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Introduction

Kasha’s rule’ is extensively observed in luminescence fields,>™* bedims the discrimination, especially, with the naked eye;

Suppression and utilization of Kasha's rule:
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Kasha's rule emphasizes that excitons should deexcite from the lowest excited state; indeed most
luminous emitters follow this rule. However, little effort has been made to suppress and utilize Kasha's
rule to realize variable emission from the perspective of modulating the molecular configuration. In this
paper, phenoxazine—phenazine (POZ-PZ) is selected as the objective molecule that could exhibit dual
emission (~420 nm visible mazarine and 780 nm weak NIR) in the solution state via the suppression of
Kasha's rule through the vertical molecule configuration. Contrarily, POZ-PZ can exhibits NIR-only
emission (peak at ~760 nm in the thin film state) via the utilization of Kasha's rule when it is doped into
rigid matrixes. The visible chromatism range can reach up to ~340 nm. Based on the experimental
results, we propose that the molecular configuration and intramolecular motion of POZ-PZ would be
induced by the matrixes until the molecule arrives at a self-consistent state, further presenting the
specific photophysical properties. Meanwhile, POZ-PZ is also employed as a guest material in organic
light-emitting diodes that exhibit NIR emission with the maximum external quantum efficiency (EQEax)
of 1.09% and the maximum radiance of 4042 mW Sr—t m—2,

these categories of compounds, some great challenges need to

be addressed: (1) inapparent variation of emitting colors that
.5,18-21

such as in fluorescent molecular rotors,*”® bioimaging® ™* and  (2) the deficiency of near-infrared (NIR) emission that limits the

organic light-emitting diodes (OLEDs),

117 in which the exci- general applicability in bioluminescence fields;**** and (3) an

tons return to the ground state from the lowest singlet S; (for
phosphorescence this process occurs from T,). To date, most
organic luminescent materials follow this rule and their photo-
physical properties can be precisely simulated using quantum
chemical calculations. Recent work on fluorescent molecular
rotors indicates that Kasha’s rule could be sketchily suppressed
by controlling the order of emissive states.” However, regarding
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unclear mechanism that restricts the molecular design and
applications, especially, from the aspect of the connection
between the molecular configuration and the matrix,'8%2%26733
Additionally, almost all studies focus on the transition from
low to high excited states rather than the other way around,
which cannot dialectically expose the nature of Kasha’s
I_ule.579,20,21,23725,34

In a previous work, we reported a series of phenazine-based
compounds** to explore the connection between the electronic
configuration of the excited state and the molecular configu-
ration. The results show that the emission of phenazine-based
compounds could undergo a bathochromic-shift with the
increase of electron-donating ability of the donor. However,
among the phenazine-based family, phenoxazine-phenazine
(POZ-PZ) exhibits unanticipated dual emission (~420 nm
intense mazarine and 780 nm weak NIR) in the solution state
and single NIR emission (~760 nm) in the thin film state
(Fig. 1a). The visible chromatism range reaches up to ~ 340 nm.
This huge chromatism means that two emissions might come
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Fig. 1 (a) The molecular structure of POZ-PZ and images obtained under a 365 nm UV-lamp. The concentration of the solution state is 107> M in
toluene and the film is doped with 10 wt% in PMMA. The frozen solution is obtained using the identical solution to freeze in the cryo-stat; (b) schematic

diagrams of emissive mechanisms in different matrixes.

from the disparate energy levels rather than the localized
excitation (LE) state and the charge transfer (CT) state of the
unitary energy level (LE and CT of S;).

Based on these phenomena, in this work, specific research
has been conducted to try to reveal the mechanism for the
variable emission. We propose that the blue emission in
solution comes from the high-level excited state (S,, n > 2),
and the NIR emission is from the lowest excited state (S;)
(Fig. 1b). This hypothesis is well supported by the subsequent
experimental and simulated results, proving that Kasha’s rule
can be suppressed in unrestrictive matrixes (low-viscosity
solution) due to the vertical configuration between the donor
(POZ) and the acceptor (PZ). It is also supported that the blue
emission primarily comes from the self-vibration of the POZ
group. Meanwhile, the single NIR emission in rigid matrixes
(thin film, high-viscosity solution or PMMA) completely comes
from the lowest singlet state, through the utilization of Kasha’s
rule. This matrix-induced Kasha’s rule (MIKR) could be pre-
ferably used to expound the reason for variable emission of the
objective molecule. Furthermore, POZ-PZ is also utilized as a
guest material in OLED devices. The results demonstrate
that the emitter could conform to Kasha’s rule and the
devices exhibit NIR emission with an EQE,., of 1.09% and a
radiance,., of 4042 mW Sr—! m~2.

Results and discussion
Design and synthesis

For the synthesis procedures please refer to the previous work™*
and supporting information. On the one hand, we previously
found that the oscillator strength of S; approaches zero if the
dihedral angle is vertical, which means S, may no longer be an
ideal emissive state. Compared with common donors (such as
carbazole (Cz), tertbutylcarbazole (¢BCz) and so on), POZ has
stronger electron-donating ability, while the flexible connection
between two benzene rings of POZ could guarantee the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 4092-4099

vibration of groups around the N-O axis. In addition, POZ
has a relatively larger dihedral angle with the acceptor than the
above donors,**™** which also provides an advantage for realiz-
ing the vertical configuration of POZ-PZ in solution. Therefore,
we prudently consider that POZ-PZ is an appropriate object to
explore the connection between Kasha’s rule and molecular
configuration. On the other hand, the method of reductio ad
absurdum is adopted to verify the accuracy of our consideration. A
new analog, 2,6-bis(4,5-bis(diphenylphosphanyl)-10H-phenoxazin-
10-yl)phenazine (DPh,P-POZ-PZ), which has bulky groups (diphe-
nylphosphine) on POZ is synthesized as a contrast compound to
restrict the intramolecular motion, especially, most of the self-
vibration and partial rotation.

Photophysical properties

As depicted in Fig. 2a, POZ-PZ has two distinct absorption
bands around 533 (low-energy band) and 326 nm (high-energy
band) in toluene solution. The former can be ascribed to the CT
transition of S; and the latter can be attributed to a higher
energy level. In contrast, the absorption in the thin film state
exhibits noteworthy distinctions compared to the absorption in
the solution state: the low-energy band shifts to 553 nm and the
absorbance of the high-energy band experiences a substantial
decrease and alteration, which can be ascribed to the alteration
of the matrix. POZ-PZ shows two emission peaks in solution,
which are around 420 and 780 nm. However, only one peak
(760 nm) is observed in the thin film state. As mentioned above,
we hypothesize that the emission peaks around 420 nm and
780 nm in the solution state might be attributed to S, and Sy,
respectively. To prove this point, different excitation lamps are
utilized to excite the emitter in solution. As shown in Fig. 2b,
POZ-PZ presents two peaks under a 365 nm light source in the
solution state. Meanwhile, a 550 nm lamp is carefully chosen to
be a low-energy light source in order to keep away from the
short-wavelength emitting peak. Obviously, the single NIR
emission peak indicates that the long-wavelength peak indeed
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Fig. 2 (aand e) The absorption and PL spectra in toluene solution (10~> M) and pure thin film; (b and f) the PL spectra under different excitation lamps. (c
and g) The viscosity-dependent spectra tested at 20 °C, volume/volume for every set; (d and h) the steady-state FL (blue line) in toluene solution (10> M)
at room temperature, the phosphorescence (red dash) and steady-state FL (red line) in frozen toluene solution (identical solution with RT steady-state FL)

at 77 K.

comes from the S; and the insufficient excitation power cannot
excite the blue emission, which demonstrates that the dual-
emission process in solution belongs to different excited states
rather than the LE state and CT state of S;.°

To further explore the possible reasons for the disappear-
ance of the short-wavelength peak in the thin film state, high-
viscosity solvents are employed to restrict the molecular motion
of POZ-PZ, which is aimed at gradually approximating to the
circumstances of the thin film state. Taking into consideration
of the solubility of POZ-PZ and the intermiscibility of different
solvents, ethylene glycol (EG, high-viscosity) and tetrahydro-
furan (THF, low-viscosity) are picked as mixed solution and
measurements were carried out at 20 °C. As shown in Fig. 2c,
viscosity-dependent spectra are normalized because of the weak
emission in low-restrictive solution (low-viscosity solution). In
this way, the respective variations of the two emission peaks
can be compared by their proportional variations in the whole
emission. Under low-viscosity conditions (Vryp: Vgg = 9:1), an
intense peak appears in the short-wavelength range. Due to the
large dipole moment of POZ-PZ and the high polarity of
mixture solvents, the long-wavelength peak is very weak (com-
pared with the emission in toluene solution). However, the
proportion of the short-wavelength peak decreases as the
solvent viscosity increases, and meanwhile, the proportion of
the long-wavelength peak increases rapidly. The short-
wavelength peak almost completely disappears when the sol-
vent mixture reaches the highest viscosity (Vrgrp: Veg = 1:9).

Based on the results obtained above, the possible reasons
could be inferred as follows: (i) because of the vertical dihedral
angle between POZ and PZ, the electronic transition from the
donor to acceptor is forbidden (especially for the n-n* transi-
tion) and the excitons have to execute the deexcitation via the

self-vibration of the POZ group; (ii) due to the intramolecular
rotation, the POZ group would reciprocally twist with an extent
of angle along the pair-bearing moieties (the C-N bond)
between POZ and PZ; this results in the CT emission appearing
in the long-wavelength range when the dihedral angle is not
vertical. These possible reasons indicate that the self-vibration
of POZ produces blue emission, while the rotation of POZ
determines the generation of NIR emission. Both these intra-
molecular motions (self-vibration and rotation) simultaneously
lead to the concomitant and competitive dual emission in the
solution state. When the high-viscosity solution is employed,
the self-vibration and intramolecular rotation are both
restricted, while the dihedral angle between POZ and PZ is
confined to a feasible angle ¢ (90° > ¢ > 68.9° for detailed
discussions see the simulations section) and more electrons
could effectively transfer from the donor to acceptor rather
than participating in the self-vibration of POZ. When the extent
of restriction reaches the rigid matrix conditions, for instance
the thin film state, the blue emission completely disappears.

The self-vibration and rotation of POZ-PZ could also be
further attested by the low-temperature spectra. As shown in
Fig. 2d, the state of the toluene solvent transforms from the
unrestrictive matrix to restrictive matrix when the temperature
reaches the freezing point, while the self-vibration is restricted
by the restrictive matrix and the blue emission disappears. The
alternative matrix immediately induces the dihedral angle to
reach a new degree, which results in the NIR emission showing
a hypsochromic shift to 725 nm. The experimental results
indicate that not only do the self-vibration and rotation exist
in POZ-PZ, but Kasha’s rule also can be tuned by controlling
the self-vibration and rotation. This process is completely
induced by the variations of the matrixes.

4094 | Mater. Chem. Front., 2023, 7, 4092-4099 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Similar experiments have been also conducted on DPh,-
P-POZ-PZ. As expected, DPh,P-POZ-PZ only has one emission
peak around 759 nm in toluene solution due to the restriction
of bulky groups for the self-vibration of POZ (Fig. 2e). The single
emission also reflects that the dihedral angle between DPh,P-
POZ and PZ is set at a feasible angle. Meanwhile, based on the
nearly identical absorption spectra observed in different
matrices, it can be inferred that DPh2P-POZ-PZ does not
undergo rotation due to the bulky group. The solution photo-
luminescence (PL) spectra of DPh,P-POZ-PZ with different
viscosities are also measured for comparison (see Fig. 2g).
The results indicate that, because of the deficiency of self-
vibration for the DPh,P-POZ group and doable electron transi-
tion between the donor and the acceptor resulting from the
feasible dihedral angle (64°), there is no noticeable emission
that arises in a short-wavelength range. The absence of blue
emission for DPh,P-POZ-PZ further provides evidence that the
blue emission of POZ-PZ comes from the self-vibration of the
POZ group.

The photoluminescence quantum yields (¢prqy) of POZ-PZ
in toluene and the polymethyl methacrylate (PMMA) film are
1.50% and 84.57%, respectively, confirming that the intra-
molecular motions (especially for self-vibration of the POZ
group) are sufficiently suppressed in PMMA.

Simulations

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) simulations are employed at the

View Article Online
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B3LYP/6-31G** level to further verify our hypothesis. Firstly, the
molecular configuration of the ground state has been opti-
mized in a toluene atmosphere and the whole optimization
processes are not restrictive. As shown in Fig. 3c, the dihedral
angle between PZ and POZ is 90°, which agrees well with the
hypothesis. As mentioned above, the short-wavelength peak
disappears in the film state, which means that the self-
vibration of POZ is forcefully weakened and the electrons could
efficiently transfer from the POZ to PZ group profiting from the
feasible dihedral angle, while the energy of the molecule is at
the lowest point and the molecule is at the relatively stable
state. Therefore, we scanned the potential energy of the POZ-PZ
molecule to simulate the feasible dihedral angle between the
POZ and PZ groups. Fig. 3a shows a three-dimensional diagram
of the angle-dependent potential energy. ¢, is the dihedral
angle of one POZ group with PZ, and ¢, is the other one. It
clearly demonstrates that when ¢, and ¢, are both ~68.9°, the
molecule has the lowest energy. At this stage, this structure is
picked up for further optimization and finally is deemed as the
feasible configuration in the film state. After obtaining the
optimized configurations in different matrixes, TD-DFT is
employed to evaluate the properties of excited states. It is worth
noting that TD-DFT is based on the Born-Oppenheimer
approximation; however, the blue emission of S, results from
the intramolecular motion that is at least four orders of
magnitude faster than the rate of the emissive state (S,).
Therefore, the surface of S, is for quantitative reference only.
The detailed discussion is provided alongside Fig. S4 (ESIT). We
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Fig. 3 (a) The potential energy scanning of angle-dependence of POZ-PZ; (b) the oscillator strength of the excited state for angle-dependence of
POZ-PZ; and (c) the surfaces of frontier molecular orbitals (sky-blue and claret-red) and natural transition orbitals (turquoise and mazarine).
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present the surfaces of S; and S, states in Fig. 3c. In the solution
state, the oscillator strength (f) of S; exhibits a negligible value of
0.0001 and the excitation energy is 1.51 eV, corresponding to
788 nm. The oscillator strength of S, is up to 0.0041, and the
excitation energy is 2.99 eV, which corresponds to 414 nm. These
simulated wavelengths are consistent with the emission spectra
in solution. Turning to the excited state of a feasible structure in
the film, the results show that the oscillator strength of S, is
0.1799. Contrarily, the oscillator strength of S, is merely 0.0201.
When compared to S,, S; is a viable emissive state for this
molecular configuration. Meanwhile, the excitation energy of S,
is 1.63 eV, corresponding to 763 nm, which matches well with
the PL spectrum in the thin film state. To further visually probe
the connection between the dihedral angle and oscillator
strength, the angle-dependent oscillator strength under the scan
pattern is calculated. As shown in Fig. 3b, the oscillator strength
of S; is prominently larger than that of S, with a small dihedral
angle. As the dihedral angle increases, both oscillator strengths
(S; and S,) decrease rapidly, which is due to the increasing
difficulty of electron-transition from POZ to PZ. The electron
transition of S; is almost forbidden when the dihedral angle is
90°, which means that the oscillator strength of S; approaches
zero and it is lower than that of S,. Therefore, Kasha’s rule
is suppressed and the emission would be generated from S,.
Importantly, these simulation results agree well with the
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experimental results and provide persuasive evidence for our
hypothesis. At the same time, the level of involvement for the
acceptor, crucial to the phenazine system, would directly impact
the performance in the excited state. The vibration vector is
analysed to qualitatively illustrate the degree of involvement of
the acceptor (detailed discussion is given in Fig. S3, ESIf).

Combining the experimental and the simulation results, our
hypothesis can be confirmed: (i) in the solution state, due to the
absence of a restrictive matrix, the POZ group tends to be
vertical to the PZ group. This vertical configuration results in
an ineffective electronic transition between POZ and PZ, and
thus, the excitons de-excite through the non-radiative transition
and self-vibration emission paths. This agrees well with the
extremely low ¢prqy and blue emission in the solution state; (ii)
contrarily, in the thin film state, the vibration and rotation of
the POZ group are to some extent restricted by the stacking
interaction. Meanwhile, the dihedral angle is maintained at a
feasible angle. Benefiting from these points, the high ¢p;qy and
the single emission peak signify that the electrons originally
aggregated at the POZ group can transfer to the PZ group and
undergo CT-type transition, and the S; transforms into an
emissive state. By harnessing this mechanism, the photophy-
sical properties can be adjusted through the choice of matrix.
For example, employing different polymers enables tunable
emission to be achieved (Fig. S20, ESIt).
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Fig. 4
and (d) the current-density—EQE curves for POZ-PZ.

(a) The architecture of devices; (b) the electroluminescence spectra of POZ-PZ; (c) the voltage—current density—radiance curves for POZ-PZ;
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Electroluminescence properties

After exploring the photophysical properties, OLED devices
were fabricated with a confirmatory architecture (Fig. 4a) to
further explore the electroluminescence properties of POZ-PZ:
indium tin oxide (ITO)/molybdenum trioxide (MoOj3) (1 nm)/
4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)aniline] (TAPC)
(35 nm)/tris(4-(9H-carbazol-9-yl) phenyl)amine (TCTA) (10 nm)/
CBP: x wt% POZ-PZ (20 nm)/4,6-bis(3,5-di-3-pyridylphenyl)-2-
methylpyrimidine (B3PYMPM) (60 nm)/8-hydroxyquinolato-
lithium (Liq) (2 nm)/Al (120 nm). TCTA and CBP are utilized
as the exciton blocking layer and the host material, respectively.
MoO; and Liq are selected as the hole injection layer and the
electron injection layer, respectively. TAPC and B3PYMPM are
used as the hole transporting layer and the electron transport-
ing layer, respectively. Before measuring the electrolumines-
cence properties, we also prepared a POZ-PZ doped PMMA film
(10 wt%) to measure the emission wavelength of unimolecules
(Fig. S9, ESIY). The PL spectrum of the doped PMMA film shows
that the emission peak is at around 715 nm (Fig. 1a). Compared
with the pure thin film, the blue shift of the PMMA doped film
is attributed to the absence of molecular aggregation, and this
phenomenon also reflects in OLED devices with different
doping concentrations. On this basis, three doping concentra-
tions (5%, 10% and 20%) are selected for the fabrication of the
devices. As shown in Fig. 4b, the EL peaks are at 702, 708 and
720 nm for 5%, 10% and 20% concentrations, respectively, and
the bulk of the EL spectra falls in the NIR range. As mentioned
above, the aggregation of molecules makes a difference to the
emission wavelength. The 5%, 10% and 20% concentration
devices exhibit the EQE,., values of 1.09%, 0.83% and 0.54%,
respectively. The maximum radiance values are 4042, 3301 and
2596 mW Sr™' m™? for the 5%, 10% and 20% doped devices,
respectively. The EQEs of radiance,,, are maintained at 0.46%,
0.24% and 0.20% for the 5%, 10% and 20% doped devices,
respectively. These roll-offs of EQEs are ascribed to the intense
collision-induced quenching effects during the EL process.
Naturally, the non-radiative transition of the molecule resulted
from the vibration, and rotation is also a nonnegligible reason
despite that these non-radiative transitions are partially
restricted by the doped film state. However, according to the
radiance, fair efficiency and NIR emission, POZ-PZ is expected
to be a promising OLED guest material.

Conclusions and outlook

In this paper, we elaborately studied an unusual phenomenon
of phenazine-based compound POZ-PZ. In the solution state,
POZ-PZ exhibits blue emission and NIR emission by suppres-
sing Kasha’s rule. Based on the experimental analyses and the
method of reductio ad absurdum, the blue emission can be
attributed to the self-vibration of the POZ group, which comes
from the vertical configuration between the donor and accep-
tor. At the same time, the viscosity-dependent analyses and PL
spectra sufficiently prove that POZ and PZ could rotate to a
feasible angle (68.9°) in restrictive matrixes to make the charge
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transfer efficient, further forming a single NIR emission by
utilizing Kasha’s rule. Such large variations in emission (visible
chromatism reaches up to ~340 nm) in different matrixes
could be clearly discriminated by the naked eye, which is rare
in congeneric materials, and this emission-variation phenom-
enon that transforms from anti-Kasha’s rule to obeying Kasha’s
rule is scarcely addressed in previous works. Meanwhile, the
results of simulations have clearly shown the connection
between the molecular configuration and Kasha’s rule at the
molecular self-consistency state.”® Therefore, based on the
experimental and simulated results, a matrix-induced Kasha’s
rule (MIKR) mechanism is proposed, where the matrixes would
influence the molecular configuration and intramolecular
motion, further affecting the photophysical properties of the
molecules. This viewpoint has never been deeply explored
before this work. OLED devices are also fabricated to verify
the electroluminescence properties of POZ-PZ. The results
show that EQE,,., reaches 1.09%, and a radiance,,x value of
4042 mW Sr' m~2 can be achieved, while the emissive peak is
over 702 nm, exhibiting NIR emission. We believe that this
specific MIKR mechanism based on POZ-PZ could contribute
new strategies for molecular design and a deep understanding
of photophysics.
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