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Organic room-temperature phosphorescence (RTP) materials have emerged as promising candidates for
various applications. However, persistent organic RTP materials are still rare and are limited to specific
chromophore backbones as most organic molecules possess inefficient intersystem crossing. Herein, a
facile molecular engineering strategy is proposed to impart tunable persistent RTP properties to
phenanthridone (PTD) derivatives through substituent effects. Notably, by adjusting the electronic effect
or position of substituents, an ultralong lifetime of 114.90 ms is achieved in the PTD-BnCl crystal.
Single-crystal structure analysis shows that the variation in the electronic effect or position of
substituents can significantly affect intermolecular interactions and molecular packing, thus giving rise to
a remarkable influence on the RTP properties of PTD derivatives in bulk crystals. Furthermore,
theoretical calculations not only reveal the mechanism of persistent RTP emission but also elucidate the
impact of substituent effects on RTP properties from the molecular and crystalline perspectives,
respectively. These simple PTD derivatives with persistent RTP properties are reported for the first time
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Introduction

Metal-free organic materials with room-temperature phosphor-
escence (RTP) properties have attracted widespread attention
due to their unique long-lived triplet excitons. In particular,
organic RTP materials with an afterglow lasting from seconds
to hours show promising application prospects in the fields of
optoelectronic devices, with high-sensitivity sensing, high-
resolution bioimaging, and advanced anti-counterfeiting
properties.>™ It is well established that doping rare-earth or
noble metal ions into inorganic compounds is an effective way
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and will help enrich the diversity of organic RTP chromophores.

to obtain an ultralong afterglow that lasts for several hours.
However, most rare-earth or noble metals are generally expen-
sive, toxic, and environmentally unfriendly. In 2010, we first
proposed the design principle of crystallization-induced phos-
phorescence, a general crystal engineering approach that can
be employed to realize persistent RTP from organic molecules
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by restricting molecular motions.® Since then, metal-free purely
organic RTP materials have emerged as ideal alternatives to
inorganic afterglow materials due to their advantages of low
cost, wide variety, fantastic flexibility, excellent processability,
and good biocompatibility. However, the development of
organic RTP materials is challenging because most organic
molecules have weak spin-orbit coupling (SOC) interactions
and very slow radiative decay rates of triplet excitons.”® There-
fore, how to improve ISC efficiency and suppress non-radiative
decay pathways is a key issue to be resolved in developing
efficient and persistent organic RTP materials.

To date, great efforts have been made to achieve persistent
organic RTP materials, and significant progress has been
achieved. On the one hand, various methods have been
proposed to suppress non-radiative relaxation, such as crystal
engineering,® H-aggregation,'® doping organic phosphors into
rigid matrices,"" deuteration,'> host-guest complexation,"
covalent crosslinking,14 and ionization."® On the other hand,
strong SOC interactions and a small energy gap between singlet
and triplet states (AEgy) can improve intersystem crossing (ISC)
efficiency. Consequently, molecular design strategies based on
the incorporation of heavy atoms (Br and I),"'“'® carbonyl
group,®®'” and heteroatoms (S, N, P, and Se)'**'* into organic
molecules to enhance SOC interaction have been developed to
achieve persistent organic RTP materials. Meanwhile, persis-
tent organic RTP materials can also be obtained by designing
organic phosphors with twisted donor-acceptor structures to
get small AEgr values.” For example, we presented a novel
design principle to get small AEgr values through structural
isomerism for the achievement of efficient and ultralong
materials.”® Notably, organic RTP can be activated by the
presence of a trace amount of impurity.>’ Despite these great
achievements, persistent organic RTP materials are still rare
and limited to specific organic chromophore skeletons such as
carbazole, benzophenone, phenothiazine, diphenyl sulfoxide/
sulphone, and so on.??* Therefore, developing a facile and
effective design strategy based on molecular engineering to
enrich the diversity of organic chromophores with persistent
RTP properties is of significant importance and urgent need.

It is well known that intermolecular interactions and mole-
cular packing also play crucial roles in tailoring the lumines-
cence behaviors of macroscopic aggregates in addition to the
intrinsic electronic structures.>® Accordingly, typical design
principles such as devising new chromophores, alkyl sidechain
engineering, and substituent effects have been reported to
achieve the desired RTP properties. Herein, owing to the
convenient structural modification and the inclusion of a
carbonyl group to promote the ISC process, the planar and
electron-deficient phenanthridone (PTD) framework with a fused
n-conjugated aromatic lactam structure is selected as a promising
candidate for the construction of organic RTP emitters. As far as
we know, using the PTD skeleton as the building block for
constructing organic RTP materials has not been reported yet.”*
Consequently, by simply introducing different substituents (Br,
Cl, and CN) into the benzyl unit and PTD skeleton, respectively, a
series of PTD derivatives, namely PTD-BnBr, PTD-BnCl, PTD-

15528 | J. Mater. Chem. C, 2024,12,15527-15534

View Article Online

Journal of Materials Chemistry C

cl NC,

Br,

o ; <} i Q i
t” N N
PTD-BnBr PTD-BnCI PTD-BnCN
5 =2571ms 7 =114.90 ms 1 =66.45ms

EE O0

Br, Br, Br,

Br-PTD  Br CIPTD  CI CN-PTD CN
1 =15.13ms T =16.09 ms. 7 =81.20ms

08 &8 [0

Fig. 1 The chemical structures of PTD derivatives PTD-BnBr, PTD-BnCl,
PTD-BnCN, Br-PTD, CI-PTD, and CN-PTD, and their RTP properties in
crystalline states, respectively.

BnCN, Br-PTD, CI-PTD, and CN-PTD are designed and synthesized
for the development of organic RTP materials (Fig. 1). Notably, the
structure-property relationship can be established by studying the
impact of substituent effects on the RTP properties. As expected,
all PTD derivatives exhibited persistent RTP properties with life-
times on the scale of milliseconds. Particularly, RTP properties
can be regulated effectively by changing the electronic effect or
position of substituents. On the one hand, an ultralong lifetime of
114.90 ms was obtained by introducing a halogen Cl atom into the
benzyl unit; on the other hand, the introduction of a strong
electron-withdrawing CN group into the PTD skeleton is more
conducive to improving RTP properties. The results of single-
crystal structure analysis and theoretical calculations indicate
that the persistent RTP properties of these PTD derivatives are
determined by their intrinsic excited-state electronic structures,
intermolecular interactions, and molecular packing in bulk
crystals. Besides, the promising applications of these PTD deri-
vatives in the fields of anti-counterfeiting and information
encryption were demonstrated by employing a time-gated
approach to modulate the organic afterglow duration.

Results and discussion

The PTD derivatives PTD-BnBr, PTD-BnCl, PTD-BnCN, Br-PTD,
CI-PTD, and CN-PTD were readily synthesized by a nucleophilic
substitution reaction between the corresponding PTD and
benzyl bromide in medium to high yields (Scheme S1, ESIY),
and carefully characterized by 'H NMR, “C NMR, high-
resolution mass spectroscopy, single-crystal X-ray diffraction,
and elemental analyses.

The photophysical properties of PTD derivatives were first
studied in dilute THF solutions. As illustrated in Fig. 2a, the
PTD derivatives PTD-BnBr, PTD-BnCl, and PTD-BnCN with sub-
stituents located on the benzyl unit display similar absorption
spectra with three sets of absorption bands in the range of 200-
350 nm. In contrast, the absorption spectra of PTD derivatives
Br-PTD, CI-PTD, and CN-PTD with substituents located on the
PTD core are different, among which the absorption profile of CN-
PTD is significantly blue-shifted relative to the other two (Fig. 2b).
Accordingly, the PTD derivatives PTD-BnBr, PTD-BnCl, and PTD-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Photophysical properties of PTD derivatives PTD-BnBr, PTD-BnCl,

Time (s) Time (s)

PTD-BnCN, Br-PTD, CI-PTD, and CN-PTD in dilute THF solutions (107> M):

(a) and (b) UV-vis absorption and (c) and (d) steady-state PL spectra at room temperature; (e) and (f) prompt and delayed PL spectra (delay 1 ms) at 77 K;
(9) and (h) time-resolved phosphorescence decay curves at 77 K. The excitation wavelength for delayed PL spectra and corresponding decay curves is set

to be 340 nm.

BnCN exhibit similar fluorescence emission bands featuring a
fine structure originating from the radiative transition of local
excited states, while the fluorescence emission band of CN-PTD
undergoes a remarkable blue-shift (Fig. 2c and d). These results
indicate that the electronic structures of PTD derivatives hardly
change when different substituents are introduced into the benzyl
unit, while the introduction of different substituents on the PTD
core causes significant changes. Additionally, the theoretical
calculations of frontier molecular orbitals performed on PTD
derivatives in the gas phase show that both the HOMO and LUMO
are locally distributed on the PTD core, which can well explain the
impact of substituent effects on the absorption and fluorescence
emission behaviors (Fig. S1, ESIf). More importantly, these PTD
derivatives dissolved into dilute solutions exhibit a persistent

Table 1 Summary of photophysical parameters of PTD derivatives PTD-
BnBr, PTD-BnCl, PTD-BnCN, Br-PTD, CI-PTD, and CN-PTD in dilute
solutions and crystals, respectively

Solutions Crystals

Ap Ap77 K TP77 K AF 3 Jp Tp (2%
Compounds (nm) (nm) (s) (nm) (ns) (nm) (ms) (%)
PTD-BnBr 362 460 2.40 390 1.33 571 25.71 10.3
PTD-BnCl 362 461 2.51 387 0.91 546 114.90 5.5
PTD-BnCN 361 459 2.55 381 0.26 546 66.45 5.4
Br-PTD 365 468 0.04 399 0.40 567 15.13 0.9
CI-PTD 369 466 0.93 401 0.83 558 16.09 2.7
CN-PTD 360 460 0.41 401 0.45 556 81.20 3.2

Ag: fluorescent emission; Zp.;7 x: phosphorescent emission at 77 K; tp.77 x:
phosphorescent lifetime at 77 K; Ap: phosphorescent emission; tg:
fluorescent lifetime; 7p: phosphorescent lifetime; ®p;: total photolumi-
nescence quantum yield.

This journal is © The Royal Society of Chemistry 2024

afterglow at a low temperature of 77 K (Fig. S2, ESIT). As shown
in Fig. 2e, the three PTD derivatives PTD-BnBr, PTD-BnCl, and
PTD-BnCN exhibit very similar low-temperature phosphorescence
spectra with maximum emission peaks located at ~460 nm. By
fitting delayed emission decay curves, the ultralong lifetimes of
PTD-BnBr, PTD-BnCl, and PTD-BnCN are estimated to be 2.40,
2.51, and 2.55 s respectively, indicating that molecular motions
are effectively restricted at cryogenic temperature (Fig. 2g). How-
ever, the RTP lifetimes of PTD derivatives Br-PTD, CI-PTD, and
CN-PTD are very different despite their similar phosphorescence
emission profiles, which indicates that the substituents have a
significant influence on the excited triplet states. In a word, the
substituents on the PTD core have a more significant impact on
the photophysical properties at the molecular level (Table 1).
Considering that these PTD derivatives show excellent low-
temperature phosphorescence in dilute solutions, their lumines-
cence properties in crystals were investigated under ambient condi-
tions. As illustrated in Fig. 3a and b, a remarkable redshift between
the prompt and delayed PL spectra was observed, indicating that all
PTD derivatives displayed dual-emission of fluorescence and RTP in
the crystal. Additionally, by fitting the prompt and delayed PL decay
curves of these PTD derivatives, the prompt fluorescence and RTP
emission lifetimes were estimated to be on the scale of nanoseconds
and milliseconds, respectively (Fig. 3c and d and Fig. S3, ESIt),
further confirming their persistent RTP properties in crystals.
Compared with the PL spectra in dilute solutions, the remarkable
redshift of PL spectra in crystals should be due to intermolecular
interactions upon aggregation. Interestingly, despite their similar
photophysical properties in dilute solutions, PTD derivatives PTD-
BnBr, PTD-BnCl, and PTD-BnCN exhibit different RTP properties
in crystals (Table S1, ESIT), among which an ultralong lifetime of

J. Mater. Chem. C, 2024,12,15527-15534 | 15529
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Fig. 3 The photophysical properties of PTD derivatives PTD-BnBr, PTD-
BnCl, PTD-BnCN, Br-PTD, CI-PTD, and CN-PTD in crystals at room
temperature: (a) and (b) prompt and delayed PL spectra (delay 1 ms);
(c) and (d) time-resolved phosphorescence decay curves; (e) luminescence
photographs under and after removing the UV irradiation (365 nm). The
excitation wavelength for delayed PL spectra and corresponding decay
curves is set to be 360 nm, except Br-PTD and CI-PTD which is 330 nm.

114.90 ms can be obtained when a Cl atom is introduced as a
substituent on the benzyl unit. Although the other three PTD
derivatives Br-PTD, CI-PTD, and CN-PTD also exhibited different
RTP properties in crystals, the longest lifetime was achieved for the
cyano-substituted PTD derivative CN-PTD. Notably, their PL quan-
tum yields are reduced compared with PTD derivatives containing
substituents on the benzyl unit, which indicates that the introduc-
tion of substituents onto the PTD core may lead to more severe
fluorescence quenching. Compared to most organic RTP molecules
reported in the literature, the quantum yields are not high enough
(Scheme S1, ESIT). Besides, all PTD derivatives show an obvious
yellowish-green afterglow to the naked eye (Fig. 3e). These experi-
mental results demonstrate that changes in the substituent position
or type have a profound impact on the RTP properties of these PTD
derivatives at the aggregate level.

Given that crystals of these PTD derivatives show distinct
luminescence properties from dilute solutions, single-crystal
structure analysis was performed to understand the effects of
intermolecular interactions and molecular packing on their
crystalline luminescence properties. As depicted in Fig. 4a, all
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these PTD derivatives show similar twisted molecular geome-
tries, but different torsion angles of 89.16°, 77.88°, 87.61°,
73.8°, 72.97°, and 82.37° are presented in PTD-BnBr, PTD-
BnCl, PTD-BnCN, Br-PTD, CI-PTD, and CN-PTD respectively.
These extremely distorted molecular conformations are bene-
ficial to prevent the formation of overtight molecular packing to
avoid aggregation-caused quenching. Furthermore, a variety of
intermolecular interactions are formed in the crystal structures
of these PTD derivatives (Table 2). A single PTD-BnBr molecule
participates in only a few weak C-H.--n intermolecular inter-
actions. In contrast, abundant intermolecular interactions
including multiple C-H.--0=C, C-H:--r, C-H---N=C, and
O=—C: - - are formed in individual PTD-BnCl and PTD-BnCN
molecules. Under these different intermolecular interactions,
the PTD derivatives PTD-BnBr, PTD-BnCl, and PTD-BnCN form
different molecular packings. As shown in Fig. 4b, PTD-BnCl
and PTD-BnCN exhibit a herringbone stacking pattern, while
PTD-BnCl adopts a compact packing mode with a 2D extended
framework structure. By contrast, the nonradiative decay in the
PTD-BnCl crystal is better suppressed, and persistent RTP with
an ultralong lifetime of 114.90 ms is finally obtained. On the
other hand, abundant intermolecular interactions exist in PTD
derivatives Br-PTD, CI-PTD, and CN-PTD, among which each
CN-PTD molecule can form up to twelve intermolecular inter-
actions with neighboring molecules. More importantly, tight
n- - -1 stacking is formed in the halogen-substituted PTD deri-
vatives Br-PTD and CI-PTD, while slipped face-to-face stacking
without 7---m interaction is formed in the cyano-substituted
PTD derivative CN-PTD. Generally, most organic chromophores
with planar n-conjugation structure tend to form tight n---m
stacking which leads to the well-known aggregation-caused
quenching effect.”> Consequently, the RTP properties of Br-
PTD and CI-PTD is poor compared to that of CN-PTD due to the
n-1 stacking interaction. The single-crystal structure analysis
demonstrates that the RTP properties in crystals are mainly
determined by the synergistic effects of highly distorted geo-
metry, multiple intermolecular interactions, and ordered mole-
cular packing.

The first-principles density functional theory (DFT) and
time-dependent DFT calculations were performed on PTD
derivatives in the crystal phase to reveal the mechanism of
persistent RTP emission. As illustrated in Fig. 5, the three PTD
derivatives PTD-BnBr, PTD-BnCl, and PTD-BnCN show similar
energy level diagrams, in which five triplet states are located
below S, thus five possible ISC processes can readily occur
between S; and the low-lying triplet states (S; — Ty, n = 1-5).
The SOC constants &(S;-T,) and &(S,-T,) calculated to be PTD-
BnBr, PTD-BnCl, and PTD-BnCN are relatively considerable,
which can ensure an effective population of triplet excitons and
subsequent radiative transition of T,. In contrast, the three PTD
derivatives Br-PTD, CI-PTD, and CN-PTD show bigger differ-
ences in energy level diagrams and SOC constants. For Br-PTD
and CI-PTD, five triplet states lie below S, thus five possible ISC
processes can occur between S; and the low-lying triplet states
(S = Ty, n=1-5). Owing to the heavy-atom effect, Br-PTD has
larger SOC constants &(S;-T,) and §(S,-Ty), resulting in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Intermolecular interactions and (b) molecular packing styles in the single-crystal structures of PTD derivatives PTD-BnBr, PTD-BnCl, PTD-

BnCN, Br-PTD, CI-PTD, and CN-PTD, respectively.

more efficient production of triplet excitons. For CN-PTD, six
possible ISC processes can occur between S; and the low-lying
triplet states (S; — Ty, n = 1-6). The small AEgy of 0.07 eV
between S; and Ts can also promote ISC, thus leading to the
efficient generation of triplet excitons. Meanwhile, the slipped
face-to-face stacking without - --n interaction formed in the
CN-PTD crystal also contributes to preventing the quenching of
triplet excitons. Therefore, CN-PTD crystal shows the best RTP
properties. Besides, we calculated the natural transition orbi-
tals (NTOs) of S; and T, to provide a qualitative description of
the electronic configuration (Fig. S4, ESIt). According to El-
Sayed’s rules,’® the ISC is favored if the transition between S
and T states involves a change of molecular orbital (‘n* to *nn*
and "nn* to *nn*). Hybrid transitions consisting of nn* and nn*

This journal is © The Royal Society of Chemistry 2024

transitions are observed for all PTD molecules. The composi-
tion of hybrid transitions changes slightly as different substi-
tuents are introduced into the benzyl unit, while the proportion
of n* transitions increases significantly when halogen atoms
are introduced onto the PTD core (Table S1, ESI{). This quali-
tative description is consistent with the corresponding calcu-
lated SOC constants &(S,-T;). These calculations suggest that
the persistent RTP properties of these PTD derivatives in bulk
crystals should be attributed to the intrinsic excited-state
electronic structures as well as intermolecular interactions
and molecular packing.

Finally, the potential applications of these PTD derivatives
with different afterglow durations in the fields of anti-
counterfeiting and information encryption are demonstrated

J. Mater. Chem. C, 2024, 12,15527-15534 | 15531
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Table 2 Summary of intermolecular interactions in the single-crystal
structures of PTD derivatives PTD-BnBr, PTD-BnCl, PTD-BnCN, Br-PTD,
CLl-PTD, and CN-PTD

PTD-derivatives Intermolecular interactions

...: 2.866, 2.888 A
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-.m: 2.869, 2.812 A
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through a time-gated method. As shown in Fig. 6, the term
“PTD” consists of three encoding materials with different
afterglow colors and lifetimes. Under the irradiation of
365 nm UV light, the word “ PTD” shows a colorful fluores-
cence. After ceasing the UV irradiation, the colored fluores-
cence of the word “PTD” turns into afterglow with different
colors. As time goes by, the letters “P” and “T” with shorter
afterglow duration disappear successively, while the letter “D”
is still visible to the naked eye until 1 second.

Conclusions

In summary, a series of simple PTD derivatives containing Br,
Cl or CN groups on the benzyl unit or PTD skeleton were easily

View Article Online
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Br-PTD

CI-PTD CN-PTD

Fig. 6 Potential applications of PTD derivatives in the fields of advanced
anti-counterfeiting and information encryption.

synthesized via nucleophilic substitution reactions. In dilute
solutions, these PTD derivatives exhibit dual-emission through
prompt fluorescence and ultralong low-temperature phosphor-
escence. It is worth noting that similar ultralong lifetimes of
2.40, 2.51, and 2.55 s are estimated for PTD-BnBr, PTD-BnCl, and
PTD-BnCN respectively. In comparison, there is a huge differ-
ence in the low-temperature phosphorescence lifetime of Br-
PTD, CI-PTD, and CN-PTD, which is 0.04, 0.93, and 0.40 s
respectively. This indicates that the introduction of substituents
on the PTD core has a more significant impact on the photo-
physical properties at the molecular level. From solutions to bulk
crystals, the phosphorescence lifetimes of PTD derivatives are
remarkably reduced. However, an ultralong RTP lifetime is
obtained for the PTD derivative containing a Cl group on the
benzyl group (114.90 ms for PTD-BnCl) or a CN group on the
PTD core (81.20 ms for CN-PTD), respectively. More importantly,

Fig. 5 Calculated energy level diagrams, spin—orbit coupling (SOC) constants between the involved S,, and T, states of PTD derivatives PTD-BnBr, PTD-
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single-crystal structure analysis and theoretical calculations
show that the RTP lifetime of PTD derivatives containing sub-
stituents on the benzyl unit is mainly determined by intermole-
cular interactions and molecular packing in the crystal, given
their similar intrinsic low-temperature phosphorescence proper-
ties. In the meantime, the intrinsic electronic structure, inter-
molecular interactions, and molecular packing play an
important role in regulating the RTP properties of PTD deriva-
tives by modifying the PTD core with various substituents. To the
best of our knowledge, tunable persistent RTP behavior is
achieved for the first time in these simple PTD derivatives by
modulating either the electronic effects or positions of substi-
tuents and demonstrates the importance of substituent effects
for tunable photophysical properties in molecular aggregates.
We believe that this work will provide important guidance for the
exploration of novel organic RTP materials.
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