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A simple N,S-chelated four-coordinated difluoroboron-based
emitter is reported with three polymorphs, which emit high con-
trast green (G), yellow (Y) and red (R) light. Interestingly, the G and
R-Crystals show different thermally activated delayed fluorescence
(TADF) at 530 nm and 630 nm with a remarkable emission spectral
shift of up to 100 nm, while the Y-Crystal exhibits room tempera-
ture phosphorescence (RTP) at around 570 nm with a high solid-
state quantum yield of 77%. Single crystal analysis and theoretical
calculations reveal that different molecular conformations and
packing modes lead to distinct triplet exciton conversion channels.

Organic luminescent materials with both thermally activated
delayed fluorescence (TADF) and metal-free room temperature
phosphorescence (RTP) in the solid state are highly attractive
inspired by their widespread applications in the fields of
organic light emitting diodes, organic solid-state lasers, sen-
sors, bio-imaging and anti-counterfeiting.'™ In TADF emitters,
the triplet excitons can be converted into spin-allowed singlet
excitons for delayed fluorescence, through reverse intersystem
crossing (RISC). Similar to TADF, organic RTP can also utilize
triplet excitons for light emission, which, however, results from
the direct radiative decay of triplet excited states.>® Until now,
regulation of the emission behavior of organic luminescent
materials is still mainly based on molecular structural modifi-
cation, which can tune their lifetime, efficiency, and color, and
even realize the modulation of TADF and RTP.”® On the other
hand, photophysical properties of a given molecular system in
the solid state can also be significantly influenced by both
molecular conformation and packing.”'® Notably, the luminescence
color can be dramatically affected by different conformations and

“State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences, Changchun 130022, P. R. China.
E-mail: chemtonghui@ciac.ac.cn, lixiang@ciac.ac.cn

b University of Science and Technology of China, Hefei 230026, P. R. China

+ Electronic supplementary information (ESI) available. CCDC 2166936-2166938.

For ESI and crystallographic data in CIF or other electronic format see DOI:

https://doi.org/10.1039/d2cc05849a

This journal is © The Royal Society of Chemistry 2023

¥ ROYAL SOCIETY
PP OF CHEMISTRY

A high-contrast polymorphic difluoroboron
luminogen with efficient RTP and

® Tong Wang,®® Yuliang Wu,?° Haiyang Shu,?°
Hongkun Tian,?® Hui Tong 2 *3° and

packing modes in multiple crystalline polymorphs. In most cases,
these polymorphs generally exhibit fluorescence,'* TADF***® or RTP
emission.'*"” Whereas, modulation of the triplet excitons to display
controllable RTP or TADF through different conformations and
packing modes is quite rare."®™® Phenothiazine with quasi-axial (ax)
and quasi-equatorial (eq) conformations has been used as the donor
unit to construct several donor-acceptor (D-A) type molecules with
different TADF or RTP emissions in the crystal, amorphous and
doped film states.”*>* Recently, Takeda and coworkers reported
a phenoselenazine-based D-A type emitter to form three poly-
morphs with different emission colors; however, their photo-
luminescence quantum yields (PLQYs) are rather low (less than
3%), and no in-depth photophysical studies were performed for
these polymorphs.>®> Fu and coworkers successfully obtained
two polymorphs of BCBF2 with both TADF and RTP emission
and PLQYs of up to 26% in the solid state.'® Chi et al. also
realized a series of TADF and RTP organic polymorphs with
PLQYs up to 28% based on a D-A type molecule.’”” However,
luminescent polymorphs exhibiting TADF and RTP emission
with both high contrast multi-color emission and high photo-
luminescence yield are still an elusive challenge.

In this paper, we developed a D-A type molecule DMAC-
PSBF2 with three polymorphs by using 9,10-dihydro-9,9-
dimethylacridine (DMAC) as a donor (D) and N,S-thioamide
difluoroboron®® as an acceptor (A). Similar as phenothiazine,
DMAC derivatives with folded or planar conformations have been
reported,”?® which may facilitate the formation of polymorphs
with different conformations. Unlike popular N,0- and O,0-
chelated four-coordinated difluoroboron-based emitters,””*® the
introduction of a S atom will provide a heavy atom effect and
contribute to the formation of triplet excitons and phosphores-
cence. Three polymorphs with high contrast emission colors
exhibiting green (G-Crystal, 530 nm), yellow (Y-Crystal, 570 nm)
and red (R-Crystal, 630 nm) emission are successfully obtained
with the PLQYs of up to 77%. Moreover, stimulated by the
different molecular conformations and packing modes, the
lowest singlet and triplet states and their energy gaps have been
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significantly influenced, leading to different photophysical
mechanisms with TADF character of the G and R-Crystals, and
RTP character of the Y-Crystal.

The photophysical properties of DMAC-PSBF2 in dilute
n-hexane solution (1 x 10~° M) are shown in Fig. 2a. The UV-
visible absorption spectrum has three absorption peaks at 290 nm,
366 nm and 435 nm. The high-energy absorption bands at 290 nm
and 366 nm can be assigned to the m — m* transition of the donor
and acceptor units, respectively, while the low-energy absorption
band around 435 nm is identified as the intermolecular charge
transfer (ICT) transitions between the D and A units. The steady-
state PL spectrum under an argon atmosphere shows a structure-
less band at room temperature with the maximum emission
located at 542 nm with a quantum yield of 89%, which can be
assigned as ICT transition (Fig. 2a). The PL intensity significantly
weakens upon exposure to oxygen compared to that under an
argon atmosphere (Fig. Sla, ESIf). Meanwhile, the transient PL
decay curve of the solution exhibits double-exponential decay with
a delayed lifetime of 1.41 ps under degassed conditions, but the
delayed component decreased significantly under oxygen con-
ditions (Fig. S1b, ESIt), suggesting that the triplet excitons
participate in the luminescence. The delayed component in
the transient PL decay curve at 300 K increased compared to
those at 77 K (Fig. Slc, ESI}), indicating TADF mechanism.
Based on the onset wavelengths of the fluorescence (300 K) and
phosphorescence spectra (77 K) (Fig. S1d, ESIt), the S; and T
level of the solution state can be calculated to be 2.55 and
2.53 eV, so AEgr = 0.02 eV. The small AEsr may facilitate the
efficient reverse intersystem crossing (RISC) process and pro-
mote TADF emission.>® The film of DMAC-PSBF2 doped in rigid
matrices (PMMA) exhibits the maximum peak at 560 nm
(Fig. 2a), which also exhibits a high PLQY up to 28% with the
long lifetime of 1.91 us at room temperature. The PL intensity of
the doped film decreased significantly with the increase of
temperature. Simultaneously, the delayed component of the
transient PL decay spectra decreases as the temperature rises
(Fig. S2a and b, ESIt). Considering that the non-radiative deac-
tivation process was promoted at higher temperature and may
seriously quench RTP emission, the emission of the doped film
can be ascribed to RTP."* Furthermore, its steady-state and
delayed PL spectra (100 ps delay) at 300 K and 50 K were
overlapped, suggesting that the emission bands were derived
from the same excited state (Fig. S6a, ESIf), confirming RTP
emission.>® We found the prompt fluorescence band of the
doped film through time-resolved photoluminescence spectra,
which emerge at 537 nm. Meanwhile, at longer delay times, a red-
shifted peak appeared at 567 nm, assigned to phosphorescence
(Fig. S2c and d, ESIt). The S; and T, levels were calculated to be
2.59 €V and 2.40 eV and the A Egy of the doped film is 0.19 eV. The
much larger AEsy value compared to that of its solution is
beneficial for its RTP property (Table 1).

A single crystal of DMAC-PSBF2 was cultivated to investigate
its emission behavior in its crystal state. To our surprise, three
distinct single crystals with green, yellow and red emission
under ultraviolet lamp (namely G-Crystal, Y-Crystal and
R-Crystal, respectively) were obtained by slowly evaporating
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Table 1 Photophysical parameters of DMAC-PSBF2 in different states

AF /p Tpr  Tphos @° ES/ETf AEg®
State (nm) (nm) (us) (us) (%) (eV) (eV)
Solution” 542 5467 051 — 89 2.55/2.53  0.02

Doped film” 537° 567° —  1.91 28  2.59/2.40 0.19
Crystal G 530° 541° 3.0 — 58  2.53/2.46 0.07
Crystal Y — 570° — 047 77  —/2.38 —

Crystal R 630° 633° 072 — 23 2.16/2.14  0.02

@ Measured in n-hexane solution (1 x 10~° M).* 1 wt% doped in
PMMA. “ The fluorescence and phosphorescence emission peaks are
confirmed by the time-resolved PL spectra at 50 K. 4 phosphorescence
spectra measured at 77 K under Ar conditions. ° Measured at room
temperature under Ar./ Singlet (Es) and triplet (Ey) energies estimated
from fluorescence and phosphorescence onset wavelengths, respectively.
¢ AEgy = Es — Er.

mixed solutions of dichloromethane/n-hexane, dichloromethane/
methanol and toluene/n-hexane, respectively (Fig. 1). The corres-
ponding PL emission peaks of the G-, Y- and R-Crystals are located
at 530, 570 and 630 nm (Fig. 2b). The emission colors have sharp
contrasts of the three polymorphs, with the emission peaks of the
R-Crystal red-shifted by 60 nm and 100 nm compared to that of the
Y- and G-Crystals. The PLQYs of the G-, Y- and R-Crystals are
determined to be 58%, 77% and 23%, respectively, these solid-
state quantum yields are much larger compared to those of most
polymorphic materials."*** Notably, the transient PL decay curves
of the three polymorphs show second-order exponential decay and
the long lifetimes of the G, Y and R-Crystals are identified as
3.10 ps, 0.47 ps and 0.72 ps under Ar, but the lifetimes were all
decreased when they were exposed to oxygen (Fig. S4, ESIT), which
indicates that the triplet excitons participate in the emission.
We further measured temperature-dependent transient and
steady-state PL spectra, along with time-resolved PL spectra
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Fig. 1 (a) Molecular structure of the target compound DMAC-PSBF2. (b—d)
Photographs of the green, yellow and red microcrystals under UV excitation.
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Fig. 2 (a) The absorption (blue line) and steady-state PL spectra of
DMAC-PSBF2 in n-hexane solution (dark line) (1 x 107® M) and PL
spectrum of the film (gray line) doped in PMMA (1 wt%). (b) The steady-
state PL spectra of green (green line), yellow (yellow line) and red micro-
crystals (red line), respectively.
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(300 K and 50 K) to investigate the properties of the triplet excited
states of the three polymorphs. The PL intensity and delayed
component of the Y-Crystal decrease significantly with increased
temperature (Fig. S3c and d, ESIt), indicating its RTP emission as
its doped film. Furthermore, its steady-state and delayed PL
spectra (100 ps delay) at 300 K and 50 K are all overlapped,
suggesting that the emission bands are derived from the same
excited state (Fig. S6b, ESIt), confirming the RTP property.*° In
sharp contrast, the delayed component of the transient PL
decay spectra of G-Crystal and R-Crystal increase as the tem-
perature rises (Fig. S3a and e, ESIf). The PL intensity of
G-Crystal is enhanced obviously with the increased temperature
(Fig. S3b, ESI%), indicating the TADF character.”” R-Crystal
presents an opposite trend for the PL intensity (Fig. S3f, ESIt),
implying that at low temperatures, phosphorescence is the
dominant process, and similar phenomena have been reported
for several TADF materials.>"*> At 300 K, both the prompt and
delayed emission bands of the G- and R-Crystals are almost
identical to the steady-state PL spectra (Fig. S5a and e, ESIT),
implying the TADF mechanism too, in which RISC can be
activated at room temperature.”® According to the onset wave-
lengths of the prompt fluorescence and phosphorescence
spectra (Fig. S5, ESIf), the AEgy values are calculated to be
0.07 eV and 0.02 eV for G-Crystal and R-Crystal, respectively.
The small AEg; values are of benefit for RISC and TADF
process.” These results indicate that the emission mechanisms
are different for the three polymorphs, the G- and R-Crystals
exhibit TADF, while the Y-Crystal displays RTP.

Single crystal X-ray diffraction (XRD) measurements of the
three polymorphs were all carried out. G-, Y- and R-Crystals all
have large dihedral angles of over 80° between the donor DMAC
and the acceptor PSBF2 segments (89°, 80° and 86° for G-,
Y- and R-Crystals, respectively). The DMAC fragment conforma-
tions in the three crystals are different, the G- and Y-crystals
exhibit crooked forms with the twist angles of 39° and 43°,
while the R-Crystal possesses a much smaller one of just 10°
(Fig. 3). The different conformations will play evident roles to
affect their conjugation degrees and hence their energy
levels.>>*® DMAC-PSBF2 molecules are packed in different
arrangements of different polymorphs. G-Crystal belongs to
the triclinic space group P1, the n-r stacking distance of the
adjacent dimers is 3.73 A (Fig. 3d). Multiple intermolecular

(a) ~ \
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Fig. 3 The monomer molecular structures in single crystals of G-crystal
(a), Y-crystal (b) and R-crystal (c). The adjacent dimers in single crystals of
G-crystal (d), Y-crystal (e) and R-crystal (f).
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interactions can be observed within the molecular cell, including
C-H-- -1 (2.69 A), C-H: - F (2.65 A) and C-H- - -S (3.00 A) interac-
tions (Fig. S7, ESIT). R-Crystal is an orthorhombic crystal with the
Phca space group, which shows a shorter n—r stacking distance of
3.31 A between the neighboring molecules (Fig. 3f). There exist
less molecular interactions between the paired dimers of C-H- - -F
(2.42 A) and C-H.--r (2.88 A). The close distance between the
adjacent molecules, combined with the large bathochromic band
compared to those of the other two polymorphs, suggests the
formation of an excimer.*** Y-Crystal belongs to the monoclinic
space group P21/c, the m-n stacking distance between the two
adjacent molecules is 3.49 A (Fig. 3e). It has substantial C-H. - -F
(2.40 A, 2.41 A, and 2.53 A), C-H- - -1 (2.68 A, 2.79 A, and 2.88 A)
and S---n (3.46 A) interactions, forming a three-dimensional
framework (Fig. S7, ESIt). Accordingly, it has the largest density
of 1.439 g cm ™ compared to that of the G-Crystal (1.379 g cm )
and R-Crystal (1.365 g cm™>). Compared to the G- and R-Crystals,
short dense intermolecular contacts in the Y-Crystal provide a
favorable rigid environment to suppress the vibrational
approaches and construct perfect crystallization to exclude the
erosion from external moisture and oxygen, promoting the RTP
character.>>?°

To gain deep insight into the effect of molecular packing on
their different PL behaviors in the three polymorphs, density
functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were carried out based on monomer and dimer
structures derived from the three crystals. All the T; levels of
three monomers in different crystals are almost the same and
around 3.00 eV, while the S, levels are quite different (Fig. S12,
ESIt), which is consistent with the natural transition orbital
(NTO) analysis of their Sy-S; and Sy-T; transition. The S; states
of the monomers exhibit a predominantly CT character with
holes and particles locating on the DMAC and PSBF2 fragments,
respectively, which should be influenced by their conformations
significantly due to the different DMAC conformations and
donor-acceptor twisted structures.”>*® However, their T; states
have clear LE character and are mainly located on the acceptor
unit, leading to the similar T, energy levels (Fig. S10, ESIT). For
the monomer in the Y-Crystal, its S; of 3.25 €V is the highest
among the three monomers, resulting in the largest A Egy value
of 0.25 eV, which may obstruct the RISC process. Besides, a large
SOC value (6.23 cm ™) of the Y-Crystal between its T; and S, will
support an effective radiative transition of T; excitons, leading
to efficient RTP emission from its T, state,®”*® while for the
monomers in the G- and R-Crystals, smaller AEgy values
(0.17 and 0.08 eV) are obtained due to their lower S; energy
levels, supporting their efficient RISC process and TADF emis-
sion behaviors (Fig. S12, ESIT). However, the TADF emission of
the R-Crystal around 630 nm is even much red-shifted com-
pared to the RTP emission of the Y-Crystal (around 570 nm),
which is rather strange considering its higher S; energy level
(3.08 eV) than the T, (3.00 eV) of the Y-Crystal. Further inspec-
tion of the dimer of the R-Crystal reveals that the particle
distributions of its S; and T; states have apparent intermole-
cular characteristics, which leads to reduced S, (2.94 eV) and T,
(2.90 eV) energy levels and an even smaller AEgsr of 0.04 eV,
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implying the excimer emission nature for the significantly red-
shifted emission of the R-Crystal (Fig. S11, ESIt).>*** On the
other hand, for the dimers in the G- and Y-Crystals, the S; state
of the G-Crystal has the same hole—particle distributions as its
monomer (Fig. S10 and S11, ESIt), and this is also the case for
the T, state of the Y-Crystal. Furthermore, the energy levels of
the dimers of the G- and Y-Crystals are quite similar to those of
their monomers (Fig. S12, ESIf), implying that the emission
properties of the G- and Y-Crystals are dominated by the
monomer behavior, which is also supported by the fact that
the emission spectra and mechanism of G-Crystal and Y-Crystal
are similar to those in solution and doped films, respectively.

In conclusion, we designed and synthesized a novel organic
molecule DMAC-PSBF2 with three polymorphs. Three different
single crystals called G-Crystal, Y-Crystal and R-Crystal provide
high contrast emission peaks from 530-630nm, and their
PLQYs are up to 77%. More importantly, the behavior of triplet
excitons can be controlled by the aggregation states, which will
affect their emission character of TADF or RTP. Single crystal
data and theoretical studies demonstrate that the molecular
conformations and packing modes determine their transition
patterns. The synergistic effects of the conformations and
packing modes endow the three polymorphs with different
emission behaviors, the G and R-Crystals exhibit TADF, while
the Y-Crystal shows RTP. These results highlight the significant
role of molecular conformations and packing modes in regulat-
ing the behavior of excited-states, and also provide a new
molecular design and tuning approach for obtaining efficient
switchable solid-state TADF and RTP materials.
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