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Manipulation of the charge transfer in donor—acceptor-type molecules is essential for the design of
controllable aggregate luminescent materials. Apart from the traditional through-bond charge transfer
(TBCT) systems which suffer from complicated structural design, poor tunability and low quantum
efficiency, through-space charge transfer (TSCT) has been proved as an alternative yet facile strategy in
tuning photophysical processes.
a traditional conjugated acrylonitrile AP1 and an unexpected non-conjugated AP2 with a carboxamide-

In this work, by simply changing nucleophilic reaction bases,

functionalized oxirane linker could be obtained. The long-range -1 stacking in conjugated AP1 results
in mixed intramolecular TBCT plus intermolecular TSCT emission. However, facilitated by the steric
hindrance effect of the big oxirane connector and the unique discrete dimer packing, non-conjugated
AP2 exhibits pure and efficient intermolecular TSCT emission in both aggregate and crystalline states.
The flexibility of the non-conjugated character further leads to better reversible stimuli-responsiveness
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Introduction

Organic photoluminescent materials are widely used in
numerous fields such as optoelectronic devices," bioimaging,>
medical diagnosis,® chemical sensing,* etc. due to their favor-
able flexibility, biocompatibility, processability and structural
diversity. Compared with a molecule in a molecularly dispersed
state, its aggregate state exhibits macroscopic optical properties
and functions that are completely different from those of
a single molecule owing to a variety of intermolecular interac-
tions. For example, aggregation-caused quenching (ACQ) is
a typical representative,” which is characterized by high lumi-
nescence in solution, but weak or no emission in the aggregate
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to mechanical force for AP2 than for the rigid AP1.

state. This is unfavorable for the study of the luminescence
mechanism and the regulation of luminescence behavior in the
aggregate state. The aggregation-induced emission (AIE)
phenomenon proposed by Tang is completely the opposite:
fluorescent molecules do not emit light in dilute solution but
exhibit significant fluorescence enhancement in the aggregate
state.*” This brings the research on photoluminescent materials
from molecular science to aggregate science.*™*

From the perspective of aggregate science, how to achieve
high-efficiency and controllable luminescence in aggregates
through structural design is of great significance for the
understanding of the luminescence mechanism and the
extension of luminescence systems. Constructing charge
transfer (CT) systems is a common and effective method to
control the emission wavelength and efficiency.**** So far, most
of the luminescence systems with CT characteristics have been
based on through-bond charge transfer (TBCT) emission.*>™"’
The organic fluorophores mainly connect the electron donors
(D) and electron acceptors (A) through double bonds, triple
bonds, heteroatoms, or aromatic rings to form structures with
larger 7 conjugation, which enables strong electron coupling
between the donor and acceptor through covalent bonds.'®*®
However, the strong TBCT effect in the conjugate system often
leads to redshift emission accompanied by a significant
decrease in quantum efficiency, which is unfavorable for prac-
tical applications.”®** Therefore, the development of new
methods to balance the CT intensity is essential for the design
of controllable aggregate luminescent materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In recent years, through-space charge transfer (TSCT), which
connects donors and acceptors in a spatially separate manner,
has been widely adopted to effectively avoid the negative effects
of strong CT.”>*” In this motif, donors and acceptors are sepa-
rated but spatially close to each other, which allows the
through-space charge transfer to occur.”®**° The currently
studied TSCT system mainly relies on the intramolecular
through-space interaction between the donor and acceptor.*
However, this type of material extremely relies on a tailored
structure design, especially the spatial distance of the donor
and acceptor, which has a great influence on the photo-
physics.*” This also brings multiple synthetic steps, which not
only leads to sophisticated and tedious purification but is also
time-consuming and economically unfriendly. What is worse,
most of the TSCT systems still rely on large D-A conjugated 7
structures, which lead to high rigidity of the structures, and
further bring poor solubility and difficulties in luminescence
modulation.*® Though the D-A structure connected by non-
conjugated bonds can increase the molecular flexibility, it
cannot regulate the intramolecular TSCT precisely, and some of
them cannot even form stable intramolecular TSCT. However,
in the aggregate state, the flexibility of the molecules can endow
the system with enhanced intermolecular TSCT effect.***
Therefore, constructing intermolecular TSCT is an effective
strategy for regulating the photophysical properties of lumi-
nescent materials in aggregate states, which is easier and more
controllable than the manipulation of intramolecular TSCT in
the molecular state.

In this work, by simply changing the nucleophilic reaction
conditions, specifically, by only tuning the base via the transi-
tion metal-free, nonhazardous, nontoxic, and atom-economic
synthetic method, we were able to simply access conjugated
acrylonitriles AP1 and non-conjugated AP2 based on anthracene
(D) and pyridinium salt (A), as shown in Scheme 1. It is found
that AP2 exhibits unique and pure intermolecular TSCT emis-
sion in both aggregate and crystalline states based on the
formation of a discrete dimer. The existence of a big

(a)

Non-conjugated

Scheme 1
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carboxamide-functionalized oxirane linker in AP2 prevents
neighboring molecules from approaching the dimer, while
long-range m-m stacking is observed in the conjugated AP1,
leading to the higher emission efficiency of AP2 than AP1.
Besides, the synergy of flexibility of the non-conjugated linker
and the comparative weak intermolecular interactions between
the discrete dimer endows AP2 with reversible stimuli-
responsiveness to mechanical force, which is absent in the
conjugated AP1.

Results and discussion

The Knoevenagel condensation is a very important trans-
formation in organic synthesis catalyzed by bases and is widely
employed for carbon-carbon bond formation, which has been
used in connecting donors and acceptors to deliver conjugated
AlE-active molecules.***° In this work, anthracene was used as
the donor while a typical pyridine salt was chosen as the
acceptor. Considering that the base may have a strong effect on
the efficiency of the reaction, we chose two different bases, that
is, an organic base tetrabutylammonium hydroxide (TBAOH)
and an inorganic base NaOH, to catalyze the reaction. However,
to our great surprise, though both of the reactions proceeded in
t-BuOH at room temperature with different bases, their reaction
phenomena were quite different. The NaOH system yielded
yellow precipitates which are often observed in Knoevenagel
condensation reactions, indicating that we obtained a tradi-
tional m-conjugated acrylonitrile derivative, while the TBAOH
system did not generate the expected precipitates but produced
a clear light yellow solution instead, which was proved later to
be a non-conjugated structure (Scheme 1). The difference
between the two structures is the connectors between the donor
and acceptor. The conjugated one was bridged by a cyanos-
tilbene while the non-conjugated system was linked by a car-
boxamide-functionalized oxirane. It is noteworthy that both
compounds can be obtained easily with satisfactory yields. As
far as we know, it is scarcely reported that different linkages

Long range n-n stacking

E Intramolecular TBCT + intermolecular TSCT '

Discrete dimer
o Pure intermolecular TSCT

(a) Synthesis of AP1 and AP2 and (b) their emission illustrations in the aggregate state.

Chem. Sci., 2021, 12, 15928-15934 | 15929


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc05426k

Open Access Article. Published on 22 November 2021. Downloaded on 6/17/2026 3:58:11 AM.

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

(cc)

Chemical Science

(conjugated or non-conjugated) between donors and acceptors
can be realized by simply tuning the nucleophilic reaction base.
Both of the compounds were further functionalized with pyri-
dine salts, which were named AP1 and AP2, respectively. The
detailed synthetic procedures, characterizations and thermal
stability are summarized in the ESI (Fig. S1-S14, Schemes S1
and S21).

It is reasonable that AP1 can be formed by a direct nucleo-
philic reaction under the NaOH condition. Why was the non-
conjugated AP2 obtained under the condition of TBAOH?
After dissolving m-conjugated 1 in solvents and adding TBAOH
as the base, we observed that 1 could be transformed into 2
which was similar to the alkaline epoxidation of acrylonitrile as
most of the references reported.***> However, a key oxidant was
missing in this system. The anthracene substrate would likely
produce reactive oxygen species (ROS) in the presence of light
which may be the oxidant.*® This hypothesis was confirmed by
repeating the reaction in the absence of light and oxygen which
resulted in the expected m-conjugated acrylonitrile derivative 1
(Fig. S77). The whole process can thus be divided into two steps:
the first step involved Knoevenagel condensation toyield 1 as an
intermediate; in the second step, 1 would hydrolyze to form
acrylamide 3 with a cis configuration (Scheme S3t). The
anthracene part would produce ROS in the presence of light
which can further oxidize 3 to deliver the target cis-2 with the
amide and anthracene groups on the same face of the oxirane.

After confirming the molecular structure, we then investi-
gated the photophysics of AP1 and AP2. The color of AP1 in
CH;CN was yellow while AP2 was colorless, which suggests
better conjugation in AP1. Absorption spectra of AP1 and AP2
were further studied in CH3;CN to confirm their electronic
structures. AP1 in the crystalline state showed one structureless
broad peak located at 408 nm corresponding to the extended
through-bond conjugation (TBC), while AP2 exhibited one finely
structured peak at 379 nm which almost overlapped with the
maximum absorption of anthracene, suggesting the non-
conjugated nature of AP2 (Fig. 1A and S157%). The absorption
maximum of anthracene was hypsochromically shifted by 10
nm from that of AP2 and was located at 369 nm, which may be
due to the hyperconjugation between the benzene ring and the
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Fig. 1 (A) UV/Vis absorption spectra of AP1, AP2 and anthracene in
CH3CN solution (c = 10 uM), respectively. Insets in (A): photos of AP1
(left) and AP2 (right) in CH3CN solution under daylight. (B) Normalized
emission spectra of anthracene and AP2 in CH3CN solution, Aex =
350 nm.
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methyl groups in AP2.**** Similarly, though the molecule
contains a donor and an acceptor, its CH3CN solution only
shows the characteristic fine structure emission of monomeric
anthracene ranging from 370 nm to 500 nm (Fig. 1B),* which
indicates that the two non-conjugated units of AP2 cannot form
inter- or intramolecular D-A interactions in the solution state.

To investigate their photophysical properties in the aggre-
gate state, the PL spectra were recorded in mixed solvents
through the addition of the poor solvent hexane to the THF
solution of AP2. It can be seen from the UV spectra that the
profile of AP2 in THF/hexane mixtures with hexane fraction
(fizex) of 99% was slightly red-shifted compared to that of AP2 in
THF (Fig. 2A), suggesting the existence of weak intermolecular
interaction in AP2 aggregates. The absorption spectrum of AP2
in the crystalline state shows an intense, broad absorption with
Amax = 420 nm which is redder than that of the aggregate at fiex
= 99%, indicating a different packing behavior in the crystalline
state compared to aggregates. Considering the non-conjugated
donor and acceptor character of AP2, it is speculated that
intermolecular TSCT may lead to a broad redder absorption as
the intramolecular D-A distance is too large for intramolecular
TSCT. Its fluorescence spectra provide more detailed informa-
tion. Fig. 2B shows that the PL spectrum in THF/hexane
mixtures with low fyex exhibited a broad emission with
multiple peaks at 391, 415 and 437 nm, which was assigned to
anthracene emission. The intensity of the shorter-wavelength
peak decreased gradually when fi, increased from 0% to
50%, which is ascribed to the polarity effect. However,
a marvelous new emission band at a longer wavelength ranging
from 500 to 700 nm intensified progressively with increasing
the hexane fraction at fizex = 60%, indicating the AIE nature of
this longer-wavelength emission. The maximum intensity
enhancement was 28-fold at fy.x = 80% (Fig. 2C). The second-
stage intensity annihilation of the short-wavelength at fiex >
50% should be ascribed to the energy transfer from TBC to
intermolecular TSCT.

As mentioned above, the intermolecular TSCT in AP2
aggregates was proposed as the cause of longer-wavelength
emission around 560 nm. However, the polarity effects,**®
and intramolecular TSCT between anthracene and pyridinium
salt are two more possibilities that induced the redder emis-
sion. The solvent polarity effect that may contribute to the
longer-wavelength emission was first ruled out by comparing
the emissions in solvents with different polarities (Fig. S167).
The emission maximum of AP2 shows almost no change in high
polarity MeOH and low polarity THF solvents. The characteristic
red-shifted emission band observed in the aggregate state is not
detected. To disclose the possibility of intramolecular TSCT, the
PL spectrum of AP2 in dilute THF solution (c = 10~° mol L)
was measured at room temperature (rt) and 77 K, respectively.
As shown in Fig. S17,1 from rt to 77 K, the emission intensity
corresponding to the anthracene moiety is increased as non-
radiative deactivation pathways are restricted, while the wave-
length of the maxima emission remains unchanged and no new
peak around 560 nm is observed, suggesting the negligible
contribution of intramolecular TSCT to the longer-wavelength
emission of AP2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(A) Absorption spectra of AP2 in different fiiex and crystalline states, c = 10 pM. Inset: roomlight image of AP2 powder. (B) Emission spectra

of AP2 at different fiex, Aex = 350 nm. Inset: fluorescence photo of AP2 at fex = 0% and 99%, respectively. (C) Emission intensity of AP2 at A =
415 nm and 560 nm with gradually increasing fiex. (D) Absorption spectra of PP, anthracene, and PP@An in CHzCN solution, ¢ = 10 uM. (E)
Emission spectra of PP@An at different fyey, Aex = 350 Nnm. An = anthracene. (F) Emission spectra of AP2 in the crystal state and at different
concentrations (wt%) in PMMA thin film, Aex = 350 nm. Inset: fluorescence photo of AP2 taken under a UV lamp.

To explore the role of the non-conjugated linker in gener-
ating efficient intermolecular TSCT, the donor and acceptor
were physically separated instead of chemically isolating them.
Then, the new compound PP was designed as the donor
(Scheme $47). The "H NMR spectrum of AP2 shows that it is not
a simple superposition of that of anthracene and PP (Fig. S18A,
C and D). In contrast, the "H NMR spectrum of the 1 : 1 molar
ratio mixture of anthracene and PP, named PP@An, is exactly
the superposition of the two compounds. The above results
provide two conclusions: the first one is that oxirane plays a very
important role in the properties of AP2; the second one is that
simple physical mixing of anthracene and PP cannot produce
any intermolecular interactions. In addition, the UV absorption
spectra of the model compound PP, anthracene and PP@An, as
well as their corresponding fluorescence emission spectra, were
recorded (Fig. 2D and S19t). We found that both the absorption
and fluorescence spectra of PP@An were simply superimposi-
tion of that of PP and anthracene. Neither tuning the molar
ratio of PP and anthracene nor changing the concentration of
PP@An from 1077 to 10> mol L™* could generate any new
absorption or emission peaks in the solution state (Fig. S207).
Meanwhile, the PL spectra of PP@An in THF/hexane mixtures
with different fyx were also measured but without longer-
wavelength emission in the aggregate state (Fig. 2E). All these
results prove the vital role of the non-conjugated oxirane linker
in the generation of intermolecular TSCT for AP2. Physical

© 2021 The Author(s). Published by the Royal Society of Chemistry

blending of the donor and acceptor is incapable of producing
efficient TSCT.

The aggregation behavior is replicated for AP2 in five
different films which were fabricated by spin-coating of the
solution with AP2 and poly(methyl methacrylate) (PMMA), the
obtained films possess different doping ratios of 0.3%, 1%, 3%,
8% and 20% (AP2/PMMA, wt%). With the gradual addition of
AP2, the emission wavelength of the thin film gradually
redshifts from 486 nm to 550 nm (Fig. 2F), which further
confirms the formation of intermolecular TSCT at high AP2
concentration. In the crystalline state, AP2 exhibited one
comparatively sharp and green emission peak at 537 nm
(Fig. 2F). The resulting long lifetime of the crystal (45.30 ns) was
a possible characteristic of TSCT emission (Fig. S211 and Table

Table 1 Photophysical properties of AP1 and AP2¢

Aab,soln Aa\b,crystal Aem,crystal/ground d)crystal Terystal
Comp. (nm) (nm) (nm) (%) (ns)
AP1 408 482 623/620 1.13 2.29
AP2 379 420 537/581 18.45 45.3

“ Abbreviation: A,p 50 = absorption maximum in CH;CN solution,
Aab,crystal = absorption maximum in crystalline powder, Aem,crystal/ground
= emission maximum in crystal and ground powder states, ®Pcrystal =
fluorescence quantum yield of the crystal measured with an
integrating sphere, Ty = fluorescence lifetime of the crystal.

Chem. Sci., 2021, 12, 15928-15934 | 15931
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1). Variation in excitation could change only the emission
intensity but not the wavelength of the luminophore (Fig. S227),
which suggests the uniform and stabilized TSCT structure in
the AP2 crystal.

The detailed structure-property relationship was revealed by
single-crystal analysis. Yellow crystals were obtained by slow
vapor diffusion of acetone into a n-pentane solution of AP2 over
a period of night at room temperature (see Table S27} for details).
The anthracene and pyridine salt units are nearly spatially
parallel in the crystal, and arrange into step-like offset columnar
stacks of head-to-tail antiparallel dimers with close intermolec-
ular 7- stacking (3.442 A) and high degree of molecular overlap
(Fig. 3A-F). The multiple hydrogen bonds resulting from car-
boxamides between the adjacent discrete dimer and column
together with the nearest C-H---w (=3.257 and 3.635 A) of
adjacent columns should be the main driving force for the
formation of a 3D structure (Fig. S23 and S247}). Within each
column, the slip angle of the dimer along the long molecular axis
is 47.8°, while the similar slip angle of 54.6° along the short axis
is also observed, resulting in a relatively large distance between
the two dimers (5.445 A). This suggests that each TSCT dimer in
the crystal lattice is discrete. The crystal structure indicates that
the oxirane linker and its big carboxamide substituent prevent
neighboring molecules from approaching the dimer and form-
ing the detrimental long-range m—m stacking, which results in the
formation of a discrete dimer and considerable quantum effi-
ciency (18.45%) in the crystalline state. It is noteworthy that AP2
is racemic as R and S configurations coexist in one unit cell,
suggesting the absence of stereospecificity during the reaction
(Fig. S257). The two racemic structures benefit the close

View Article Online
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arrangement of two chromophores to form the discrete dimer
and thus the generation of intermolecular TSCT. Electronic
excited-state delocalization of the donor and acceptor through
spatial interactions results in the significantly red-shifted emis-
sion of AP2 crystal compared to its solution.

Considering the better flexibility of non-conjugated bonds in
AP2 than the conjugated AP1, the TSCT emission of AP2 is
anticipated to exhibit more obvious reversible response to
external stimuli. Single crystals of AP1 were also obtained by slow
vapor diffusion of i-Pr,O into its CH;CN solution as a compar-
ison (see Table S1f for details). The dihedral angle between
anthracene and the cyanostilbene approaches 62.88° (Fig. 3G).
Different from the formation of the discrete dimer in AP2,
infinite stacks with a small slip along both the short and long
axes in AP1 were observed in which offset head-to-tail antiparallel
m-overlap of neighboring molecules by intermolecular -7
interactions (3.548 and 3.613 A) occurred (Fig. 3K and L). The
counterions in AP1 and AP2 play the role of a linker between two
adjacent columns during the crystal packing (Fig. S26t). We can
thus conclude that the reddish orange emission with much lower
quantum efficiency (1.13%) in the crystalline state for AP1 than
that for AP2 should be ascribed to the mixed intramolecular
TBCT plus intermolecular TSCT effect. Considering the possi-
bility of photoreaction of anthracene, we record the emission
profiles of AP1 and AP2 in fix = 99% (aggregate state) and
crystalline state with different scan times (Fig. S277). The slight
or no change of profiles indicates that its influence on TSCT
emission during the fluorescence study is almost negligible.

As per our expectation, the intermolecular interactions in
conjugated AP1 were stronger than those in non-conjugated

Fig. 3 AP2 crystal analysis (left column). The molecular conformation in (A) top and (B) side view. (C) The dimer formed through TSCT viewed
along the long molecule axis. (D) The overlapping in the dimer. Partial view of the molecular packing along the (E) long and (F) short molecule
axes. AP1 crystal analysis (right column). The molecular conformation in (G) top and (H) side view. The molecular overlap between adjacent
molecules viewed in (1) side and (J) top view. Partial view of the molecular packing along the (K) long and (L) short molecule axes. Hydrogen atoms
in (C)—(F) and (I)—(L) are omitted for the sake of clarity. The slip angles and the intermolecular distance are listed.
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Fig. 4 (A) Fluorescence photographs of the crystal and ground
powder of AP1 (left); fluorescence photographs of the crystal, ground
powder and the fumed powder of AP2 (right). Normalized emission
spectra of (B) AP1 and (C) AP2 crystals upon external stimuli, Aex =
360 nm. PXRD patterns of (D) AP1 and (E) AP2 upon external stimuli.

AP2. Their stimulus-responsive behavior under mechanical
force was thus investigated. After grinding, the emission of AP1
shows almost no change (Fig. 4A and B). The powder X-ray
diffraction (PXRD) measurement confirmed that the grinding
powder of AP1 was still crystalline (Fig. 4D), indicating that the
strong m-Tv interaction prevented the mechanical force from
destroying the intermolecular forces. However, the stimulus-
response behavior of AP2 was completely different from that
of AP1. The different emission of the original crystal and the
grinding powder is large enough to be easily distinguished by
the naked eye with fluorescence changes from green to yellow
(Fig. 4A and C). The broad and featureless PXRD pattern for the
ground samples of AP2 reflects its amorphous characteristic
(Fig. 4E). On further fumigation with acetone, both the PXRD
and emission of the ground powder returned to their original
state. This indicates that the synergy of flexibility of the non-
conjugated linker and the comparative weak intermolecular
interactions between the discrete dimer leads to better stimuli-
responsiveness of AP2, which makes the manipulation of the
aggregate structures and properties realizable.

Conclusions

In this work, we found that through simply tuning the nucleo-
philic reaction bases, a traditional conjugated acrylonitrile AP1
and an unexpected non-conjugated AP2 with carboxamide-
functionalized oxirane linkage could be obtained. Interest-
ingly, the long-range m—7 stacking in conjugated AP1 results in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mixed intramolecular TBCT plus intermolecular TSCT emis-
sion, while AP2 with discrete dimer packing could exhibit pure
and efficient intermolecular TSCT emission in both aggregate
and crystalline states. The physical mixing of anthracene and
model compound PP does not work, indicating the vital role of
the non-conjugated oxirane linker in producing efficient TSCT.
The synergy of flexibility of the non-conjugated linker and the
comparative weak intermolecular interactions between the
discrete dimer led to better reversible stimuli-responsiveness to
mechanical force for AP2 than that for the rigid AP1. This work
not only provides a simple and smart way for regulating pho-
tophysical properties in the aggregate state but also introduces
an efficient method to develop stimuli-responsive luminogens.

Experimental section

Materials and methods, synthetic procedures, crystallographic
data and characterizations are available in the ESL{
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