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Prolonging the phosphorescence lifetime of pure organic phosphorescent materials by a methyl-substitution
strategy is described. We present a chemical strategy for improving the phosphorescence lifetime of triplet
excitons under ambient conditions by incorporating methyl groups into the chemical structures. This is
observed by a long-lived phosphorescence lifetime of up to 0.83 s detected for methylated 9-(4-
(mesitylsulfonyl)phenyl)-9H-carbazole (3M), compared to 0.36 s for 9-(4-(phenylsulfonyl)phenyl)-9H-
carbazole (OM) without any methyl groups. Additionally, enhanced phosphorescence efficiency can be
obtained at an appropriate methylation degree, because of the smaller AEst (singlet and triplet energy gap)
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Accepted 1st October 2018 and AEtr« (normal phosphorescence and long-lived phosphorescence energy gap). A comprehensive
investigation on the packing mode in the crystalline state reveals that the methyl groups occupy the
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Introduction

Materials with long-lived phosphorescence emission exhibit
extraordinarily long lifetimes, typically a lifetime of 0.1 s or
greater," and have a wide range of applications, such as in
bio-imaging,> sensors,® anti-counterfeiting,* and displays.®
However, most of these phosphorescent luminogens are limited
to inorganic materials with resource-limited transition metals,
such as metal sulphides and alkaline earth aluminates/sili-
cates.® In addition, the preparation processes associate with
consuming energy for high temperature sintering and products
have high bio-toxicity. Considering these drawbacks of inor-
ganic persistent luminescent materials, one alternative is the
utilization of organic long-lived phosphorescence materials.
Currently, strategies such as guest-host doping,” constructing
organic frameworks® and H-type aggregation® have been
proposed to provide a rigid environment for suppressing non-
radiative decay of triplet excitons and thus extending the life-
time of organic long-lived phosphorescence. For a higher
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quantum yield (®p) of organic phosphorescence, fast-radiative
decay (k.7), lower non-radiative decay (k,,") and higher inter-
system crossing (ISC) efficiency (®isc) are the key parameters
(Dp = k" /(ke" + kn: ") Prsc). ™ However, there is a contradiction in
that fast-radiative decay means a short phosphorescence life-
time (tp). Therefore, the balance between phosphorescence
lifetime and @p is pivotal to the development of high perfor-
mance organic long-lived phosphorescence emitters, and some
strategies including heavy atom effects,"* dihydrogen bonding,*
and polycrystalline phases™ have been previously reported. In
spite of this progress, further detailed studies regarding the
prolonging of the phosphorescence lifetime and enhancing the
phosphorescence quantum efficiency are still required.
Methylation is an important process in bio-systems and
disrupted DNA methylation affecting the genes in cells is
associated with multiple diseases,'* indicating a shorter life.
The methyl group is a weak donor and relatively bulky; there-
fore, we proposed that the methylation of organic semi-
conductors could have a significant impact on the exciton
behaviours of organic phosphorescence materials, such as
lifetime and quantum yield efficiency. To validate this hypoth-
esis, herein we presented an investigation into the effect of
methyl groups on the phosphorescence lifetime and efficiency
of long-lived phosphorescence materials. Cz-DPS (0M), which
emits long-lived phosphorescence with a lifetime 7, = 0.36 s
under ambient conditions, was reported by our group in
2016."* Here, we have observed significant changes in the
optical and photo-physical properties when the chemical
structure of OM is altered by methylation (Fig. 1). Two
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Fig. 1 Chemical structures, long-lived phosphorescence lifetime (),
and phosphorescence efficiency (@p) of OM, 1M, and 3M.
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Fig. 2 The long-lived phosphorescence photograph of OM (upper),
1M (middle), and 3M (bottom) with different delay times.

compounds 1M and 3M, containing one and three methyl
groups, respectively, exhibit long-lived phosphorescence life-
time with 120% (t, = 0.82 s) and 130% (7, = 0.83 s) enhance-
ment compared to OM (Fig. 1 and 2). Moreover, the @, of 1M
shows a significant improvement (2.64%) compared to unsub-
stituted OM (1.50%).

Results and discussion

Compounds 1M and 3M were both synthesized as shown in
Fig. S1t in two-step chemical transformations starting from
commercially available sulfonyl chlorides. To explore the
changes in the photophysical properties of the derived
compounds, we performed systematic investigations in both
the solution- and the crystalline-state. In dilute THF solution (1
x 107> M), as the methylation degree increases the maximum
emission peak is slightly blue-shifted (Fig. 3a). This is attributed
to the electron-donating ability of the methyl group(s). The
fluorescence lifetimes in THF solutions for 0M, 1M and 3M are
6.84 ns, 6.83 ns and 6.39 ns, respectively (Fig. 3b). Furthermore,
the theoretical simulation for the energy level distribution,
carried out in a cavity of a tetrahydrofuran (THF) solvent and
using the polarizable continuum model, for 0M, 1M and 3M, is
as shown in Fig. S2.f These results suggest that the charge
distribution is only slightly affected by the number of methyl
groups for the isolated molecules.

Crystalline powders of the three compounds were obtained
by recrystallization from a dichloromethane and ethanol
solvent mixture (confirmed by powder X-ray diffraction,
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Fig. 3 (a) Absorption and fluorescence (300 K) spectra and (b) fluo-
rescence lifetime decay (300 K) curves of OM, 1M, and 3M in THF
solution (107> M).

Fig. S31) and display notable differences in optical properties,
especially with regard to 1M and 3M. The maximum emission
peaks of 1M in the crystalline-state and solution-state are at
423 nm (Fig. 4) and 402 nm, respectively, with a bathochromic
shift of 21 nm for the crystalline-state which can be ascribed to
m-7 stacking.®® For compound 3M, in the crystalline-state the
emission peak is located at 376 nm and in the solution-state it is
located at 399 nm, with a hypsochromic shift of 23 nm of the
crystalline-state that is possibly due to H-aggregation.*® These
stacking modes in 1M and 3M can be destroyed by grinding and
show blue- and red-shifted emission in 1M and 3M, respec-
tively, as shown in Fig. S4.f Compounds 1M and 3M show
fluorescence in the crystalline-state with a lifetime of 9.2 ns and
2.6 ns, respectively (Fig. S51). The longer fluorescence lifetime
of 1M in the crystalline state might be due to the smaller overlap
integral of the frontier orbitals of the monomer (Fig. S61) and
-7 stacking of the dimer (Fig. S71).°¢ Remarkably, for the three
materials under ambient conditions, yellowish long-lived
phosphorescence emission can be easily observed by the
naked eye when the UV-light excitation source is removed
(Fig. 2). For 1M, delayed phosphorescence is observed and the
maximum emission peak is located in a longer wavelength
region (546 nm) with a lifetime (z) of 0.82 s, whilst the delayed
phosphorescence for 3M is located at 542 nm with a lifetime (7)
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Fig. 4 Steady state fluorescence (blue solid line), long-lived phos-
phorescence (red dashed line filled with red, delay time = 8 ms)
spectra of OM, 1M and 3M, and corresponding maximum emission
peak (565 nm, 546 nm and 542 nm for OM, 1M, and 3M, respectively) of
long-lived phosphorescence lifetime recorded under ambient condi-
tions with a 350 nm excitation source.
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of 0.83 s (Fig. 4, right column). All the long-lived phosphores-
cence decay behaviours have a mono-exponential shape, which
indicates a pure triplet emission centre for the long-lived
phosphorescence. With respect to OM and 1M, the delayed
emission band located in the fluorescence region (ca. 400-450
nm) is attributed to the triplet-triplet annihilation (TTA) during
the decay time of OM and 1M. These results indicate that the
methyl groups do have significant influence over the emission
intensity and prolong the existence of the long-lived phospho-
rescence in the crystalline-states.

For further understanding the mechanism of the long-lived
phosphorescence of these compounds, the delayed emission
was recorded at 77 K (Fig. 5) in the crystalline-state and the clear
changes of the emission bands around 450-530 nm at room
temperature were seen (Fig. 4, red dashed line). We assume that
the phosphorescence emission from the isolated molecule is
due to normal phosphorescence. With regard to 1M and 3M, the
maximum emission wavelength of the long-lived phosphores-
cence is 546 nm (2.27 eV) and 542 nm (2.28 eV), respectively,
and is much more red-shifted than that of their corresponding
normal phosphorescence. The longer wavelength phosphores-
cence suggests the existence of a lower excited state in the
crystalline-state with a much longer lifetime compared to the
isolated molecules, which is due to the electronic coupling of
adjacent molecules (dimer) in the crystals.*»** Single crystals of
1M and 3M were obtained by slow evaporation of saturated
solutions from mixed solvents (dichloromethane and ethanol)
under the same conditions for the crystalline powders. Single
crystal X-ray diffraction was carried out to gain information
regarding the packing of the methylated molecules (Fig. S7
and S87). The intermolecular interactions between adjacent
molecular units in the acquired crystals containing C-H---m,

Normalized Intensity / a.u.
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500 550 600 650
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450 700

Fig. 5 Fluorescence (blue area, 300 K) and phosphorescence spectra
(red area, 77 K, and delay time = 8 ms) for OM, 1M, and 3M from up to
bottom. AEst = energy gap between the participating S; and T; states
and AEr+ = stabilized gap.
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S=O0---H and m- stacking cause the construction of the crys-
talline frameworks. These intermolecular interactions can help
suppress the non-radiative pathways of excited molecules. As
a consequence, the three crystals emit bright blue fluorescence
with relatively high fluorescence quantum yields of 29.1%,
72.5% and 51.1% for OM, 1M, and 3M, respectively. Compound
1M shows close contact between neighbouring molecules, i.e.,
co-linear by the head-to-tail style with C-H---7t (2.719 A) forming
dimer 1, taking the dipole orientation into account, as H-type
interaction. The molecular arrangements of the face-to-face
interactions reveal that the -7 stacking (3.464 A) mode aids
the construction of dimer 2 and the two adjacent units adopting
the anti-parallel packing mode with S=O---H interaction
(2.633 A) forming dimer 3. These numerous intermolecular
interactions contribute to the comparatively high fluorescence
quantum yield of 1M in the crystalline state. Likewise, the
S=O0---H interactions constructed the framework of the 3M
single crystals consisting of the three kinds of dimers (Fig. S81).
Molecules with such plenty of interactions in the crystal lattices
improve the potential for phosphorescence emission.

Theoretical time-dependent density functional theory (TD-
DFT) calculation studies have been carried out to reveal the
intermolecular electronic coupling effects in the dimer mole-
cule system.*® As discussed in our previous work,** the different
electronic configurations of the donor (D) and acceptor (A) units
make a significant contribution to enhancing the intermolec-
ular electronic coupling (IEC) effects. Hence, we extracted the
dimers containing spatially close donor and acceptor units
(both dimer 1 for 1M and 3M, Fig. S8%) to evaluate the IEC
effects and identify the possible ISC channels in both mono-
mers and dimers (Fig. S9t). The monomers of 0M, 1M, and 3M
exhibit an increased energy gap between the lowest excited
singlet (S,) and triplet (T;) states, demonstrating that the ability
of electron-withdrawing nature of the diphenylsulphone group
is reduced by methylation. For instance, the Ty, T,, T, and Ty
states of the isolated 1M molecules involve the same orbital
composition as the S; state, indicating good channels for
ISC.°>#1h15¢ Considering the narrower energy gap between the S;
and T, states, the ISC channels become more efficient in the
dimer models. The energy levels of T, and S; states are relatively
close in the 1M dimer, and the orbital composition is also well
matched, indicating a barrier-less intersystem crossing pathway
between S; and T,. The hot excitons (T,) decay to the lowest
triplet state via rapid internal conversion (IC) and then to the
ground state, resulting in long-lived phosphorescence at room
temperature in 1M with ®p = 2.64%. Compared to the 1M
dimer, compound 3M shows fewer and lower efficiency ISC
channels (Fig. S97), resulting in a relatively low ISC efficiency
and contributing to the lowest long-lived phosphorescence
efficiency (@p = 1.11%) amongst the methylated systems.

By combining the photophysical properties and the packing
modes as well as the ISC channels in the single crystals, we have
proposed a mechanism for the long-lived phosphorescence in
these methylated derivatives (Fig. 6). The short lifetime fluo-
rescence of several nanoseconds results from the radiative
decay of the lowest excited singlet state (S;), which can also form
triplet excitons through ISC with the help of the electronic
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Fig. 6 Proposed mechanism of long-lived phosphorescence and energy split (AEst and AEr+) of (a) OM, (b) 1M, and (c) 3M. Blue arrows indicate
fluorescence, green arrows represent normal phosphorescence, and yellow arrows represent long-lived phosphorescence.

configuration according to El-Sayed's rule,'® enabling the
occurrence of the normal phosphorescence with typical micro-
seconds to milliseconds lifetime. The long-lived phosphores-
cence (hundreds of milliseconds) is observed in crystals due to
the presence of a new lower-lying triplet energy level (T; ), which
is formed by the interaction of adjacent molecules and refers to
as IEC.™” In these processes, the splitting of energy between two
different excited states shows a great influence on the transition
probability. For example, the narrow gap can facilitate the
processes of ISC and IC according to the Arrhenius equation."”
As calculated from the fluorescence and cryogenic phospho-
rescence spectra (Fig. 5), the energy splitting of AEgy (0.25 €V)
and AErp+ (0.40 eV) of 1M is minimal (Fig. 6), thus facilitating
exciton population at the T} state in crystals. A higher exciton
concentration of 1M generates brighter long-lived phosphores-
cence. Compound 3M exhibits a larger AEsy (0.53 €V) and AEpp+
(0.47 eV), showing relatively weaker long-lived phosphorescence
as depicted in Fig. 2. Interestingly, the emission of normal
phosphorescence (T;) in OM (467 nm, the first phosphorescence
peak confirmed at 77 K, Fig. 5) and 3M (449 nm, the first
phosphorescence peak at 77 K, Fig. 5) under ambient condi-
tions could be detected but is absent in 1M (Fig. S10 and
Table S1t), which is due to the smaller AEpp+ in 1M. Addition-
ally, triplet excitons (T;) generated in 1M can be stabilized
quickly to the lower triplet state T; instead of radiative decay,
without normal phosphorescence under ambient conditions.
The complete transformation of the T, excitons to the con-
cerned T, state enhances the brightness of the long-lived
phosphorescence; therefore, 1M has the highest long-lived
phosphorescence quantum efficiency amongst the three re-
ported compounds. Both theoretical calculations and spectra
analysis indicate that the methyl group(s) regulate the energy
level distribution within the compounds 1M and 3M,
which results in long-lived phosphorescence quantum yield
differences.

Besides the quantum efficiency, another crucial parameter
for organic room temperature long-lived phosphorescence
materials is lifetime, which is the reciprocal of the rate of the
natural triplet radiative decay. Lifetime strongly depends on the
oscillator strength between the lowest excited triplet and
ground states for phosphorescence. An appropriate (n, 7*)

182 | Chem. Sci,, 2019, 10, 179-184

configuration proportion can regulate this process and tune the
lifetime of pure organic long-lived phosphorescence mate-
rials.’® In our case, the methyl groups have only slight influence
on the electronic configuration for isolated molecules, as
proven by their similar spectral profiles, such as absorption,
fluorescence and phosphorescence emission. Therefore, this
indicates that another factor could be the cause of altering the
long-lived phosphorescence lifetimes of the methylated
compounds. Moreover, the rigid environment means less
structural vibration and is essential for stabilizing the triplet
excitons for designing pure organic room temperature phos-
phorescent materials.”® In general, the molecules in a crystal
lattice occupy most of the space of a unit cell. However, along
with the occupied spaces in crystals, there are plenty of unoc-
cupied spaces, ie., the free volume, which can afford the
structural vibration with nonradiative decay of the excited state.
As depicted in Fig. 7, we calculated the free volume distribution
of the compounds 0M, 1M and 3M using Materials Studio with
a 1.0 A diameter sensor. Intriguingly, a negative correlation was
determined between the long-lived phosphorescence lifetime
and fractional free volume (V;) of the crystals (Fig. 8 and S9af).
As the V; becomes smaller, longer-lived emission could be
observed in the increments of the methylation degree from OM
to 1M and to 3M. A diminished V; in the crystals of 1M and 3M
indicates a more compact packing pattern, accompanied by less
space for the structural relaxation of the excited molecules and
thus suppresses the non-radiative decay (k,.’). Meanwhile, the
long-lived lifetime of these three compounds in the crystalline
state shows only a slight increase as the temperature decreases

Fig. 7 Free volume region in the single crystal cells of (a) OM, (b) 1M,
and (c) 3M.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Fractional free volume and long-lived phosphorescence life-
time of OM, 1M, and 3M.

(Fig. S11 and Table S2t), which is in contrast to the normal
phosphorescence (continuous decreasing with the temperature
increasing)."” The near-constant lifetimes at low temperature
and room temperature demonstrate the heavy suppression of
the non-radiative pathways in these compounds, and the
importance of free volume. Consequently, the restricted non-
radiative decay leads to long-lived phosphorescence according
to the equation 1, = 1/(k." + ku').2> On the other hand, the
decreasing energy difference between the maximum excitation
and the fluorescence emission (AEey_m) of the crystalline solid
indicates that there is less energy loss with an increasing
number of methyl groups and also the same decreasing trend
can be observed in the correlation between V; and AE. em
(Fig. S12b and S137). Less excited state structural vibrations for
1M and 3M are also evident from the narrower fluorescence full
width at half maximum (Fig. 4, blue lines) compared to 0M.>*

Furthermore, we compared the V; and lifetime of several re-
ported typically long-lived phosphorescence compounds (Fig. S14
and Table S3t). A similar noticeable negative trend between T,
and V; was observed (dashed line in Fig. S141). These results
suggest that V; has a crucial impact on the phosphorescence
lifetime. The negative correlation of V; is very similar to the heavy
atom effect in phosphorescent emitters. However, the difference
is that the methylation effect accelerates the non-radiative path-
ways, whilst the heavy atom effect enhances the radiative path-
ways.' Inspired by the concept of the life-span based on the
methylation in bio-systems, the relationship between V¢ and 7,
proves that the incorporation of methyl groups decreases the free
volume in the crystal lattice and confines the excited molecular
vibrational relaxations, resulting in the enhancement of the long-
lived phosphorescence lifetimes of purely organic phosphores-
cent emitters. Finally, we have also synthesized additional
acridine-type related compounds (DMAC-OM and DMAC-1M) to
demonstrate that the methylation effect can also be expanded to
other phosphorescence emitters (Fig. S151). Indeed, for these
DMAC-based compounds the phosphorescence lifetime is also
enhanced upon methylation, among which DMAC-0M that
contains no methyl group exhibits a lifetime of 5.30 ps and
DMAC-1M that contains one methyl group exhibits a lifetime of
24.3 ps (Fig. S167).

This journal is © The Royal Society of Chemistry 2019
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Conclusions

In summary, we have presented a method for prolonging the
lifetime of purely organic room temperature phosphorescence
materials. This comprehensive investigation confirms that the
incorporation of the methyl group(s) has a crucial effect on the
quantum yield and lifetime. Increasing the number of methyl
groups prolongs the lifetime at room temperature up to 0.82 s
(IM) and 0.83 s (3M) from 0.36 s (0M). The methyl groups
effectively decrease the fractional free volumes within the
crystal lattice and subsequently suppress the non-radiative
decay pathways of the excited structural relaxation. However,
excessive methylation of the structures enlarges the energy split
(AEsr and AErp+), resulting in a reduction of the phosphores-
cence quantum yield. Combining the lifetime and quantum
yield, we can conclude that an appropriate methylation degree
can afford a good balance to improve the integrated perfor-
mance of long-lived phosphorescence materials.
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