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ABSTRACT

packing modes in aggregates result in different optical prop-

The phenomenon that different molecular

erties has attracted intense attention, since it can provide
useful information to establish the relationship between the
micro- and macro-world. In this paper, DBTDO-DMAC was
designed with 9,10-dihydro-9,9-dimethylacridine (DMAC) as
electron donor. DBTDO-DPA and DBTDO-Cz were designed
for comparison, which adopted diphenylamine (DPA) with
twisted structure and carbazole (Cz) with planar structure as
donors, respectively. As expected, two polymorphs (Crystal G
and Crystal Y) of DBTDO-DMAC were obtained and ex-
hibited distinct properties. Crystal G originating from planar
conformation exhibited mechanochromism (MC) phenom-
enon and the emission color changed from green to yellow
with a redshift of 35 nm after grinding. Nevertheless, Crystal Y
with folded conformation displayed obvious room-tempera-
ture phosphorescence (RTP) with yellow afterglow. Careful
single crystal analyses, powder X-ray diffraction and theore-
tical calculation reveal that the different emissive behaviors
are highly related to the molecular conformation and packing
modes. The successful adjustment of molecular conformation
provides some guidance in the design of other MC and/or RTP
luminogens, broadens the molecule family with the tunable
molecular conformation and opens up a new avenue for ex-
ploring possible adjustment of molecular packing in ag-

gregates.

Keywords: molecular packing, conformation, mechanochro-
mism, room temperature phosphorescence

INTRODUCTION
Purely organic luminescent materials have been widely
investigated due to their potential applications in opto-
electronic devices, biological imaging and information
encryption [1-20]. Although the emissive behaviors are
closely related to the electronic nature of the molecular
structure, the molecular packing mode also affects the
property to a large extent. Recently, the concept of
“Molecular Uniting Set Identified Characteristic (MU-
SIC)” has been put forward by Li et al. [21], which clearly
elucidates the importance of packing mode for different
emission types, including room-temperature phosphor-
escence (RTP), mechanochromism (MC), and mechano-
luminescence (ML) [22-25]. As typical examples, poly-
morphs with different molecular packing and completely
different properties emphasize the critical roles of mole-
cular packing [26-30]. For instance, three polymorphs of
anthracene derivative (BP2VA, Fig. Sla) exhibit different
fluorescence, mainly due to their different n-n stacking
modes [28]. Additionally, the totally different RTP
emission colours and lifetimes of phenothiazine deriva-
tive (CzS-CN, Fig. S1b) could be found in three different
molecular arrangements of polymorphisms [29]. More-
over, triphenylamine derivate (TPA-0-3COOMe, Fig.
Slc) displays two different packing modes with totally
different ML and RTP properties, showing the key role of
molecular packing [30].

As well-known, different molecular conformations
could result in different molecular packing modes, and
then further influence their corresponding properties
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[29,31-38]. Phenothiazine derivatives with quasi-axial
(ax) and quasi-equatorial (eq) conformations show dis-
tinct features due to the different electronic configura-
tions caused by the existence of d orbitals from sulfur
atom [39,40]. The diverse stacking modes based on the
different conformations of phenothiazine and the result-
ing various properties have been extensively studied, of-
fering the design of phenothiazine derivatives more
flexibility with tunable functionality [41-48]. However,
the successful adjustment of molecular conformation is
still very scarce. Thus, to broaden the molecule family
with tunable molecular conformation, new constructing
blocks should be further explored.
9,10-Dihydro-9,9-dimethylacridine (DMAC) deriva-
tives primarily exhibit the folded conformation and a few
cases with planar conformation [49-52]. These two dif-
ferent conformations of DMAC derivatives inspire the
great potential to form different packing modes and in-
triguing properties with the same chemical structure
through reasonable molecular design, which should be
helpful to explore the relationship of molecular structure-
packing-property. Accordingly, in this study, taking
DMAC with the potential to form two different con-
formations as the electron donor, a donor-acceptor (D-A)
structure of DBTDO-DMAC was constructed by in-
corporating dibenzothiophene 5,5-dioxide (DBTDO)
with two oxygen atoms as electron acceptor, which may
supply much more intermolecular hydrogen bonds and
enhance intermolecular interactions, so as to inhibit the
non-radiative transition. For comparison, two analogues
were synthesized, that were, 2-(cyclohexa-2,4-dien-1-yl
(phenyl)amino)  dibenzo[b,d]thiophene  5,5-dioxide
(DBTDO-DPA) and 2-(4a,9a-dihydro-9H-carbazol-9-yl)
dibenzo[b,d]thiophene 5,5-dioxide (DBTDO-Cz) adopt-
ing diphenylamine and carbazole (Cz) as electron donors,
respectively. The Cz and diphenylamine are N-containing
heterocyclic donors and the sizes of the functional groups
are similar to acridine [53]. More importantly, DMAC
exhibits folded or planar conformations as reported in
literatures [49-52], the twisted conformation of diphe-
nylamine is similar to the folded conformation of DMAC
and the planar conformation of Cz is similar to the planar
conformation of DMAC group [54-57], which would
help to deeply understand the effect of stacking on the
performance through structural comparison. As expected,
two polymorphs (Crystal G and Crystal Y) of DBTDO-
DMAC were successfully obtained, with different con-
formations and packing. Crystal G originating from pla-
nar conformation exhibited obvious MC, while Crystal Y
with the folded conformation exhibited visible RTP.
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Through careful analysis of crystal structures, the
preferred packing modes of these two emission forms
were found, which was conduciveing to further un-
covering the molecular structure-packing-property re-
lationship (Fig. 1).

EXPERIMENTAL SECTION

Materials

2-Bromodibenzothiophene (2-BrDBT), acetic acid, hy-
drogen peroxide, 9H-Cz, diphenylamine (DPA), DMAC,
potassium tert-butanolate, palladium(II) acetate, tri-tert-
butylphosphine tetrafluoroborate were commercial
source and directly used without further purification.
Toluene was chromatographically pure taken from the
anhydrous and anaerobic system of vigor company.

Characterization

'"H nuclear magnetic resonance (NMR) and "C NMR
spectra were measured by Bruker AVANCE 400 MHz
spectrometer or JNM-ECZ600R/S1 (CDCl;, tetra-
methylsilane as the internal standard). The high-resolu-
tion mass spectra (HRMS) were measured by Bruker
Daltonics ESI-micrOTOF Q II. Single-crystal X-ray dif-
fraction (XRD) data of these samples were collected at
room temperature on a SuperNova, Dual, Cu at zero,
Atlas diffractometer equipped with graphite-mono-
chromated Cu Ka radiation (A = 1.54184 A). Powder
XRD (PXRD) patterns of these samples were performed
on a Rigaku MiniFlex IT with Cu Ka radiation (A =
1.5406 A), and the measurements were made in the range
of 3°-60° at room temperature with a step of 0.01° (20) as
well as a scan speed of 10° min '. The operating power
was 40 kV, 30 mA. UV-vis absorption spectra were ob-
tained on a Shimadzu UV-2600 spectrophotometer at
room temperature. The photoluminescence (PL) spectra
were measured by Hitachi F-4700 for solution and
Edinburgh Analytical instrument FLS 1000 for solid. The
phosphorescence spectra, time-resolved PL-decay curves
and quantum vyields were measured on Edinburgh Ana-
Iytical instrument FLS 1000 equipped with both xenon
arc lamp (450 W) and pulsed flash lamps.

Syntheses

Synthesis of 2-BrDBTDO

2-BrDBT (1 g) was added into AcOH (24 mL) and stirred
for half an hour. Then, 30% H,0, (36 mL) was added to
the mixture dropwise at room temperature. After re-
fluxing for 10 h, the mixture was cooled to room tem-
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Figure 1 The design idea, molecular structures and the different emission forms of DBTDO-DMAC in polymorphs.

perature and filtrated. The white solid was washed with
water until the pH was neutral and dried with vacuum
oven to give a white solid (1.098 g, yield: 98%). 'H NMR
(400 MHz, chloroform-d) § = 7.95 (s, 1H), 7.84 (d, J =
7.5 Hz, 1H), 7.78 (d, ] = 7.6 Hz, 1H), 7.68 (d, ] = 5.4 Hz,
3H), 7.59 (d, ] = 7.6 Hz, 1H).

Synthesis of DBTDO-DMAC

A mixture of 2-BrDBTDO (200 mg, 0.68 mmol), DMAC
(0.213 g, 1 mmol), potassium tert-butanolate (191 mg,
1.7 mmol), palladium(II) acetate (15 mg, 10%) and tri-
tert-butylphosphine tetrafluoroborate (30 mg, 15%) in
toluene (15 mL) was refluxed under argon for 32 h. Then,
the mixture was filtrated and further purified through
silica-gel column chromatography with petroleum ether
(PE)/EtOAc (15/1, v/v) as eluent to give a yellow solid
(192 mg, yield: 66%). 'H NMR (600 MHz, chloroform-d)
d = 8.13-8.07 (m, 1H), 7.90 (d, ] = 7.7 Hz, 1H), 7.79 (d,
J = 1.6 Hz, 1H), 7.73 (d, ] = 7.5 Hz, 1H), 7.66 (t, ] =
7.5 Hz, 1H), 7.59 (t, ] = 7.5 Hz, 1H), 7.54 (d, ] = 8.0 Hz,
1H), 7.51 (d, ] = 7.4 Hz, 2H), 7.01 (m, ] = 7.4 Hz, 4H),
6.32 (d, ] = 8.9 Hz, 2H), 1.71 (s, 6H). "C NMR (100 MHz,
chloroform-d) & = 147.36, 140.18, 138.16, 136.89, 135.19,
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134.23, 133.26, 131.10, 130.89, 126.76, 125.80, 124.94,
124.48, 122.55, 122.13, 121.67, 114.45, 36.22, 31.48.
Electrospray ionization tandem (ESI)-HRMS: m/z calcd.
for C,,H, NNaO,S, [M+Na]", 446.1185; found, 446.1175.

Synthesis of DBTDO-DPA

A mixture of 2-BrDBTDO (200 mg, 0.68 mmol), DPA
(137 mg, 0.8 mmol), potassium tert-butanolate (191 mg,
1.7 mmol), palladium(II) acetate (8 mg, 5%) and tri-tert-
butylphosphine tetrafluoroborate (15 mg, 7.5%) in to-
luene (10 mL) was refluxed under argon atmosphere for
18 h. Then, the mixture was filtrated and further purified
by silica-gel column chromatography with PE:EtOAc (20/
1, v/v) as eluent to give a yellow solid (164 mg, 63% yield).
'"H NMR (400 MHz, chloroform-d) 8 = 7.80 (d, J =
7.4 Hz, 1H), 7.60 (d, J = 8.5 Hz, 1H), 7.54 (d, J = 3.9 Hz,
2H), 7.49 (dt, J = 8.6 Hz, 4.3, 1H), 7.44-7.32 (m, 4H), 7.31
(d, ] = 2.0Hz, 1H), 7.24-7.08 (m, 6H), 7.03 (dd, ] =
8.5 Hz, 2.1 Hz, 1H). BC NMR (150 MHz, chloroform-d)
0 = 153.36, 146.31, 138.80, 133.56, 133.47, 131.63, 130.40,
129.99, 128.69, 126.11, 125.22, 123.33, 122.05, 121.77,
121.62, 112.49. ESI-HRMS: m/z calcd. for C,,H;gNO,S,
[M+H]", 384.1053; found, 384.1048.
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Synthesis of DBTDO-Cz

A mixture of 2-BrDBTDO (200 mg, 0.68 mmol), com-
mercial Cz (138 mg, 0.8 mmol), potassium tert-butano-
late (191 mg, 1.7 mmol), palladium(II) acetate (8 mg, 5%)
and tri-tert-butylphosphine tetrafluoroborate (15 mg,
7.5%) in toluene (15 mL) was refluxed under argon for 20
h. Then, the mixture was filtrated and further purified
through gradient elution of column chromatography to
give a white solid (62 mg, 24% yield). 'H NMR (600 MHz,
chloroform-d) 6 = 8.17 (d, ] = 7.7 Hz, 2H), 8.08 (d, J =
8.0 Hz, 1H), 8.02 (s, 1H), 7.91 (d, J = 7.7 Hz, 1H), 7.79
(dd, J = 15.2 Hz, 7.9 Hz, 2H), 7.68 (t, J = 7.5 Hz, 1H), 7.61
(t, ] = 7.6 Hz, 1H), 7.47 (d, ] = 59 Hz, 4H), 7.36 (t, ] =
6.9 Hz, 2H). °C NMR (150 MHz, chloroform-d) & =
143.48, 140.24, 138.38, 135.84, 134.23, 134.18, 131.22,
130.91, 128.57, 126.61, 124.13, 124.08, 122.57, 122.02,
121.13, 120.78, 119.88, 109.68. ESI-HRMS: m/z calcd. for
C,,H,([NO,S, [M+H]", 382.0896; found, 382.0897.

RESULTS AND DISCUSSION

All of the target compounds were synthesized via Buch-

Br
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—
Q S

2-BrDBT

reflux

wald-Hartwig cross coupling (Scheme 1) and character-
ized by '"H NMR, C NMR, and HRMS (Figs S2-S11).
The UV-vis absorption and PL spectra of these three
compounds were measured in tetrahydrofuran (THEF)
(Fig. 2). These compounds exhibit two partly similar
absorption bands: the intense absorption at shorter wa-
velengths (< 300 nm) could be ascribed to the m-m*
transitions, while the broad and weak absorption bands at
longer wavelengths could be assigned to the in-
tramolecular charge transfer (ICT) transitions from the
donor units to the acceptor. The absorption band shifts to
longer wavelength with the increase of electron-donating
ability in the order of DMAC, Cz and DPA, which is in
good accordance with the calculated results (Fig. S12).
Meanwhile, DBTDO-DMAC, DBTDO-DPA and
DBTDO-Cz in dilute THF solutions exhibit emission
bands (A, at 530, 474 and 438 nm, respectively. The
much more red-shift emission of DBTDO-DMAC may
be attributed to the quasi anthracene skeletons of DMAC
[58]. Their photophysical properties are shown in Fig. 2
and Fig. S13, and summarized in Table S1. Besides, all of
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2816

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

November 2021 | Vol.64 No.11



SCIENCE CHINA Materials

ARTICLES

the three compounds demonstrate typical bathochromic-
shifts with the increasing solvent polarity (Fig. S14),
further manifesting the ICT transitions in these mole-
cules.

Furthermore, two polymorphs of DBTDO-DMAC
were obtained by controlling the volatilization rate of the
mixture solution (dichloromethane/n-hexane = 1/1). The
lamellar crystal (Crystal G, CCDC 2050270) with green
emission (A, = 495 nm, @ = 8.95%) exhibits obvious
MC behavior (Fig. 3a). When Crystal G was ground using
a pestle and a mortar at room temperature, the amor-
phous powder was yielded and turned to yellow emission
(Amax = 530 nm) with the enhanced emission intensity, as
confirmed by the increased quantum yield (@ = 18.43%).
That is to say, the largest emission wavelength of crystal G
displays an obvious bathochromic shift from 495 to
530 nm after grinding with the color changing from green
to yellow. Nevertheless, the cuboid crystal (Crystal Y,
CCDC 2050271) exhibits yellow emission (A,,,, = 533 nm,
@ =13.77%). After grinding, the maximum emission peak
changes to 530 nm. The change of the maximum emis-
sion wavelength before and after grinding is negligible for
Crystal Y. Interestingly, Crystal Y displays obvious yellow
RTP at 538 nm with the lifetime of 3.17 ms (Fig. 3b), but
no visible RTP could be observed by naked eyes for
Crystal G at 518 nm (7 = 12.99 ps). Their totally different
properties including wavelength, lifetime and quantum

o

yield are highly dependent on the different molecular
packing in aggregates (Fig. 3¢ and Fig. S15). However, the
MC behavior and RTP are hardly observed for DBTDO-
DPA (CCDC 2050274) and DBTDO-Cz (CCDC
2050273) with the lifetime of only several nanoseconds.
The maximum emission wavelength of DBTDO-DPA
(Apax = 460 nm) and DBTDO-Cz (A,,, = 435nm)
changed to 472 and 433 nm, respectively, after grinding.
The difference of the maximum emission wavelength
before and after grinding can be almost ignored, and the
emission color has no obvious change (Fig. S16, Table
S2), further indicating that the molecular conformation
and packing significantly affect the properties.

To gain deeper insight into the intrinsic mechanism of
these different properties of DBTDO-DMAC, single-
crystal XRD was conducted. As depicted in Fig. 4, the
molecular conformations for DBTDO-DMAC in the two
polymorphs are totally different from each other. The
conformation of DMAC in Crystal G exhibits almost a
planar conformation with a small dihedral angle (2.84°)
and the two molecules in the dimer show a reverse
staggered arrangement with no overlap. The four types of
C-H...O ranging from 2.822 to 3.926 A occur alone,
demonstrating a slightly weaker intramolecular interac-
tions and some labile factors under the external stimuli,
which is prone to MC for Crystal G. However, Crystal Y
exhibits a folded conformation with a dihedral angle of

10 — Crystal G b b Uon UVoff _0ls 025 03s 04s 055 065
. — Crystal G-grinding -
S — Crystal Y S 12000
S 08 — Crystal Y-grinding & Crystal Y
= Z 1.0
a c
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c
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DBTDO-DMAC Space group
A (nm) 7(ns) 9 (%) A (nm) 7 (Us)
Crystal G Cc 495 10.99 8.95 518 12.99
Crystal Y P2./n 533 22.96 13.77 538 3170
Amorphous — 530 23.21 18.43 518 8.98

Figure 3 (a) PL spectra of DBTDO-DMAC in Crystals G and Y before and after grinding; Inset: the corresponding images of Crystal G.
(b) Phosphorescence spectra and time-resolved phosphorescence-decay curves of DBTDO-DMAC in Crystals G and Y; Inset: images of Crystal Y
before and after the removal of UV excitation source at ambient conditions. (c) Photophysical properties of DBTDO-DMAC.
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Figure 4 The conformations, intermolecular interactions, and stacking modes of DBTDO-DMAC in polymorphs.

39.6°. As shown in Fig. 4, the two molecules in the dimer
display a stronger m-m interaction in Crystal Y with a face-
to-face antiparallel arrangement, the distance of 3.816 A
and overlap of 45.3% (Fig. S17). The strong n-n interac-
tions in solid state could promote the persistent RTP
[59,60]. In addition, there are four types of C-H...O and
ten types of C-H...n intramolecular interactions in the
dimer of Crystal Y. It is worth noting that the in-
tramolecular interactions in the dimer occur in pairs,
which will restrict the intermolecular motions effectively
and reduce the non-radiative transition, contributing
much to the longer RTP lifetime (3.17 ms) as well as its
higher PL quantum efficiency (13.77%) than Crystal G.
Meanwhile, the red-shift fluorescence and non-mechano-
chromism of Crystal Y are also ascribed to the packing
mode and symmetrical intermolecular interactions. Fur-
thermore, the interactions between dimers of Crystal G
and Crystal Y were analyzed (Fig. S18). Two types of C-
H...O intermolecular interactions and four types of C-
H...n intermolecular interactions existed between the
dimers. As previously mentioned, the interactions in
Crystal Y were stronger than that in Crystal G, con-
firming the effective inhibition of molecular motions and
the reduction of the non-radiative transitions, which

2818

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

contributed much to the longer RTP.

For DBTDO-DPA and DBTDO-Cz, the two molecules
in each dimer display a face-to-face antiparallel arrange-
ment similar to Crystal Y of DBTDO-DMAC (Fig. S19).
However, the mn-n distance of DBTDO-DPA and
DBTDO-Cz are 4.806 and 4.710 A, which are much
longer than the m-m distance of Crystal Y. Moreover,
DBTDO-DPA and DBTDO-Cz also exhibit weaker and
less C-H...O and C-H...m interactions, which are in-
sufficient to suppress the non-radiative transitions for the
realization of RTP.

In order to investigate the influence of the molecular
conformations on their RTP effect, time-dependent
density functional theory ( TD-DFT) calculations on the
energy level and related excited state transition for singlet
(S) and triplet (T) states were conducted, based on the
monomers and dimers (Fig. 5). The effective intersystem
crossing (ISC) channels are related to the small energy
gap (<0.3 eV) and the same transition orbital composi-
tions as the S; state. For Crystal G, the monomers show
two effective transition channels from S, to T, and S, to
T, states, while the dimer exhibits only one effective
transition channel from S, to T, states. The monomers of
Crystal Y also display two effective transition channels,

November 2021 | Vol.64 No.11
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Figure 5 Theoretical calculations for monomer of (a) Crystal G, (c) Crystal Y and dimer of (b) Crystal G, (d) Crystal Y of DBTDO-DMAC.

demonstrating the similarity of monomers of Crystal G
and Crystal Y. However, there are four effective transition
channels from S, to T, for the dimer of Crystal Y, owing
to the big changes of the molecular packing. Combined
with the strong intermolecular interactions in Crystal Y
with antiparallel arrangement, its persistent RTP is
mainly due to the facilitated ISC process to generate the
excited triplet state and restrict the non-radiative transi-
tions through the multiple symmetrical intermolecular
noncovalent interactions to stabilize the triplet excitons
[61-63]. In contrast, the ISC channels of the monomers
in DBTDO-DPA and DBTDO-Cz occur only from S, to
T, (Fig. S20). There are two effective ISC channels for the
dimer of DBTDO-DPA and three ISC channels for the
dimer of DBTDO-Cz, which are less than Crystal Y of
DBTDO-DMAC. Additionally, the relatively low pro-
portion of the similar components between T, state and
S, state was observed, indicating the weak ISC process in
the dimers of DBTDO-DPA and DBTDO-Cz. Thus, the
weak ISC process, along with the weak intermolecular
interactions and few m-m interactions may prevent the
realization of RTP.

The powder XRD was further performed to investigate
the distinct MC behavior in response to external stimuli,
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such as grinding and solvent exposure (Fig. 6a). The XRD
patterns of Crystals G and Y exhibit sharp and strong
diffraction peaks with significant difference. Crystal G
shows main signal peaks at 12° and 22°, while Crystal Y
displays the main signal peaks located at 15° and 23°,
which is indicative of their highly ordered crystalline
nature and different stacking modes. After grinding, the
sharp peaks weaken by a large margin and even vanish,
suggesting the transformation from crystalline to amor-
phous nature, which results in the red-shifted PL spectra
of Crystal G from green to yellow. It should be noted that
the ground sample was transferred to Crystal Y rather
than the initial Crystal G by fuming with di-
chloromethane (DCM) vapour for 90 min (Fig. S21),
because of the much stronger intermolecular interactions
and the enhanced stability of Crystal Y rather than
Crystal G [64].

Given that the MC was only observed apparently in
Crystal G with obvious changes from green to yellow
emission simply pressed by a metal spatula, the micro-
crystalline G was spread on the surface of plexiglass as a
green background (Fig. 6b). By using the spoon to write
on the surface of plexiglass, the letter “Music 505” ap-
peared at the written area under 365 nm UV light and
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Figure 6 (a) Images and PXRD of DBTDO-DMAC in polymorphs
and amorphous phase before and after fuming in DCM vapor. (b)
Writing “Music 505” with a spoon with microcrystal G. (c) The Images
of the pattern of “7” and “1” with Crystal G and Crystal Y before and
after switching off the 365 nm lamp.

was clearly recorded, suggesting the potential applications
for optical recording. In contrast, Crystal Y with RTP was
applied to anti-counterfeiting. As shown in Fig. 6¢c, “—”
and “|” were prepared using Crystals G and Y, respec-
tively, which were combined to arrange as a number “7”.
Under UV-excitation, a digital “7” with the green-yellow
emission was clearly observed. Fascinatingly, when the
UV lamp excitation was ceased, the digital changed to
yellow “1”, which confirmed the potential applications in
anti-counterfeiting and information encryption.

CONCLUSIONS

In summary, DBTDO-DMAC with two polymorphs
were designed and synthesized. More importantly, the
polymorphs with two different molecular conformations
show MC and RTP, respectively. Single crystal analysis
and theoretical calculations demonstrate the key role of
molecular conformation and packing mode on their
photophysical properties, which could provide some
guidance in the design of other MC and/or RTP lumi-
nogens. In addition, besides the electron properties and
the spatial configuration, molecular conformation should
also be considered seriously for the adjustment of mole-
cular aggregates. Considering the molecular structure, the
change of molecular conformation opens up a new ave-

2820

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

nue for exploring possible adjustment of molecular
packing in aggregates. The obtained results further de-
monstrate the importance of molecular packing in ag-
gregated state, and show the concept of MUSIC [65-70].
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