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Abstract: Exploiting the relationship between the stacking modes of molecules and room-temperature
phosphorescence (RTP) performance is of great important to design afterglow materials. A series of
coordination polymers [Cd(CzIP)] (1), [Cd(CzIP)(DMI)] (DMI = 1,3-Dimethyl-2-imidazolidinone) (2) and
[Cd2(CzIP)2(H20):] (3) base on carbazole-isophthalic acid are synthesized via a solvothermal method. These
compounds exhibit stacking-dependent RTP. Compounds 1 and 2 exhibit obvious time-dependent RTP with
the afterglow color from orange to green, and show white-light emission owing to fluorescence and
phosphorescence dual emission. Compound 3 featuring the strong m—m stacking showed the weak
phosphorescence with the short lifetime. It reveals that the phosphorescence efficiency is not proportional to
the overlap of m-m stacking, the triplet excited states of discrete dimer mode rather than H-aggregation can
dominate the generation of room-temperature phosphorescence. These results indicate that coordination
induction is an efficient approach to regulate the aggregation of chromophores, further modulate the room-
temperature phosphorescence.

Keywords: dynamic room temperature phosphorescence; coordination polymers; aggregate states

1. Introduction

Persistent room temperature phosphorescence with the unique photophysical properties (e.g.,
triplet-state harvesting, long lifetime and temperature sensitivity) are drawing considerable attention
in many fields, such as bioimaging, anticounterfeiting and light emitting diodes, and so on.[1-7] In
view of the traditional noble meta-based phosphorescent materials exists the problem of instability
in air, high cost and complicated synthesis, more and more new material systems are being developed
based on the principles of host-guest system, crystallization and polymer matrix embedding.[8-12]

Today, white-light emitting materials are playing an important role in solid-state lighting and
modern display.[13] Till now, the common method for white-light emission is to cooperate multiple
emitters to meet the RGB colors. In comparison with multicomponent sources, white-light emitted
directly from single-phased materials is much more attractive, because it not only can simplify the
procedure of the combined emitters, void the balance for both excitation and emission between mixed
components,[14-16] but also reduce the loss of energy transfer.[17] Besides, white-light emitting
materials, of particular with phosphorescence emission, owing the much higher electroluminescence
efficiency, are much more desirable. However, the majority of luminophores obey Kasha's rule, it is
difficulty to modulate excited states (excitation wavelength, emission lifetimes, etc) and energy
transfer in a single structure,[18-20] obtaining the room temperature phosphorescent materials,
especially white-light emitters, is also a great challenge.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The photophysical behaviors of luminescent materials depend largely on aggregation forms and
the configuration of chromophores.[21] Enlightened by this, we focus on the crystal engineering of
coordination polymers to exploit materials with multi-emission including RTP and white-light
emission. Coordination polymers as a class of crystalline materials were constructed via coordination
interactions between metal ions and organic ligands.[22] The rigidity of organic ligands containing
chromophores can be significantly enhanced by the coordination bonds with metal ions.[23,24]
Meanwhile, the highly ordered arrangement of the chromophores could be achieved, which are
beneficial for obtaining the highly efficient luminescence.[25] Importantly, coordination polymers
provide a smart platform to tune flexibly the packing and conformation of chromophores. Compared
the crystallization of pure organics of isomerization, through the scaffold of coordination polymers,
it is in favor of generating the discrete stack rather than compact structure, eliminating the
fluorescence quenching caused by strong m—m interaction, instead, achieving the monomer, dimer,
even excimer emission.[26-31] Beyond that, the diversified arrangement and configuration of
chromophores could be integrated in one compound, the compound could show the multiple
mission, providing great opportunities for white light generation. Recently, some coordination
polymers have been prepared, and the excellent room temperature phosphorescence was exhibited.
For examples, were deliberately synthesized, three coordination polymers were synthesized based
on Himpc [5-(1H-1,2,4-imidazol-1-yl)nicotinic acid] phosphor via a solvothermal method, and these
compounds showed time-resolved color-changing afterglow phosphorescence performances.[32]
Pan’s group reported that a series of metal-organic coordination polymers displaying color-tunable
long persistent luminescence (LPL) were synthesized by the selfassembly of HTzPTpy ligand with
different cadmium halides (X = Cl, Br, and I).[33] These results demonstrate that coordination
polymers can act as a good substrate to regulate the room temperature phosphorescence.

Carbazole has been as a triplet sensitizer (superior building block) in long-lived luminescence
systems, it has been demonstrated by a series of organic room temperature phosphorescence
molecules.[34-36] Here, isophthalate was decorated on carbazole, a molecule 5-(carbazol-9-yl)
isophthalate (CzIP) with coordination nodes was synthesized. Interestingly, isophthalate could act as
an intersystem crossing (ISC) facilitator, resulting in CzIP exhibits the afterglow emission at room
temperature. Through the coordination assemblies of metal nodes and CzIP, three coordination
polymers crystals [Cd(CzIP)] (1), [Cd(CzIP)(DMI)] (DMI = 1,3-Dimethyl-2-imidazolidinone) (2) and
[Cd2(CzIP)2(H20)2] (3) were synthesized. These compounds all exhibit fluorescence and
phosphorescence dual emission, the emission behaviors could be tuned via the regulation of the
coordination microenvironment. It found that the phosphorescence efficiency is not directly
proportional to the overlap of parallel carbazole dimer in the vertical orientation, instead, the
excessively serious overlap can prompt the generation of the intramolecular excimer emission and
weaken the phosphorescence emission. Meanwhile, the white-light emission could be achieved in
these compounds with single wavelength excitation. These results not only provide a method to tune
the arrangement of the chromophores to obtain fluorescence and phosphorescence dual-emitting
materials, but also demonstrate a promising strategy to design single-phased white-light materials.

2. Results and discussion

2.1. Materials and Methods.

All chemical materials were obtained from commercial sources and used without further
purification. 5-(carbazol-9-yl) isophthalate (CzIP) was synthesized by following the published
method.[37] Powder X-ray diffraction (PXRD) patterns were acquired on a Bruker D8 ADVANCE
diffractometer with Cu Ko (A =1.5418 A) radiation in the range of 20 = 5-50° with a step size of 0.025°
and an acquisition time of 2.5 s per step at room temperature. Thermogravimetric analysis (TGA) was
performed on a PerkinElmer TG-7 analyzer heated from room temperature to 750 °C at a ramp rate
of 5 °C/min under air atmosphere. Elemental analyses (C, H, and N) were conducted on a
PerkinElmer 240C elemental analyzer. The solid state Ultraviolet-visible (UV-Vis) absorption
spectrum were collected on a PerkinElmer Lambda 35 spectrophotometer under ambient conditions.
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The fluorescence spectra of CzIP in different solution with different concentrations were measured
using F-4600 fluorescence spectrophotometer. The delayed (temperature-dependent) emission
spectra, lifetime, time-resolved emission spectra and temperature-dependent phosphorescence
spectra and quantum yields were measured on Edinburgh FLS1000 fluorescence spectrometer, and
luminescence lifetimes were obtained on a single photon counting spectrometer with micro-second
pulse lamp, the lifetimes of the luminescence were obtained by fitting the decay curve with a multi-
exponential decay function.

2.2. Synthesis of Compounds

Compound 1: A mixture of CzIP (15 mg, 0.065 mmol), D-cyclopentylglycine (15 mg, 0.10 mmol)
and Zn(NOs)2:6H20 (60 mg, 0.20 mmol) were dissolved in H2O and DMI (DMI = 1,3-Dimethyl-2-
imidazolidinone) (8 and 2 mL), the mixture were sealed in a Teflon-lined stainless steel container and
heated at 150 °C for 3 days, and then cooled to room temperature. Colorless prismatic crystals were
obtained and collected by filtration. Anal. caled (%) for C20H11NOsZn: C 60.80, H 2.79, N 3.55. Found
(%): C 60.41, H 2.81, N 3.50.

Compound 2: CzIP (15 mg, 0.065 mmol), D-cyclopentylglycine (15 mg, 0.10 mmol) and
Cd(SO4)2:8H20 (50 mg, 0.06 mmol) were dissolved in H20 and DMI (DMI = 1,3-Dimethyl-2-
imidazolidinone) (8 and 2 mL), the mixture were sealed in a Teflon-lined stainless steel container and
heated at 150 °C for 3 days, and then cooled to room temperature. Colorless prismatic crystals were
obtained and collected by filtration. The crystals were washed with N,N-dimethylformamide (DMF)
for three times to remove the surface impurities. Anal. caled (%) for C2sH21CdNsOs: C 53.97, H 3.78,
N 7.55. Found (%): C 54.11, H 3.80, N 7.59.

Compound 3: CzIP (15 mg, 0.065 mmol), D-cyclopentylglycine (15 mg, 0.1 mmol) and
Cd(SO4)228H20 (50 mg, 0.06 mmol) were dissolved in H20 and ethanol (EtOH) (8 and 2 mL), the
mixture were sealed in a Teflon-lined stainless steel container and heated at 150 °C for 3 days, and
then cooled to room temperature. Colorless prismatic crystals were obtained and collected by
filtration. The crystals were washed with DMF for three times to remove the surface impurities. Anal.
caled (%) for CaoH26Cd2N2010: C 52.20, H 2.83, N 3.05. Found (%): C 52.39, H 2.88, N 3.04.

2.3. X-ray Crystal Structures

The diffraction data were measured at 293 K with Rigaku supernova CCD system equipped with
a confocal monochromated Mo-Ka radiation (A = 0.71073 A) by applying the w-scan method. The
structure was solved by a direct method and refined by full-matrix least-squares using SHELX-2014
[38] and Olex2.0. [39] Non-hydrogen atoms were refined with anisotropic thermal displacement
coefficients. Hydrogen atoms belonging to the CzIP ligand were located in the difference Fourier map
and included as fixed contributions riding on attached atoms with isotropic thermal displacement
parameters 1.2 times those of their parent atoms. All hydrogen atoms were located on the
geometrically ideal positions and refined using a riding model. CCDC 2219861-2219863 for 1-3. These
data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +441223
336033). The crystal structure parameters were listed in Table S1.

2.4. Structures and Optical properties

Single-crystal data analysis reveals that compound 1 crystallizes in a monoclinic P2/c space
group. The asymmetric unit contains one Zn?* ions, one CzIP ligand and two terminal water
molecules (Figure S1). Each CzIP molecule coordinates four Zn? ions through the four oxygen atoms
of two carboxylate groups via p-1: 10: 1: rform. Zn? ions connect CzIP molecule to form a two-
dimensional (2D) layer, the layers further stack into a scaffold. Through carefully check the structure,
the CzIP molecules only has one configuration in each layer (Figure Slc), the dihedral angle between
the phenyl ring of the isophthalate and carbazole group is near 60°, and the carbazole groups stack a
face-to face one-dimensional (1D) dimensional column with a centroid-centroid distance of 4.71 A,
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and the shortest distance is 3.70 A (Figure 1a, 1c and S1). It should be noted that although the
carbazole groups show the parallel alignment, there is a much larger slip with each other, the
perpendicular overlap ratio is about 30.2%. Besides, the distances among carbazole fragments in
adjacent layers range from 3.02 to 3.85 A. As a results, compound 1 is a supramolecular structure
through the packing of 2D layers, there exist multiple weak r—rt and C-H---7 interactions (Figure 1b,
1c),[31] also indicating the carbazole units present the discrete dimer stacking.

Figure 1. (a) Three-dimensional (3D) supramolecular structure of compound 1 built of two-
dimensional (2D) layers through noncovalent interactions; (b) the packing of carbazole groups from
the adjacent layers; (c) the distance between carbazole groups.

Compound 2 also crystallizes in a monoclinic P2/c space group. The asymmetric unit contains
two Zn? ions, two CzIP ligand and two terminal DMI molecules (Figure S2). Each CzIP molecule
coordinates four Zn?* ions through the four oxygen atoms of two carboxylate groups. The
isophthalates connect Zn?* ions to form a layer, the carbazole chromophores as terminal units were
suspended on both sides of the layer (Figure 2a). In compound 2, there is only one stack fashion of
carbazoles in each layer, namely, it exhibits the head-to-tail parallel packing, like the ladder without
overlap from the side view (Figure 2c), and the nearest distance is about 3.40 A. The distance of each
carbazole fragments away from the adjacent carbazole molecules is 3.0 and 3.3 A, respectively (Figure
2b), through the calculation of MERCURY and PLATON program, there are no intramolecular and
intermolecular hydrogen bonds, the interactions in compound 2 is mainly van der Waals interactions,
while there are no abundant hydrogen bonds, largely suggesting that the carbazole fragments exhibit
the monomer-type arrangement.

Compound 3 crystallizes in a triclinic P-1 space group. As shown in Figure 54, the basic unit
contains two Zn?" ions, Znl connects six oxygen atoms from one terminal water molecule and four
CzIP ligands. Zn2 connects seven oxygen atoms from one terminal water molecule and four CzIP
ligands. CzIP molecules have the same coordination mode, each CzIP coordinates three Zn?  ions
with p-mp: 122 1 form. Compound 3 was consisted of 1D chains via supramolecular interactions. The
CzIP molecules adopt twist conformations between isophthalic acid and carbazoles, as a result, the
carbazole groups from the neighboring chains nearly form the face-to-face arrangement. The space
of two adjacent carbazoles ranges from 3.7 to 4.5 A between interplanar centers, and two kinds of
dimeric stacking of the carbazoles exist in compound 3, such as carbazole fragments are presented
with orange and yellow skeleton (Figure 3c and 3d) as well as the carbazole fragments with red and
green skeleton in Figure 3e and 3f, the overlap ratio is up to approximately 62.3 and 57.4 % from the
top view. The discrete dimeric stacking foreshadowed the strength of aromatic stacking interactions
and presented H-aggregation. [40-43]
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Figure 2. (a) Three-dimensional (3D) supramolecular structure built of two-dimensional (2D) layers
through noncovalent interactions; (b) the packing of carbazole groups from the adjacent layers in
compound 2; (c) the distance between carbazole groups.

The crystal purity and thermal stability of compounds 1-3 was investigated. The power XRD
patterns of the as-synthesized crystal samples are consistent with those simulated from single-crystal
data, indicating the high phase purity of the crystal samples (Figure S5-7). Meanwhile, the TGA of
compounds 1-3 were carried out under air condition from 30 to 700 °C. Compound 1 showed a high
stability only with a tiny weight loss of 3.9% upon heating up to 425 °C, which was attributed to the
removal of the physiosorbed water and the surface solvent molecules. The further drastic weight
drop suggests the decomposition of compound 1. Above 500 °C, compound 1 experiments several
exothermic processes as a consequence of the decomposition of the organic part, leading to ZnO as a
final residue. The thermogravimetric analysis (TGA) showed compound 2 can maintain its
framework to near 300 °C. A plateau in the TG curve from room temperature up to 300 °C is observed.
For compound 3, the weight loss was 6.23% in temperature range of 30-170 °C, which is attributed
the removel of surface water molecules and coordinated water molecules. Almost no weight loss was
found for 3 until the collapse of the framework occurred at about 495 °C, the final residue is CdO
powder. Totally, the weight loss behaviors of compounds 1-3 is in good line with their crystal
structures. Compounds 1 and 3 exhibit the relatively compact stacking owning the stronger m—mt
interactions, compared to the loose packing of compound 2.

The photophysical properties of compounds 1-3 were investigated under ambient conditions.
Compounds 1 and 2 are colorless crystals under natural light. Compounds 1 and 2 show the blue-
white light upon 365 nm UV irradiation, interestingly, the naked-aye afterglow could be observed
from compound 1 and 2 after turning off the irradiation source at ambient conditions. Especially for
compound 1, the multi-color afterglow can be observed lasting about 3.5 s, and the afterglow color
was changed from orange to yellow green. Unexpectedly, compounds 3 featuring the compact face-
to face m—m arrangement of carbazole fragments displays the green emission, but no visible afterglow
could be traced under different excitation wavelength. The prompt photoluminescence spectra of
compound 1 exhibits two emission bands, with one in the blue light region and the other in the long-
wavelength region ranged from 475 to 675 nm and possessing four peaks around 473, 500, 550 and
623 nm (Figure 4a). The delayed spectra of compound 1 with the delayed time 0.1 or 0.5 ms has a near
perfect matching with the long-wavelength regions of the prompt spectrum, indicating that
compound 1 has phosphorescence property. Compound 2 also exhibit the similar fluorescence and
phosphorescence dual emission to that of compound 1, the fluorescence emission has three peaks at
375, 415 and 435 nm, the phosphorescence emission centred at about 570 and 625 nm (Figure 4b),
respectively. While compound 3 emit green light with a maximum at 539 nm, the phosphorescence
bands are obviously red shifted, leading to phosphorescence colors covering a large range from blue-
green to orange-red. The time resolved PL spectra of compounds 1-3 were measured. The two
emission bands of compound 1 at 547 and 599 nm exhibit ultralong lifetimes of 663.85 and 597.60 ms,
as well as decay lifetimes of 188.34 and 50.90 ms at 570 and 610 nm for compound 2. For compound
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3, the lifetimes are 16.6 and 7.14 ms monitored at 600 and 670 nm, which is far less than the lifetimes
of compounds 1 and 2 (Figure 4g-i). The phosphorescent quantum yields of compounds 1-3 are
15.73%, 11.31 and 1.65% at ambient conditions, respectively. Interestingly, based on the above results,
it can find that the emission wavelength has a positive correlation with the overlap of carbazole
fragments, compound 3 owing the largest overlap show the largest emission wavelength. However,
no similar relationship between the overlap of carbazole fragments and the emission wavelength and
afterglow lifetime of phosphorescence can be observed. It is worth mentioning that compound 3 has
the compact 77t stacking between carbazole chromophores, the phosphorescence wavelengths are
red-shifted progressively compared to that of compounds 1 and 2, but it did not exhibit the strong
phosphorescence with the relative longer lifetime. Notably, compounds 1 and 2 showed obvious
changes of color evolution from orange to green after the stopping of irradiation, especially for
compound 1, indicating these two compounds exhibit the time-dependent dynamic RTP.

Figure 3. (a) Three-dimensional (3D) supramolecular structure of compound 3 built of one-
dimensional (1D) chains through noncovalent interactions; (b) the packing of carbazole groups from
the adjacent layers; (c-f) the distances between carbazole groups.
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Figure 4. Photophysical properties of compounds 1-3 under ambient conditions. (a) Steady-state
photoluminescence (PL), fluorescence (FL) and phosphorescence (Phos.) spectra of compound 1; (b)
fluorescence and phosphorescence spectra of compound 2; (c) steady-state PL and phosphorescence
spectra of compound 3; (d) corresponding CIE coordinates for fluorescence, phosphorescence and
photoluminescence (PL) of compound 1; (e) corresponding CIE coordinates for FL and Phos. of
compound 2; (f) normalized PL spectra of compound 1 from 98 to 350 K without door gated
instrument; (g) lifetime decay profiles of the of compound 1 at 547, 564 and 599 nm; (h) lifetime decay
profiles of the of compound 2 at 555, 570 and 610 nm; (i) lifetime decay profiles of the of compound 3
at 600 and 670 nm, respectively.

Besides, the photoluminescent Commission International Ed’Eclairage (CIE) coordinates of
compounds 1 and 2 were (0.33, 0.36) and (0.34, 0.33), respectively (Figure 4d and 4e), showing the
near pure white-light emission via fluorescence and phosphorescence dual emission. To the best of
our knowledge, the single coordination polymer without the introduction of guest emitters showing
white-light emission is rare. These results indicate that coordination-induced crystallization provides
an efficient way to develop white light materials.

To understand the origin and mechanism of the multiple long-lived peaks of compounds 1-3,
temperature-dependent prompt and delayed emission are performed from 77 to 300 K. As shown in
Figure 4f and 514, the emission intensity of compound 1 across the whole emission wavelength
decreased gradually with the increasing temperature, even some emission peaks at long wavelength
above 500 nm disappeared, confirmed that the long-lived emission peaks of compound 1 belongs to
phosphorescence rather than thermally activated delayed fluorescence (TADF) [44,45]. The emission
trace of compound 1 at 500 nm is very close to that of CzIP in the solution of chloroform at low
temperature (Figure S17), suggesting the emission comes from the single molecule triplet state
phosphorescence. The phosphorescence emission of these compounds has almost no change under
the different excitation wavelengths, it can be reasonably speculated that the multiple emission did
not be generated from different luminescent centers.[46,47] In addition, compared to the solid state
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UV-Vis absorption of organic ligand powder, UV-vis absorption spectra of compounds 1-3 exhibited
largely red-shifted bands (Figure S18 and S19), which can be attributed to the intramolecular and
intermolecular charge transfer. Therefore, the origination of multiple phosphorescence bands could
be tentatively assignable as the intermolecular charge transfer and the aggregation-induced emission
of molecular cluster.[48,49] In addition, compound 3 only has faint phosphorescence with a short
lifetime, it is mainly because that the dense aggregation with strong m—m interactions enhanced
triplet-triplet annihilation and extended exciton diffusion, resulting in exciton quenching and the red
shift of phosphorescence emission, and the photoluminescent behaviors is closer to the emission
characteristic of the excimer (Figure 5a). [50,51] It should be pointed out that the phosphorescence
property of compound 3 is different from the previous reported results, where the strong the m—mt
interactions can efficiently stable the excited triplet states, further prompt the generation of long-live
room temperature phosphorescence. These results demonstrated that controlling the aggregate states
of molecules can significantly modulate the singlet and triplet properties, further affect the

phosphorescence performance.

2 OO = =

= = o = =

= = = =

OO =2 =

o = = =
dimer

IROROmER 663.85 ms, 15.73% H-aggregation

188.34 ms, 11.31% 16.56 ms, 1.65%

the overlap of carbazole fragments

Figure 5. (a) The monomer-type aggregation of carbazole groups in compound 2, as well as dimer
and H-aggregation in compounds 1 and 3; (b) the multiple-level anticounterfeiting of compound 1:
the sample under natural light in Figure b1, under 365 nm UV sources in Fig.b2, the afterglow color

was changed from orange to green to yellow green in Figure b3-b8.

Considering that the unique time-dependent long-lived room temperature phosphorescence of
compound 1, the multiple-level anticounterfeiting was exploited. As shown in Figure 5b, A trophy
label was prepared by using sample 1 powder. A “trophy”-like hole was made in a piece of cardboard
with a thickness of 1 mm. The hole was filled with the fine powder of compound 1. Under 365 nm
irradiation, the pattern exhibited the blue white emission. The UV light was switched off, the pattern
emitted an orange afterglow for about 0.5 s, then a yellow afterglow, followed by a green emission
could be observed by the naked eye. Compared to common anti-counterfeiting labels of the single
afterglow materials, the tag generated by compound 1 is much more sophisticated, it is hard to be
counterfeited, these results demonstrated the potential applications for multi-color display and

anticounterfeiting.

3. Conclusions

In summary, we propose a coordination-induced approach to modulate the aggregation of CzIP,
three compounds were synthesized. Compounds 1-3 with the different aggregated states of CzIP
showed the different emission wavelengths, phosphorescent lifetimes and phosphorescent quantum
yields. Interestingly, compound 1 showed the time-dependent multi-emission phosphorescence, the
dynamic RTP behaviors may cause by the triplet excited states of the intramolecular electron coupling
and the different aggregated states of CzIP. By comparing the phosphorescent performance
synthetically, it reveals that the aggregate states are crucial to regulate the luminescent properties,
importantly, we found that H-aggregation is not favorable to the generation of ultralong RTP in
compound 3, this is not just like previous reports where H-aggregation can prompt the generation of
ultralong RTP. Compounds 1 and 2 exhibited the white-light emission benefiting from fluorescence
and phosphorescence dual emission. The photoluminescent CIE coordinates of compounds 1 and 2
were (0.33, 0.36) and (0.34, 0.33), respectively. In addition, the visible and high-level
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anti-counterfeiting could be achieved by utilizing these dynamic phosphorescence materials. This
work provides the good models to figure out the relationship between the accurate packing structures
and the luminescent performance, opens an important approach for developing dynamic room
temperature phosphorescence.
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