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waveguides†

Bo Zhou and Dongpeng Yan *

Information security of photonic communications has become an important societal issue and can be

greatly improved when photonic signals are propagated through active waveguides with tunable

wavelengths in different time and space domains. Moreover, the development of active waveguides that

can work efficiently at extreme temperatures is highly desirable but remains a challenge. Herein, we

report new types of low-dimensional Zn(II)–organic halide microcrystals with fluorescence and room-

temperature phosphorescence (RTP) dual emission for use as 1D color-tunable active waveguides.

Benefiting from strong intermolecular interactions (i.e., hydrogen bonds and p–p interactions), these

robust waveguide systems exhibit colorful photonic signals and structural stability at a wide range of

extreme simulated temperatures (>300 K), that covers natural conditions on Earth, Mars, and the Moon.

Both experimental and theoretical studies demonstrate that the molecular self-assembly can regulate

the singlet and triplet excitons to allow thermally assisted spectral separation of fluorescence and RTP, in

combination with the single-component standard white-light emission. Therefore, this work

demonstrates the first use of metal–organic halide microcrystals as temperature-gating active

waveguides with promising implications for high-security information communications and high-

resolution micro/nanophotonics.
Introduction

In an era of “knowledge explosion”, information safety during
the communication process has become an important issue in
human society. Due to the relatively narrow bandwidth, low
power density, large energy dissipation, and information
leakage potential of traditional electronic devices, researchers
have endeavored to construct all-optical devices that can
compensate for these drawbacks in electronics.1–5 Active wave-
guides that can transmit photoluminescence (PL) signals from
an excited position to the other end have been gradually
developed as typical parts of optical devices.6–9 To date, most of
the propagated PL signals in active waveguides derive from
uorescence, which radiates from singlet excited states with
a nanosecond lifetime. In recent years, molecular persistent
sion and Storage Materials, College of
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luminescence (such as room-temperature phosphorescence
(RTP) and thermally activated delayed uorescence (TADF))
with ultralong-lived excited lifetimes has shown great potential
in the elds of optical displays and micro/nanophotonics.10,11

Moreover, it is worth noting that this persistent luminescence
lifetime is usually on the scale of microseconds (ms) to seconds
(s) due to the spin-forbidden transition between singlet and
triplet excited states, which can be distinguished from uores-
cence by time-gating technology.12–16 Such difference will be
more pronounced if the overlap between prompt uorescence
and decayed emission spectra is decreased. Therefore, it is
reasonable to speculate that the security of photonic commu-
nication can be greatly improved when the photonic signal is
propagated through active waveguides that simultaneously emit
uorescence and phosphorescence with different time and
space domains. Particularly, to meet the needs of space travel
and future human life, it is imperative to develop active wave-
guide systems for signal transformation that can work at
extremely low/high temperatures; however, no optical wave-
guide functioning under such wide-range temperature vari-
ability has yet been detected in real life.

Metal–organic halide crystalline materials with tunable
dimensionality from 3D to 2D, 1D, or 0D have attracted exten-
sive attention in the elds of displays, photocatalysis,
Chem. Sci., 2022, 13, 7429–7436 | 7429
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photodetectors, and information encryption, among others.17–28

Particularly, researchers have demonstrated that metal–organic
halides can exhibit high photoluminescence quantum yield
(PLQY), which is benecial to the development of efficient low-
dimensional waveguides.18 Theoretically, the introduction of
heavy atoms (i.e., transition metals and halogens) within metal–
organic halides would boost spin–orbit coupling (SOC) and
intersystem crossing (ISC) to improve long-lived RTP and/or
TADF emission.29,30 Furthermore, the construction of rigid
metal–organic halide structures with strong intermolecular
interactions can suppress non-radiative transitions of triplet
excitons, such as thermal vibration and oxygen quenching, to
obtain efficient long-persistent luminescence.31–35 However,
whether it is possible to leverage uorescence-RTP of metal–
organic halides towards color-tunable active waveguides
remains a challenge, and such materials with both structural
and spectral stability operated at extreme temperatures is still
in a speculation.

Herein, we designed and synthesized a series of low-
dimensional Zn(II)-based metal–organic halide microcrystals
(ZnCl2–BZT, ZnCl2–CBZT, and ZnBr2–BZT) with uorescence
and RTP dual emission by employing p-conjugated phosphors
(1H-benzotriazole, BZT and 5-methyl-1H-benzotriazole, CBZT)
as organic ligands (Fig. 1a and b). Under unfocused UV irradi-
ation (365 nm), the metal–organic halide microrods or micro-
sheets exhibit typical 1D active waveguide properties, producing
bright PL emissions at the end of microcrystals, but weaker
emissions within the main body.36–40 Due to strong intermo-
lecular interactions (i.e., hydrogen bonds andp–p interactions),
these rigid low-dimensional active waveguide systems can
maintain their structural stability and integrity at a wide range
Fig. 1 Schematic representation of the tunable singlet and triplet excite
waveguide properties. (a) Related chemical structures. (b) Obtained crys
halides (ZnCl2–BZT, ZnCl2–CBZT, and ZnBr2–BZT) (scale bar: 100 mm). (c
organic halides; TADF: thermally activated delayed fluorescence; RTP: r
diate triplet excited states; IC: internal conversion.

7430 | Chem. Sci., 2022, 13, 7429–7436
of simulated extreme temperatures (>300 K), including natural
conditions on Earth, Mars, and the Moon. Signicantly, the
metal–organic halide active waveguides present thermally
assisted separation between singlet and triplet excited states,
thus avoiding the spectral overlap for uorescence and RTP,
and guaranteeing high resolution and security of information
photonic communication. When the halogen ion is replaced by
Br� with a strong heavy atom effect in ZnBr2–BZT, the singlet
and triplet excitons can be further adjusted to achieve white-
light emission, which is derived from a pair of perfect
complementary colors—blue uorescence and orange phos-
phorescence. Detailed time-resolved spectra investigation
implies that effective connection between uorescence and RTP
is established by the production of a series of abundant inter-
mediate triplet excited states in these metal–organic halide
active waveguide systems (Fig. 1c). Therefore, this work not only
demonstrates the ready tuning capacity of singlet and triplet
excitons for light-emitting metal–organic halides through
molecular self-assembly, but also presents the rst proof-of-
concept for the use of temperature-gating active waveguide
systems in information photonic communication with high
resolution and security.
Results and discussion
Low-dimensional metal–organic halide microcrystals

Metal–organic halide microcrystals were synthesized via a green
and facile procedure in aqueous solution. Single-crystal X-ray
diffraction analysis reveals that ZnCl2–BZT and ZnBr2–BZT
crystallize in a monoclinic crystal system with the space group
of P21/n, while ZnCl2–CBZT crystallizes in a triclinic crystal
d states in Zn(II)-based metal–organic halide microcrystals with active
tal structures and fluorescence microscopy images of metal–organic
) Comparison of energy level diagrams for organic ligands and metal–
oom-temperature phosphorescence; RISC: reverse ISC; Tm: interme-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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system with the space group of P�1 (Table S1 and S2†). In these
microcrystals, the central Zn2+ ion is four-coordinated by two
nitrogen atoms from two organic ligands (BTZ or CBZT) and two
halogen ions (Cl� or Br�) (Fig. S1†). These independent 0D
tetrahedral structures are connected via hydrogen bonding
interactions (N–H/X, C–H/X) and p–p interactions of organic
ligands, endowing the metal–organic halide systems with dense
stacking, potentially inhibiting the non-radiative decay of triplet
excitons, and improving the thermal stability (Table S3†).
Compared with the pristine organic ligands BZT and CBZT, the
FT-IR spectra of metal–organic halides present intensied and
red-shied vibrational peaks of N–H around 3160 cm�1, which
conrm the formation of strong hydrogen bonding interactions
(Fig. S2†). Moreover, according to thermal gravimetric analysis
(TGA), metal–organic halide microcrystals exhibit good thermal
stability with a decomposition temperature up to 501 K
(Fig. S3†). The rigid and stable structures of metal–organic
halide microcrystals are critical prerequisites to the develop-
ment of active waveguide systems that can work at extreme
temperatures.
Tunable uorescence and RTP of the metal–organic halide
microcrystals

Under UV light excitation at 365 nm, the metal–organic halides
ZnCl2–BZT, ZnCl2–CBZT and ZnBr2–BZT exhibit pale blue, blue
and white emissions, respectively. Upon cessation of excitation,
all emission colors change to orange and persist for at least 2 s
(Fig. 2a). Owing to the large differences in emission colors
before and aer cessation of UV irradiation, short-lived (UN ON)
and long-lived (UV OFF) emissions are easily distinguishable by
Fig. 2 Tunable fluorescence and RTP of the metal–organic halide
microcrystals. (a) Photographs of the luminescent metal–organic
halide microcrystals before and after cessation of the 365 nm irradi-
ation. Prompt and delayed (acquired after 0.01 ms of excitation) PL
spectra for the organic ligands BZT (b), CBZT (c), ZnCl2–BZT (d),
ZnCl2–CBZT (e), and ZnBr2–BZT (f). Corresponding positions in CIE
chromaticity coordinates for metal–organic halide microcrystals
under prompt and delayed modes (g, h and i), respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
the naked eye. Based on the spectral studies, the prompt and
delayed emission positions of the pristine ligands BZT (469 nm
and 529 nm) and CBZT (467 nm and 477 nm) are close to each
other, indicating incomplete separation between uorescence
and phosphorescence (Fig. 2b and c and S4†). However, through
effective coordination self-assembly, the metal–organic halides
ZnCl2–BZT (392 nm and 583 nm) and ZnCl2–CBZT (376 nm and
583 nm) exhibit a strong ability to separate prompt and delayed
spectra (Fig. 2d, e, g and h). Impressively, when the halogen ion
Cl� is changed to Br� with a stronger heavy atom effect, the
prompt (408 nm) and delayed (574 nm) spectra of ZnBr2–BZT
can be further adjusted to allow standard white-light emission
with the chromaticity coordinate of (0.33, 0.33) (Fig. 2f and i).
The absolute PLQY values of ZnCl2–BZT, ZnCl2–CBZT, and
ZnBr2–BZT are 13.01%, 5.43%, and 8.01%, respectively. The
above observations indicate the positions and intensities of
singlet and triplet excitons can be highly adjusted by modula-
tion of both the coordination self-assembly units and inter-
molecular interactions.

To investigate the photophysical processes of metal–organic
halides, a series of temperature-dependent spectra and time-
resolved decay measurements were systematically performed.
Temperature-dependent prompt spectra show that the emission
intensities of ZnCl2–BZT at 392 nm, ZnCl2–CBZT at 376 nm, and
ZnBr2–BZT at 408 nm gradually increase as temperature rises,
suggesting that the energy levels at 392 nm, 376 nm and 408 nm
are thermally activated (Fig. 3a and d and S5a†). According to
the time-resolved decays, the main emission peaks of these
prompt spectra simultaneously display short-lived (nanosecond
scale) and long-lived (microsecond scale) lifetimes, proving that
these emissions feature typical TADF characteristics through
the reverse ISC (RISC) process between triplet and singlet
Fig. 3 Temperature-dependent spectra and time-resolved decay
measurements. Prompt and delayed spectra of ZnCl2–BZT (a, b and c)
and ZnCl2–CBZT (d, e and f) at different temperatures ranging from 77
K to 297 K. Comparison of dominant emission positions of ZnCl2–BZT
(g) and ZnCl2–CBZT (h) under prompt and delayed modes. (i) Calcu-
lated differences between dominant emission peaks under prompt
and delayed modes for BZT, CBZT, ZnCl2–BZT, and ZnCl2–CBZT at 77
K and 297 K.

Chem. Sci., 2022, 13, 7429–7436 | 7431
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Fig. 4 Detecting the intermediate triplet excited states. Time-resolved
emission spectra (TRES) of ZnCl2–BZT (a), ZnCl2–CBZT (b), and ZnBr2–
BZT (c), which indicate that the energy of triplet excitons can be
transferred from higher energy levels (400 nm–500 nm) to lower
energy levels (500 nm–575 nm) through a rapid IC process which is
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excited states (Fig. S6†). The thermal activation energies
between excited singlet and triplet states (DEst) can be deter-
mined as 0.17 eV (ZnCl2–BZT), 0.27 eV (ZnCl2–CBZT), and
0.059 eV (ZnBr2–BZT) based on eqn (1), which are conrmed to
be small enough to realize the RISC process (Fig. S7a, S7c and
S7e†).46,47 Eqn (1) is used to quantitatively evaluate temperature-
dependent changes in prompt and delayed emissions:

IP

ID
¼ Aþ Be�DEst=kBT ; (1)

in which IP/ID refers to the integrated intensity ratio between
prompt and delayed spectra, and kB is the Boltzmann constant.
With increasing temperature, the emission intensities of
delayed spectra for ZnCl2–BZT, ZnCl2–CBZT and ZnBr2–BZT
gradually decrease, and the corresponding emission peaks
appear red-shied, which could be attributed to the increased
non-radiative transitions and stronger vibrational coupling at
higher temperatures (Fig. 3b, c, e and f and S5b†). In addition,
the delayed lifetimes of the dominant emission peaks for three
metal–organic halide microcrystals decrease greatly as temper-
ature rises from 77 K to 297 K (Fig. S8 and Table S4†). Therefore,
the dominant emissions for ZnCl2–BZT (583 nm, 0.68 ms),
ZnCl2–CBZT (583 nm, 1.84 ms), and ZnBr2–BZT (574 nm, 22.10
ms) in delayed spectra at 297 K can be ascribed to RTP derived
from triplet excitons.56 The binding energy (Eb) of triplet exci-
tons can be estimated through Arrhenius plotting of integrated
intensity of the delayed spectra versus the reciprocal of
temperature according to the following equation:

IðTÞ ¼ I0

1 þ A e�Eb=kBT
; (2)

in which I0 refers to the integrated intensity of delayed spectra
at 0 K. According to this equation, Eb of ZnCl2–BZT, ZnCl2–
CBZT, and ZnBr2–BZT can be calculated as 0.079 eV, 0.055 eV,
and 0.13 eV, respectively, all of which exceed the thermal energy
(0.026 eV), and are therefore conducive to the radiative recom-
bination of triplet excitons (Fig. S7b, S7d and S7f†).17

Typically, the dominant emission peaks of prompt and
delayed spectra for ZnCl2–BZT and ZnCl2–CBZT gradually
separate from one another when the temperature is increased
(Fig. 3g and h). The differences in dominant emission peaks
under prompt and delayed modes increase from 0.74 eV to
1.04 eV for ZnCl2–BZT and 0.57 eV to 1.17 eV for ZnCl2–CBZT
when the temperature rises from 77 K to 297 K, generating
values much higher than those of pristine BZT (77 K: 0.40 eV;
297 K: 0.30 eV) and CBZT (77 K: 0.40 eV; 297 K: 0.05 eV) (Fig. 2, 3i
and S9†). Apparently, these emission differences between
prompt and delayed modes of BZT and CBZT decrease when the
temperature increases from 77 K to 297 K. Considering that
ZnBr2–BZT has a strong heavy atom effect, the enhanced SOC
process can greatly promote ISC from the singlet to triplet
excited state; thus, the emissions of prompt spectrum are
dominated by phosphorescence in a wide temperature range
which is overlapped by the corresponding delayed spectrum
(Fig. S5†). As the phosphorescence of ZnBr2–BZT exhibits
a gradual red shi with increasing temperature, white-light
emission can be ultimately realized by a combination of the
7432 | Chem. Sci., 2022, 13, 7429–7436
highly separated uorescence (408 nm) and RTP (574 nm).
Therefore, due to the tunable heavy atom effect, the metal–
organic halides can not only exhibit thermally assisted separa-
tion of uorescence and RTP, but also can support standard
white-light emission with the CIE chromaticity coordinate of
(0.33, 0.33) at room temperature, an ability that remains rather
rare among state-of-the-art single-component systems.48–50,57
Mechanism of the light-emitting metal–organic halide
microcrystals

Of note, the energy gaps between dominant uorescence
(singlet excited state) and phosphorescence (triplet excited
state) at 297 K for ZnCl2–BZT (1.04 eV), ZnCl2–CBZT (1.17 eV),
and ZnBr2–BZT (0.88 eV) are relatively large, which is seemingly
difficult to achieve with direct ISC or RISC.46,47 Given that the
energy levels of singlet excited states for these metal–organic
halides are almost constant from 77 K to 297 K, whereas the
triplet excited states exhibit a signicant red-shi with
increased temperature, intermediate triplet excited states
should be appreciated as “bridges” to link dominant uores-
cence and phosphorescence. To detect the possibility of inter-
mediate triplet excited states, a systematic series of time-
resolved emission spectra (TRES) in the microsecond or milli-
second scale were collected. As depicted in Fig. 4, relative
emission intensities gradually decrease in the wavelength range
of 400 nm to 500 nm for ZnCl2–BZT, ZnCl2–CBZT, and ZnBr2–
BZT, while these values increase with time in the wavelength
range from 500 nm to 575 nm.41 Therefore, the TRES experi-
ment indicates that the energy of triplet excitons can be trans-
ferred from higher energy levels (400 nm–500 nm) to lower
energy levels (500 nm–575 nm) through a rapid IC process, with
emission from the lowest triplet excited states ultimately
generating the dominant phosphorescence. Furthermore, exci-
tation peaks range from 400 nm to 525 nm in the delayed
excitation spectra, which overlap with the observed energy
followed by emission from the lowest triplet excited states.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Determining different roles of organic ligands and halogen ions
in luminescence behaviors. Calculated molecular orbitals, the band
structures around Fermi energy levels and the total/partial electronic
density of states for ZnCl2–BZT (a, b and c), ZnCl2–CBZT (d, e and f),
and ZnBr2–BZT (g, h and i).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ei
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

3/
07

/2
02

5 
04

:4
8:

40
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
levels of intermediate triplet excited states in TRES, and thus
elucidate that these intermediate triplet excited states are highly
excitable (Fig. S10†). Consequently, it can be concluded that
effective connections between dominant uorescence and
phosphorescence across large energy gaps are established by
the production of a series of abundant intermediate triplet
excited states that serve as “bridges”.51–55

In order to gain more insight into the luminescent nature of
the metal–organic halide microcrystals, we recorded prompt
and delayed spectra of the solutions of the pristine ligands BZT
and CBZT at 77 K (Fig. S11†). It is apparent that BZT and CBZT
exhibit uorescence–phosphorescence dual emission with
energy gaps reaching 1.14 eV and 1.10 eV, respectively, analo-
gous to the highly spectral separation observed for metal–
organic halides at 297 K (Fig. 3i). Moreover, these detected
intermediate triplet excited states (400 nm–500 nm, 500 nm–

575 nm) of metal–organic halides can be observed in the cryo-
genic spectra of organic ligand solutions, and the triplet excited
state levels of the metal–organic halides at 583 nm remain
detectable in the delayed spectra of BZT and CBZT solutions. As
the central Zn2+ ion with the d10 electronic conguration lacks
luminescence properties, the organic ligands BZT and CBZT are
deemed as the core luminescent components of these light-
emitting metal–organic halides. However, serious non-
radiative transitions of triplet excitons engender phosphores-
cence quenching of organic ligands solutions at room temper-
ature. In contrast, beneting from the rigid structures of metal–
organic halides through the effective coordination assembly,
non-radiative transitions of triplet excitons can be effectively
suppressed to allow ultralong phosphorescence at room
temperature, easily realizing high separation between uores-
cence and phosphorescence in metal–organic halides under
ambient temperature and atmosphere conditions.

While organic ligands determine the occurrence of uores-
cence and phosphorescence in metal–organic halide micro-
crystals, halogen ions can be used to further adjust energy levels
to achieve different emission behaviors. To assess the inuence
of halogen ions on luminescence, electron-density distribu-
tions, density of states (DOS), band structures, and electrostatic
potentials (ESP) were calculated by using periodic density
functional theory (DFT). Frontier orbital analyses indicate that
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are localized on halogen
ions (Cl� or Br�) and organic ligands (BTZ or CBZT), respec-
tively, suggesting the occurrence of the halogen-to-ligand
charge transfer (XLCT) process (Fig. 5a, d and g). This XLCT
process can also be corroborated by the solid-state UV-vis
absorption spectra, which exhibit a broad absorption band
from 450 nm to 600 nm for metal–organic halides compared
with the pristine ligands (Fig. S12†). The total electronic density
of states (TDOS) and partial electronic density of states (PDOS)
demonstrate that the valence bands (VB) originate from the p
orbitals of halogen ions, while the conduction bands (CB) derive
from the p orbitals of C and N atoms (Fig. 5b, e and h and S13–
S15†). Thereaer, all theoretical calculations not only conrm
that the organic ligands BZT and CBZT are the core luminescent
components of metal–organic halide microcrystals, but also
© 2022 The Author(s). Published by the Royal Society of Chemistry
prove that halogen ions participate in the luminescence of
metal–organic halides. The halogen Cl, which has greater
electronegativity, can stabilize the halide-based VB more than
the halogen Br; thus the calculated band gaps of ZnCl2–BZT
(3.249 eV) and ZnCl2–CBZT (3.223 eV) are greater than that of
ZnBr2–BZT (2.940 eV) (Fig. 5c, f and i).42,43 These band gap
calculations are consistent with experimental spectral results,
in which emissions from singlet excited states of ZnCl2–BZT
(3.18 eV, 392 nm) and ZnCl2–CBZT (3.31 eV, 376 nm) appear
blue-shied compared with that of ZnBr2–BZT (3.05 eV, 408
nm). Moreover, ESP calculations reveal the respective electron
density distributions (red color area: higher electron density;
blue color area: lower electron density), which highlight the
trend in charge transfer from halogen ions to organic ligands
(Fig. S16 and Table S5†). Net ESP values between the halogen
ions (electron donor) and organic ligands (electron acceptor) in
ZnCl2–BZT, ZnCl2–CBZT, and ZnBr2–BZT are calculated to be
�21.51 kcal mol�1, �70.26 kcal mol�1, and �14.32 kcal mol�1,
respectively. Among the three metal–organic halides, ZnBr2–
BZT shows the highest net value of ESP, indicating that the
halogen ion Br� is most inclined to donate the electron, causing
a red-shi of the uorescence emission of ZnBr2–BZT. There-
fore, through effective halogen regulation, the prepared metal–
organic halide microcrystals can further generate the single-
component white-light emission for ZnBr2–BZT.

Temperature-gating low-dimensional active waveguides and
photonic communications

As shown in Fig. 1b, the prepared metal–organic halide micro-
crystals exhibit typical 1D active waveguide properties under
unfocused UV irradiation. According to the differential scan-
ning calorimetry (DSC) measurements, the crystal structures of
active metal–organic halide waveguides are highly stable in the
Chem. Sci., 2022, 13, 7429–7436 | 7433
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temperature range of 83 K to 463 K, covering the extreme
surface temperatures of Earth, Mars, and the Moon (Fig. S17†).
Subsequently, we employed 1D microrod ZnCl2–BZT as a model
system to simulate active waveguide performance under
extreme temperatures. Detailed spatially resolved PL micros-
copy images were obtained under 375 nm laser excitation at
different local positions on this 1Dmicrorod ZnCl2–BZT. Due to
the rigid microstructure of ZnCl2–BZT, the generated photon
signals are conned and transmitted along the 1D microrod
structure without signicant optical signal loss. Active wave-
guide performance can be evaluated by calculating the optical-
loss coefficient (R) according to the exponential decay formula
Itip/Ibody ¼ A exp(�RD). In this formula, Itip and Ibody represent
the emission intensities of the emitting tip and excited posi-
tions, respectively, A refers to the ratio of energy escaping and
propagating, and D is the propagation distance between the
emitting tip and excited position. By detecting and collecting
emission signals in the prompt (420 nm–500 nm) and delayed
regions (at high temperature: 550 nm–600 nm; at low temper-
ature: 500 nm–550 nm), microrod ZnCl2–BZT exhibits signi-
cant 1D active waveguide capacity at the simulated extreme
surface temperatures of Earth (332 K and 183 K), Mars (308 K
and 134 K), and the Moon (400 K and 90 K) (Fig. 6). The opti-
mized optical loss coefficient R is determined to be 6.2 � 10�4

dB mm�1 (Fig. S18 and Table S6†), notably lower than those of
state-of-the-art reported molecular waveguide materials.7,44,45,58

Aer assessing the 1D active waveguide microrod ZnCl2–BZT
with high thermostability, we endeavored to demonstrate the
temperature-gating photonic communication with high reso-
lution and security level. Of note, the phosphorescence exhibits
obvious differences in wavelengths and colors between high
and low temperatures (Fig. 3g and h); thus, temperature-
dependent multi-channel photonic signals can be conveyed
within the individual 1D microrod, signicantly enhancing
information storage and transmission capability. Such
temperature-dependent colored waveguides can also serve as
Fig. 6 Active waveguide properties at extreme temperatures. PL
microscopy images of 1D microrod ZnCl2–BZT obtained by 375 nm
laser excitation at different local positions under simulated extreme
surface temperatures of (332 K and 183 K), Mars (308 K and 134 K), and
theMoon (400 K and 90 K). Prompt regions: 420 nm–500 nm; delayed
regions: 550 nm–600 nm (at high temperature), 500 nm–550 nm (at
low temperature).

7434 | Chem. Sci., 2022, 13, 7429–7436
alternatives to the widely used wavelength divisionmultiplexing
(WDM) in ber communications. Moreover, to the best of our
knowledge, this work represents the rst successful report of
active optical waveguide systems operating in such a wide
temperature range (from 90 K to 400 K) based on uorescence
and phosphorescence dual emission,36,37 which provides
a major opportunity for the application of information photonic
communication to future astronomical exploration, not only on
Earth, but also on terrestrial planets (such as Mars) and satel-
lites (such as the Moon). Based on the analyses above, uores-
cence and phosphorescence predominate in the prompt and
delayed emission regions, respectively (Fig. S19†). As depicted
in Fig. 7, in contrast to uorescence (prompt mode) with nearly
unchanged emission, the phosphorescence (delayed mode) of
1D metal–organic halide microrods is temperature-sensitive,
which is conducive to the development of temperature-gating
multi-channel transmission methods for photonic signals and
supports greatly improved information transmission capacity.
Fluorescence and phosphorescence signals at each temperature
can be easily distinguished by time-gating technology.59,60 Due
to the high thermostability of these synthesized active wave-
guide microrods, photonic signals could someday be trans-
mitted between Earth, Mars, and the Moon. Moreover, the
development of a 1D active waveguide microrod can serve as an
advanced temperature-gating information photonic encoding
system, particularly applicable at various extreme temperatures.
As a demo, we constructed temperature-gating 1D active wave-
guide microrods to transmit encrypted photonic information
(phosphorescence) at a specic temperature. Due to the time-
resolved properties of uorescence (nanoseconds) and phos-
phorescence (microseconds), the receiving end must process
these photonic signals under delayed mode to obtain the real
information (phosphorescence signals). Therefore, the 1D
Fig. 7 Temperature-gating photonic communication. Diagram
depicting the use of a 1D active waveguidemicrorod ZnCl2–BZT in the
field of temperature-gating photonic communications, which could
transmit fluorescence and phosphorescence signals with different
time and space domains over a large temperature span, enabling an
improved density and high security of photonic communication.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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active waveguide microrod ZnCl2–BZT can be used to transmit
uorescence and phosphorescence signals with different time
and space domains over a large temperature span, which
enables an improved density and high security of photonic
communication.

Conclusions

In summary, low-dimensional Zn(II)-based metal–organic
halide microcrystals (ZnCl2–BZT, ZnCl2–CBZT, and ZnBr2–BZT)
can be facilely fabricated via a coordination self-assembly
process, enabling highly tunable persistent luminescence,
with highly separated uorescence and phosphorescence.
Through effective halogen regulation, the metal–organic
halides can not only allow uorescence–phosphorescence dual
emission with different time-space domains, but also support
single-component standard white-light emission for ZnBr2–
BZT. Detailed time-resolved spectra investigation proves that
the produced abundant intermediate triplet excited states serve
as “bridges” to effectively link uorescence and RTP across large
energy gaps. Impressively, these metal–organic halide micro-
crystals exhibit 1D active waveguide properties with an opti-
mized optical loss coefficient of 6.2 � 10�4 dB mm�1, much
lower than those of most state-of-the-art molecule-based wave-
guides. These robust low-dimensional active waveguides exhibit
color-tunable persistent luminescence and high structural
stability under the simulated extreme conditions relevant to
Earth, Mars, and the Moon. Such systems largely improve the
information security level and signal transfer capability relative
to the typical uorescent waveguides. Therefore, this work
provides an effective way to construct temperature-gating low-
dimensional active waveguides across a wide measurement
range (>300 K), signicantly extending the potential of light-
emitting metal–organic halides in the elds of information
security and photonic communication for future space explo-
ration and astronomical technology development.
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3 C. Ŕıos, M. Stegmaier, P. Hosseini, D. Wang, T. Scherer,
C. D. Wright, H. Bhaskaran and W. H. P. Pernice, Nat.
Photonics, 2015, 9, 725.

4 M. Kues, C. Reimer, J. M. Lukens, W. J. Munro, A. M. Weiner,
D. J. Moss and R. Morandotti, Nat. Photonics, 2019, 13, 170.

5 Y. Shen, N. Harris, S. Skirlo, M. Prabhu, T. Baehr-Jones,
M. Hochberg, X. Sun, S. Zhao, H. Larochelle, D. Englund
and M. Soljacic, Nat. Photonics, 2017, 11, 441.

6 J. M. Halabi, E. Ahmed, L. Catalano, D. P. Karothu, R. Rezgui
and P. Naumov, J. Am. Chem. Soc., 2019, 141, 14966.

7 S. Wu, B. Zhou and D. Yan, Adv. Opt. Mater., 2021, 9,
2001768.

8 H. Liu, Z. Bian, Q. Cheng, L. Lan, Y. Wang and H. Zhang,
Chem. Sci., 2019, 10, 227.

9 X. Yang, X. Lin, Y. Zhao, Y. Zhao and D. Yan, Angew. Chem.,
Int. Ed., 2017, 56, 7853.

10 Z. Zhang and Y. Liu, Chem. Sci., 2019, 10, 7773.
11 J. Liu, N. Wang, Y. Yu, Y. Yan, H. Zhang, J. Li and J. Yu, Sci.

Adv., 2017, 3, e1603171.
12 Z. An, C. Zheng, Y. Tao, R. Chen, H. Shi, T. Chen, Z. Wang,

H. Li, R. Deng, X. Liu and W. Huang, Nat. Mater., 2015, 14,
685.

13 Y. J. Ma, X. Fang, G. Xiao and D. Yan, Angew. Chem., Int. Ed.,
2022, 61, e202114100.

14 X. Yang and D. Yan, Chem. Sci., 2016, 7, 4519.
15 Z. Mao, Z. Yang, Z. Fan, E. Ubba, W. Li, Y. Li, J. Zhao, Z. Yang,

M. P. Aldreda and Z. Chi, Chem. Sci., 2019, 10, 179.
16 J. Yuan, R. Chen, X. Tang, Y. Tao, S. Xu, L. Jin, C. Chen,

X. Zhou, C. Zheng and W. Huang, Chem. Sci., 2019, 10, 5031.
17 J. Wei, J. Liao, L. Zhou, J. Luo, X. Wang and D. Kuang, Sci.

Adv., 2021, 7, eabg3989.
18 F. Liu, T. Zhang, D. Mondal, S. Teng, Y. Zhang, K. Huang,

D. Wang, W. Yang, P. Mahadevan, Y. Zhao, R. Xie and
N. Pradhan, Angew. Chem., Int. Ed., 2021, 60, 13548.

19 K. Lin, J. Xing, L. Quan, F. P. G. de Arquer, X. Gong, J. Lu,
L. Xie, W. Zhao, D. Zhang, C. Yan, W. Li, X. Liu, Y. Lu,
J. Kirman, E. H. Sargent, Q. Xiong and Z. Wei, Nature,
2018, 562, 245.

20 H. Rao, W. Li, B. Chen, D. Kuang and C. Y. Su, Adv. Mater.,
2017, 29, 1602639.
Chem. Sci., 2022, 13, 7429–7436 | 7435

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01947g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ei
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

3/
07

/2
02

5 
04

:4
8:

40
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
21 L. Xu, S. Lee, X. Lin, L. Ledbetter, M. Worku, H. Lin, C. Zhou,
H. Liu, A. Plaviak and B. Ma, Angew. Chem., Int. Ed., 2020, 59,
14120.

22 L. Xu, A. Plaviak, X. Lin, M. Worku, Q. He, M. Chaaban,
B. J. Kim and B. Ma, Angew. Chem., Int. Ed., 2020, 59, 23067.

23 M. D. Smith, B. A. Connor and H. I. Karunadasa, Chem. Rev.,
2019, 119, 3104.

24 S. Yang, D. Wu, W. Gong, Q. Huang, H. Zhen, Q. Ling and
Z. Lin, Chem. Sci., 2018, 9, 8975–8981.

25 C. Ji, S. Wang, L. Li, Z. Sun, M. Hong and J. Luo, Adv. Funct.
Mater., 2018, 29, 1805038.

26 S. Yang, B. Zhou, Q. Huang, S. Wang, H. Zhen, D. Yan, Z. Lin
and Q. Ling, ACS Appl. Mater. Interfaces, 2020, 12, 1419.

27 L. Zhu, Y. Huang, L. Gong, X. Huang, X. Qi, X. Wu and K. Du,
Chem. Mater., 2020, 32, 1454.

28 J. Yao, J. Wang, J. Yang and H. Yao, Acc. Chem. Res., 2021, 54,
441.

29 B. Zhou and D. Yan, Angew. Chem., Int. Ed., 2019, 58, 15128.
30 O. Bolton, K. Lee, H. Kim, K. Lin and J. Kim, Nat. Chem.,

2011, 3, 205.
31 J. Li, L. Wang, Z. Zhao, X. Li, X. Yu, P. Huo, Q. Jin, Z. Liu,

Z. Bian and C. Huang, Angew. Chem., Int. Ed., 2020, 59, 8210.
32 B. Zhou, G. Xiao and D. Yan, Adv. Mater., 2021, 33, 2007571.
33 Z. Wang, C. Zhu, S. Yin, Z. Wei, J. Zhang, Y. Fan, J. Jiang,

M. Pan and C. Su, Angew. Chem., Int. Ed., 2019, 58, 3481.
34 R. Gao, M. S. Kodaimatic and D. Yan, Chem. Soc. Rev., 2021,

50, 5564.
35 S. Liu, X. Fang, B. Lu and D. Yan, Nat. Commun., 2020, 11,

4649.
36 H. Liu, K. Ye, Z. Zhang and H. Zhang, Angew. Chem., Int. Ed.,

2019, 58, 19081.
37 M. Annadhasan, S. Basak, N. Chandrasekhar and

R. Chandrasekar, Adv. Opt. Mater., 2020, 8, 2000959.
38 Y. Xiao, H. Peng, J. Wang, H. Wu, Z. Liu and G. Pan, Phys.

Chem. Chem. Phys., 2016, 18, 7019.
39 Z. Gao, C. Wei, Y. Yan, W. Zhang, H. Dong, J. Zhao, J. Yi,

C. Zhang, Y. Li and Y. Zhao, Adv. Mater., 2017, 29, 1701558.
40 M. Zhuo, Y. Tao, X. Wang, S. Chen and L. Liao, J. Mater.

Chem. C, 2018, 6, 9594.
7436 | Chem. Sci., 2022, 13, 7429–7436
41 J. Wang, Y. Fang, C. Li, L. Niu, W. Fang, G. Cui and Q. Yang,
Angew. Chem., Int. Ed., 2020, 59, 10032.

42 E. R. Dohner, A. Jaffe, L. R. Bradshaw and H. I. Karunadasa,
J. Am. Chem. Soc., 2014, 136, 13154.

43 M. D. Smith and H. I. Karunadasa, Acc. Chem. Res., 2018, 51,
619.

44 H. Liu, Z. Lu, Z. Zhang, Y. Wang and H. Zhang, Angew.
Chem., Int. Ed., 2018, 57, 8448.

45 X. Yang, L. Ma and D. Yan, Chem. Sci., 2019, 10, 4567.
46 J. Ren, Y. Wang, Y. Tian, Z. Liu, X. Xiao, J. Yang, M. Fang and

Z. Li, Angew. Chem., Int. Ed., 2021, 60, 12335.
47 T. Liu, G. Xie, C. Zhong, S. Gong and C. Yang, Adv. Funct.

Mater., 2018, 28, 1706088.
48 Z. He, W. Zhao, J. W. Y. Lam, Q. Peng, H. Ma, G. Liang,

Z. Shuai and B. Z. Tang, Nat. Commun., 2017, 8, 416.
49 J. Jin, P. Xue, L. Zhang, H. Jiang, W. Wang, Q. Yang, Y. Tao,

C. Zheng, R. Chen and W. Huang, Angew. Chem., Int. Ed.,
2021, 60, 24984.

50 S. Li, Y. Hao, S. Guo, C. Ding, Y. Ma, R. Liu and D. Yan, Sci.
China: Chem., 2022, 65, 408.

51 M. C. Tang, M. Y. Leung, S. L. Lai, M. Ng, M. Y. Chan and
V. W. W. Yam, J. Am. Chem. Soc., 2018, 140, 13115.

52 G. Xiao, B. Zhou, X. Fang and D. Yan, Research, 2021, 2021,
9862327.

53 Y. Zhuang, L. Wang, Y. Lv, T. Zhou and R. Xie, Adv. Funct.
Mater., 2018, 28, 1705769.

54 Y. Li, M. Gecevicius and J. Qiu, Chem. Soc. Rev., 2016, 45,
2090.

55 B. Zhou and D. Yan, Adv. Funct. Mater., 2019, 29, 1807599.
56 X. Lou and Y. Yang, J. Am. Chem. Soc., 2021, 143, 11976.
57 K. M. Steed and J. W. Steed, Chem. Rev., 2015, 115, 2895.
58 A. Pan, D. Liu, R. Liu, F. Wang, X. Zhu and B. Zou, Small,

2005, 1, 980.
59 K. Jiang, Y. Wang, C. Cai and H. Lin, Adv. Mater., 2018, 30,

1800783.
60 G. Zhang, G. M. Palmer, M. Dewhirst and C. L. Fraser, Nat.

Mater., 2009, 8, 747.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2sc01947g

	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...

	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...
	Color-tunable persistent luminescence in 1D zinctnqh_x2013organic halide microcrystals for single-component white light and temperature-gating...




