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Both cyano-stilbene derivatives exhibited crystallization-induced emission enhancement and the
length alkyl chains determined in luminescent efficiency and mechanochromism.
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Abstract: Two cyano-stilbene derivatives with buf@4MPA) and octyl groups (C8MPA) were
synthesized to investigate the effects of alkylimh@an molecular stacking, emission enhancement,
and mechanofluorochromism. The two compounds displaveak emissions in monomolecular
state and emitted an enhanced fluorescence inatigtstte. However, the fluorescence quantum
yield of CAMPA (19%) was lower than that of CBMPZ26¢6). Face-to-face dimer stacking was
found only in the C4AMPA crystal, in which moleculadopted a nonplanar configuration. The
C8MPA crystal presented two kinds of antiparallel drrangement. One involved the antiparallel
stacking of nonplanar aromatic moieties. The ottmsisted of coplanar molecules withawit
stacking, which were responsible for the higherihgscence yield. Moreover, the emission of the
C4MPA solid was quenched under mechanical forceereds the C8MPA solid still emitted a
strong fluorescence after grinding. CBMPA lost fescence when heated at above 60 °C because
of its low melting point, and the supercooling was liquid without fluorescence was observed
even the sample was cooled to room temperaturg&C(fdr, meaning a very slowly crystallization
process. Such non-emissive supercooling viscousdlignight rapidly transform into strongly
emissive solid under the mechanical force sheatingulus. Thus, C8BMPA films could be used as
sensors for mechanical force and thermal stimuli.



Introduction

Stimuli-responsive organic materials have attraatedsiderable interest and
have been extensively utilized in advanced apptinatin various sensors,[1]
electronic skin,[2] drug delivery,[3] self-healinghaterials,[4][5] molecular
motor,[6] and so on. In particular, organic lumicexsce materials that respond
to mechanical force have been rapidly developedalme of their wide
applications in sensors, memory chips, and security
inks.[7][8][9][10][11][12][13] These smart matergakxhibit mechanochromism
(MC), which refers to their ability to change themission color and intensity
after an appropriate external stress was appli¢fi]&][16] The molecular
structures of these smart materials consist of ptganic molecules and metal
complexes. Almost pure MC organic molecules emibféscence and exhibit
mechanofluorochromic (MFC) behavior.[17][1B} contrast, metal complexes
with Pt(11), Au(l), Cu(l), and Ir(lll) generally @st in an excited triplet state and
possess large shifts of emission wavelength becaliske alteration of the
metal-metal interaction triggered by the mechanicade stimuli.[19][20][21]
To date, many kinds of pure organic MC moleculesicluding
tertraphenylethene, [22][23] 9,10-divinylanthracene [24][25]
triphenylamine,[26][27] phenothiazine,[28][29][30] B-diketone boron
complexes,[31][32] diiodo boron diiminates,[33] aogano-ethylene,[33][34]
have been found to exhibit obvious MFC behaviore Thasults suggested that
non-planar geometry and electron pull-push strectan typically change the
luminescence color under a mechanical force.

MFC materials with an aggregation-induced emiss{&hE) were rapidly
developed because they emitted an enhanced flwresdn solid state and
were non-emissive in solution or melted state.[34][[37] If an AIE molecule
possesses a low melting point it is possible forleemuwe to have a slow
crystallization rate and then would like to exhibiiechanical force-induced

luminescence enhancement (MILE) properties.[38[BY[41] In other words,



a non-emissive supercooling solid or liquid wilansform into a strongly
emissive solid under a mechanical force stimuluse do mechanical
force-induced crystallization. However, such fuanél organic molecules still
are rare. In this case, two cyano-stilbene denreatiwith butyl (C4AMPA) and
octyl groups (C8MPA) were synthesized in the prospd obtaining MILE
molecules. Their photophysical, MFC, and MILE pndjgs have been
investigated. It was found that both two compoumgsre AIE molecule.
C4AMPA exhibited emission quenching after grindimtpereas C8MPA did not
change its fluorescence intensity and color. Mongerestingly, C8MPA
displayed a low melting point and a slow crystalfian rate, both of which
promoted the MILE behavior of CBMPA. The supercogliC8MPA viscous
liguid was non-emissive, and strongly fluorescemntstals formed under the
mechanical force stimulus. Thus, the luminesceraié¢epr on a supercooling
film could be drawn by a round pen. Moreover, namssive patterns were also
written by a hot pen. These patterns would autarabyi disappear or self-erase

and could be written repeatedly.

Results and discussion

Photophysical properties in solutions

First, their photophysical properties in solutiorer& investigated. The two
compounds were colorless and easily dissolved mneon solvents, such as
hexane, CKCl,, THF, acetone, DMF, and DMSO, to form colorleskisons.
They have similar absorption and emission speatdifferent solvents. Fig. 1
shows the absorption and fluorescence spectra &fIR24 The maximal
absorption peak was located at 348 nm in cyclohexahich shifted to 351 nm
in CH,Cl,, and 355 nm in polar DMF. Moreover, the emissiand possessed
red shifts in polar solvents. For instance, CAMRA lan emission peak at 400
nm in cyclohexane and 408 nm in &Hb, which slightly red-shifted to 414

nm. Such small shifts of the emission spectra ilampsolvents suggest that the



polarities of CAMPA in excited and ground stateenarnall difference.[42][43]
Moreover, it was found that two compounds emitted/wveak fluorescence in
different solvents. For example, the fluorescenaantqum yields of CAMPA

and C8MPA in cyclohexane are 0.1% and 0.09%, resedc
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Fig. 1 (a) Absorption (b) emission spectra of CAMPA ifiadent solvents.
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Fig. 2 (a) Optimal geometry o€4MPA with twisted angles and (b) corresponding
frontier orbital (HOMO and LUMO) distributions.



To elucidate the emission spectra in different eotg, quantum chemical
calculation was performed by density functionalotiye calculations at the
B3LYP/6-31G(d) level. As shown in Fig. 2b, the HOMsIate density was
uniformly distributed at the whole aromatic unindathe LUMO state density at
two oxygen atoms was reduced. Moreover, time-dep@&n®FT calculation
derived an electron transition with large osciltastrength (0.7884) at ca. 361
nm, which was close to the experimental value (@#3 and mainly ascribed to
the transition from HOMO to LUMO (97%). The transit from HOMO to
LUMO did not induce a significant polarity changeground and excited state.
So, energy reduction of excited state after solvelaixation in polar solvent is
not significant, which induces the slight red shififf the emission wavelength
in larger polar solvents.

Luminescence behavior in solid state

First, the fluorescence spectra of the crystalsvof compounds were obtained.
As shown in Fig. 3, CAMPA had a red-shifted emisdand with a maximum
at 455 nm relative to that (400 nm) in cyclohexap&ition. Therefore, a-n
interaction existed in the crystal phase,[44] whwhas confirmed by the
absorption spectrum of C4AMPA. As shown in Fig. 4ed-shifted absorption
band with a maximum peak at 365 nm was observedC4AMPA solid,
indicatingn-nt interaction and a head-to-tail packing betweemmiaphores.[45]
The fluorescence quantum yield of CAMPA was deteedhito be 19% (Table
1), which indicated that C4AMPA exhibited an enhahemission in crystal state.
Furthermore, the fluorescence in THF/water (v/v8)Was still very weak,
suggesting that the emission enhancement in thetatrghould be ascribed to
ordered stacking in the crystal phase.[46][47]

To gain further insight into fluorescence enhanasineéhe crystals was
subjected to single-crystal analysis by simple eswofudiffusion method.[41]
Colorless block crystals of CAMPA were obtained ahd single-crystal
structure was successfully analyzed. As showngn %a, two kinds of CAMPA

with different conformations were found. The twadts of CAMPA molecules



presented different twist angles between the pheings and the cyano or
ethylene moieties. The twist angles were betwe2Ad°7and 22.61°, indicating
nonplanar conformations.[48] No long-distance clgseking was detected,
and only dimers consisting of different moleculaseeged. Many dimers

formed a herringbone packing (Fig. 5b) without axttt interaction. Moreover,
the distances between two molecules in the dimerg whort. For example, the
shortest distance between two carbon atoms of thgleme and phenyl

moieties was 3.48 A. A short distance was obsebeadeen the phenyl and
oxygen atoms (3.43 A), which indicated a stranginteraction. The large slip
angle of ca. 67° between the two CAMPA moleculesti al-aggregate,[49]

which will induce a bathochromic shift of the aljgosn spectra. In addition,
the free rotation of single bonds and isomerizatalh be suppressed, and an

enhanced emission can thus be expected.[50]
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Table 1.Photophysical data of CAMPA and C8MPA in crystages.

;\.abs(nm) )\,em(nm) q)F T kr knr m.p
(%) (ns) (10s’) (10°s") (°C)
CAMPA 365 455 19 0.67 0.28 0.12 825

C8MPA 345,361 476 76 96.46 0.0079 0.0025 55

The luminescence behavior of CBMPA in crystal stedis investigated as well.
A rod-like crystal was obtained by solvent-diffusionethod. Under 365 nm
light, the rod-like crystal emitted a very strongan fluorescence, and the
fluorescence quantum yield reached 76%. The maxenabksion peak was
located at 476 nm, suggesting that-a interaction probably existed between
the chromophores. The single-crystal structure 8MEA was successfully
obtained, and two kinds of molecular conformati@xssted in the C8MPA

crystal.
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Fig. 4 Normalized absorption spectra of C4AMPA in cycladrex solution and crystal,
and C8MPA in crystal.
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Fig. 5 (a) Dimer of CAMPA with twist angles and the digtas between adjacent two

molecules, and (b) molecular stacking in crystageh

Fig. 6 (a) Dimer of CBMPA with twist angles and the distes between adjacent two

molecules, and (b) molecular stacking in crystageh

The aromatic moiety of one molecule, named C8MPAabtipopted nonplanar
conformation (Fig. 6a). The twist angle betweentdreninal phenyl and cyano
moieties reaches 26.57°, and the long alkyl chadopted a folded
conformation. The twist angles of the other molecumlamed C8MPA-C, were

as small as 0.70° and 3.34°, and the alkyl chais avaall-trans configuration.



Moreover, the two kinds of molecules formed induatl 1D anti-parallel
stacking (Fig. 6b). A long distance of 3.72 A walsserved between the
C8MPA-N molecules. By contrast, no effective ovprlaas found between
coplanar CBMPA-C molecules, and the distance betwwe chromophores of
the two adjacent CBMPA-C molecules reached up 68 A, suggesting the
absence ofi-n stacking between the C8BMPA-C molecules.[51] Theogttion
spectrum of the C8MPA crystal exhibited a wide bamith two maxima at 345
and 361 nm (Fig. 4). The former originated from G8MC in monomolecular
state, and the latter was attributed to CBMPA-Naggregate state. A longer
emission wavelength of C8MPA relative to CAMPA implthat CBMPA-C

should be responsible for stronger emission becaliabsence ot-n stacking

and a larger conjugation degree.
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To further understand the luminescence differencéh® two compounds in
crystal state, their time-resolved fluorescencespevere analyzed. As shown
in Fig. 7a and Table 1, the emission decay of CAM¥S single-exponential,
and the lifetime was 0.67 ns. Consideringba of 19%, the radiative rate
constant (K) was determined to be 02B0° s, and the non-radiative rate
constant (I,) was 0.12x 10’ s'. In comparison, the decay of the C8MPA
fluorescence was extremely slow (Fig. 7b), and ¢beesponding lifetime
reached 96.46 ns. The long lifetime indicated tlogv deactivation of excited
molecules. Kwas 7.9x 1 s*, and K,,was 2.5x10° ns*. Comparison of the K
and K, of the two compounds implied that the high of CBMPA resulted
from the slow non-radiative transition.[52] Comhinith the single-crystal
structure, coplanar C8MPA-C should be responsible the higherdg of
C8MPA crystals.
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Fig. 8 Images of CAMPAN pristine solid state, after shearing by round,@nd then

thermal annealing by heating at 70 °C for 5 min.

Luminescence response to mechanical force and #hatmuli

As suggested by other research teams, cyano ethglenvatives could exhibit
mechanical force-responsive properties. Thereftreir MFC behavior was
investigated. As the two compounds had differeatlshg models in crystal
phase, different responsive features to mechafoce¢ stimuli were expected.
As shown in Fig. 8, the C4MPA solid film emittedubl fluorescence, and the
shearing by a round pen led to a quenched fluonescstamp. The&bg of

ground solid decreased to 10%. The maximal emispgak of the sheared
solid was located at 450 nm, indicating a bluetsifionly 5 nm (Fig. 3a). The
thermal annealing by heating could induce the gisapance of the shearing

stamp, thereby indicating a fluorescence recovitgreover, the recovered



solid film could be stamped again, and such a m®a»ould be reversibly
repeated many times. The nuclear magnetic resorsgpezgrum of the shearing
solid after shearing-annealing cycles was condistath the original one,
suggesting that the mechanical pressure did notagamthe chemical
structure.[53] The XRD pattern was measured to stigate the phase
transition after the mechanical force stimulus. #®wn in Fig. Sla, the
pristine solid possessed many sharp and strongadiifbn peaks. Similar to
those of the pristine solid, the diffraction pealsthe ground solid remained
visible, and the peak intensity of only the growalid weakened. This result
suggested that shearing solid only partially dgsttothe ordered arrangement
of crystals, which may explain why the fluorescenbange of C4AMPA under
mechanical force stimulus was not obvious.[54][55]

The fluorescence response of C8MPA to mechanicatefowas also
investigated. An invisible change in fluorescenadorc or intensity after
grinding was observed by the naked eyes. The foemrece quantum yield of
the ground solid was 75%, and the maximal emispegak was located at 475
nm. The diffraction peaks of the ground solid wemnilar to those of the
pristine solid. Therefore, grinding did not induee mechanochromism of
C8MPA. Interestingly, we found that C8MPA formedpstrooling viscous
liquid when it was heated at 7@ and cooled to room temperature, and
supercooling liquid was non-emissive (Fig. S2). IBuon-emissive viscous
liquid kept its liquid state even after 10 h with@ecarping. It was found that
C8MPA started to crystallize when a thin glass wab used to rub sample.
After several minutes whole droplet turned into t@hsolid and emitted very
strong fluorescence. Moreover, the C8MPA solid fiwith an intense cyan
fluorescence on a weighing paper lost its fluoreseewhen heated to 61
and a strong cyan fluorescence began to appear @ftein. The complete
recovery of the whole fluorescence required 1 hggssting a slow
crystallization process too. Such a slow crystatlan process was because that

the long alkyl chain and the two kinds of molecutanformations in crystal



prolonged ordered stacking time. On the other hanelted C4MPA could
change into solid within 2 min when it was cooledl room temperature.
Therefore, C8MPA may be used as an excellent tHermeaponsive
fluorescence material.

As shown in Fig. 9, the C8MPA solid film emittedastg fluorescence, and two
letters, “TJ”, might be easily written by a hot p@® °C). The letters remained visible
after 5 min because of the slow crystallizatiorerahd almost disappeared after 15
min. Thus, the information in the film may be autdioally erased. Moreover, a new
letter might be rewritten by a hot pen, thereby destrating a reversible process.
Moreover, a regular pattern without fluorescencelddoe imprinted easily by a hot
stamp. When heated using three hot types°@pQfor 5 s, the fluorescence of the
contact region disappeared, and three Chineseatbesa&emerged in the luminescent
background. These characters remained visible &ftenn and nearly disappeared
after 15 min (Fig. S3). Therefore, such a fluoreseefilm may be used in temporary
information storage or recycled paper. In additisimaring a melted C8MPA film in
a filter paper by mechanical force might accelethe crystallization process. As
shown in Fig. 10, the supercooling film at room p&mature was emissive silent. Two
Chinese characters with strong cyan fluorescenueélyaappeared along the track of
the pen. In view of the slow crystallization speedther regions without mechanical
force shearing, the two characters remained wale visible after 5 min and
completely disappeared after 30 min because thstalligation was completed.

Moreover, this film could be reused when heatefDaC for 2 min.
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Fig. 9. Photos of CBMPA film in a filter paper under 36 tight. (a) Pristine solid

film, (b) after written “TJ” by a hot pen, natunaleft for (¢) 5 min and (d) 15 min.

a
melted film written by force

" B d
after 5:min after 60 min

Fig. 10 Photos of supercooling C8MPA filter paper film end365 nm light. (a)

Pristine supercooling film, (b) written by groundm naturally left for (c) 5 min and

(d) 60 min.

Conclusions

Two cyano-stibene derivatives with different allgflains were prepared, and their

photophysical properties and response to mechafoceg were investigated. Both



compounds exhibited a crystallization-induced emrss enhancement. They
displayed a very weak fluorescence in solutionestahd emitted an enhanced
fluorescence in crystals. CAMPA with a butyl grqugssessed a 19%, and a high
@ of 76 % for CBMPA with octyl unit was observed.eT$ingle-crystal structure and
the time-resolved fluorescence spectra suggesteldrarity, and the 1D sacking in
the absence of-n stacking in C8MPA crystal suppressed the non-tagidransition,
which improved the photoluminescence performanceredver, they exhibited
different responses to mechanical force. The flsmeace of CAMPA was quenched
after shearing or grinding, whereas that of C8M&#Aained nearly unchanged under
mechanical force stimuli. More interestingly, thend alkyl chain endows C8MPA
with a low melting point and slow crystallizatioate, which make it a promising
candidate for optical recording and temperaturéoare sensing. This work suggests
that cyano ethylene moiety is a better buildingckldor constructing intense
fluorescence materials, and that the alkyl changtle may endow molecules with

distinct properties.

Experimental Section
4.1 Measurements and characterization

The UV-vis spectra were obtained on a Mapada U\VBp8G&Gpectrophotometer. C, H,
and N elemental analyses were performed on a Hdarkar 240C elemental analyzer.
Mass spectra were obtained with AXIMA CFR MALDI-TOfEompact) mass

spectrometer. Fluorescence emission spectra weaetnetl on a FL-3 fluorescence
spectrophotometer. The absolute fluorescence guegields were measured on an
Edinburgh FL-3 steady state spectrometer usinghagiating sphere. Luminescent
decay experiments were measured on an EdinburgB~§®ectrometer. EPLED-360
picosecond flash lamp with 898ps pulse duration uwsesl to measure time-resolved
fluorescent spectra. NMR spectra were recorded oMeacury plus 500 MHz

instrument. X-ray powder diffraction patterns weobtained on a Bruker D8

ADVANCE X-ray diffractometer equipped with scinétion detector using copper



CuK, (A= 1.5406 A) radiation and a scanning rate of 0.02(Bom 5 to 30°).
Geometrical optimizations were performed by dendiinctional theory (DFT)

calculations at the B3LYP/6-31G level with the Gaas 09W program package.

Single crystals of CAMPA and C8MPA were obtained bsglvent-diffusion

(n-hexane/dichloromethane) method and were seldateiray diffraction studies in
a Rigaku RAXIS-RAPID diffractometer using graphitenochromated MoK

radiation f= 0.71073 A). The crystals were kept at room tempee during data
collection. The structures were solved by directthods and refined on F2 by
full-matrix least-squares using the SHELXTL-97 marg. The C, N, O and H atoms
were easily placed from the subsequent Fourieremdiffce maps and refined
anisotropically. CCDC 1062078 and 1869506 contaime tsupplementary
crystallographic data for CAMPA and C8MPA.

CnMPA were synthesized by two-step reactions. Sasighroute is shown in
Scheme 1. Compound An were synthesized by prevyiougported
procedure.[56] ChnPMA were obtained by a condensateaction in the

presence of tetrabutylammonium hydroxide (TBAOHtamlyst.

HO. o
N\ K2CO; Hans1 G
~ <+ Br Cp-1Ha(n-1)1 ——KI ~
o} CHO , acetone ~

O CHO

An
0 \
< CN o}
Flom G + BAOH
cthanol \ /CnHQr\M
<|3 CHO d
CN

CnPMA

n=4,8; .
n=4,CaMPAn=5,C8MPA  Scheme 1. Synthesis route of

CnMPA.

(2)-3-(4-butoxy-3-methoxyphenyl)-2-phenylacrylorgr(CAMPA)

A4 (2.0 g, 9.6 mmol), phenylacetonitrile (1.66 ml4.4 mmol) and 0.2 mL
tetrabutylammonium hydroxide (TBAOH, 40% in watevere added in 20 mL

ethanol. The mixture was heated and refluxed fohlThe mixture was cooled to



room temperature and the solid separated out. Toaupt (2.3 g) was obtained by
vacuum suction filtration and washing by cooledaetti. Yield: 79 %. m.p: 82-83 °C.
'H NMR (500 MHz, CDCJ) 7.73 (d, J = 1.6 Hz, 1H), 7.68 (d, J = 7.5 Hz,)2H
7.50-7.42 (m, 3H), 7.40 (d, J = 7.2 Hz, 1H), 7.8d,( = 8.4, 1.9 Hz, 1H), 6.94 (d, J =
8.4 Hz, 1H), 4.16-4.03 (m, 2H), 3.98 (s, 3H), 1988 (m, 2H), 1.63-1.47 (m,
2H),1.02 (t, J = 7.4 Hz, 3H). MS (MALDI-TOF), m/zal: 307.2, found: 307.5.
Element analysis (%): calculated fogoB.1NO,: C, 78.15; H, 6.89; N, 4.56; Found: C,
78.18; H, 6.82; N, 4.59.

(2)-3-(3-methoxy-4-(octyloxy)phenyl)-2-phenylacoylitrile (C8MPA)

By following the synthetic procedure for CAMPA. Yelish solid (3.0g) was
obtained. Yield: 76 %. m.p: 54-56 °&4 NMR (500 MHz, CDCY), 7.71 (d, J =
2.0 Hz, 1H), 7.65 (d, J = 7.5 Hz, 2H), 7.46-7.4Q 8H), 7.37 (d, J = 7.3 Hz,
1H), 7.34 (dd, J = 8.4, 2.0 Hz, 1H), 6.92 (d, J4 8z, 1H), 4.08 (t, J = 6.9 Hz,
2H), 3.96 (s, 3H), 1.93-1.81 (m, 2H), 1.50-1.40 @hi), 1.41-1.21 (m, 8H),
0.89 (t, J = 6.9 Hz, 3H). MS (MALDI-TOF), m/z: ca419.3, found: 419.5.
Element analysis (%): calculated fops8,0NO,: C, 79.30; H, 8.04; N, 3.85;
Found: C, 79.30; H, 8.04; N, 3.85.
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. Two cyano-stilbene derivatives exhibited crystalization-induced emission
enhancement.

2. Crystal stacking models of two compounds are different.

Supercooling liquid C8MPA emitted enhanced fluorescence after shearing.



