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The control of molecular packing in the aggregated state at the
molecular design stage is significant but challenging. Herein, a
strategy is provided to regulate the molecular packing as well as
corresponding room temperature phosphorescence (RTP) perfor-
mance. By changing the substituent, we designed five phenothia-
zine 5,5-dioxide derivatives to reveal their different RTP properties
and inherent mechanism. Through careful analyses of experimental
results, coupled with theoretical calculations, it is found that
efficient intermolecular n—n interaction favors the long phosphor-
escence lifetime. Furthermore, polymorphisms with distinct inter-
molecular n—=n interactions and RTP effects were obtained for
compound PTZO-Cl, once again certifying the key role of strong
n—n stacking in the persistent RTP effect. Also, these compounds
with different RTP lifetimes were successfully utilized in silk-screen
printing and multiple anti-counterfeiting.

Introduction

Recently, room temperature phosphorescence (RTP) lumino-
gens have attracted considerable interest for their wide
potential applications, such as organic light-emitting diodes
(OLEDs), time-gated bioimaging, anti-counterfeiting and

sensors.' " In comparison with traditional inorganic materials
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or organic-metal complexes with the RTP effect, the pure
organic ones show great advantages of low cost, good biocom-
patibility, easy preparation, etc.

Thanks to the enthusiasm of scientists, enumerable pure
organic RTP systems have been successfully developed to
explore their inherent mechanisms as well as corresponding
applications. Systematic studies show that RTP effects in
organic luminogens are heavily dependent on intermolecular
interactions in the solid-state, such as H-aggregation, intermo-
lecular n-n coupling, halogen bonding, hydrogen bonding,
etc." " Besides, intermolecular n-n interaction in aggregates
is also found to be much beneficial for the stabilization of
triplet excitons and realization of persistent RTP. That is, the
short distance and large overlap in the face-to-face n-n inter-
actions could form the tight stacking of adjacent molecules,
contributing to the prolonged phosphorescence lifetime.?*>°

Herein, according to the previous works, we designed and
synthesized a series of phenothiazine 5,5-dioxide derivatives,
namely PTZO-CH;0, PTZO-Br, PTZO-H, PTZO-F and PTZO-Cl.
For these target compounds, the 1,2,3-trifluorophenyl group
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was introduced to all of them to strengthen the intermolecular
hydrogen bonding and inhibit the non-radiative transition,
while the substituents in the 2-position of the phenothiazine
5,5-dioxide group were changed from each other, with the aim
to accurately adjust the molecular packing and investigate the
structure-packing-RTP property relationship.>®™>®

Excitingly, accompanying the adjustment of the substituent
groups on the 2-position of the phenothiazine 5,5-dioxide ring
from the methoxyl group to a bromine atom, and then to
hydrogen, fluorine and chlorine atoms, the RTP lifetimes in
crystals of the corresponding luminogens increased from
144 ms (PTZO-CH;0) and 179 ms (PTZO-Br) to 332 ms
(PTZO-H), and then to 446 ms (PTZO-F) and 745 ms (PTZO-
Cl). Single crystal analyses indicated that the minor differences
in the substituents could lead to much different intermolecular
n-7 interactions, thus resulting in the changed RTP properties.
That is, the stronger the intermolecular n-r interaction, the
longer the RTP lifetime. Surprisingly, we obtained another
single-crystal of PTZO-Cl without the RTP effect, in which
distinct molecular packing in a looser way (larger distance
and small overlap for intermolecular n-m interactions) could
be observed, further confirming that the compact packing is in
favour of the stabilization of triplet excitons and realization of
persistent RTP.

Results and discussion

Five phenothiazine 5,5-dioxide derivatives of PTZO-CH,O,
PTZO-Br, PTZO-H, PTZO-F, and PTZO-Cl were designed by
adjusting different substituents. The synthetic routes are
described in Scheme S1 (ESIt). Their molecular structures
and purity have been well confirmed by '"H NMR, >C NMR,
high-resolution mass spectra (HRMS), single-crystal X-ray dif-
fraction (XRD), and high-performance liquid chromatography
(HPLC). Then, their single crystals were cultured and corres-
ponding photophysical properties were studied. Upon the
illumination of a 365 nm ultraviolet (UV) lamp, their crystals
showed blue or purple emissions. After stopping the excitation,
green RTP emission lasting for more than 1.0 s could be
visually seen for PTZO-H, PTZO-F, and PTZO-Cl, while those
of PTZO-CH;0 and PTZO-Br would die out quickly (Fig. 1B). All
of these phenomena were further confirmed by the steady-state
photoluminescence (PL) spectra, phosphorescence spectra and
corresponding lifetimes. As shown in Fig. 2A, the steady-state
PL spectra of crystals displayed completely different profiles
with emission peaks from 362 to 373 nm, whose lifetimes (tx)
were measured to be about 1.21-2.82 ns, indicating the typical
fluorescence character (Fig. S1, ESIT). Their PL quantum yields
were also much different, from 0.22% to 2.55% in the crystal
state (Table S1, ESIt). In the phosphorescence spectra, their
emission peaks appeared from 500 nm to 515 nm, with life-
times ranging from 144 to 745 ms (Fig. 2B). When the tem-
perature decreased to 77 K, their lifetimes further increased,
resulting in ultralong phosphorescence lifetimes of 0.63-1.81 s,
since the cryogenic temperature can suppress the molecular
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Fig.1 (A) Strategy to promote the RTP performance. (B) Molecular
structures of PTZO-CHzO, PTZO-Br, PTZO-H, PTZO-F and PTZO-C|,
and their corresponding photographs were taken before and after turning
off the 365 nm UV irradiation under ambient conditions.
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Fig. 2 (A) Normalized fluorescence (Orange line; Aex = 300 nm) and
phosphorescence spectra (Green line; Jex = 365 nm) for PTZO-
derivatives in the crystal state. (B) Room temperature phosphorescence
decay curves of PTZO-derivatives in the crystal state.

motion to reduce the nonradiative rate (Fig. S2, ESIT). Thus, the
prolonged lifetimes at low temperature further confirm the
triplet feature of these emissions.

To study the origin of the different RTP performances for
these five compounds, their UV-Vis absorption spectra were
measured. The absorption spectra in dilute dichloromethane
(DCM) solution are shown in Fig. S3A (ESIt), in which they have
similar absorption bands at about 275, 300, and 330 nm,
regardless of their different substituents. This indicates that
the electronic effects of substituents have little effect on their
energy levels. When it turns to a crystal state, much different
absorption spectra can be observed, in which distinct

This journal is © The Royal Society of Chemistry 2022
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absorption peaks are presented (Fig. S3B, ESIt). In particular,
the maximum absorption wavelength red-shifts from 330 nm
(PTZO-CI crystal) to 345 nm (PTZO-Br crystal), indicating their
much different molecular packing in the crystal state. This
could be further certified by the measurements of powder X-ray
diffraction (PXRD), in which different PXRD patterns with
sharp peaks could be observed for these five crystals (Fig. S4,
ESIt). Also, the differential scanning calorimetry (DSC) mea-
surements showed that these five target compounds had dif-
ferent melting points from 175.4 °C to 249.4 °C, due to their
different molecular structures and intermolecular interactions
in crystals (Fig. S5, ESIf). Thus, regardless of the similar
molecular structure for these five target compounds, much
different molecular packing could be obtained, which then
affects the corresponding photophysical properties, including
the RTP effect.

In order to further investigate the relationship between
luminescent behaviour and molecular packing, their single
crystal structures were measured, and the dimers formed by
adjacent molecules were extracted from the crystals for detailed
analysis (Table S2 and Fig. S6-S8, ESIT). Fig. 3 shows the entire
and local packing modes of these crystals, which are different
from each other corresponding to the subtly different substi-
tuent groups on the 2-position of the phenothiazine 5,5-
dioxide ring.

In detail, PTZO-CH;0 and PTZO-Br crystals present the
space groups of P12,/c1 and R3. Among them, the distance
(d) and slant angle (0) of the molecular dimer in the PTZO-
CH;O crystal is 3.51 A and 60.0° respectively, while they are
3.41 A and 58.0° for PTZO-Br. Interestingly, the crystals of
PTZO-H, PTZO-F and PTZO-CI exhibit almost similar molecular
packing modes with the same space group of Pbca, which will
be much beneficial for analyzing their intermolecular interac-
tions. For these three crystals, the main differences also exist in
their intermolecular distance (d) and slant angle (f) within the
molecular dimer. As we can see, the intermolecular distance (d)
of the molecular dimer decreases gradually from 3.62 A (PTZO-
H and PTZO-F) to 3.61 A (PTZO-Cl), while the corresponding
slant angle (0) increases from 66.9° (PTZO-H) and 67.9° (PTZO-
F) to 69.0° (PTZO-Cl). This indicates the gradually enhanced
intermolecular n-n interactions in crystals are consistent with
their prolonged RTP lifetimes. Besides, although the intermo-
lecular distances of PTZO-H, PTZO-F and PTZO-CI dimers were
a little longer than those of PTZO-CH;O and PTZO-Br, the
corresponding slant angles were all larger than PTZO-CH;O
and PTZO-Br crystals, meaning the increased overlap between
adjacent molecules with a face-to-face arrangement. Then, the
larger n-m overlaps lead to the much longer RTP lifetimes of
PTZO-H, PTZO-F and PTZO-CI crystals than PTZO-CH;0 and
PTZO-Br.

From the above analyses, it can be concluded that the minor
difference in substituent could lead to a significant change in
intermolecular n-r interactions, including intermolecular dis-
tance (d) and slant angle (0). Among them, the PTZO-CI crystal
takes the largest n-m overlap in the molecular dimer with the
slant angle of 69.0°, thus enhancing the intermolecular

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Single-crystal structures of the five target compounds. Entire and
local packing modes of the crystals for PTZO-CHO, PTZO-Br, PTZO-H,
PTZO-F, PTZO-Cl and PTZO-CL (RTP inactive). The local packing pictures
are selected from the parts in cycles of corresponding entire ones, in
which the plane-plane distances and the slant angles of the involved
planes are listed.

interactions and leading to the longest RTP lifetime of 745
ms. For other compounds, the changes in intermolecular n-n
interactions with the different slant angles are also in good
accordance with their changing tendency of RTP lifetimes in
crystals. That is, the larger the n-n overlap, the longer the RTP
lifetime, demonstrating the significant role of intermolecular
n-n stacking in the RTP effect. Therefore, when dissolving them
in DCM solution, no RTP could be detected. Only at low
temperature (77 K), the phosphorescence could be observed
for the largely restricted non-radiative transition (Fig. S9 and
S10, ESIY).

Surprisingly, we obtained another single crystal of PTZO-CI,
named PTZO-CI (RTP-inactive), by changing the culture condi-
tions. As easily seen in Fig. S11 (ESI{), different from the PTZO-
Cl crystal with the RTP effect, the PTZO-Cl (RTP-inactive) one is
RTP inactive and its PL quantum yield is just 0.94% (Table S1,
ESIY). Single X-ray diffraction (XRD) analyses show that PTZO-
Cl (RTP inactive) crystal presents another type of space group of
P12,4/c1 (Table S2, ESIt). Also, its molecular dimer shows much
weaker intermolecular n-n interactions with the small inter-
molecular overlap (0 = 33.6°) and large intermolecular distance
(d) of 3.92 A (Fig. 3). Even compared to PTZO-CH;0, PTZO-Br,
PTZO-H and PTZO-F crystals, the n-n interactions of the
PTZO-Cl (RTP inactive) crystal are also much weaker, thus
resulting in its non-RTP effect. Besides, the powder XRD
patterns could also certify the different molecular packing

J. Mater. Chem. C, 2022,10,13741-13746 | 13743
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between PTZO-Cl and PTZO-CI (RTP inactive) crystals. As shown
in Fig. S12 (ESI{), PTZO-CI (RTP inactive) shows sharp peaks at
about 7° and 22°, while the PTZO-CI crystal with the RTP effect
has sharp peaks at about 8°, 23° and 31°. These data certify the
significant role of intermolecular n-r interactions in the RTP
effect of phenothiazine 5,5-dioxide derivatives. To further prove
this, the RTP performance of PTZO-Cl ground powder was
measured. After grinding, the RTP intensity of PTZO-Cl
decreased sharply and the lifetime was shortened from 745 to
31 ms, as the mechanical stimulus had destroyed the inter-
molecular n-n interactions in the solid-state (Fig. S13, ESIT).
Further on, when PTZO-Cl was doped into a polymethyl metha-
crylate (PMMA) matrix with a mass ratio of 1%, no RTP could be
detected, which demonstrates the significant role of intermo-
lecular n—r interactions in the RTP effect again (Fig. S14, ESIT).

Furthermore, TD-DFT calculations were carried out to study
the relationship between molecular packing and the RTP effect.
We first performed calculations of the highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) to investigate the nature of the excitation in these
dimers from single crystals. Taking the two polymorphisms of
PTZO-Cl as examples, the electron clouds of HOMO and LUMO
are both located on the phenothiazine 5,5-dioxide ring, indicat-
ing that it acts as the main luminophore.> Interestingly,
obvious electron communication could be observed for the
adjacent parallel phenothiazine 5,5-dioxide ring in the LUMO
orbital, which would surely affect the resultant luminescent beha-
viours, including RTP emission. Additionally, reduced density gra-
dient (RDG) analyses revealing the intermolecular interactions were
carried out, in which the blue region indicates attractive interac-
tions, the green region is for van der Waals and the brown region is
for steric hindrance (Fig. 4B). The larger green or brown-green
isosurface within the molecular dimer in the PTZO-Cl crystal
suggests its stronger intermolecular m-m interaction than the
PTZO-Cl (RTP inactive) crystal. Also, in the scatter diagrams of the
RDG analysis, there are more spikes in the range of —0.01 to
0.01 a.u. of the sign(Ly)r function for the PTZO-CI crystal, further
verifying the stronger n—r interactions in it, which then contributes
much to the resultant ultralong RTP emission.>**" Thus, the
existence of efficient intermolecular n-r interaction and its signifi-
cant influence on RTP emission could be further certified based on
these theoretical calculations.

To fully utilize the ultralong lifetime of these organic
RTP luminogens, the applications of time-resolved anti-
counterfeiting were explored. Firstly, PTZO-Cl with the longest
RTP lifetime was utilized to prepare a two-dimensional code
through simple screen printing.**® The anti-counterfeiting
ink was prepared by dispersing the PTZO-CI powder in ALOE
VERA gel. Then, a two-dimensional code was printed on a piece
of filter paper by using this special ink. Under natural light, the
screen-printing pattern was invisible, as depicted in Fig. 5A.
However, after UV irradiation, the two-dimensional code with
green afterglow could be clearly observed by the naked eye.
Furthermore, when the polyvinyl alcohol (PVA) film of fluor-
escein was covered on the screen-printing pattern, it would be
invisible under UV irradiation due to the interference of strong

13744 | J Mater. Chem. C, 2022,10, 13741-13746
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Fig. 4 (A) HOMO/LUMO orbital distributions of the molecular dimers of
PTZO-Cl and PTZO-Cl (RTP-inactive). (B) Distributions of intermolecular
interaction regions in molecular dimers of PTZO-Cl and PTZO-Cl (RTP-
inactive).

green fluorescence from fluorescein. However, the two-
dimensional code could be observed after stopping the UV
irradiation for the long RTP lifetime of PTZO-Cl, which could
serve as a great addition to the traditional anti-counterfeiting
technology based on fluorescence (Fig. S11, ESIT).

Then, in consideration of the different RTP performances of
PTZO-CH;0, PTZO-Br, PTZO-H, PTZO-F and PTZO-Cl, the mul-
tiple security protection with color mode and time-resolved
mode was explored. As shown in Fig. 5B, the pattern of the
cloud was filled with PTZO-Cl powder, which showed green
emission under UV irradiation. Then, the raindrop patterns
were filled in with PTZO-CH;0, PTZO-H and PTZO-Br powders
in order. Finally, PTZO-F powder was used to fabricate a star
with purple emission. After turning off the UV irradiation
suddenly, the cloud, star and the centre raindrop with the
ultralong green RTP could be readily visualized, while the other
parts with shorter RTP emissions couldn’t. After a while, the
raindrop gradually disappeared, and the cloud and star shaded
in turn with time prolonged. This process at room temperature
without any other external stimulation makes these com-
pounds promising candidates for multiple anti-counterfeiting
security protection materials.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) The schematic diagram of the screen-printing process and the
two-dimensional code which could be identified by cell phone. (B) Multi-
ple security protection applications by using five kinds of components of
prepared powders of PTZO-CH3O (the left raindrop), PTZO-Br (the right
raindrop), PTZO-H (the middle raindrop), PTZO-F (the star), and PTZO-Cl
(the cloud).

Conclusions

In summary, we designed and synthesized five phenothiazine
5,5-dioxide derivatives containing different substituents, which
demonstrate different phosphorescence properties at room
temperature. Through experimental analyses and theoretical
calculations, it is demonstrated that efficient intermolecular
n-m interaction, especially for the large n-m overlap with the
molecular dimer, is beneficial for the persistent RTP effect.
The two polymorphisms of PTZO-Cl with totally different
RTP effects could further certify this point, further demonstrat-
ing the Molecular Uniting Set Identified Characteristic
(MUSIC).>”"*® In addition, a series of anti-counterfeiting appli-
cations were demonstrated, based on their distinct RTP effects.
This study provides an effective strategy for regulating and
controlling the intermolecular interactions of n systems, giving
some new insights into the structure-packing-performance
relationship of functional materials.
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