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In this study, we efficiently sensitize pyromellitic diimide's triplets
by cocrystallizing with heavy bromine-substituted small
aromatics. The resulting halogen bonding interactions mediate an
external heavy atom effect, leading to remarkable ambient
phosphorescence with one of the highest quantum yields
reported to date.

Arylene diimides, renowned for their versatile electron-
deficient aromatic cores, have emerged as a formidable
addition to the realm of functional organic and
supramolecular materials." Their exceptional electron-
accepting capabilities and ability to exhibit fluorescence
across a wide spectrum of colors have made them highly
sought-after molecules in a myriad of applications, ranging
from sensors to organic electronics. Despite reports on their
triplet population through inter-system crossing (ISC), the
ambient triplet harvesting properties of arylene diimides have
been seldom explored due to the demanding prerequisites
necessary for stabilizing their triplet states.” Recently, organic
phosphors have garnered widespread attention for their
plethora of applications in display technologies, sensing,
anticounterfeiting, and imaging.® Stabilizing the triplet states
in organic phosphors requires system designs with high spin-
orbit coupling (SOC) to enhance the rate of ISC, often
facilitated by incorporating heavy atoms into the system,
while carefully considering design strategies to minimize
vibrational dissipation and oxygen-induced quenching of the
triplet states.*

In this context, arylene diimides, due to their potential to
undergo facile structural modifications make them intriguing
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candidates for revisiting and exploring their triplet harvesting
properties. In line with this, our group has recently reported
efficient phosphorescence from the smallest congener of the
family, pyromellitic diimides, by introducing heavy-atom
substitution at the core.” Another well-explored design
approach involves non-covalent sensitization of the dark
triplet states of organic phosphors through doping or
cocrystallization with suitable components capable of
introducing various non-covalent interactions to stabilize the
triplet states.® The pioneering work by Kim et al has
demonstrated the potential of the aforementioned approach
through a ‘directed heavy atom effect’, enhancing
phosphorescence efficiency through simple doping.”
Furthermore, recent efforts by the group of Wiirthner
successfully stabilized the locally-excited triplet state (*LE) of
arylene diimide, specifically naphthalene diimide, using

(b)
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Fig. 1 Molecular structure and photographs of the cocrystals: (a)
PmDI-TBB, and (b) PmDI-HBB demonstrating the halogen bond
mediated cocrystallization approach to sensitize efficient room
temperature phosphorescence (RTP) from pyromellitic diimide (PmDI)
(corresponding phosphorescence quantum yields (QYpnhos) are also
mentioned). Photographs of cocrystals are taken by irradiating with
365 nm light (scale bar = 1 mm).
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metallovalent interactions through cocrystallized heavy-
platinum metal complexes.® Simultaneously, our group has
independently achieved sensitization of the ambient triplet
state emission from the charge-transfer states (*CT) of
pyromellitic diimide through non-covalent complexation with
electron-donating molecules.” Moreover, Fu et al recently
demonstrated the sensitization of pyrene phosphorescence
by cocrystallization with perylene bisimides, employing a
loose cocrystal strategy.”

In this regard, herein we present, one of the most efficient
ambient phosphorescence with the highest quantum yield to
date among the reported cocrystals where phosphorescence
is achieved by the external heavy atom effect. This impressive
result was achieved via cocrystallization of PmDI with heavy-
atom containing benzene derivatives, tetra bromo benzene
(TBB) and hexa bromo benzene (HBB) (Fig. 1), by deliberately
introducing halogen bonding through halogen-carbonyl
interactions (‘external heavy-atom effect’). Our work
showcases highly efficient phosphorescence from the PmDI
phosphor in both crystalline state (quantum yield of 54%
and 42% under air for PmDI-TBB and PmDI-HBB,
respectively) and in the amorphous film, marking an
impressive advancement in this field.

We first investigated the spectroscopic properties of PmDI
in THF ([c] = 10 M), which shows an emission band
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spanning from 370 nm to 550 nm (Ana = 410 nm, and 434
nm) with vibronic features (Aex.. = 340 nm) (Fig. 2a). The
lifetime of this emission was 2.17 NS (Aexe. = 375 NM, Amonitored
=450 nm), and is attested to the locally excited fluorescence
emission (‘LE) of PmDI (Fig. S1a, Table S1}). However, upon
freezing at 77 K in THF, it exhibited a bright green emission
(Amax = 500 nm) with a lifetime of 404 ms that can be
ascribed to the phosphorescence (*LE) of PmDI (Fig. 2a and
S1b, Table S17).

Thus, in an attempt to sensitize the LE emission from
PmDI, we have grown 1:1 cocrystals of PmDI independently
with TBB and HBB, which showed bright green emission
under 365 nm UV irradiation (Fig. 1). Steady-state emission
spectra and delayed emission spectra of these cocrystals
(delay time = 1 ms) showed maxima around 500 nm in the
air (Fig. S21), which exactly overlaid with the 77 K emission
spectrum of PmDI, hinting towards the °LE nature of
emission (Fig. 2d). It is noteworthy to mention that the
steady-state emission of the cocrystals (PmDI-TBB, PmDI-
HBB) at room temperature was almost 36 folds enhanced
than that of PmDI suggesting the efficiency of this triplet
sensitization approach (Aex.. = 340 nm) (Fig. 2¢). Further, high
lifetime of the cocrystals (3.97 ms and 3.32 ms for PmDI-TBB
and PmDI-HBB respectively) (lexc. = 340 nM, Amonitored = 550
nm) (Fig. 2e, Table S21) and increment in the lifetime and

(a) (b) (c)
— PmDI — PmDI s —_ PmDI
1.0 1.0 1
— PmDI (77 K) — PmDI-TBB 3.0%10 — PmDI-TBB

—:-{ ’; — PmDI-HBB n — PmDI-HBB
s & s
Zos Zos 2
c c c
2 2 )
£ E £

0.0 . 0.0 0.0

400 500 600 700 300 350 400 450 500 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
(d) (e) (f)
— PmDI (77 K) 10* ) + PmDI-TBB 7.0%10°

L — PmDI-TBB — - PmDI-HBB )
3 — PmDI-HBB 2 -
< 3 3
- ©
2 2102 z

— (]
[ [7]
- 5 :
)= £
0.0 10° . . . 0.0
400 500 600 700 0 20 40 60 400 500 600 700

Wavelength (nm)

Time (ms)

Wavelength (nm)

Fig. 2 Phosphorescence studies for PmDI-TBB and PmDI-HBB cocrystals: (a) normalized steady-state emission spectra of PmDI in [c] = 10> M
THF solution at room temperature (blue line) and at 77 K gated spectra (1 ms delay) (navy blue line), (lexc. = 340 nm), showing the singlet and triplet
emission, respectively. (b) Excitation spectra for individual acceptor (PmDI, Zmonitorea = 450 nm), and donor-acceptor cocrystals (Amonitored = 550
nm), which indicated the absence of charge-transfer complexation. (c) Steady-state emission spectra of PmDI and PmDI-TBB, PmDI-HBB
cocrystals at room temperature, which shows highly emissive nature of the cocrystals compared to PmDI (lexc. = 340 nm) (PmDI emission
spectrum is multiplied by a factor of 10). (d) Normalized gated emission spectrum of acceptor in THF ([c] = 10> M) at 77 K and gated emission
spectra of donor-acceptor cocrystals at room temperature (1 ms delay), suggesting that source of emission is LE state of PmDI (leye. = 340 nm).
(e) Lifetime decay profile for PmDI-TBB and PmDI-HBB cocrystals (lexc. = 340 nM, Anonitored = 550 nm). (f) Temperature-dependent steady-state
emission spectra (lexe. = 340 nm) of PmDI-HBB cocrystal showing the phosphorescent nature of emission.
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emission intensity under vacuum confirmed the involvement
of triplet state in the observed emission (Fig. S3, Table S27).
The temperature-dependent studies for both the cocrystals
showed slight increase in the emission intensity and lifetime
at lower temperatures, reiterating the phosphorescence (*LE)
nature of the emission (Fig. 2f and S4, Table S37).
Additionally, similar excitation spectra of the PmDI and
PmDI-TBB/PmDI-HBB cocrystals ruled out the possibility of
any ground-state charge-transfer (CT) interaction between
them (Fig. 2b). We hypothesized that the ‘external heavy
atom effect’ resulted in sensitization of phosphorescence
emission of PmDI via increased SOC of the system.®**'" Most
interestingly, we achieved a significant phosphorescence
efficiency with quantum yields (QY) of 54% and 42% in the
air for PmDI-TBB and PmDI-HBB cocrystals, respectively,
which increased to 79% and 44% under vacuum. Thus, it is
clear that a strong external heavy-atom effect is contributing
to these cocrystals, promoting substantial ISC and
subsequently enhancing the efficiency of RTP in the
crystalline state. This is further supported by the observed
higher ISC rate (kisc) and lower non-radiative decay rate (ky,)
(Table S4t). The observed efficiency is the highest till now in
the literature among the reported cocrystals where
phosphorescence is achieved by the external heavy atom
effect (Fig. S7 and S8, Table S57). Although there are reports
of doped crystals with exceptionally high quantum efficiency,
they often lack a well-defined understanding of the single-
crystal structure (Table $51).”''%¢ We could also achieve
similar phosphorescence behaviour in the solution-
processable film state, which suggests that halogen bonding
was intact in the amorphous films (Fig. S5t). Corresponding
quantum efficiencies were found to be 12% and 13% (under

Br--0=C:3.02 A

Br--0=C:3.014,
3.05A,3.96 A
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air) for PmDI-TBB and PmDI-HBB respectively (Fig. S9 and
S10%).

To gain deeper insight into the remarkable
phosphorescence efficiencies of cocrystals via the external
heavy atom effect, we performed single-crystal X-ray
diffraction (scXRD) analysis of PmDI-TBB, and PmDI-HBB.
We found that in the cocrystals, TBB/HBB, and PmDI formed
long-range segregated stacks, and these segregated slip-
stacked layers are connected via halogen bonding. For PmDI-
TBB, one TBB unit interacts with two PmDI units via four
halogen bonding interactions in the same plane. The
corresponding  halogen-carbonyl distances for these
interactions are 3.02 A (Fig. 3b). The Br---O distance is
significantly shorter than the sum of van der Waals radii
(3.35 A)." In addition, halogen-n interactions are present
within distances of 3.60 A and 3.82 A (Fig. 3c). A similar
packing was observed for the PmDI-HBB co-crystal, where six
halogen-carbonyl interactions are present with a distance of
3.01 A, 3.05 A, and 3.96 A (Fig. 3e). The short intermolecular
C-Br---O=—=C contacts (Br01~--01, 3.05 A and Br02---02, 3.01
A, respectively) are shorter than the sum of the van der Waals
radii (3.35 A).'*> We envisage that halogen bonding
interaction (halogen-carbonyl and halogen-n) is responsible
for increase in the SOC and ISC rate of PmDI via the external
heavy atom effect, which helped to realize bright efficient
green phosphorescence emission from the *LE state.

In conclusion, highly efficient triplet emission with a
phosphorescence quantum yield of 54% (under air) in the
crystalline state and 13% in amorphous film from PmDIs is
realized through the external heavy atom effect via halogen-
bonding interactions. Thus, in the present work, we could
expand the scope of realizing ambient phosphorescence from

Br-m:3.60A,3.82A

meen:3.82A

Fig. 3 Single crystal XRD data for cocrystals: PmDI-TBB (a-c), and PmDI-HBB (d-f). (a and d) Unit cell structure of PmDI-TBB and PmDI-HBB
respectively. (b and e) Halogen bonding interaction and corresponding distances for (b) PmDI-TBB, and (e) PmDI-HBB (red dotted lines). In the
extended structure, (c and f) Br:---n interaction (navy dotted lines), and &---n interaction (sky-blue dotted lines) in between parallel planes for (c)
PmDI-TBB and (f) PmDI-HBB cocrystals (red stick represents ‘oxygen’ atom and yellow stick represents ‘bromine’ atom). (CCDC: 2285499 and

2285498; refcode: CSD BOPMUS and CSD BOPMOM respectively).**4
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arylene diimides by this relatively easier approach, which
opens up a plethora of opportunities to sensitize the triplet
state of different arylene diimides in the near future. As
ongoing research continues to unveil new possibilities and
improvements in the triplet harvesting materials, their
impact on diverse fields is expected to grow even further.
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