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Endowing metal halide hybrids (MHHs) with time-resolved emission and afterglow could significantly
broaden their applications in fields such as information security and anti-counterfeiting. Nonetheless,
there have been relatively few successes in developing organic cations with persistent room-temperature
phosphorescence (RTP) to construct MHHs with afterglow. In this work, we synthesize a new polyazole,
3,5-di(1H-pyrazol-4-yl)-4H-1,2,4-triazol-4-amine (DPTA), with green persistent RTP up to 1.5 s. The
afterglow of DPTA reaches up to ~1.0 s even after being assembled into 0D (DPTAH3)InClg-2.5H,0 (DIC).
Due to strong overlap between the triplet emission of DPTA and 15y - 3P, absorption of Sb3*, efficient
triplet energy transfer (TET) with the highest yield of 65.3% and a near-unity photoluminescence quantum
yield (PLQY) is achieved. More importantly, the afterglow persistence time of DIC:x% Sb can be easily tai-
lored through Sb>* doping. Given the Sb>*-dependent emission color and long persistence time, a series
of DIC:x% Sb are successfully utilized to demonstrate high-security-level anti-counterfeiting application.
This work shows an effective strategy for designing new MHHSs with tunable emission and afterglow per-
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1. Introduction

Zero-dimensional (0D) metal halide hybrids (MHHSs) with fully
isolated organic cations and metal halide polyhedra have
kindled tremendous interest in solid-state emission, X-ray scin-
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tillators, photoluminescence (PL) sensing, anti-counterfeiting,
etc."® Similar to halide perovskites,”™® the photophysical pro-
perties of MHHs are mainly determined by the metal and
halide components, while the organic component mainly
serves as a structural counterion.’®*® To modulate the optical
properties of MHHSs, various strategies, such as adopting
diverse organic cations**>* and doping metal ions,**° have
been utilized. Compared to inorganic ions with limited choice
and coordinated environments, organic components offer
more flexibility in structural manipulation and regulation of
optical properties.*" Therefore, there has been strong interest
in developing new organic cations with unique optical charac-
teristics and enhanced interaction with inorganic emissive
centers to improve the optical properties of MHHs for different
applications.**™*

Conjugated organic molecules with persistent room-temp-
erature phosphorescence (RTP) are highly attractive in bio-
imaging, chemical sensing and anti-counterfeiting.>* To date,
only a few organic counter-cations such as tetraphenylpho-
sphonium and triphenylsulphonium have been successfully
assembled into low-dimensional MHHs with RTP.>***° The
persistent RTP of most A-site organic cations is usually absent
once they are integrated with an emissive metal halide polyhe-
dron due to their large free volume of organic cations in
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hybrids.?® Therefore, it still remains a great challenge to
acquire MHHSs with persistent RTP.

In this work, we have successfully synthesized a nitrogen-
rich  heterocycle  3,5-di(1H-pyrazol-4-yl)-4H-1,2,4-triazol-4-
amine (DPTA), which exhibits persistent RTP up to 1.5 s. Due
to the multiple protonated sites and strong coulombic inter-
action with metal halide polyhedra, the rotation and vibration
of DPTA are greatly suppressed. Long afterglow remains even
after being assembled into 0D (DPTAH;)InCls-2.5H,0 (DIC).
Moreover, efficient triplet energy transfer (TET) is achieved via
Sb>" doping that leads to unique Sb**-dependent RTP lifetimes
and emission colors.

2. Results and discussion
2.1 Structural and optical properties of DPTA

DPTA was synthesized through a simple solvothermal method
(Fig. 1a) with the detailed synthetic procedure given in the
ESL{ Single-crystal X-ray diffraction (SCXRD) studies show that
DPTA adopts a monoclinic Cc space group and the detailed
crystal parameters are given in Table S1.f Due to the presence
of electronegative N atoms in DPTA, an intermolecular hydro-
gen-bonding network with bond lengths (H---N) ranging from
2.02 to 2.26 A is constructed (Fig. 1b and Fig. S1at), which sup-
presses the vibration and rotation of DPTA molecules. DPTA
molecules are parallelly arranged through n-n stacking with an
intermolecular spacing around 3.545 A (Fig. S1bt). The well-
matched powder XRD with the simulated pattern (Fig. 1c) and
the 'H nuclear magnetic resonance (‘H-NMR) spectrum
(Fig. S2t) indicate the high purity of DPTA.

Fig. 2 shows the UV-vis absorption and prompt PL spectra
of DPTA powders and solution. From the electronic absorption
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spectrum in Fig. 2a, it can be seen that DPTA exhibits gradu-
ally increased absorption towards shorter wavelengths with
two step-like onsets starting from 380 and 320 nm, respect-
ively. Upon excitation at optimal 385 nm, the white DPTA
powders show a cyan emission located at 455 nm with a PL
quantum yield (QY) of 10.4%, as shown in Fig. 2a. The corres-
ponding PL excitation (PLE) spectrum of DPTA powders shows
a main band that peaked at 385 nm with a distinct shoulder at
320 nm upon monitoring at 455 nm, which correlates well
with the absorption spectrum. Interestingly, DPTA powders
exhibit excitation-dependent PL, as shown in Fig. S3.f The
main peak shifts from 383 to 460 nm gradually upon excitation
at different wavelengths. This excitation-dependent PL is
usually found in pyrazole derivatives due to the excited-state
inter/intra-molecular proton transfer.***

When dissolving DPTA in dimethyl sulphoxide (DMSO), the
absorption spectrum of DPTA solution resembles that in the
powder form, except the disappearance of the absorptive band
around 365 nm (Fig. 2b), which is attributed to DPTA in the
aggregated form. Interestingly, the PL spectrum of DPTA solu-
tion shows two highly overlapped bands upon 365 nm exci-
tation, which are centered at 425 and 441 nm, respectively.
Nevertheless, the emission blue-shifts to 395 nm upon exci-
tation at 320 nm, confirming the presence of multiple emissive
excited states in DPTA.

Fig. 2c shows the delayed PL of DPTA at 1 ms upon photo-
excitation at 385 nm, in which a major PL band that peaked at
476 nm is observed along with two distinct shoulders at 435
and 518 nm. Because of the presence of a high percentage of
heteroatoms and strong intermolecular interaction, the triplet
emission of DPTA likely results from the n-n* electronic tran-
sition.”® Compared to the prompt PL spectrum of DPTA
powders, the main delayed PL band red-shifts by ~20 nm,
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Fig. 1 (a) Reaction pathway, (b) crystal structure and (c) XRD pattern of DPTA. The red dashed lines in (b) indicate the intermolecular hydrogen
bonds.
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Fig. 2 UV-vis absorption, prompt PL (solid line) and PLE (dashed line) spectra of (a) DPTA powders and (b) 0.1 M DPTA solution (solvent: DMSO). (c)
Delayed PL (lex = 385 nm) of DPTA powders at 1 ms. (d) Digital pictures of the “STU" pattern filled with DPTA powders under natural light and UV
irradiation and with the UV irradiation switched off. The afterglow pictures were taken using Huawei P60 Pro.

which is attributed to the internal conversion (IC) and inter-
system crossing (ISC) from the singlet states to the triplet
states. Consistent with the prompt and delayed PL spectrum,
the “STU” pattern filled with DPTA powders exhibits cyan
emission under UV irradiation (365 nm), while a green after-
glow up to 1.5 s emerges once the UV irradiation is switched
off (Fig. 2d). The lifetime of this persistent RTP is further con-
firmed through time-resolved PL, in which the lifetime
achieved is as long as 590 ms (Fig. S47).

2.2 Structural and optical properties of DIC

Protonated DPTA ([DPTAH;]**) was further hybridized with
indium chloride and the structure of DIC is shown in Fig. 3a

and b. The colorless DIC single crystal possesses a triclinic P1
space group (Table S2t) with the chemical formula (DPTAH;)
InClg-2.5H,0. Similar to other 0D metal-based MHHs,2%%4
[DPTAH;]** mainly interacts with [InClg]>~ octahedra through
coulombic and hydrogen-bonding interaction. Apart from the
strong m-n stacking interaction (3.402 A) between adjacent
[DPTAH;]** (Fig. 3b), the hydrogen-bonding network mediated
by the H,O guest is further constructed in DIC (Fig. S57).
Therefore, [DPTAH;]*" cations are fixed in a relatively rigid
environment, which effectively hinders the molecular vibration
and rotation. The good agreement between the XRD pattern of
DIC measured (Fig. 3c) and the simulated result indicates the
high purity of the prepared sample.
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Fig. 3 Unit cell of DIC viewed from (a) a and (b) c axes; H atoms are omitted. (c) XRD pattern of DIC. (d) UV-vis, PL and PLE spectra of DIC.
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Similar to DPTA, DIC also shows a sharp absorption onset
around 320 nm (Fig. 3d), indicating the predominant contri-
bution of DPTA to the band edge of DIC. The main emission
peak of DIC blue-shifts to 418 nm with two distinct shoulders
located at 478 and 518 nm in the prompt PL spectrum, in
good agreement with the delayed PL spectrum of DPTA
(Fig. 2c¢). Such a coincidence implies the boosted RTP of DPTA
after hybridization with metal halides, possibly arising from
the rigid structural environment and external heavy-atom
effects of DIC. Correspondingly, the PLE spectrum shows a
main band that peaked around 370 nm with a small shoulder
at 300 nm, agreeing well with that of DPTA solution, indicating
the dominant contribution of DPTA to the optical properties of
DIC. Similarly, excitation-dependent PL is also observed for
DIC (Fig. S6t), which is attributed to the excited-state inter-
molecular proton transfer. Additionally, DIC shows good stabi-
lity in open air, as shown in Fig. S7, in which no distinct
peaks of impurities are observed after 72 h.

2.3 Optical properties of Sb**-doped DIC

Sb*" was introduced into DIC as a dopant with different
doping levels (abbreviated as DIC:x% Sb, where x% represents
the molar feed ratio). The XRD patterns of DIC:x% Sb coincide
well with those of pristine DIC, indicating the absence of new
phases after doping (Fig. S8at). However, no notable shift of
diffraction peaks is observed for DIC:x% Sb, which is possibly
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attributed to the similar ionic radii of Sb®" (0.76 A, CN = 6) and
In** (0.80 A, CN = 6). To validate the successful doping of Sb*",
energy dispersive spectroscopy (EDS) was conducted, as shown
in Fig. S8b.1 DIC:10% Sb shows a uniform distribution of each
element, confirming the homogeneous doping of Sb**. The
real doping concentration was further determined through
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), as shown in Table S3.}

Fig. 4a shows the UV-vis diffuse reflectance spectra of DIC:x
% Sb. Compared to pristine DIC, a new absorption band that
peaked at 380 nm with a weak tail extending to ~500 nm is
observed for Sb**-doped DIC. This absorption band becomes
more prominent concurrent with the appearance of a new
band that peaked at 294 nm once the doping level of Sb*" is
increased to 20%. Consistent with previously reported Sb*'-
doped MHHs,'*%?%% doping with Sb*" often results in new
optical properties for hosts without ns* metal ions, since the
s-electrons of the Sb>* dopant could create energy levels within
the bandgap of the host, thereby generating new absorption
bands at longer wavelengths.”>***® According to previous
works,"?® these two bands at 294 and 380 nm are assigned to
the characteristic 'S, to 'P; and °P, transitions of Sb*",
respectively.

Correspondingly, all Sb>"-doped DIC samples exhibit an
Sb**-specific broadband emission that peaked at 580 nm in
the PL spectra (Fig. 4b), which is absent for undoped DIC.
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(a) UV-vis diffuse reflectance spectra and (b) PL spectra of DIC:x% Sb. (c) TRPL of DIC:x% Sb at (c) 518 nm (lex = 365 nm) and (d) 580 nm (e

= 365 nm). (e) Delayed PL spectra of DIC:10% Sb at 1 us and 1 ms. (f) Digital pictures of the “co/CO" pattern filled with DIC:x% Sb powders under
natural room light and UV irradiation and with the UV irradiation switched off.
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Upon increasing the doping level, the intensity of Sb>* emis-
sion increases dramatically along with the reduction of emis-
sion intensity from DPTA, indicating possible energy transfer
from DPTA to Sb**. Moreover, the PLQY can reach up to near-
unity for DIC:10% Sb, while further increasing the doping
level (DIC:20% Sb) results in a decrease of the PLQY (Fig. S97),
possibly due to concentration quenching. By tuning the
doping level of Sb*", various emission colors from blue to
white and yellow can be readily achieved. The PLE spectra of
DIC:x% Sb monitored at 580 nm are shown in Fig. S10,T where
a major band (~338 nm) along with a gradually increasing
shoulder (~363 nm) is found once the doping level of Sb*" is
increased. The main peak at 338 nm, not observed in the PLE
of pure DIC, is assigned to the electronic transition of 'S, to
*p, for Sb**,®> while the 363 nm peak coincides well with the
PLE of DPTA solution and DIC (Fig. 2b). In view of the isolated
[DPTAH;]*" in DIC, the optical properties of [DPTAH;]*" are
expected to resemble those of DPTA solution. As a result, the
363 nm peak in the PLE spectrum is attributed to the efficient
TET from [DPTAH;]** to the Sb** dopant.

To better understand the TET process, time-resolved PL
(TRPL) was conducted, with results shown in Fig. 4c. All TRPL
decay profiles of DPTA and DIC:x% Sb at 518 nm are fitted
with a triple-exponential function, with the fitting parameters
summarized in Table S4.f DPTA shows an average lifetime up
to 590 ms, consistent with the observed long afterglow around
1.5 s. Upon being assembled into rigid DIC, the average life-
time of DPTA decreases to 170 ms, due to the enhanced ISC
process induced by the external heavy atom effect.
Furthermore, the average lifetime decreases dramatically to
59 ms once the feed doping level of Sb>" is increased to 20%.
The TET yield is calculated according to the following
equation:*’

Prpr =1 — T
TpIC
where @rgr is the TET yield and 7,,¢ and 7pic are the average
lifetimes of DIC:x% Sb and pristine DIC, respectively. The TET
yields for DIC:x% Sb are given in Table S4,f wherein the
highest value of 65.3% is achieved for DIC:20% Sb. In contrast,
DIC:x% Sb exhibit increased average lifetimes of Sb*>* emission
from 7.7 ps for DIC:1% Sb to 13.3 ps for DIC:20% Sb (Fig. 4d).
Two short lifetimes around several microseconds and a long
lifetime up to hundreds of microsecond are found through
fitting the decay profiles (Table S5t). The two short lifetimes
are assigned to the characteristic Sb** emission, while the
longest one is attributed to TET-induced Sb** emission. The
changes in PL intensity and lifetime further support our
hypothesis that TET happens between organic DPTA and the
inorganic Sb*" dopant.

The TET from DPTA to Sb>* is further substantiated from
the delayed PL spectrum. As shown in Fig. 4e, the delayed PL
of DIC:10% Sb at 1 ps shows a broadband emission spanning
the whole visible range with four distinct bands that peaked at
434, 485, 516 and 640 nm, which agrees well with the prompt
PL of pristine DIC (Fig. 4b), except for the shoulder at 640 nm.

This journal is © the Partner Organisations 2023
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Intriguingly, both the peak at 435 nm and the shoulder at
640 nm are absent in the delayed PL of DIC:10% Sb at 1 ms,
indicating that their lifetimes are shorter than 1 ms.
Considering the fact that the characteristic Sb®>" emission
usually occurs at ~600 nm with a lifetime of around several
microseconds,'"**** we attribute the 640 nm peak to the Sb**
emissive center. In contrast to the complete quenching at
435 nm in the delayed PL of DIC:10% Sb at 1 ms, this peak is
clearly observed in the delayed PL of pristine DPTA at 1 ms
(Fig. 2c). Since the triplet emission at 435 nm overlaps with
the absorption of Sb>" (Fig. S117), this band may be quenched
via Forster resonance energy transfer (FRET) once the Sb**
dopant is introduced into DIC.

Although the emission color of DIC:x% Sb changes from
blue to white and yellow under UV irradiation (Fig. 4f), all the
prepared hybrids show a green afterglow once the UV
irradiation is switched off, which is from the persistent RTP of
DPTA. However, the afterglow lifetime of the “co/CO” pattern
decreases gradually from 1.0 s for DIC to 0.1 s for DIC:20% Sb,
arising from the efficient TET that results in the Sb**-depen-
dent afterglow time of DIC:x% Sb.

A temperature-dependent PL study was conducted to gain
further insight into the TET process. Upon lowering the temp-
erature, five notable emission bands located at 430, 463, 478,
499 and 518 nm are observed, as shown in Fig. Si12a.f
Nevertheless, DIC:10% Sb exhibits a totally different behavior,
as shown in Fig. S12b.f Two peaks assigned to emissive
centers of DPTA (435 nm) and the Sb** dopant (580 nm) are
clearly observed. The intensity of the Sb** emission decreases
monotonously upon lowering the temperature from 325 to
200 K and then increases with the reduction of the tempera-
ture from 200 to 77 K. In contrast, the emission of DPTA at
435 nm shows a different dependence in the temperature
range of 325-77 K, where the emission intensity increases first
followed by reduction, validating the competitive relation
between DPTA and Sb>" emission.

2.4 DFT calculations of Sb**-doped DIC

Density functional theory (DFT) calculations (Fig. 5) were con-
ducted to better understand the effect of Sb®>" doping on the
electronic structures of the host. Pristine DIC shows a direct
bandgap (Fig. 5a) of ~2.79 eV, smaller than that calculated
from the UV-vis spectrum due to the well-known underesti-
mated bandgap error for the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. Different from that the band
edge of low-dimensional MHHs usually derives from the metal
halide polyhedra,'"** the flat valence band maxima (VBM) of
DIC are mainly composed of Cl-p and N-p (Fig. 5b), while the
conduction band minima (CBM) are derived from DPTA
according to the projected density of states (PDOS). Upon
introducing Sb** dopants into DIC, the value of the bandgap
decreases slightly to 2.61 eV (Fig. 5¢), an energy level contribu-
ted from Sb 5s” is created within the bandgap, consistent with
the previous results.""*® Similarly, the orbital components of
the band edge are mainly contributed by DPTA (Fig. 5d). The
dominant contribution of DPTA to the CBM and VBM of DIC
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Fig. 5 Band structures and calculated PDOS of DIC (a and b) and Sb-doped DIC (c and d).

agrees well with the experimental results that the optical pro-
perties of DIC mainly derive from DPTA.

2.5 TET mechanism of Sb**-doped DIC

Based on the above experimental results, a TET mechanism is
proposed and schematically shown in Fig. 6. Upon excitation
at 365 nm, electrons in the ground state (S,) of DPTA are pro-
moted to the first excited singlet state (S,). Subsequently, some
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Fig. 6 Schematic illustration of the TET mechanism in DIC:x% Sb.
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excited electrons relax back to the ground electronic states
while other electrons undergo an ISC process to the triplet
states (T,). The recombination of triplet excitons results in
broadband RTP in the 400 to 650 nm region, which overlaps
with the electronic transition of 'S, — P, for Sb*". Therefore,
TET will occur via the FRET mechanism upon the introduction
of the Sb** dopant.

2.6 Anti-counterfeiting applications of DIC:x% Sb

To take advantage of the Sb*'-dependent afterglow lifetime of
DIC:x% Sb, a proof-of-concept for time-resolved information
encryption was conducted, as shown in Fig. 7. DIC:x% Sb and
non-emissive KBr were filled into the 888-shaped pattern
(Fig. 7a). Although an identical optical appearance of “888”
under natural room light was observed, this pattern shows a
distinct “L88” with yellow emission under UV light. Upon
removing 365 nm UV light, the letters “LUO” with green after-
glow are found. In principle, the information can be multiply
encrypted through combining DIC:x% Sb samples with a cus-
tomized afterglow lifetime. Similarly, the time-dependent
emission feature of DIC:x% Sb exhibits great potential in anti-
counterfeiting, as shown in Fig. 7b. The logo of Shantou
University made with DIC:x% Sb shows a phoenix (filled with
DIC:10% Sb) on the top of a cloud (filled with DIC). Under the
excitation of 365 nm UV light, the logo shows a golden
phoenix with a blue cloud. Due to the similar afterglow color
of DIC and DIC:10% Sb, a complete green logo is observed at
the delay time of 0.1 s. However, the golden phoenix dis-
appears while the green cloud remains after 0.5 s due to the
short afterglow lifetime of DIC:10% Sb. These results demon-
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Experimental results

Fig. 7 (a) Schematic illustration of the information encryption and decryption of “888" based on DIC:x% Sb. (b) Time-resolved anti-counterfeiting of

the Shantou University logo made with DIC:x% Sb.

strate the great potential of DIC:x% Sb for applications in
high-security-level anti-counterfeiting.

3. Conclusion

In summary, we have synthesized a new polyazole heterocycle
DPTA with green persistent RTP up to 1.5 s. The afterglow of
DPTA persists even after being hybridized with indium halide.
Comprehensive photophysical studies reveal that efficient TET
from DPTA to the Sb*" dopant happens via a FRET mecha-
nism, resulting in various emission colors and afterglow times
of DIC:x% Sb. Benefiting from the Sb**-dependent emission
colors and afterglow lifetimes, DIC:x% Sb demonstrate good
potential in time-resolved anti-counterfeiting and information
security applications. This work provides new insights into the
photophysical properties of MHHs with persistent RTP for
high-security-level anti-counterfeiting.
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