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ABSTRACT Dual-functional materials with AIE behavior and mech-
anoresponsive behavior have attracted considerable attention due to
their promising applications in mechano-sensors, optical storage,
solid-state optoelectric devices and bioimage systems. AlIEgens
bearing tetraphenylethylene (TPE) core become elementary building
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blocks in many fluorescent functional materials. In this article, cyano-

and isocyano-electronic withdrawing groups are incorporated with O O

TPE skeleton to form tetracyanophenylethylene (TPE-CN) and X X
tetraisocyanophenylethylene (TPE-NC). Their structures are con- X=-CN-NC

firmed by NMR, Mass Spectra and single crystal X-ray measure-

ment. These two isomers reflect aggregation-induced emission (AIE) property in solution state and mechanochromic behavior in solid state.

Interestingly, their luminescent intensities, quantum yields and fluorescent lifetime in solid state have an obvious increase upon grinding. The
theoretical calculation of these two compounds clarify their difference in optical properties. The mechanochromic mechanism is also intensively

explained by powder X-ray measurements.
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n INTRODUNTION

Aggregation induced emission (AIE) is a process which is in
contrast to the notorious effect of aggregation-caused quenching
(ACQ) process,™ in which non-emissive molecules are induced to
emit light by molecular aggregation. Since it was first discovered
by Tang in 2001, AIE phenomenon has arisen more and more
attention due to its application in bioimage or bioprobe systems
and solid-state optoelectronic devices.®* Typical AIEgens bear-
ing cores-tetraphenylethylene (TPE) have been intensively stu-
died,**3 and become elementary building blocks in many fluo-
rescent functional materials. In recent years, some new AIE build-
ing blocks have been continually explored, such as thiophene-
triphenylamine (TTP),*417] tetraphenylpyrazine (TPP),[8-2% quin-
oline-malononitrile (QM),?*2% 9,10-distrylanthracene (DSA),?42¢l
benzothiadiazole (BT),?7?? and quinoxaline,-23 and some fluores-
cent coordination molecules®*3 pased on TPE are also reported
in recent years. However, single-functional materials with AIE be-
havior could not meet the requirements of rapid development of
photoluminescent and electronic devices in modern society. Dual-
or multi-functional materials are attracting more attention by re-
searchers or engineers.” Though a few materials showing not
only AIE but also mechanoresponsive behaviors have been re-
ported recently®®-#2l, these dual-functional materials still need dig
deeply since they are used to construct mechano-sensorslt241:43-4]
and applied in the field of anti-counterfeiting.*¢47 Accordingly, ex-
ploring multi-functional AlE-active fluorescent materials is of criti-
cal significance for promoting the development of imaging tech-
nology and meeting the requirements of electronic devices.
Among the vast amount of tetraphenylethylene derivatives for AIE
luminogens, some of them display mechanoresponsive proper-
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Scheme 1. Molecular structures of TPE-CN and TPE-NC.

ty.[124849 Here, we incorporate cyano-group (-CN) and isocyano-
group (-NC) to the TPE skeleton to form two TPE derivatives
(TPE-CN and TPE-NC) (Scheme 1), since these two groups with
high conjugation with the benzene rings of TPE skeleton and their
strong withdrawing property could result in the relative high sta-
bility and generally chemical unreactive. Owing to their unique
electronic structures, aromatic nitrile compounds have been in-
tensively used in dyes,[®-%2 anti-cancer,®® semiconductors, 545
and photocatalysis,®5-% and aromatic isonitriles have been used
as powerful photosensitizers,°¢1 mechano-response materi-
als,%? organic complexes, 3%l etc. In this work, we synthesized
the compound TPE-CN and its isomer TPE-NC. Both of these iso-
mers (TPE-CN and TPE-NC) reveal AIE properties in the solution
state and mechano-responsive properties in the solid state. The
details are studied by fluorescent spectra in solution, and their
change of photoluminescent properties by mechanical force in
solid state reveal the mechanochromic behavior. Their mecha-
nochromic mechanism was also studied by powder X-ray mea-
surements.
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Scheme 2. Synthetic procedure of TPE-NC.

n RESULTS AND DISCUSSION

Synthesis of TPE-CN and TPE-NC. TPE-CN is a known mole-
cule. It was synthesized according to the procedure in the litera-
ture.®® |ts excited behavior and electrochromic properties were
studied in 1981671 and 2019,%8! respectively, and it was also used
as a unit to construct MOF functional materials.®®7 |ts isomer
TPE-NC was synthesized from a commercially available com-
pound 1 followed by 3 steps reactions: reaction of compound 1
with tin in concentrated hydrochloric acid obtains tetra(4-amino-
phenyl)ethene 2, and a followed formylation of compound 2 with
ethyl formate gives formamide 3, and then a dehydration of com-
pound 3 by phosphorus oxychloride in the presence of triethyla-
mine affords the target isomer TPE-NC (Scheme 2). This mole-
cule was also reported by W. Shi and was used as monomer to
form polymer for catalyst field."Y However, their fluorescent prop-

erties in solution and solid state have not been extensively studied.

AlE Characteristics. It is well known that TPE skeleton has been
widely used for the construction of AlE-based functional materi-
als.*01372 Since both tetra(4-cyanophenyl)ethylene and its iso-
mer contain TPE unit, the subsequent work could focus on inves-
tigating their AIE behavior by photoluminescent spectra at room
temperature. All the fluorescent measurements were carried out
in the mixed solution of THF/H,O with different volume fractions
of water (fu). Water and THF were used because these two iso-
mers are soluble in THF but insoluble in water. The existing forms
of the two isomers would change from the dilute solution state in
pure THF to the aggregated state in the mixed solvents by in-
creasing the water fraction. Firstly, we prepared the dilute solution
of these two isomers in mixed solvents with increasing the water
fraction and excited with handle UV-visible light (365 nm), then
their fluorescent brightness increased (Figure la, b). Secondly,
the emission spectra were measured, and the AIE phenomenon
is proved by the spectra of the solution of the isomers in mixed
solvents with different water fraction. In dilute THF solution of
these two isomers with the water fraction lower than 80%, almost
no fluorescence is observed. When the fraction (fy) of water is
less than 92%, very low emission intensity is observed for these
two isomers, and the emission peaks of TPE-CN and TPE-NC ap-
pear at 483 and 492 nm, respectively. However, the emission
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Figure 1. Photoluminescent image of TPE-CN (a) and TPE-NC (b) with
different water diffraction in THF (1.0x10° mol L'*) under handle UV-visible
light (365 nm). The photoluminescent spectra of diluted solution (1.0T10°
mol L) of TPE-NC (c) and TPE-CN (e) in THF-water mixture with different
water content (0%—-99%) (excited with 340 and 320 nm, respectively). UV-
visible absorption spectra of TPE-CN (d) and TPE-NC (f) in THF-water
mixture with different water content (0%—99%).

intensity dramatically increase for the two isomers when the water
fraction is up to 99% (Figure 1c, d). UV-visible absorption meas-
urements for TPE-CN and TPE-NC in H,O/THF mixtures with dif-
ferent water contents were also carried out. The spectra tails in
the long wavelength region in H,O/THF mixtures with water con-
tents higher than 80% are caused by the light-scattering effect.
These phenomena imply that the isomers formed nanoparticles in
H>O/THF mixtures with water contents higher than 80% (Figure
1d, f). Consequently, the AIE phenomenon could be explained as
follows: the very high water fraction in the mixed solution resulted
in the aggregation of TPE-CN and TPE-NC molecules, thus re-
stricting the intramolecular rotation and intermolecular interaction
and then leading to a higher emission energy. The AIE phenom-
ena for these two isomers also represent in other solvents for
such as CHsCN, DMF, and DMSO (Figure S1-S4). With improv-

2204076



LETTER

TPE-CN TPE-NC
E/ eV
20 & ®
sof 205 @8 A
4.0 [ ( 4
LUMO

-5.0
- @ (]
60 Q‘ @’D s Q&‘
0| 704

KL o "o
-80 HOMO HOMO

Figure 2. DFT calculations of frontier orbitals of TPE-NC and TPE-CN at
PBEO/def2-SVP level.

ing the polarity of the solvents, their emission intensities increase.
Other TPE derivatives with similar properties were also described
by Chen et al (Figure S5).[73

In order to uncover the influence of geometric and electronic
structures of TPE-CN and TPE-NC on their optical properties, the
density functional theory (DFT) calculations for these two com-
pounds were performed by Gaussian 09 W program at the PBEO/
def2-SVP level after optimization of these two isomers. The en-
ergy levels diagram and spatial distribution of the frontier orbitals
(HOMO and LUMO) for TPE-CN and TPE-NC are shown in Figure
2. The overall electron density of LUMOs of these two molecules
is almost distributed in the whole molecules, while the LUMO of
TPE-NC has a nodal position on the nitrogen atom. The LUMO
energy levels are —3.05 and —2.77 eV for TPE-CN and TPE-NC,
respectively. The overall electron density of HOMO for TPE-CN
and TPE-NC is also delocalized in the whole molecule. They also
have small difference in HOMO energy levels of —=7.04 and —6.75
eV for TPE-CN and TPE-NC, respectively. The small difference of
energy levels and electron distribution of LUMO orbitals of these
two molecules is probably attributed to the cyano-group which has
higher electron-withdrawing ability than the isocyano-group.

The dilute solution of TPE-CN in THF shows two absorption
bands (around 296 and 327 nm), and the dilute solution of TPE-
NC in THF shows two absorption bands (around 298 and 327 nm)
(Figure S6). Their two absorption bands were confirmed by the
TD-DFT calculated data (Figure S7) even though there are tens
of nanometers difference. The higher absorption band (327 nm)
of TPE-CN is mainly contributed by the transition (3.30 eV) from
HOMO to LUMO with an oscillator strength of 0.60, while its lower
absorption band (296 nm) is mainly contributed by the transition
(4.01 eV) from HOMO to LUMO+1 with an oscillator strength of
0.48 (Figure S8 and Table S1). The higher absorption band (327
nm) of TPE-NC is mainly contributed by the transition (3.28 eV)
from HOMO to LUMO with an oscillator strength of 0.63, while its
lower absorption band (298 nm) is mainly contributed by the tran-
sition (4.00 eV) from HOMO to LUMO+1 with an oscillator
strength of 0.51 (Figure S8 and Table S1). According to the above
calculated excitation energies and molecular orbitals of excited
states after optimizing the molecules, they have two similar absorp-
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Figure 3. Excitation and emission spectra of TPE-CN (a) and TPE-NC (b):
the left and right parts in each figure present excitation and emission spec-
tra in the solid state, respectively. As prepared samples (red line), ground
samples (blue line).

tion bands in THF solution since the transitions contributing to the
absorption bands have similar energy differences and the molecu-
lar orbitals for the transitions have similar orbital distribution.

Mechanochromic Characteristics. TPE-CN and TPE-NC should
adopt twisted spatial conformations due to the spatial hinderance
between neighbored phenyl rings in these two isomers (Dihedral
angles of these two isomers in the optimized lowest energy state
and in crystal state can be found in Figure S9-12). The specially
twisted conformation of TPE-CN and TPE-NC disfavors close mo-
lecular packing and -1 interactions in the solid state, which may
enable the two isomers to have solid state emission and MFC be-
havior.*® Then the optical properties of TPE-CN and TPE-NC in
solid state were investigated before and after grinding. As pre-
sented in Figure 3, the as-synthesized sample of TPE-CN shows
a maximum emission shift from 468 to 493 nm before and after
grinding. Its shoulder emission peak manifests an obvious change
before (447 nm) and after grinding (450 nm). Correspondingly, a
change from blue fluorescence to light blue fluorescence is found
in the solid state (Figure 4a). However, reversible fluorescence
phenomenon is not displayed after fuming by several solvents
(THF, CH3CN, and CH.Cl,) or heating (Figure 4a). The maximum
excitation peak of solid-state TPE-CN also revealed a red-shift
from 365 to 380 nm before and after grinding (Figure 3a). For the
isocyano-substituted analogue TPE-NC, the as-synthesized sam-
ple also showed a max emission peak at 482 nm and a shoulder
emission peak at 447 nm in the solid state. After grinding by a
pestle and mortar, the max fluorescence peak shifted to 493 nm,
and the shoulder fluorescence peak nearly disappears, corres-
ponding with a blue fluorescence to light blue fluorescence (Fig-
ure 4b). Reversible fluorescence phenomenon for TPE-NC is not

Q fuming .

b.TPE-NC
‘ fuming .

Figure 4. (a) The pristine sample of TPE-CN after grinding and fuming with
THF. (b) The pristine sample of TPE-NC after grinding and fuming with THF.
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Table 1. Maximum Excitation and Emission Peaks, Lifetime and Quantum
Yield of TPE-CN and TPE-NC in Solid State

Excitation Emission Life time Q_uantum

yield

TPE-CNAs- . 468 nm )52 e (7ot

synthesized

TPE-CN S 493 nm 406 n 26.0%

ground

TPE-NCAs- oo 482 nm o5 e -

synthesized

TPENC 373 nm 493 nm 3.98 ns 40.4%

ground

found, either (Figure 4b). The maximum excitation peak of solid-
state TPE-NC shows a red shift from 347 to 373 nm (Figure 3b).

The variable optical properties of these two isomers are proba-
bly owing to the crystallinity change before and after grinding in
the solid state. Foreseeingly, their fluorescent lifetime and quan-
tum yield should be changed by grinding in the solid state. The
fluorescent lifetime of luminogen TPE-CN increases from 2.32 nm
to 3.96 ns (Table 1 and Figure S14-15), and the quantum yield
dramatic increases from 4.7% to 36.0% by grinding. The dramatic
enhancement of the quantum yield probably is attributed to the
molecular arrangement and the dihedron angles of the neighbor-
ing benzene rings in TPE skeleton changed by grinding as illus-
trated by the PXRD below. For the cyano analogue TPE-NC, it
also shows an increase of fluorescent lifetime from 1.95 to 3.98
ns (Figure S16-17) and an increase of fluorescent quantum yield
from 28.6% to 40.4% (Table 1). This enhancement of emission
efficiency after grinding is in contrast to a TPE derivative (TPEOSI)
with cyano-groups reported previously”* and the azine luminogen
which exhibits strong emission both in crystalline and powder
state.[®!

To uncover the mechanism of this mechanochromic phenome-
non, we carried out powder X-ray diffraction (PXRD) characteris-
tics for the samples of TPE-CN and TPE-NC in solid state before
and after grinding as well as by fuming. As shown in Figure 5,
before grinding, these samples show strong and sharp diffraction
peaks for TPE-CN and TPE-NC, indicating that the aggregate is
well ordered in the crystalline state. After grinding, the intensity of
the diffraction peaks is weakened (Figure 5a) and some peaks
cannot be found (Figure 5b: peaks at 15° and 25° disappear after
grinding), indicating that the initial ordered arrangement of the
crystals is changed by grinding. After fuming the ground samples
of these two isomers, the intensity of the PXRD decreases dra-
matically, implying that they become much more amorphous after

(a) (b)

—— ground
—— fuming

b

10 20 30 10 20 30
20(degree) 20(degree)

Figure 5. PXRD curve for TPE-CN (a) and TPE-NC (b) before and after
grinding, and fuming with THF.
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Figure 6. Crystal structure of TPE-CN (a) and TPE-NC (b), water mole-
cules in the crystal lattice are masked in the CIF data. Crystal packing
structure of TPE-CN (c) and TPE-NC (d).

fuming by the THF solvent.

Crystal Structure. Colorless crystals of TPE-CN suitable for XRD
were obtained by cooling the hot saturated solution of tetra(4-cy-
anophenyl)ethylene in ethanol. The crystal structure and cell pa-
rameters were determined by single-crystal X-ray diffraction with
MoKa radiation, as shown in Figure 6a. This compound crystal-
lizes in symmetric monoclinic space group C2/c, with its asym-
metric unit containing half of the molecule. It adopts a highly
twisted structure (four benzene rings are not in a plane), and the
neighbored phenyl rings have dihedral angles of 70.2° (Figure
S10). Since the benzene ring can rotate along the C—C bond, two
phenyl rings in its crystal structure present positional disordered
states with proportions of 38% and 62%. In the molecular stacking
diagram, we can find intermolecular p-p stacking of the neigh-
bored phenyl rings with a distance of 3.9 A (Figure S13).

For the crystal of TPE-NC, its asymmetric unit also contains a
half of the molecule. It crystallizes in a space group of 141/acd. In
the crystal, one molecule presents two disordered states with pro-
portions of 75% and 25%. In one part of the molecule, the neigh-
bored phenyl rings have dihedral angles of 63.8°, 69.3°, 69.3° and
88.4° (Figure S11), while in the other part, neighboring phenyl
rings have dihedral angles of 58.0°, 73.1°, 80.1° and 80.1° (Figure
S12). Along the c-axis, it forms a highly neat hole-like structure
(Figure 6d).

n CONCLUSION

In conclusion, two isomers based on TPE (TPE-CN and TPE-NC)
were synthesized and their structures were characterized by El-
MS, NMR, and crystal structure. Both of them show a practical
AIE phenomenon in the THF/water solution system. They also re-
veal mechanochromic emission change in the solid state by grind-
ing, and the fluorescent quantum yield and lifetime increase upon
grinding. Their optical properties in solution and solid states were
also confirmed by the DFT and TD-DFT calculations. TPE-CN and
TPE-NC with AIE and mechanoresponsive behaviors may have

2204078



LETTER

potential application in fluorescent sensor and mechano-sensor
materials.

n EXPERIMENTAL

Materials and Methods. All commercially available chemicals
and regents were used without further purification. NMR spectra
were recorded on Agilent Technologies 400 MHz spectrometers.
Chemical shifts are reported in parts per million (ppm) down field
from TMS with the solvent resonance as the internal standard.
Coupling constants (J) are reported in Hz and referred to apparent
peak multiplications. High-resolution MS was obtained using an
Agilent Q-TOF 6545 instrument equipped with ESI source. The
UV-visible absorption spectra were measured on a Perkin Elmer
Lambda 35 UV-visible spectrophotometer. The emission and ex-
citation spectra together with the emission lifetime in solid states
were determined on an Edinburgh analytical instrument (FLS920
fluorescence spectrometer). Powder XRD patterns were deter-
mined by a BRUKER-axs D8-Andvance X-ray diffractometer and
using CuKa radiation (A = 0.15406 nm, 40 kV and 30 mA). Mea-
surement angles range from 5° to 50° at a step of 0.02°. Single-
crystal XRD was measured using a Rigaku Saturn 724+ CCD dif-
fractometer with MoKa radiation (A = 0.71073 A). Data collection,
cell refinement, and data reduction were performed using Rigaku
Crystal Clear software package. The structures were solved by
direct methods and refined by the full-matrix least-squares
method based on F? by means of the SHELXLTL software pack-
age. All non-H atoms were refined anisotropically. All H atoms
were generated geometrically and refined using a “riding” model.

Synthesis of 1,1',2,2'-Tetra(4-aminophenyl)ethylene. The pro-
cedure was adapted from literaturel’® with some modification.
4,4'-Diaminobenzophenone (6.0 g, 28.3 mmol) was dissolved in
300 mL of concentrated HCI aqueous solution. The mixture was
stirred at 60 °C for 20 min, followed by slowly adding Sn (25 g,
powder). The reaction mixture was heated to 75 °C for 30 h. The
resulted suspension was diluted with water, giving a transparent
yellow solution. The pH of the mixture was adjusted to 14 by slow
addition of NaOH solid. The mixture was filtered and washed with
water. The filter cake was washed with a mixture of DCM (200 mL)
and ethanol (50 mL) for 5 times. The obtained filtrate was washed
with water and extracted with DCM (150 mLx3). The organic lay-
ers were combined and dried over Na,SO,. After evaporation of
the organic solvents in vacuum, a yellow solid (5.23 g, yield: 94%)
was obtained. This crude material was used for next step without
further purification. Its NMR data are identical with the valuel’”
reported by Wang. TLC Rf = 0.31 (methanol/dichloromethane =
1:35) 'H NMR (400 MHz, DMSO-dg) & 6.58 (d, J = 8.0 Hz, 8H),
6.27 (d, J = 8.2 Hz, 8H), 4.85 (s, 8H).13C NMR (101 MHz, DMSO-
ds) 0 146.12, 136.71, 133.02, 131.78, 113.24.

Synthesis of 1,1',2,2'-Tetra(4-formamidophenyl)ethylene. To
a one-neck round flask were added 1,1',2,2'-tetra(4-aminophen-
yl)ethylene (5.23 g, 13.3 mmol), ethyl formate (80 mL) and acetic
acid (2.6 mL). The mixture was refluxed overnight. TLC indicated
that the starting material was consumed. The reaction mixture
was cooled and filtered. The filtercake was washed with ethyl for-
mate (20 mLx4). The collected solid was dried, affording a pale
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solid (6.25 g, 12.3 mmol, yield: 93%). The purity of this compound
was checked by TLC (Rf = 0.26 (methanol/dichloromethane = 1/8,

254, 365 nm: green fluorescence) analysis, and the crude mate-
rial was used for the next step without further purification.

Synthesis of 1,1',2,2'-Tetra(4-isocyanophenyl)ethylene. 1,1', 2,2'-
Tetra(4-formamidophenyl)ethylene (6.25 g, 12.3 mmol) was added
in 115 mL of dry CH,ClI. (dried by CaH prior to use) under N; at-
mosphere. The mixture was cooled to -5 °C, and anhydrous tri-
ethylamine (21.7 mL, 156.2 mmol) was added slowly via a syringe.
While keeping the temperature at —10 to —5 °C, phosphorus oxy-
chloride (4.7 mL, 50.8 mmol) was slowly added via a syringe
within 30 min. The reaction mixture was stirred at —10 to 25 °C and
stirred for about 1 h. The resulting brown solution was cooled to
—10 °C, and aqueous K,CO3(10.5 g in 100 mL water) was slowly
added within 30 min. The organic phase was separated, and the
aqueous phase was extracted with ethyl acetate (100 mL). The
obtained organic phases were combined, dried over Na SOy, fil-
tered and concentrated. Purification of the residue was accom-
plished by flash column chromatography on silica gel (ethyl ace-
tate (EA)/petroleum ether (PE) = 1/4), affording a colorless solid
(3.55 g, yield: 66%). TLC Rt = 0.29 (EA/PE = 1/4). 1H NMR (400
MHz, chloroform-d) 6 7.17 (d, J = 8.2 Hz, 8H), 6.99 (d, J = 8.0 Hz,
8H). 13C NMR (101 MHz, chloroform-d) d 165.54, 142.90, 140.62,
132.16, 126.61, 125.82. HRMS (ESI, m/z) [M+H]* calcd. for
C30H17N4: 4331448, found: 433.1450.
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