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Aggregation-induced emission (AIE)-active highly enssive novel
carbazole-based dyes with various solid-state fluescence and
reversible mechanofluorochromism characteristics
Fei Zhao, Zhao Chen Congbin Fan, Gang Liu, ShouzhiPu

Synopsis

Three carbazole-based fluorescent molecules weceessfully synthesized.
These luminogens showed color-tunable solid-stét@rdscence, high thermal
stability, typical aggregation-induced emission, dan reversible

mechanofluorochromism characteristics.
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ABSTRACT

Three new carbazole-based fluorescent molecule3 functionalized with
tetraphenylethene have been successfully syntliesarel these compounds have
high thermal stability, and they exhibited differdluorescence in solid states with
the superior luminescence quantum yields of 99.0¥%©8.90% ) and 39.83%3).
Their aggregation-induced behaviors were exploreg the study of
photoluminescence spectroscopy. The results shdweduminogend-3 exhibited
remarkable aggregation-induced emission effect. theamore, their distinct
mechanical stimulus-responsive fluorescence cheniatits were also surveyed by
solid-state photoluminescence spectroscopy. Irtteghg the various emitting
colors of these luminogens could be changed in® $hme green, and the

repeatabilities of their mechanochromic lumineseehehaviors were outstanding,



and the powder X-ray diffraction results indicatidwht the reversible conversion
from a crystalline to an amorphous state was resplen for the obvious
mechanofluorochromism phenomena of compoun8sThis work will be valuable
for the exploitation of mechanical-force sensorshwiypical aggregation-induced
emission feature.

Keywords: Carbazole; Tetraphenylethene; High thermal gtgpil Different

fluorescence; Aggregation-induced emission; Mecfiaomchromism

1. Introduction

Organic luminescence materials exhibiting brighbfescence in the solid state
have received considerable attention in recentdiecan view of their promising
applications in optoelectronic devices, sensors digplay devices [1-6]. In
particular, mechanofluorochromic functionalized mats, displaying different
luminescent colors induced by mechanical force,ehbgen attracting continuing
interests from researchers because of their brpplitations in the fields of pressure
sensors, data storage and rewritable media [7@&ierally, the molecular packing
of mechanochromic luminescence molecules can beustdi by various
intermolecular interactions such &st interactions, hydrogen bonding and halogen
bonding, and no chemical structure damage appeameachanofluorochromic
luminogens during their reversible luminescencengkgprocesses [18-24]. To date,
numerous mechanical stimulus-responsive materia® tbeen reported. However,

the types of the corresponding mechanochromic maégeare limited, and examples
2



of high-efficiency mechanochromic smart fluorescerdterials with obvious color
change before and after stimulating are still icpdée. Indeed, a lot of effort has
been made to exploit high-contrast mechanofluoreulranaterials. There is no
doubt that strong solid-state emission is a crufaator for the development of
mechanochromism materials with clear color contfdafortunately, the majority of
traditional emissive materials exhibit very brighiminescence in their dilute
solutions, but the bright luminescence is often keead or quenched at high
concentrations, a well-known phenomenon referred ago aggregation-caused
guenching (ACQ) [25], and the ACQ effect largelynders the exploitation of
high-performance mechanical force-responsive nateriExcitingly, Tanget al.
discovered the aggregation-induced emission (AlB¢nemenon [26], which is
commonly caused by the restriction of intramolecutations[27,28]. Luminophors
with AIE effect can overcome ACQ, and achieve gjrealid-state emission. Indeed,
the exploitation of AlE-active fluorogenic molecsilbas attracted intense research
interest due to their potential applications in fiedlds of biomedical imaging,
sensors and organic light emitting diode [29-3 0. &xample, AlE-active fluorogens
can be designed to exhibit very weak fluorescemcagueous media, and their
fluorescence will be turned on upon interactinghwiirget analytes, which is
extremely significative for biosensing and imagapplications of these fluorogenic
molecules with AIE feature. Until now, luminogerimsaltaneously possessing AIE
and reversible mechanochromism characteristicsstillescarce, not to mention

highly thermal stable luminogens with these intengsproperties. Therefore, the



discovery of AlE-active mechanochromic highly theafnstable compounds is a

significative and challenging research topic, drakserves great attention.

Carbazole-based derivatives are very valuable datel in the fields of
photoelectronic devices and sensors [38-45]. Nbelss, the notorious ACQ effect
limits the rapid development of these materialwveiirbazole skeletons. Thus, it is
also a very important and urgent challenge to ®gige AlE-active luminogens
based on a carbazole scaffold structure. In thikywee designed and prepared three
novel carbazole-based tetraphenylethene derivativdés different substituents
(Chart 1). Aggregation-induced behavior and mecflaomchromic feature of these
highly emissive dyes were systematically investdatby photoluminescence
spectroscopy, dynamic light scattering and powdeam¥ diffraction. Indeed, all
these different solid-state light-emitting composindhowed superior thermal
stability, outstanding AIE and reversible mechamontic fluorescence

characteristics.
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Chart 1. The molecular structures of carbazole-based conmgsil3.

2. Materials and methods

2.1. Experimental



General: All manipulations were carried out underaagon atmosphere by using
standard Schlenk techniques, unless otherwise dstalbe starting materials
3,6-dibromo-9H-carbazole, (4-(trifluoromethyl)ph&pronic acid, phenylboronic
acid, (4-methoxyphenyl)boronic acid, n-(4-iodophgagetamide, nitrobenzene and
tetrabutylammonium bromide (TBAB) purchased fronKJ&hemical were used as
received. All other starting materials and reagevege obtained as analytical-grade
from commercial suppliers and used without furtparification. Compoundd4-1
[46], 1-2 [46], 1-3 [46] and1-4 [47] were prepared by procedures described in the
corresponding literature$H NMR (400 MHz) and*C NMR (100 MHz) spectra
were collected on American Varian Mercury Plus 4p@ctrometer (400 MHz}H
NMR spectra were reported as followed: chemicalt shippm @) relative to the
chemical shift of TMS at 0.00 ppm, integration, tiplicities (s = singlet, d =
doublet, t = triplet, m = multiplet), and couplimgnstant (Hz)2*C NMR chemical
shifts reported in ppno] relative to the central line of triplet for CDCAt 77 ppm,
Mass spectra were obtained on a Bruker AmaZon 8LTlap Mass spectrometer.
Elemental analyses (C, H, N) were carried out \eitRE CHN 2400 analyzer. The
absorption spectra were measured on an Agilent 8M3/is spectrophotometer.
Fluorescence spectra were recorded on a HitacltioB-4 fluorescence
spectrophotometer. XRD studies were recorded on ham&izu XRD-6000
diffractometer using Ni-filtered and graphite-mohommated Cu K radiation § =
1.54 A, 40 kV, 30 mA). The N, N-dimethyl formami@MF)/water mixtures with

various water fractions were prepared by slowlyimagldiltra-pure water into the



DMF solution of samples. Absolute fluorescence tuanyields and fluorescence
lifetimes were measured by Edinburgh FLS1000 spewter. Dynamic light

scattering (DLS) measurements were performed by Rarok 90Plus (Brookhaven
Instruments). Column chromatographic separationse vearried out on silica gel
(200-300 mesh). TLC was performed by using comra#tygprepared 100-400 mesh

silica gel plates (GF254) and visualization was@&td at 254 nm.
2.2. Synthesis

2.2.1. Synthesis of compouriJ2 and 3. Into a 50 mL, two-necked, round-bottom
flask were placed-4 (1234 mg, 3.0 mmol), B@ba} (57.4 mg, 0.1 mmol), and
t-BuONa (384.4 mg, 4.0 mmol). The flask was evaadiateder a vacuum and then
flushed with dry nitrogen three times. Toluene (3p dr1 (546.5 mg, 1.0 mmol) or
1-2 (410.5 mg, 1.0 mmolpr 1-3 (470.6 mg, 1.0 mmol), and toluene solution of
(t-Bu)sP (2 ml) were injected into the flask, and the mitwas refluxed for 48 h
and then cooled to room temperature. The solutiaa poured into water (60 ml)
and extracted with dichloromethane three times. ddrabined organic layers were
washed with brine, dried (N8Q,), and concentrated in vacuo. In the end, the
residues were purified by silica-gel column chrorgedphy, affording the expected
solid productl (white), 2 (yellowish) or3 (yellow) in a yield of 80%, 75% or 76%,
respectivelyl: *H NMR (400 MHz, CDCJ): & (ppm) = 8.42 (s, 2H), 7.83 (d,= 8
Hz, 4H), 7.74-7.68 (m, 6H), 7.50 (@= 8 Hz, 2H), 7.38 (d] = 8 Hz, 2H), 7.20-7.03
(m, 32H), 6.96-6.88 (m, 8H):*C NMR (100.6 MHz, CDG): & (ppm) = 147.2,

145.4, 145.3, 144.0, 143.6, 143.5, 141.6, 140.9,514139.0, 132.4, 132.1, 131.4,
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131.3, 130.6, 129.2, 128.9, 128.6, 128.2, 127.7,12127.6, 127.5, 126.5, 126.4,
125.8, 124.0, 123.8, 123.7, 123.1, 119.1, 110.6:NES (m/z): 1207.3 [M]. Anal.
Calcd. for G4HseFeN2: C, 83.56; H, 4.68; N, 2.32. Found: C, 83.49; H& N, 2.26.

2: 'H NMR (400 MHz, CDC)): & (ppm) = 8.39 (s, 2H), 7.74-7.67 (m, 6H), 7.48](t,
= 8 Hz, 6H), 7.41-7.33 (m, 4H), 7.19-7.03 (m, 32B)95-6.87 (m, 8H)*C NMR
(100.6 MHz, CDGJ): § (ppm) = 146.8, 145.4, 144.0, 143.7, 143.5, 142410,
140.8, 140.6, 138.8, 133.5, 132.3, 131.4, 128.8,712127.6, 127.5, 127.3, 126.6,
126.5, 126.4, 126.4, 125.6, 124.1, 123.9, 123.8,811110.2. ESI-MS (m/z): 1071.4
[M]*. Anal. Calcd. for GHsgN2: C, 91.93; H, 5.46; N, 2.61. Found: C, 91.98; H,
5.50; N, 2.543: 'H NMR (400 MHz, CDCJ): & (ppm) = 8.33 (d,) = 4 Hz, 2H),
7.67-7.61 (m, 6H), 7.46-7.38 (m, 4H), 7.18-7.02 @6H), 6.95-6.87 (m, 8H), 3.88
(s, 6H).2*C NMR (100.6 MHz, CDG): & (ppm) = 158.7, 146.7, 145.4, 144.0, 143.7,
143.5, 140.8, 140.7, 140.6, 138.8, 134.7, 133.2,313131.4, 128.3, 127.7, 127.6,
127.5, 126.5, 126.4, 126.4, 125.3, 124.2, 123.8.512118.4, 114.3, 110.2, 55.4.
ESI-MS (m/z): 1131.4 [M]. Anal. Calcd. for GHe:N-O2: C, 89.17; H, 5.52; N, 2.48.

Found: C, 89.10; H, 5.61; N, 2.43.
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Scheme 1Synthesis routes of compounts.

3. Results and discussion

3.1. Synthesis

As shown in Scheme 1, the carbazole-based tetrgigtieane derivatives with

different substituents were prepared in 80%, 75%76% yield respectively
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according to the substitution reaction of internageliproductl-1, 1-2 or 1-3 and

intermediate produdi-4.

3.2. Aggregation-induced emission (AIE) characterssof compound$-3

To investigate the AIE behaviors of compourid8, the UV-Vis absorption
spectra of luminogeng-3 (20 uM) in DMF-H,O mixtures with different water
fractions {,) were studied initially (Supporting informationigs. S1-S3). Indeed,
level-off tails in the visible region were obsenaslthef,, increased. This interesting
phenomenon is commonly associated with the wellAlknMie scattering effect, and
it is the signal of nano-aggregate formation [48¢xt, the photoluminescence (PL)
spectra of1-3 (20 uM) in DMF-H,O mixtures with various water contents were
systematically explored. As can be seen in Figluljinogens1-3 are almost
non-emissive in pure DMF, and the correspondingréscence quantum vyield is
1.15% forl, 0.48% for2, or 2.03% for3, respectively. However, when the water
content in the DMF solution was increased to 30%ewa green emission band was
observed, with a maximumi(,,) at 505 nm forl, 507 nm for2, or 508 nm for3,
and a strong green luminescence with the relatemtdscence quantum yield up to
68.01% (), 67.92% B) or 59.90% B) could be observed as tlig value was

increased to 90%.
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Fig. 1. PL spectra of the dilute solutions (2.0 x°I@ol L) of luminogent (a),
2 (b) or 3 (c) in DMF-H,O mixtures with various water contents (0%-90%).
Excitation wavelength = 365 nm. The inset shows dheesponding fluorescence
images ofl (a), 2 (b) or 3 (c) in pure DMF as well as 90% water fraction ungéb

nm UV light.
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In addition, as shown in Fig. 2, the emission ilifet of 1, 2 or 3 in 90% water

fraction is4.32 ns, 4.41 ns or 4.22 ns, respectively. Thermidoubt that water is a

nonsolvent for luminogen$-3, and thus an increase in the water content of anixe

solvent caused the aggregate formation. In faet,ndno-aggregates obtained were

characterized by dynamic light scattering (DLS) exxpents (Fig. 3). Therefore, the

bright green fluorescence &3 was attributed to aggregate formation. Clealig,

belong to AlE-active luminous molecules.

3.3. Solid-state fluorescence characteristics drarnal stability of compounds3

To investigate the solid-state fluorescence bemavad luminogensl-3, the

solid-state PL spectra @f3 were studied.
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Fig. 4. (a) Solid-state PL spectra of compoude’ The fluorescence images of
luminogens1-3 under 365 nm UV light: (b) the solid sample If (c) the solid

sample o®; (d) the solid sample &

As evident from Fig. 4, the emission spectrumlofith two trifluoromethyl
groups showed an emission band withy at 465 nm, corresponding to a blue
emission under 365 nm UV light, a2dshowed a broad emission band withy at
490 nm, andt exhibited blue-green fluorescence upon UV illaation at 365 nm.
However,3 with two methoxyl groups exhibited green luminesewith aimnax at
497 nm. On the other hand, to evaluate the theabhiity of the compoundg-3,
their thermogravimetric analyses (TGA) were carried. As presented in Fig. 5,
luminogensl-3 are thermally stable and possess high onset ddgmademperatures

(Tg) ranging from 480 to 540.
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Fig. 5. TGA thermograms of solid sampl&s3.

3.4. The mechanofluorochromic behaviors of compolir&is

Subsequently, the mechanochromic fluorescence diegistics of compounds
1-3 were further researched by PL spectroscopy. As shiowig. 6, the solid sample
of 1 showed blue luminescence, and its fluorescence guayield (QY) is 99.04%.
However, upon grinding of the corresponding sokanple using a pestle, a new
emission peak withimax at 510 nm was observed, and the strong blue emisgas
converted into the green luminescence (QY = 61.9Mepnwhile, as shown in Fig.
S4, the emission lifetime of before or after gringliis 2.52 ns or 2.50 ns,
respectively. On the other hand, upon treatmenttha&f ground sample with
dichloromethane solvent, the green-emitting sancpleld be reverted to its initial
blue color. Thereforel exhibited obvious and reversible mechanofluorochcomi
behavior. Furthermore, this reversible mechanociovoftuorescence could be
repeated numerous times without obvious changesepgated grinding-exposure

(Fig. S5). The possible mechanism of mechanoflusamstt phenomenon df was

13



examined by powder X-ray diffraction (PXRD) expeeimt. As can be seen in Fig. 7,
the XRD pattern ofhe as-synthesized sample exhibited a lot of ski#ffpaction
peaks, indicative of its crystalline nature. Ingmegly, after grinding, the clear and
sharp reflection peaks vanished, which implied thanding resulted in the
transformation from a crystalline to an amorphotates In contrast, the original
intense diffraction peaks reappeared after treatmdryy exposure to
dichloromethane vapor, suggesting that the cryséaphase was restored. Thus, the
PXRD measurements indicated that a crystal-to-ahwarp phase conversion was
responsible for the reversible mechanofluorochronpsenomenon of compourid
Consistent with the mechanochromic behaviod,ods shown in Fig. 8 and Fig. 9,
compounds 2 and 3 also showed similar mechanochromic fluorescence
characteristics, and their emission lifetimes dbbeand after grinding are shown in
Fig. S6 and Fig. S9. Moreover, the repeatabilibégheir mechanofluorochromic
behaviors were also excellent (Fig. S7 and Fig) Sh(addition, as presented in Fig.
S8 and Fig. S11, the mechanism of their mechanaflwomism phenomena was
also attributed to the switchable morphology chanigetween the crystalline and

amorphous states.
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Fig. 8. (a) Solid-state PL spectra of compouhbefore grinding, after grinding,
and after treatment with dichloromethane vapor.itakon wavelength: 365 nm.
Photographic images & under 365 nm UV illumination: (b) the ungroundidol
sample. (c) the ground solid sample. (d) the sahanple after treatment with

dichloromethane vapor.
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Fig. 9. (a) Solid-state PL spectra of compouhbefore grinding, after grinding,
and after treatment with dichloromethane vapor.itakon wavelength: 365 nm.
Photographic images & under 365 nm UV illumination: (b) the ungroundidol
sample. (c) the ground solid sample. (d) the sghanple after treatment with

dichloromethane vapor.
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4. Conclusions

In summary, three novel carbazole-based tetrapbtrene-containing
luminogens with different substituents were desiljaed synthesized to investigate
their AIE, solid-state fluorescence, thermal sifbiland mechanofluorochromic
characteristics. Noteworthily, compounds3 showed high thermal stability and
bright solid-state fluorescence with outstandingniescence quantum yield of
99.04%, 98.90% or 39.83%, and their solid-statessimin could be adjusted by
various substituents. Furthermore, luminogén3 showed typical AIE effect. In
addition, 1-3 also exhibited reversible mechanofluorochromism pheana. Indeed,
the various solid-state emitting colors of thesaihogens could be changed into the
same green, and the repeatabilities of their mesttanmic fluorescence behaviors
were excellent. The PXRD results indicated that rineersible conversion from a
crystalline to an amorphous state was responsibbe the reversible
mechanofluorochromic characteristics 188. This work will be beneficial for the

exploitation of highly thermally stable mechaniéalee sensors with AIE feature.
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Highlights

€ Three novel carbazole-based tetraphenyletheneinorgaompounds were
synthesized.

€ All these compounds showed high thermal stabilityf strong solid-state
fluorescence.

*

These luminogens exhibited typical aggregation-teduemission characteristics.

*

These luminogens with different substituents exédcolor-tunable solid-state
fluorescence.

€ These luminogens exhibited highly reversible meoflanrochromic behaviors.



