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Abstract: Smart materials with ultralong phosphorescence are
rarely investigated and reported. Herein we report on a series
of molecules with unique dynamic ultralong organic phos-
phorescence (UOP) features, enabled by manipulating inter-
molecular interactions through UV light irradiation. Our
experimental data reveal that prolonged irradiation of single-
component organic phosphors of PCzT, BCzT, and FCzT
under ambient conditions can activate UOP with emission
lifetimes spanning from 1.8 to 1330 ms. These phosphors can
also be deactivated back to their original states with short-lived
phosphorescence by UV irradiation for 3 h at room temper-
ature or through thermal treatment. Additionally, the dynamic
UOP was applied successfully for a visual anti-counterfeiting
application. These findings may provide unique insight into
dynamic molecular motion for optical processing and expand
the scope of smart-response materials for broader applications.

Smart-response materials whose physical properties, such as
spin transitions,!!! charge transfer,” and ground or excited
state,’) as well as structural changes, can be tuned controllably
by external stimuli, including light,”¥l humidity,” pressure,
and magnetic or electric fields,”® play critical roles in diverse
fields, such as information storage and encryption,””’ molec-
ular machines,'*"? biomedicine,”! and electroconductibil-
ity.'" The dynamic features of these materials endow
optoelectronic devices with revolutionary performance. For
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example, through photoinduced molecular structure changes,
molecular materials may have dynamic bistable states for
reversible switching or optical memory.'"*"! Molecular
motors or actuators can be constructed by the conversion of
an external stimulus into mechanical actuation."” Under an
electric field, a data-recording device was fabricated on the
basis of a smart-response phosphorescence material."”
Despite great progress in realizing dynamic control over the
variation of photophysical properties, there are still large
barriers to the development of an advanced system with
dynamic behavior modulated by external stimuli.

Ultralong phosphorescence with a long-lived excited
state, that is, persistent luminescence, has received consid-
erable attention owing to its fundamental scientific impor-
tance and potential technological applications, ranging from
display and emergency signage to document security and
bioimaging,"™?" which has been limited to inorganic materi-
als. Intrinsic obstacles to the use of inorganic phosphors, such
as harsh preparation conditions, scarcity of metal resource
components, and high toxicity for bioapplications, have led to
many alternate and effective approaches, such as host—guest
doping, crystallization, and H-aggregation.?*! These
approaches were recently investigated to generate ultralong
phosphorescence in metal-free organics at room temperature.
Such ultralong phosphorescence shows steady-state optical
behavior.”™ To the best of our knowledge, researchers have
yet to find a molecular system capable of dynamic ultralong
phosphorescence. Inspired by the rational manipulation of
molecular stacking by alkyl-chain engineering®®! and dynamic
motion in crystalline molecule machines,””! we speculate
herein that dynamic organic phosphorescence might be
induced by harvesting the synergistic effects of intermolecular
interactions and molecular motion within a new class of
molecular rotors resting in the crystalline state. By means of
photoirradiation in the crystalline state to manipulate inter-
molecular interactions, dynamic optical behavior may be
realized to stabilize triplet excitons for ultralong phosphor-
escence through molecular motion.

To validate our hypothesis, we designed and prepared
a series of molecular rotors containing a triazine core,
a carbazole unit, and alkoxy chains (Figure 1a). The chromo-
phore composed of a carbazole and a triazine unit serves as
a rotor to drive the molecular motion for manipulating
intermolecular interactions through photoirradiation, thus
suppressing nonradiative transition to stabilize excited triplet
excitons for ultralong organic phosphorescence (UOP). The
introduction of alkoxy chains can fine-tune the molecular
arrangement and displacement, but has little influence on the
excited-state properties in the single-molecule state. As the
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Figure 1. a) Rational design of molecular rotors. b) Molecular packing
modes in crystals. ¢) Proposed mechanism for dynamic ultralong
organic phosphorescence.

length of the alkoxy chains increased from methoxy to n-
pentoxy, molecular configurations exhibited a twisting angle
for single molecules in the crystal. The packing modes show

a Before photo-activation
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a relative stepped arrangement from MCzT to FCzT (Fig-
ure 1b). Importantly, a unique phenomenon of dynamic UOP
was realized by prolonged irradiation to drive molecular
motion. As shown in Figure 1c, the triplet excitons are
generated from the singlet excitons through intersystem
crossing (step 1), enabling short-lifetime phosphorescence
owing to boosted nonradiative transition. After the molecules
in the crystal are photoactivated by prolonged irradiation
with a UV lamp (step 2) and then thermally deactivated
(step 3), the intermolecular interaction varies in the distance
between neighboring molecules as a result of molecular
motion, which should provide a possibility to rationally tune
nonradiative transitions for stabilization of the triplet exci-
tons, thus making reversible UOP possible.

In the solid state, the compounds under study exhibited
similar blue emission bands around 370 and 385 nm with fine
vibrational structures (Figure 2 a, left). However, with longer
alkoxy groups and under ambient conditions, completely
different phosphorescent behavior could be visualized by the
naked eye after switching off the UV lamp. Both MCzT and
ECzT showed UOP that lasted for several seconds after
irradiation with a 365nm UV lamp (see the Supporting
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Figure 2. a) Steady-state photoluminescence (black line) and phosphorescence spectra of the phosphors before (red line) and after photo-
activation (blue line) under ambient conditions. Photographs of the corresponding phosphors before and after photoactivation are also shown.
b) Phosphorescence spectra of BCzT crystals after different photoactivation times ranging from 0 to 8 min under ambient conditions. c) Lifetime
decay profiles of the emission band around 530 nm of BCzT crystals before and after photoactivation under ambient conditions. The inset shows
an enlarged view of the lifetime decay profile of BCzT crystals before photoactivation. d) UOP intensity of BCzT in the crystal at 530 nm with
varying photoactivation times and different powers of the irradiation light source under ambient conditions. e) Deactivation process of the UOP
for BCzT after continuous UV irradiation for 5 min under ambient conditions. f) UOP spectra of photoactivated BCzT crystals after being kept in
liquid nitrogen for different times ranging from 0 to 48 h. Note that BCzT crystals were first photoactivated for 5 min by a 365 nm lamp.
Corresponding ultralong phosphorescence photographs of BCzT crystals after flash photoirradiation under ambient conditions are also shown.
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Information, videos SV1 and SV2). In contrast, for the
compounds PCzT, BCzT, and FCzT, no visible luminescence
was noticeable ; however, weak phosphorescence signals were
detected by a sensitive PL spectrometer (Figure 2 a, middle).
Surprisingly, we observed bright, ultralong luminescence with
durations of several seconds for PCzT, BCzT, and FCzT when
irradiated continuously by a UV lamp for less than 10 min
(see SV3-SV5). Herein, the prolonged irradiation is defined
as a photoactivation process. Furthermore, with increasing
chain length of the alkoxy group, the phosphorescence
efficiency of these luminogens gradually decreased from 2.5
to 0.8 % (see Table S1 in the Supporting Information).

To understand the nature of this UOP feature, we
conducted a further set of experiments on BCzT as a model
system. As the photoactivation time was increased from 0 to
8 min, the phosphorescence intensity of BCzT in the crystal-
line state was enhanced by a factor of 30, along with receding
fluorescence intensity (Figure 2b; see also Figure S12b in the
Supporting Information). Meanwhile, the lifetime of emission
at 530 nm showed a sharp increase from 1.8 to 1330 ms after
BCzT was photoactivated for 10 min with a UV lamp under
ambient conditions (Figure 2¢). The photoactivation process
could also be observed under a high vacuum, under nitrogen,
and under oxygen at room temperature (see Figures S13—
S15). The long-lived emission of the BCzT crystal remained
after irradiation for 5 min with a UV lamp, thus indicating
that the photoactivation phenomenon is independent of the
environment. Furthermore, we further investigated the effect
of excitation intensity on photoactivation time for BCzT. As
the excitation light intensity was increased from 20 to
80 mWcm ™, the photoactivation time shortened gradually
(Figure 2d).

Significantly, the photoactivated UOP disappeared grad-
ually when BCzT crystals were kept either under ambient
conditions or under vacuum at room temperature for about
160 min (Figure 2e; see Figure S17 and video SV6), thus
suggesting the occurrence of a dynamic process. When
photoactivated crystals were kept in liquid nitrogen at 77 K,
UOP could still be observed by the naked eye after 48 h, as
the deactivation process was slowed down (Figure 2 f; see also
Figure S18). In contrast, photoactivated BCzT was deacti-
vated to its original state when heated at 338 K for 5 min (see
Figure S29b). Taken together, these results suggest that the
deactivation process of photoactivated BCzT crystals is
thermally controlled. Notably, the reversibility of dynamic
UOP was further confirmed through repeated cycles of
photoactivation and deactivation at room temperature (see
Figure S30).

To probe the mechanism underlying this unique dynamic
UOQOP, a set of control experiments, theoretical calculations,
and single-crystal structure analyses were carried out before
and after photoactivation. As the duration of photoactivation
was prolonged at room temperature, we observed an increase
in the phosphorescence lifetime of the BCzT crystal (Fig-
ure 3a). This result is consistent with the gradual increase
observed in the phosphorescence lifetime as the temperature
was decreased from room temperature to 77 K (Figure 3b).
Impressively, it was not until around 233 K that UOP could be
observed after irradiation with a 365 nm hand-held UV lamp
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(see Figure S32). Given that the prolonged lifetimes are likely
to be due to suppression of a nonradiative transition caused
by molecular vibrations under frozen conditions,” we spec-
ulate that the photoactivation might play a similar role to the
freezing process. In the crystal, the simulation shows that the
nonradiative transition mainly stems from breathing vibra-
tions of carbazole groups along the planar direction (see
Figure S36 and GIF in the Supporting Information), which
might be the cause of dynamic UOP. As anticipated, the
distances of intermolecular interactions between two adjacent
molecules after photoactivation in the same plane indeed
decreased as compared with those before photoactivation,
from 2.661 and 2.702A to 2.635 and 2.677 A between
carbazole and triazine groups, and from 2.382 and 2.853 A
to 2.351 and 2.833 A between carbazole and butoxy units, and
from 2.343 t0 2.293 A between butoxy substituents in adjacent
planes (Figure 3¢). The resulting much stronger intermolec-
ular interactions limit the nonradiative transition, as required
for ultralong phosphorescence, by stabilizing the triplet
excitons. Additionally, one more intermolecular interaction
appeared within a distance of 2.380 A between carbazole and
butoxy units after photoactivation. Thus, it is suggested that
restriction of the nonradiative transition caused by adjacent
molecular vibrations may be the main reason for the dynamic
UOP observed in the crystal.

In the BCZT crystal, two identical alkoxy chains con-
nected by a triazine center display quite different conforma-
tions (see Figure S38), resulting in dihedral angles of 5.68 and
5.58° between the triazine and carbazole planes. After
photoactivation, the dihedral angles between the two planes
changed to 5.24 and 5.92° along with variation in bond length
(see Figure S37b and Tables S9 and S10), thus indicating that
photoirradiation enables molecular motion to controllably
tune nonradiative transitions in the crystal. The molecular
motions were further confirmed by atomic force microscopy
(AFM). Before photoactivation, the BCzT crystal adopted an
almost uniform layered surface topography (Figure 3d, top).
However, the surface of the same crystal displayed undula-
tions after photoactivation for 5 min (Figure 3d, bottom).
Upon storage for 2days under ambient conditions, the
uniform layered surface topography of the crystal was
recovered (see Figure S39).

To further illustrate the role of UV light in tuning
intermolecular interactions for dynamic UOP in the crystals,
we carried out a set of control experiments. No photo-
activated ultralong organic phosphorescence (UOP) was
observed after the irradiation wavelength was changed from
365 nm (UV light) to 450 or 500 nm (see Figure S40a and
video SV7). It was found that the BCzT crystal showed strong
absorption in the ultraviolet region (see Figure S40b). In
other words, the BCzT molecule can be excited by UV light to
generate excited states. During the transition of the BCzT
molecule from the ground state to the excited state, we
observed a change in the molecular configuration, which was
further confirmed by theoretical simulations (see Figure S34).
In the gas state, there existed a large molecular structure
transformation from the ground state to the excited state
owing to free intermolecular interactions. In the solid state,
owing to the strong suppression of intermolecular interac-

www.angewandte.org

An dte

Chemie

8427


http://www.angewandte.org

8428

Communications

An dte

Chemie

Internatic

0 100 200 300 400 500 600
b Phot-activation time (s)

273 223 173 123 73
Temperaturte (K)

Ny BCzT-1
2.8nm

-2.2nm

BCzT-2
5.0 nm

-4.3nm

Figure 3. a) Lifetime tendency of the BCzT crystal at 530 nm emission with different photoactivation durations under ambient conditions.

b) Lifetime tendency of the BCzT crystal at 530 nm emission at different temperatures (298, 273, 253, 233, 213, and 77 K). c) Intermolecular
interactions and twisting angles of BCzT in a single crystal before and after photoactivation (BCzT-a) at 100 K. d) AFM topographic images of

a BCzT crystal recorded before (above) and after (below) photoactivation by UV irradiation for 5 min under ambient conditions. e, f) Side and top

views, respectively, of the molecular packing modes of MCzT and BCzT.

tions, the variation of molecular configuration was relatively
small, which is consistent with the change in molecular
configuration before and after photoactivation by UV light.
From these results, we reason that UV light plays a critical
role in controlling molecular configuration and tuning
intermolecular interactions in the crystal. Additionally, it
was found that the ground-state energy after photoactivation
was 0.153 eV higher than that before photoactivation (see
Figure S42), thus indicating that there existed a higher-energy
and metastable ground state for tuning the deactivation of
dynamic UOP.

To gain deeper insight into the molecular motion in
a crystal, we studied the single-crystal structure of MCzT with
inherent UOP as a control experiment. BCZT displays a lower
slip angle between n-stacked molecules of 41.88° as compared
to MCzT (72.65; Figure 3e), thus resulting in less molecular
overlap between neighboring molecules (Figure 3 f). There-
fore, the intermolecular interaction was weakened, favoring
the possibility of molecular motion. It is speculated that the
partial interaction between adjacent m-stacked molecules
plays a vital role in regulating photoinduced molecular
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motion, as required to tune nonradiative transitions and
enable dynamic UOP.

To validate our hypothesis, the single-crystal structures of
PCzZT and FCzT were investigated. Reduced intermolecular
overlap was also observed in PCzT and FCzT crystals (see
Figures S44 and S45). As for BCzT, dynamic UOP was also
observed as anticipated in PCzT and FCZzT after photo-
activation for 7 and 1 min, respectively. As shown in Fig-
ure 4a,b, the photoactivation and deactivation times of
dynamic UOP were in inverse proportion to the alkoxy
chain lengths of these phosphors. As the length of the alkoxy
chain increased, the lifetime of both photoactivation and
deactivation for UOP decreased drastically from 4.77 to
0.99 min and 119 to 18 min (see Figure S46 and Table S11),
respectively. Furthermore, besides triazine derivatives, the
generality of our approach for the generation of dynamic
UOP was further approved in a crystal of a pyridine
derivative (PyCz). Similar dynamic UOP behavior to that of
BCzT was observed in the crystal (see Figure S47 and video
SV8). After photoactivation, bright ultralong phosphores-
cence with a lifetime of 776.03 ms was observed. By single-
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Figure 4. a) Intensity of 530 nm UOP of PCzT, BCzT, and FCzT crystals as a function of photoactivation time from 0 to 10 min under ambient
conditions. Irradiation power: 80 mWcm 2. b) UOP deactivation process: Monitoring of the emission intensities of PCzT, BCzT, and FCzT crystals
at 530 nm under ambient conditions. c) Pattern designed with different phosphors. d) Experimental setup for the multilevel anti-counterfeiting
device. By modulating the photoactivation and deactivation times, different digits and letters can be captured by the naked eye. e) Demonstration
of multilevel anti-counterfeiting using the MCzT, PCzT, BCzT, and FCzT crystals.

crystal analysis, it was found that more intermolecular
interactions appeared after the sample was photoactivated
by UV light (see Figure S47d), thus leading to much stronger
intermolecular interactions to suppress nonradiative transi-
tions. As for BCzT, molecular overlap between neighboring
molecules was small (see Figure S47e¢).

Given the unique dynamic UOP features of MCzT, PCzT,
BCZT, and FCZzT with various photoactivation and deactiva-
tion times, an anti-counterfeiting pattern “8” was fabricated
using different phosphors (Figure 4c). The results of photo-
activation and deactivation are shown in Figure 4d. Under
365 nm UV-lamp irradiation, the pattern displayed a digital
number “8”. When the UV-lamp exposure was interrupted
before photoactivation, a visible letter “I” was visible to the
naked eye due to the inherent UOP of MCzT. Furthermore,
when UV-lamp exposure was interrupted after photoactiva-
tion for 1 min, the luminescent pattern changed to the digital
number “11” because the UOP of FCZzT can be generated
within 1 min of photoactivation. Similarly, the luminescent
pattern could be converted into the letter “H” and finally to
the full digital number “8” by means of different photo-
activation times of 5 and 10 min for BCzT and PCzT crystals,
respectively. Thus, quadruple data encryption and decryption
have been realized by this photoactivated dynamic UOP
process. Subsequently, a deactivation process of this unique
dynamic UOP occurred. After delays of 1.5, 2.5, and 3.5 h, the
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decrypted digit “8” was further encrypted to the letters “E”
and “C”, and returned to “I”, respectively. Importantly, this
special dynamic UOP characteristic enables reversible, multi-
level data encryption and decryption as well as high-density
data storage, a dynamic process that is inaccessible by
conventional approaches.

In conclusion, we have developed a series of molecular
rotors for dynamic and reversible ultralong organic phos-
phorescence by manipulating intermolecular interactions in
the crystalline state with external stimuli. Upon prolonged
photoirradiation, the UOP of these crystalline materials could
be activated, resulting in sharply increased emission lifetimes
under ambient conditions from several milliseconds to
seconds: a broad range of values covering nearly three
orders of magnitude. These phosphors were deactivated to
their original states of short-lived phosphorescence over time
or through thermal treatment. By tailoring the alkoxy chains
in these molecular rotors, dynamic UOP behavior with
different photoactivation and deactivation times could be
controllably tuned under ambient conditions, as evidenced by
a visual, multilevel anti-counterfeiting demonstration. This
study not only upends conventional notions about organic
phosphorescence, but also offers a novel platform for the
development of versatile smart materials with precisely
tunable characteristics to revolutionize the fields of molecular
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machines, information encryption, and security as well as
organic optoelectronics.
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