#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

EDGE ARTICLE

A nine-ring fused terrylene diimide exhibits
switching between red TADF and near-IR room
temperature phosphorescences
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Herein, we report the first example of a terrylene diimide derivative that switches emission between
thermally activated delayed fluorescence (TADF) and room temperature phosphorescence (RTP) in the
red region. By design, the molecule TDI-cDBT boasts a symmetrical, consecutively fused nine-ring motif
with a kite-like structure. The rigid core formed by the annulated dibenzothiophene moiety favoured
efficient intersystem crossing and yielded a narrow-band emission with a full-width half maxima (FWHM)
of 0.09 eV, along with high colour purity. A small AEs 1, of 0.04 eV facilitated thermally activated
delayed fluorescence, enhancing the quantum yield to 88% in the red region. Additionally, it also prefers

a direct triplet emission from the aggregated state. The room temperature phosphorescence observed
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Accepted 3rd May 2024 from the aggregates has a longer emission lifetime of 1.8 ms, which is further prolonged to 8 ms at 77 K
in the NIR region. Thus, the current strategy is successful in not only reducing AEs _t, to favour TADF but

DOI: 10.1039/d4sc01040j also serves as a novel platform that can switch emission from TADF to RTP depending upon the
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Introduction

Advancement in technology has driven a thrust for the devel-
opment of energy-efficient molecules with intense emission in
the red to near IR region."* Despite their increased demand, the
development of such molecules is quite challenging. According
to the energy gap law, this difficulty stems from the two asso-
ciated contradictory requirements: (i) decreased band gap and
(ii) high photoluminescence quantum yields.? An efficient way
to increase the quantum efficiency of these emitters is by har-
vesting the triplet state, which contributes to 75% of the total
exciton populations.® For this purpose, a handful of small
molecules have been developed.”® However, this requires multi-
step synthesis to incorporate suitable functional groups onto
simpler m-conjugated molecules. An alternate approach would
be to utilize an inherent red emitter, and minimal functionali-
zation on these molecules can be beneficial for harvesting their
triplet excitons. In this direction, terrylene diimide (TDI), a pure
red emitter of the rylene diimide (RDI) family with excellent
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thermal and photochemical stability can be a potential candi-
date.® A few TDI derivatives have been shown to emit in the 600-
700 nm range.'** Ironically, they suffer from reduced quantum
yields compared to the parent TDI. It is to be noted that in these
cases, the emission presumably emanates only from the singlet
excitons, which contribute only 25% of the total excitons.'
Thus, if the triplet excitons can also be harvested, the quantum
efficiency would increase, and one can achieve a strongly red-
emitting TDI.

In smaller RDIs, either inducing twists to the molecular
geometry and/or incorporating hetero atoms into the core has
been proven to be useful in efficiently populating the triplet
states.’® However, in the case of TDI, a stabilized T, state often
prefers a nonradiative deactivation pathway. It has been
observed recently that nitro-TDIs favour intersystem crossing
(ISC) but lack any triplet emission due to the stabilized Ty
state."” Thus, this substantiates that only attaining T, efficiently
will not be sufficient for an intense emission. The triplet exci-
tons should be facilitated either to undergo a direct radiative
decay or to decay via a thermally mediated reverse intersystem
crossing (RISC) to S;. For the former AEg_r, should be larger,
and for the latter AEg 1, should be smaller.*® Thus, destabiliz-
ing the T, state of TDI should be beneficial for improving the
quantum yield.

To accomplish this, we propose a novel m-expanded TDI
derivative (TDI-cDBT) with a kite-like structure. Our design
strategy involves (Scheme 1) (i) an annulation at the bay posi-
tion of the TDI to increase the HOMO-LUMO gap;" (ii)

10-

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc01040j&domain=pdf&date_stamp=2024-06-08
http://orcid.org/0000-0001-9101-4675
https://doi.org/10.1039/d4sc01040j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01040j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015023

Open Access Article. Published on 06 May 2024. Downloaded on 12/4/2025 6:36:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

>

i

N

PEN
s 00
SQ e
n-Extension O

o
z
o
o
o
o
z
o

&
o'

W,
W,
W,

‘ S-incorporation ‘ Annulation Q.Y.88%
Oe f— Oe — FWHM 25 nm
Amax 620 nm
0?0 o0*N"o 0?0
TDI TDI-sDBT TDI-cDBT

Red-emissive v’
Restricted Rotation v
TADF and RTP v/
Higher quantum yield v/

Red-emissive v/
Non-radiative dynamics
Lower quantum yield

Red-emissive v/
Low quantum yield

Scheme 1 Pictorial representation of the design strategy involved in
the present work.

introduction of a heteroatom into the annulation frame to
facilitate effective intersystem crossing (ISC);* (iii) the intro-
duced heteroaromatic unit has an electron-rich nature impart-
ing a donor-acceptor character that may further help in
reducing AEg 1 ;** (iv) a rigid molecular framework to restrict
non-radiative decay losses. To probe this strategy, a new TDI
derivative with two dibenzothiophene wings fused at the bay
positions had been envisaged (Scheme 1). The fusion of a het-
eroaromatic unit helped to increase the HOMO-LUMO gap and
favoured efficient ISC. The rigid molecular framework hindered
non-radiative dynamics. These factors combinedly facilitated
a narrow-band red emission with an improved intensity. The
presence of a smaller S;-T; energy gap manifested in thermally
activated delayed fluorescence (TADF) and a destabilized T,
helped to achieve room temperature phosphorescence (RTP).

Results and discussion
Synthesis and characterization of TDI-cDBT

A Suzuki-Miyaura cross-coupling reaction between 1,6-TDI-
(NO,), and dibenzothiophene-4-boronic acid pinacol ester in
the presence of Pd(0) yielded the singly linked product TDI-
sDBT as a blue solid (Scheme 2 and Fig. S27, S28, S34f%).
Subsequently, TDI-sDBT was subjected to a Scholl reaction
using ferric chloride in nitromethane to obtain a dark powder.
This dark powder on column chromatography using basic
alumina with pyridine as the eluent yielded a major pink frac-
tion in 40% yield, followed by another pink fraction in traces.
The major pink product was characterized by "H-NMR (Fig. S30
and S3171) and APCI-HRMS to be TDI-cDBT (Fig. S361). However,
all the efforts to obtain solid-state structural proof for this
compound were unsuccessful. Surprisingly, the minor fraction
from the above reaction provided single crystals suitable for X-
ray diffraction measurements (CCDC 2293830). The structure
obtained from the SCXRD study confirms this to be chlorinated
TDI-cDBT.”> A modified Scholl reaction using DDQ/methane
sulphonic acid was used to avoid undesired chlorination. As
shown in Scheme 2 (top right), the desired symmetrical TDI-
c¢DBT was obtained in 60% yield along with single-side fused
TDI-scDBT (Fig. 529 and S35+).
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Absorption and emission studies

The absorption spectra for both the molecules TDI-sDBT and
TDI-cDBT in toluene show an S; < S, transition in the 500-
700 nm range with a well-resolved vibronic pattern, similar to
TDI (Fig. 1a). The redshift (~20 nm) in the A, of TDI-sDBT can
be attributed to the extended conjugation. The annulation
along the shorter axis in TDI-cDBT has resulted in a huge
hypsochromic shift with A,,x at 609 nm and a reduced molar
extinction coefficient (Fig. 1a and Table 1). This band can be
assigned to the HOMO-LUMO transition as supported by spin-
flip TDDFT (SF-TDDFT) studies (Fig. 1c and Table S57).

The m-expansion resulting from annulation offers a coro-
nene-like core, with a slightly destabilized HOMO and
a highly destabilized LUMO. Therefore, the main band
belonging to the HOMO-LUMO transition gets hypsochromi-
cally shifted compared to that of TDI. The detailed cause for this
change in HOMO-LUMO energies can be understood from the
disruption in conjugation due to the coronene core (Fig. S237).
An additional intense band from the LUMO <« HOMO-1
transition appears at 418 nm, in line with the shorter-axis
functionalized RDIs with a highly destabilized HOMO—1.**

As these molecules absorb in the orange-red region, they are
expected to fluoresce in the red region. Any emission origi-
nating in the longer wavelength region will be hampered by
significant nonradiative losses, thus reducing the quantum
yields.® To verify the case with the current set of molecules, the
emission spectra for both TDI-sDBT and TDI-cDBT were
measured in toluene (Fig. 1b, S1-S41 and Table 1). Both mole-
cules inherited the mirror-image emission pattern from the
parent TDI. TDI-sDBT showed a broad emission with a A« at
698 nm having a large Stokes shift of 530 cm ' (absolute
quantum yield 13%). TDI-cDBT showed a narrow emission with
a Amax at 620 nm with a Stokes shift of 290 cm™" (absolute
quantum yield 41%). The reduction in the quantum yield for
TDI-sDBT (TDI = 27%) is attributed primarily to the free rota-
tion of the heteroaromatic unit around the single bond con-
nected to the TDI core. However, TDI-cDBT addresses this: the
increased band gap and the structural rigidity achieved by
annulation together hinder any non-radiative pathways,
increasing the emission quantum yields to much higher than
that of the parent TDI. The rigidity of the core can be further
corroborated through the strikingly narrow emission with an
FWHM of 0.09 eV and color purity of CIE 0.69, 0.30 (CIE for pure
red 0.70, 0.29).

Thermally activated delayed fluorescence studies

The measured absolute quantum yield of 41% for TDI-cDBT can
be enhanced if the proposed triplet contribution is effectively
harvested. To evaluate this possibility, steady-state and time-
resolved emission measurements at 77 K were performed in
toluene. The low-temperature fluorescence spectrum showed
a sharp peak (Anax at 630 nm) and a broad emission in the longer
wavelength region (Fig. 2a and b). After an initial delay of 1 ms,
a broad red-shifted emission was observed at A, 690 nm with
a lifetime of 6 ms (Fig. 2a and f). This red-shifted emission and
prolonged lifetime are attributed to phosphorescence.” The
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Scheme 2 Synthesis of bis-dibenzothiophene-fused TDI (TDI-cDBT).

energy gap (AEs_r,) calculated from the onsets of low-temperature
fluorescence and phosphorescence spectra was found to be
0.04 eV (Fig. 2a). Such a smal energy gap is appropriate for RISC
and may result in delayed emission.* To verify this, variable
temperature steady-state and time-resolved emission experiments
were carried out (Fig. 2b and c). With an increase in temperature,
an increase in emission intensity with a blue shift in both prompt
and delayed emission was observed. This temperature depen-
dence of the emission intensity confirms that the delayed emis-
sion is TADF.” Intriguingly, the TADF persisted even at 77 K,
suggesting the presence of dual emission; the sharp peak at
630 nm stems from the delayed singlet emission and broad band
from 650 to 775 nm from triplet emission (Fig. 2c and e). The
lifetime calculated from the transient PL decay at room tempera-
ture was 1.1 ms and 1.2 ms for the 620 nm and 675 nm bands,
respectively (Fig. 2d). These lifetimes grew shorter at higher
temperatures (Fig. S8 and Table S1f), validating the thermal
contribution.?® The RISC rate calculated experimentally was of the
order of 10> s~ (Table S21). Taken together, the overall emission
quantum yield sums up to 88% from the S, to S, state (41% and
47% for prompt and delayed emission, respectively). Thus, as
proposed, the incorporation of sulphur has effectively enhanced
the ISC and RISC efficiency. Moreover, the annulation of hetero-
aromatics rigidified the TDI core and has supressed the non-
radiative losses, resulting in the improved emission quantum
yields. This annulation has further resulted in destabilization of
the T, state; thus increasing AEr_g, (Table S6T) favouring
phosphorescence.™®

Aggregate studies

The room temperature 'H-NMR spectrum of TDI-cDBT was
considerably broader in common organic solvents, suggesting

8976 | Chem. Sci, 2024, 15, 8974-898]1
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that the molecule has strong m-m interactions and might
undergo aggregation (Fig. S31t). Concentration-dependent
emission and absorption studies were carried out to gain more
insight into the aggregate state. In steady state measurements, on
increasing the concentration, the emission intensity at Amax
620 nm decreased while the intensity for the 675 nm band
comparatively increased with a slight bathochromic shift (Fig. 3a,
b and S11%). This red-shifted emission with a large Stokes shift
(~3000 cm™") and decreased quantum yield of 15% at 100 uM
can be attributed to the emission arising predominantly from
aggregates (Fig. S13 and S147).>” In H-aggregates, the emission
intensity of the 0-0 band is supposed to be reduced due to its
forbidden nature, and the 0-1 peak should be prominent.?® This
results in a perceived larger Stokes shift and reduced quantum
yields. Thus, the observed change in emission with respect to
concentration suggests the formation of H-aggregates in TDI-
c¢DBT in line with larger planar rylene diimides.*®”¢ The
concentration-dependent absorption studies also supported the
formation of aggregates. Under dilute conditions, the molecule
showed a well-resolved vibronic pattern in the absorption spectra
originating from the S; « S, transition: the 0-0 transition
contributes to the Ay (609 nm) while the hump at 560 nm
belongs to the 0-1 transition. At higher concentrations, the
intensity of the 560 nm (1 < 0) peak increases in comparison to
that of the 609 nm peak (Fig. S111). This decrease in the absor-
bance ratio Ay ¢/A¢-1 from 1.8 (uM) to 0.95 (mM) confirms the
formation of H-aggregates at higher concentrations (Fig. $127).>°

Phosphorescence studies in aggregates

Aggregates are known to facilitate intersystem crossing due to
reduced AEgs r, and this, in a few cases, has led to direct triplet
emission.**** The time-resolved emission experiment was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Absorption and (b) emission (1., = 550 nm) spectra of the synthesized molecules in 2 x 107° M toluene solution and (c) the frontier
molecular orbital diagrams representing the oscillator strength.

Table 1 Summarized optical data for all the synthesized molecules

Amax,abs Amax,em Stokes shift Tpl
Compound [nm] e[M 'em™] [nm] [em™] FWHM [nm] e [%] [ns] kepr (s
TDI 653 123 000 666 300 30 27 3.2 2.2 x 10®
TDI-sDBT 673 109 000 698 530 48 13 3.6 2.4 x 10°
TDI-cDBT 609 59000 620 290 25 41 6.0 1.6 x 10°

¢ Absolute fluorescence quantum yield.

performed for the aggregates to verify this. After an initial delay of  overlapped with the phosphorescence emission observed at low
100 ps, the emission persisted with a longer lifetime of 1.8 msat  concentration at 77 K, revealing the possibility of RTP from the
room temperature (Fig. 3¢, S16 and S177). This delayed emission aggregated state (Fig. S9f). The emission intensity for the
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bands; variable temperature (b) fluorescence emission, and (c) delayed emission (initial delay = 100 ps); (d) time-resolved decay profile recorded
at room temperature; (e) normalized delayed emission with variable temperature and initial delay; (f) time-resolved decay profile recorded at 77 K
for TDI-cDBT. All measurements were performed for TDI-cDBT with a 550 nm excitation in 2 x 10~ M toluene solution.
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Fig. 3 (a) Concentration-dependent emission studies; (b) intensity ratio of aggregates upon monomer emission; (c) phosphorescence emission
recorded with an initial delay of 100 ps; (d) time-resolved decay profile recorded at 77 K, and the inset shows the one recorded at 298 K; plausible
Jablonski diagram for TDI-cDBT (e) at dilute concentration (monomer); (f) at higher concentration (aggregate) for TDI-cDBT; all measurements
are performed for TDI-cDBT with 550 nm excitation in 1 x 10~* M toluene solution.

aggregates increased significantly at 77 K both in prompt and origin of delayed emission from the aggregated state is phos-
delayed emission, along with a prolonged lifetime of 8 ms (Fig. 3c  phorescence and not TADF (Fig. 3f).*> Aggregation induced
and d). Unlike the monomer case, this increment in emission splitting of the excitonic bands acts as an energy trap and reduces
intensity at 77 K (Fig. S15, S17 and Table S2t) shows that the the AEs 1.>*** This energetically favours ISC, leading to direct
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Fig. 4 (a) Excitation, fluorescence emission, and phosphorescence
(initial delay = 30 ps) spectra at 298 K and (b) transient decay profile of
TDI-cDBT in a neat film.

triplet emission. An identical behaviour is expected from the
solid state as well, owing to the close packing of these fluo-
rophores. The excitation and emission spectra obtained from
neat films were in good agreement with the absorption and
emission spectra obtained at higher concentrations in toluene
solution, reiterating the aggregate origin at higher concentra-
tions (Fig. 4a). The prolonged lifetime observed from the neat
film (2.4 ms, Fig. 4b) and aggregated state (1.8 ms) are attributed
to the room temperature phosphorescence.

Density functional theory calculations

Density functional theory (DFT) calculations were carried out to
validate our experimental results and hypothesis. As expected,
the SF-TDDFT calculations on TDI-cDBT supported the
increased HOMO-LUMO gap compared to that of TDI (Fig. 1c,
3e, S22 and Table S67). This resulted in enhanced radiative rates
and increased quantum efficiency. The spin-orbit coupling
matrix element calculated for S; and T, states were 0.22 cm ™!
and 0.02 cm ™! for TDI-cDBT and TDI, respectively (Table S77).
Thus, the incorporation of sulphur has indeed helped in the
enhancement of ISC compared to that of parent TDI.

Conclusion

In conclusion, a novel sulphur-embedded terrylene diimide
with a wing-like structure having intense red emission has been

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

successfully obtained using a simple synthetic method in high
yields. The m-expansion at the bay position helped to widen the
bandgap and imparted structural rigidity, thus improving the
radiative decay. The introduction of a donor-acceptor character
between the heteroaromatic unit and TDI core further helped to
reduce the AEg 1, favouring a TADF emission with a quantum
yield of 88%. The problem of aggregation in rylene diimides
became a boon for this molecule, resulting in RTP. Therefore, it
can be highlighted that TDI-cDBT shows excellent TADF emis-
sion under dilute conditions, whereas it demonstrates phos-
phorescence at higher concentrations. Hence, rigidification of
the TDI core, along with heteroatom incorporation, can be an
efficient strategy to achieve molecules with switching between
red TADF and near-IR RTP.
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along with computational details have been provided in the
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