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Purely organic room temperature phosphorescence (RTP) luminogens have drawn much attention
owing to their potential application in anti-counterfeiting, biological imaging and various sensors, etc.
In this work, a series of halogenated derivatives (MPh-R, R = F, Cl, Br, |) based on 4-phenylmorpholine
are designed and synthesized. The effect of halogen atoms on the crystal packing modes and RTP
performance is systematically investigated. The experimental results, theoretical calculations and ESP
analysis indicate that halogen bonding is successfully formed in MPh-Cl, MPh-Br, and MPh-I, which
significantly accelerates the intersystem crossing (ISC) and enhances the solid-state phosphorescence

Received 9th December 2022, quantum vyields (QYs) by inhibiting the vibration and rotation of molecules. For MPh-F, only single

Accepted 17th February 2023 emission of fluorescence is detected due to the absence of the halogen bonding. The phosphorescent
QY is increased from 0.6% for MPh to 6.8% for MPh-CLl. The relatively long afterglow feature of MPh,

MPh-Cl, and MPh-Br also realizes time-dependent anti-counterfeiting encryption. This work provides a
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Introduction

Persistent room temperature phosphorescence (RTP) has drawn
increasing interest in recent years because of its full utilization
of the excited state and long lifetime. Compared to the widely
used metal-containing phosphorescent dyes, purely organic
compounds showing RTP offer the benefits of low-cost, weak
toxicity, convenient preparation and high biocompatibility.
Applications of organic RTP compounds spanning from organic
optoelectronics, oxygen sensing, bio-imaging and security devices
have been assessed.'™> When the spin multiplicity of the singlet
state excitons changes, through the ISC process to the triplet
excited state, the triplet state undergoes a radiative transition
process and then back to the ground state; this process releases
energy to produce phosphorescence. In metal-containing phos-
phors, the heavy-atom effect of metals gives rise to strong spin-
orbit coupling (SOC) which contributes to the generation and
radiation of triplet excitons. In comparison, purely organic phos-
phors with RTP are extremely limited, which is mainly due to the
very weak SOC and the instability of triplet excitons. Thus, two
factors need to be fulfilled to obtain purely organic RTP systems.
One is the enhancement of SOC, which induces the spin-flip
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new perspective for designing single-component organic RTP materials.

transition to generate the triplet states via ISC.”>"*® The other is
the restriction of molecular motion to suppress nonradiative
transition, which can usually be obtained by crystallization, poly-
merization and host-guest doping, since the triplet excitons are
extremely influenced by environmental factors such as moisture
and oxygen." >

In principle, SOC is highly dependent on the nuclear charge,
which is also referred to as the heavy-atom effect.***® The
non-metal halogen atoms of chlorine, bromine and iodine are
generally acknowledged to greatly modify the molecular photo-
physical behavior and improve the phosphorescence QY.
In addition, halogen bonding is also an effective and reliable
tool in crystal engineering at the supramolecular level, wherein
the halogen atoms are directly involved in forming intermole-
cular interactions.***°

In this context, we present the construction of a purely
organic system with the introduction of a heavy halogen atom,
which modulates RTP by promoting the SOC via the heavy atom
effect and forming special aggregates to stabilize the triplet
exciton through halogen bonding.*'** Morpholine, a simple,
small N,O-containing six-membered ring is selected as the
basic constructing unit. A halogenated-phenyl ring is con-
nected to morpholine to increase the rigidity of the molecules.
According to the El-Sayed rule, ISC is more likely to occur
between different kinds of orbital, i.e., triplet (n-n*) to singlet
(n-n*) or singlet (n-m*) to triplet (m-n*).*® The lone pair electron
on the nitrogen atom of morpholine linking with benzene will
contribute to the enhancement of SOC by enabling the n-n*
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Fig. 1 (a) Chemical structures of MPh, MPh-F, MPh-Cl, MPh-Br and MPh-
I. (b) Photographs taken before and after irradiation (365 nm) under
ambient conditions.

transition.””** The oxygen atom on morpholine may interact

with the heavy halogen to form the halogen bonding, and the
lone pairs of oxygen attracted by chloride, bromine or iodine
would intensify the triplet generation (Fig. 1a). With this design
strategy, a series of 4-phenylmorpholine (MPh) derivatives,
namely 4-(4-fluorophenyl) morpholine (MPh-F), 4-(4-chloro-
phenyl) morpholine (MPh-Cl), 4-(4-bromophenyl) morpholine
(MPh-Br) and 4-(4-iodophenyl) morpholine (MPh-I), are designed
and synthesized. The RTP properties are significantly affected
by halogen substitution in terms of the electron-withdrawing
property, steric hindrance, and heavy atom effect (Fig. 1b).*>>°
The crystal lifetimes of the corresponding luminogens are
208.53 ms (MPh-Cl), 10.73 ms (MPh-Br), and 2.60 ms (MPh-I).
Single crystal analyses clearly demonstrate that compact mole-
cular stacking is beneficial in producing longer RTP lifetime
and higher phosphorescence QY. For MPh-F, only single emis-
sion of fluorescence is observed. The extremely strong electron-
withdrawing property of the fluorine atom results in a distinct
molecular arrangement without halogen bonding. Both experi-
mental and theoretical investigations indicate that the RTP
efficiency from 0.6% (MPh) to 6.8% (MPh-Cl) in a crystal is
mainly attributed to the simultaneous enhancement of the SOC
between the singlet and triplet states as well as ISC and RTP
radiative rate by the chlorine substituent.

Results and discussion

Herein, MPh-F, MPh-Cl, MPh-Br and MPh-I were all facilely
prepared by a one-step Ullmann reaction. All target compounds
were systematically characterized by 'H and *C NMR and
single crystal X-ray diffraction (Scheme S1 and Fig. S1-S10,
ESIT). In the UV-Vis spectra in dilute tetrahydrofuran, the
absorption peaks appearing at around 300 nm for MPh-F,
MPh-CI, MPh-Br and MPh-I were ascribed to the n—-n* transition
of the morpholine moiety (Fig. $11, ESIt).>"*> Meanwhile, MPh-
Cl, MPh-Br and MPh-I exhibited the m-n* transition at around
260 nm, where the absorption of MPh-F was blue-shifted to
245 nm due to the relatively strong electron-withdrawing effect
of fluorine.”® From the photoluminescence (PL) spectra in
various polar solvents, MPh-F, MPh-Cl, MPh-Br and MPh-I
showed similar red-shifted emission as compared with MPh,
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indicating that weak intramolecular charge transfer (ICT) existed
in these compounds (Fig. S12, ESIt). Phosphorescence emission
was not detected because the molecules were dispersed in the
solvent and it was difficult for them to suppress the nonradiative
transition.

In contrast to the single emission peak in the solvent, MPh-
Cl, MPh-Br and MPh-I displayed dual emission of fluorescence
and phosphorescence in the crystal. As shown in Fig. 2a and b,
MPh, MPh-F, MPh-Cl, MPh-Br and MPh-I showed main emis-
sion peaks at 345 nm, 355 nm, 367 nm, 360 nm and 362 nm,
respectively, and they all exhibited nanosecond-level lifetimes
indicating the typical fluorescence characteristics. Under the
time-dependent phosphorescence measurement, MPh, MPh-Cl,
MPh-Br, and MPh-I exhibited RTP emission at 504 nm (458.91 ms),
495 nm (208.53 ms), 505 nm (10.73 ms) and 529 nm (2.60 ms),
respectively (Fig. 2c and d). However, there was no delayed emis-
sion signal detected for MPh-F at room temperature. It is worth
mentioning that MPh-Cl exhibited the optimal intensity ratio of
phosphorescence to fluorescence possibly stemming from the
heavy atom effect and multiple intermolecular interactions, which
facilitated the ISC process and the production of more triplet
excitons for the phosphorescent emission. This was further verified
by the phosphorescence QY measurement. The QY was calculated
to be 0.6% for MPh and 6.8% for MPh-Cl, showing a nearly 10-fold
increase with the incorporation of a chlorine atom. The lifetimes of
MPh, MPh-Cl, MPh-Br and MPh-I were gradually reduced as the
atomic volume increased from H to I, indicating that the heavy
atom effect enhanced the radiative transition from the excited
triplet state to the ground state. The PL spectra of the crystals at
77 K were measured, and a new contribution appeared, which
belongs to the monomeric phosphorescence like in the solvent at
77 K (Fig. S13-S15, ESIt). The ratio between these two contribu-
tions strongly depends on the derivative. The monomeric phos-
phorescence in the crystal was only observed at low temperature,
which further verified that the phosphorescence at room tempera-
ture originated from the aggregated state. When the crystals were
ground into a powder, the sharp diffraction peaks in powder X-ray
diffraction (PXRD) became much weaker, indicating that the
originally regular and ordered molecular stacking was effectively
disrupted (Fig. S16, ESIt). The process was accompanied by a
significant reduction of the phosphorescence lifetime, which con-
firmed the importance of tight molecular stacking for RTP in these
molecules (Fig. S17, ESIt).

The crystals of MPh, MPh-F, MPh-Cl, MPh-Br and MPh-I
were prepared by crystallization from the mixed solution of
dichloromethane and petroleum ether at room temperature,
and their structural difference was investigated by single crystal
X-ray diffraction.’*>* All the morpholine moieties linked to
benzene took a relatively stable chair conformation (Fig. 3a).
With the incorporation of various halogen atoms, MPh-CI,
MPh-Br and MPh-I exhibited edge-to-face stacking modes with
subtle changes. In MPh without halogen substitution, six types
of C-H. - -r interactions and two kinds of C-H- - -O interactions
were observed (Fig. S18-S22 and Tables S2-S7, ESIt). The
molecule was rigidly limited by a variety of different inter-
actions, such as C-H---O hydrogen bonding, which restricted

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Normalized fluorescence and phosphorescence spectra of MPh, MPh-F, MPh-Cl, MPh-Br and MPh-I crystals at room temperature. (b) The
transient fluorescence decay spectra of MPh (345 nm), MPh-F (355 nm), MPh-Cl (367 nm), MPh-Br (360 nm) and MPh-| (362 nm) in the crystal.
(c) Phosphorescence lifetimes of MPh (504 nm) and MPh-Cl (495 nm) at room temperature. (d) Phosphorescence lifetimes of MPh-Br (505 nm) and

MPh-1 (529 nm) at room temperature.

the non-radiative transition and prolonged the RTP lifetime,
resulting in a lifetime of 458.91 ms. When the chlorine atom
was introduced, MPh-Cl exhibited a edge-to-face stacking
pattern and there existed eight intermolecular interactions,
including 6 types of C-H- - -1 (2.866-2.897 A) interactions and
2 kinds of C-Cl---O (3.124 A) halogen bonding (Fig. 3b). The
multiple interactions enabled MPh-CI to exhibit a lifetime of
208.53 ms. As the atomic number increased, the atomic radius
gradually become larger while the molecules tended to slide
along the long axis, which loosened the orderly arrangement of
molecules and significantly reduced the intermolecular inter-
actions. There were only five interactions in the MPh-Br crystal
and four interactions in the MPh-I crystal with the adjacent
molecules, respectively, and thus the nonradiative transitions
could not be effectively suppressed. Viewing these crystals from
the perspective of the stacking modes, the crystal arrangement
of MPh-F was completely different. The MPh-F crystal, which
lacked the RTP property, preferred to form an anti-parallel
arrangement rather than the edge-to-face packing as observed
in other molecules. There existed two kinds of C-H---m
(2.879 A) interactions, four types of C-H---O (2.437-2.659 A)
interactions, and two kinds of C-H- - -F (2.554 A) interactions
between MPh-F and the five neighboring molecules. Moreover,
a more careful analysis of the MPh-F intermolecular inter-
actions showed that there was no halogen bonding, and the

This journal is © The Royal Society of Chemistry 2023

minor atomic number of the fluorine atom would not show the
same heavy-atom effect as Cl, Br and I. The undesirable stacking
and the lack of halogen bonding might be mainly responsible for
the absence of RTP emission in the MPh-F crystal.

To deepen the understanding of the high RTP efficiency of
the MPh-CI crystal, the radiative and non-radiative transition
rate constants were calculated in Table S8 (ESIt). Compared to
MPh, the phosphorescence QYs were increased to 6.8% for
MPh-Cl, 4.2% for MPh-Br, and 2.3% for MPh-I, respectively.
The highest QY of MPh-Cl was caused by multiple factors.
As the atomic number increased, the radiative transition was
accelerated along with the nonradiative transition, but the
strong intermolecular interactions in the MPh-CI crystal signifi-
cantly suppressed the nonradiative transition process (ky, is
5.03 s in MPh-Cl crystal, 95.87 s~* in MPh-Br crystal and
396.71s~ ' in MPh-I crystal). Also, the radiative transition rate of
MPh-Cl had been improved by an order of magnitude com-
pared to MPh (k; is 0.14 x 10~ " s~' in MPh crystal and 3.67 x
10" 57! in MPh-Cl).

In order to clarify the intrinsic mechanism of the improve-
ment of phosphorescence QY, the TD-DFT calculations at the
level of B3LYP/6-31G(d,p) were performed to optimize the
geometries. The SOC coefficients were quantitatively estimated
at the level of B3LYP/6-31G(d,p) by a Beijing density function
(BDF) program. ISC is an important process between the single

J. Mater. Chem. C, 2023, 11, 4203-4209 | 4205
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Fig. 3 (a) Molecular arrangement viewed from different orientations and the intermolecular interactions with the adjacent molecules. (b) The packing

modes of MPh, MPh-F, MPh-Cl, MPh-Br and MPh-I.

state and triplet state that could be directly reflected by the SOC
constant. As shown in Fig. 4a, the coupling constant of MPh-Cl
was significantly enhanced compared to MPh, with the related
SOC value from T; to S, improving from 1.159 cm™' (MPh)
to 2.637 cm~ ' (MPh-CI) on account of the heavy atom effect.
Meanwhile, although both MPh and MPh-CI possessed two
triplet energy levels below S;, the SOC of MPh-Cl was much
higher than that of MPh. In particular, more triplet states close
to S; were produced in the dimer, indicating that the ISC process
of MPh-Cl was further promoted (Fig. S23 and Tables S9 and S10,
ESIt). The energy gap of S; and T3 was only 0.0433 eV, corres-
ponding to the SOC of 1.149 cm~'. For MPh-F without RTP
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properties, the energy gap between S; and T, reached 0.6022 eV
in the dimer, which was not conducive to the ISC process (Fig. S24
and Table S11, ESIt). Theoretical calculations suggested that the
SOC of T, with both S, and S; in the dimer was 0 cm ™", verifying
the hypothesis that this stacking mode would not give rise to the
RTP effect.

The effect of halogens on molecular stacking could be
clearly seen through ESP analysis. As shown in Fig. 4b, the
potential energy range was from —0.03 to 0.03 H. q ' along
with the color from red to blue. When the electrostatic potential
was negative, it means that this position is attractive for
positive electrons, like the red region around the fluorine atom

T T—0.03 H.q-1
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Fig. 4 (a) Calculated excitation energies, and spin—orbit couplings (&) for MPh and MPh-Cl as isolated states. (b) Different electrostatic potential analyses
of MPh, MPh-F, MPh-Cl, MPh-Br and MPh-I. The potential energy range is —0.03 to 0.03 H. g~ for all surfaces shown.
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(Fig. S25, ESIf). And when the electrostatic potential was
positive, as in the case of the alkyl chain part of the morpholine
group, it tended to be closer to the negative charge. Furthermore,
with halogen atoms varying from F to Cl, Br or I with larger sizes,
their bigger steric effect and reduced electron-withdrawing abil-
ities resulted in the much looser stacking.>® The adjacent benzene
units in the MPh-R could not form n—r stacking since the surface
of each benzene showed an electron-rich characteristic. The
fluorine atom remained entirely electronegative, whereas each
of the other three halogen atoms displayed the occurrence of an
electropositive crown along the C-X axis, surrounded by an
electroneutral ring and a farther electronegative belt.>**® The size
of the electropositive crown also increased with the radius of the
halogen, thus preferring to form halogen bonds. When the
fluorine atom was introduced, F was more likely to form
hydrogen bonds with H. The entirely electronegative fluorine
atom exhibited the same electrostatic potential around the
oxygen atom, and the electrostatic repulsion made them show
no intermolecular interactions. This was in accordance with the
distinct stacking pattern of MPh-F as observed in the crystal
structure. Thus, the electropositive crowns of Cl, Br and I
interacted with the electronegative atom of oxygen and formed
halogen bonding.

The strong intermolecular interactions in the crystal facili-
tated the phosphorescence emission. However, it was not
enough to make a high efficiency radiative transition of the
triplet state excitons. The possible photophysical processes of
the halogen substituted compounds under photoexcitation
were proposed to further understand the mechanism of halo-
gen bonding in the crystal (Fig. 5a). When halogen atoms were
introduced in the MPh, the SOC among the excited-state
electrons of the compound and the massive nucleus of the
heavy atom were enhanced. Halogen bonding occurring
between the molecules delocalized the electrons of the oxygen
partially towards the neighboring halogen.*> The motion of the

(a)
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S’ N._ " 'Halogen  d N _®

bonding
Fluo. slow | Fluo. fast
Phos. Phos.

Sy So

(b)

7273

1 MPh-Br
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Fig. 5 (a) Simplified Jablonski diagram to explain the halogen bonding
induced phosphorescence emission and other photophysical processes.
(b) Application of information encryption by using three kinds of compo-
nents of MPh, MPh-Cl and MPh-Br.
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resulting molecules was restricted by the tight packing, which
enhanced the radiative transition of phosphorescence while
weakening the non-radiative transition, allowing triplets to
decay emissively. Given the relatively long afterglow properties
of phosphorescent materials, the compounds were well suited
for time-resolved display models. As shown in Fig. 5b, when
excited with an ultraviolet lamp, the three materials emitted
light at the same time, the part of the pattern of raindrops was
made of MPh, the part of clouds was made of MPh-Cl, and the
part of the sun was MPh-Br. When the lights went out, the
clouds and the sun would still last for a while, representing that
the rain turned cloudy. Only clouds remained at the final stage,
which could act as a rain or shine indicator. Thus, abundant
codes could be obtained by various combinations of these
materials with different locations, making them ideal and
promising materials for data encryption.

Conclusion

In summary, a systematic investigation on the photophysical
properties of MPh and its halogenated derivatives (MPh-R,
R = F, Cl, Br, I) is performed. A simple atomic change can
be made to tune the RTP properties in terms of electron-
withdrawing ability, heavy-atom effect and crystal packing.
A single crystal XRD experiment reveals that the tightly
arranged stacking mode is responsible for the formation of
halogen bonding in MPh-Cl, MPh-Br, and MPh-I. The DFT
calculations elucidate that the chloride atom facilitates the
spin-orbit coupling and essentially increases the SOC value.
The intermolecular coupling produces energy level splitting in
the aggregated state of MPh-Cl, which generates more efficient
ISC channels. An increase of the phosphorescent QY from 0.6%
for MPh to 6.8% for MPh-Cl is realized. Moreover, the relatively
long afterglow feature allows these halogenated derivatives to
be used in the field of data encryption. This work not only
provides a strategy to improve the QY of phosphorescence
but also provides a better understanding of the relationship
between halogen bonding and the RTP effect.
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