,Cl. (h) Temperature-dependent PL spectra of C3-1-0.16CH,Cl,.

molecules. In detail, C3-I powders were dissolved in CH,Cl,,
and then ethyl acetate was added to serve as the anti-solvent.
Finally, polycrystals with bright-green emission were precipi-
tated from the mixed solution as the solvents evaporated
(Fig. 4d). Fig. 4e demonstrates that the green-emissive poly-
crystals show a broad-band PL spectrum at 510 nm. As shown in
Fig. 4f, NMR analysis verifies the existence of CH,Cl, molecules.
The content of CH,Cl, is calculated as 2.38% (Fig. 4g), and the
ratio of CH,Cl, to C3-I is derived as 0.16. Temperature-
dependent PL spectra were carried out to investigate the emis-
sion behavior in solid-state C3-I containing CH,Cl, molecules.
As shown in Fig. 4h, C3-1-0.16CH,Cl, shows green emission at
300 K, while the emission peak exhibits a redshifted trend and
delivers yellow emission at 77 K (Fig. S20at). Meanwhile, the
temperature-dependent TRPL decay curve also shows a ther-
mally activated acceleration trend, which gives an ultra-long
lifetime of up to milliseconds at 77 K (Fig. S20b}). These
results reveal that both the pure C3-I and C3-I-0.16CH,Cl,
powders exhibit TADF emission behavior, indicating the solva-
tion effect also works in the solid state.®>*

7244 | Chem. Sci, 2025, 16, 7239-7248

The analogous butylated iodide (C4-I) powders were
prepared through a similar reaction between tertiary phos-
phine and iodobutane.”® C4-I powders exhibit bright sky-blue
emission under UV light excitation and give an ultra-high
PLQY of nearly 100%. As shown in Fig. S21a,f the steady-
state PL spectra of C4-I exhibit a broad emission band at
473 nm and then redshift to 499 nm as the temperature
decreases from room temperature to 78 K. The temperature-
dependent TRPL spectra present a thermally activated trend,
demonstrating the TADF emission mechanism (Fig. S21bf).
Furthermore, TDDFT calculation was carried out on C4-I.
Fig. S21ct provides the charge density difference (CDD)
profile of S, — S; excitation for C4-1. The lowest absorption of
So — S; involves the charge transfer from I to =* and
dimethylamine-substituted phenyl fragment to w*. The pho-
tophysical properties and electronic transitions of C3-I and C4-
I are similar, where the quaternary phosphonium group is
sandwiched by dimethylamine and iodide ion, promoting
effective charge transfer. Transparent C4-I single crystals were
precipitated from the mixed solutions. C4-I single crystals

© 2025 The Author(s). Published by the Royal Society of Chemistry
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show bright blue emission under UV light, agreeing with the
parental C4-I powders (Fig. S21dt). NMR analysis indicates
that the recrystallized C4-I single crystals are devoid of solvent
molecules. It is hypothesized that although the structures of
C3-I and C4-I are very similar, the small difference in chain
length of the substituent groups induces C3-I to recrystallize in
the solvent-containing structure.

Construction of the anti-counterfeiting system

Considering the sophisticated luminescence response of C3-X
at room temperature and liquid nitrogen temperature, we
aimed to construct multiplexed anti-counterfeiting systems. As
displayed in Fig. 5a, C3-I and C3-I-0.16CH,Cl, powders show
blue and green emissions at room temperature, while

RT (UV on)

77 K (UV on) 77 K (UV off)

spipenmn
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exhibiting green and yellow emissions at 77 K due to the TADF
emission mechanism. C3-CF;S0O;, C3-BF,, and C3-NO; feature
blue or green emission at room temperature, which also exhibit
red-shifted emission at 77 K. Benefiting from the weaker SOC
endowed by the loose anion-cation interaction, C3-CF;SO3, C3-
BF,, and C3-NO; exhibit ultra-long green phosphorescence at 77
K, which can even be observed by the naked eye. Notably, C3-
CF;S0; delivers the longest phosphorescence, with a duration
time of nearly 10 seconds, showing the feasibility of con-
structing a lifetime-encrypted anti-counterfeiting system.
Fig. 5b demonstrates the operating mechanism of the logic
gate. An 8 x 8 dot matrix was built by combining C3-1, C3-
1-0.16CH,Cl,, C3-CF3S03, and C3-BF, (Fig. 5¢). If we denote the
green emission dot as “1” and the non-emissive or blue-

=/,

77 K (UV off, t=1 s)

Invalid code Invalid code

. 4 . 4
W[ J[u](s][¥][mi[e] [s][Y][s][u][c][H][E][m]

Fig.5 Anti-counterfeiting application. (a) The prompt and afterglow photographs of C3-X at room temperature and liquid nitrogen temperature.
(b) The operating mechanism of the logic gate. (c) Anti-counterfeiting patterns at (i) room temperature (UV on), (i) liquid nitrogen temperature
(UV on), and afterglow images at (iii) t = 1's, (iv) 10 s. (d) The dynamic images of a Chinese landscape painting.
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emission dot as “0”, a series of binary codes can be obtained at
different temperatures and delay times (Fig. S221). The binary
codes obtained at room temperature and 77 K give invalid
information. The binary code at 77 K with a delay time of 1 s is
translated as “WJ_uSYmo.” The real decryption procedure is
only available to the authorized staff, and the final code is
derived as “SYSUCHEM” (Sun Yat-sen University, Chemistry). A
traditional Chinese landscape painting was drawn by using C3-
I, C3-CF3S03, C3-NO3, and C3-BF, as the pigments (Fig. 5d). The
pattern shows dynamic changes at room temperature and 77 K
(delay time = 0 s, 1 s, and 10 s). Therefore, by combining the
solvation effect in solid state, TADF emission, and anion-
controlled low-temperature afterglow, this family of phospho-
nium salts can be used as multiplexed anti-counterfeiting
material.

Conclusions

In summary, we successfully prepared a class of host-guest
phosphonium salts with bright blue TADF emission. The
phosphonium iodide exhibits high ISC and RISC rates due to
the heavy atom effect of iodide. The spin-orbital coupling effect
can be tuned by changing the anion components, affording
a series of phosphonium salts with tunable emission and decay
times. The solid-state salts with different anions give ultra-long
phosphorescence at low temperatures, allowing the feasibility
of designing anti-counterfeiting tags. Investigation of the
emission behavior in polar solvents revealed that the anion-=
stacking in the solid state plays a vital role in the population of
the triplet state. Intriguingly, a solid-state phosphonium iodide
containing CH,Cl, molecules was prepared, which shows sol-
vatochromism and TADF emission in the solid state. With the
merits of temperature-dependent TADF emission, sol-
vatochromism effect, and tunable phosphorescence, C3-X and
C3-1-0.16 CH,Cl, were elaborately designed as an anti-
counterfeiting system with a high security level.
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