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Graphical Abstract

A rigid star-shaped luminogen (HTCA) exhibits aggregation-induced emission (AIE)
characteristics.
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We describe a rigid star-shaped luminogen (HTCA) derivatives exhibited strong AIE characteristics d arhigh
of cyclohexanehexone bearing six tetrapheny|etheneoerf0rmance in OLEDSIn another example, Tang group used non-

L . i . planar propeller-shaped hexaphenylbenzene (HPBptadhed end
moieties, which exhibited strong aggregation- groups to traditional luminophores have exhibitd& &ffect® Very

induced emission (AIE) characteristics. The twistig recently, Changt al.'°synthesised two rigid molecules based on the
amplitude and steric hindrance of the TPE units nonplanar structure of propeller shaped hexaphenyine (HPB)

were found to play a crucial role in their aggregaed or benzene as core groups and TPE as end groujPileand BT,

. inal respectively, using Suzuki coupling reactions. There extended
nano- to micro-structures. Interestingly, HTCA structure BPT showed a much stronger AIE effect digher

exhibits the reversible piezofluorochromic behaviou quantum yield in the solid state in comparison witiat of BT.

through grounding and reversed by treatment with Nevertheless, BT shows revisable piezofluorochromehaviour

solvents resulting in a cycle that can be repeatedwhen ground and treated with solvent, however, BRdwed no
. such effect.

several times.

o ) ) ) o However, conjugated small molecules constructednbye than

Designing small organic molecules with high effi@g {5, TPE units as peripheries present their ownllehge in
luminescence in solid states has attracted thentatte of many efficiently synthesising multiple branched and diginolecules.
researchers for use in many areas such as orgghieemitting Keeping this in mind, we have designed and synskelsa rigid star-
diodes, sensing, and imaging applicatidriowever, conventional shapeconjugated HTCA luminogenic molecule bearing SixETP

fluorescent materials show good fluorescence int&nl but suffer moieties to the core of cyclohexanehexone (CHHGIdimg blocks
an aggregation caused quenching (ACQ) effect indbedensed (Fig. 1).

phase and also in solid filfin 2001, Tang group developed a new

phenomenon of aggregation-induced emission (Al®ical small O

organic molecules whose emissions are very weakwfesolved in P

good solvents, such as toluene, THF, and chlorgfdmm become O O O O
highly luminescent in the aggregates and solid fitate®> Among \ O « O
the developed AIE-active luminophores, tetraphahgees (TPE) O O N O

have attracted much attention due to their appiicabn various O N*N O
fields such as OLED%hio/chemosensorshioimaging® and so on. O M O O
The AIE effect of TPE is rationalized to be caubgdhe restriction O = O \

to its intramolecular rotations through non-radiatichannel of O O O O

phenyl rings and hence making TPE highly emis5ive. O
To determine whether a TPE-luminogen exhibits Alfivity HA
when attach in conjugated form, as in the AIE effefcluminogen
conformational planarity and structural rigidityaglkey roles. Little
effort has been placed on studying how the twissinglitude of the
rotors affects the emissive behaviours of nonpladi&rluminogens.
Recently, star-burst materials utilising three aurf TPE moieties as
peripheries to the core of the propeller-shapeghémylamine

Fig. 1 Chemical structures of HTCA used for this study.
Star-shaped luminophore HTCA was prepared by the

condensation of six equivalent of 4-(1,2,2-tripHemyl)aniline 1
(TPVA)! with cyclohexane-1,2,3,4,5,6-hexaone octahydraie i
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acetic acid at 13%C for 16 h. This yielded 35% of HTCA as a whiteactive intramolecular rotation (IMR) process of pylerotors the
powder. Synthesis and characterisation of interatedlPVA and

also a detailed procedure for HTCA outlined dethil|m the
Electronic Supplementary Information (ESI).T laiso important to
note that HTCA is very stable in acidic as welbasic conditions.

excited energy state is consumed. The emissionT&Adin thin
films exhibited strong luminescence and the maximemission
peaks are located at 485 nm (Fig. 2c). The assabit; values of
HTCA in thin films measured by integrating sphesaah 54%,
which are higher than that of unsubstituted #PHEhe relatively
high ®- value of HTCA is presumably due to the more rigid
structure and the limited amount of free rotatibMBE moieties and
such emission enhancement in the solid state gléadicated that
HTCA displayed AIE activity* The AIE effect was determined by
using following equationoae = @ /@ i.e. the emission contrast

Firstly, the thermal properties of HTCA were invgated by
using thermogravimetric analysis (TGA). HTCA showadhigh
thermal stability, the onset temperature with 5%gheloss is about
485 °C under nitrogen atmosphere. The high residuadyigit o
20% was retained when HTCA heated at 8D@inder nitrogen (Fig.

2a). The UV-vis absorption spectra of HTCA in diltifHF solution ratio between the solid state and solution stagepectively. The
and solid thin films (obtained by spin-coating)si®wn in Fig. 2b. a,e data of HTCA is about 161, which is higher than of
Typically, HTCA exhibitedr-niJtransition at 331 nm and in solidunsubstituted TPE The highero e in the case of HTCA is due to
film absorption peak is red shifted by 7 nm i.e338 nm. The red- rigid and extendedrconjugated structure, results also clearly shows
shifted absorption spectra of HTCA in solution asllvas in solid that steric repulsion and conformation had no $icamt influence
film clearly indicate a weak electronic couplingween TPE branch on the AIE effect.
via conjugation and the steric repulsion of TBR.is important to
note that the earlier review of the literature shdwthat absorption To gain in depth knowledge about the AIE effect, measured
of AIE luminogens are not normally affected by aggate the emission of HTCA in THF and THF/water mixtures study
formation?® visual observation of the AIE by emission changé&sg.( 3).
Typically, HTCA in THF is non-emissive and weak reds remain
at water fractionf(,) up to 30% because the compounds are soluble
i in those mixtures. However, by addition of more avathe intensity
of emission dramatically increased, which was adication that
\ HTCA had begun to aggregate (Fig. 3a). Some lungnsgecome
emissive in the presence fgf = 50% and PL spectra are dominated
by the slightly red-shifted and enhanced emissiomfthe solution
. in THF to aggregatedf,{ = 90%) is by 218-fold (Fig. 3b). These

b results clearly verify their AIE characteristicsdashow that HTCA
- aggregates more easily and gives larger emissianggs, owing to
decreased solubility in THF/water mixtures and etsendedTe
conjugation. It has been shown in literature thggragated states
restrict the intramolecular rotation which promotesliative decay

of the excited state and allows molecules to havgh h
fluorescenc&!® We presume that the restriction of intramolecular
rotation and the molecular conjugation facilitasymergetic effects
between the neighbouring segments in the case GAT
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Fig. 2 (a) Thermogravimetric analysis (TGA) of HTCA andwa heating ) 0,' .
rate of 10°C min?, recorded under nitrogen atmosphere. (b) The WV-v EAeae Y 0o e fr=0%
absorption spectra of star-shaped luminophores HIFCPHF solutions (18

T . T T .|‘ . T !
400 450 500 550 600 650 0

M) and in thin films. (c) Photoluminescence (PLgspa of HTCA in THF

and solid thin film.

0 40 60 80
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Fig. 3 (a) Photoluminescence (PL) spectra HTCA in THFAwvahixtures
with different water fractionsf{= 0-90%). (b) Plots offfl values versus the
cgmpositions of agueous mixtures of HTCA. Solutiencentration: 10 mm;
excitation wavelength: 339 (HTCA). The photographt HTCA in
THF/water mixtures with different water fractiorfg)(percentage water is
marked in each image, taken under UV illuminatidg € 365 nm).

The fluorescence emission spectra of HTCA showed
detectable signals in dilute tetrahedron (THF) sofu(Fig. 2c). The
fluorescence quantum yieldDb§) of HTCA in THF solution are
approximately 0.08%, was measured using RhodaminasBa
standard®: = 70% in ethanol). Which clearly shows that du¢ie

>
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Scanning Electron Microscopy (SEM) was performediantify
the size and shape of aggregated microstructungsically, SEM
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COMMUNICATION

with a glass rod green fluorescence was only oleserwhen
irradiated at 365nm (Fig. 5d), which demonstratesuse of HTCA

images of HTCA in the mixture of water/THF, & 50%) assembled for labeling applications.

into cross-like uniform rod-shapes with a diamete’5—-10pum with

the width of rod being about 100-300 nm (Fig. 4a,By changing
the concentration of the water fraction up-to 7048CA showed
extended submicron crossed-fibril aggregates @it However, in )
higher fractions of water in THF,(= 90%), HTCA assembled into

intertwisted helical-microstructures with length ofens of
micrometres with a width about 0.5-2.0 micromet(€sg. 4d).
Interestingly, upon mixing HTCA (1DM) in water/THF {, = 80%)
it assembled into a nanobelt-like assemblies sutemiin length

with a width of about 150-500 nm (Fig. 6a, b). Tdessults clearly

indicated that the assembly with the extended camdtion
symmetrical directional showed better self-assenti#haviour of

star-shaped HTCA which must be related to the diarmend steric

effect of the molecules.

Fig. 4 Scanning electron micrographs of HTCA 1M) from water/THF
mixes with different water fractions &f = 50% (a & b)f, = 70% (c) and,
=90% (d), respectively.

Furthermore, the pivotal role of conjugated TPEdges, the
piezofluorochromic effect of HTCA was investigatedterestingly,
the emission spectrum of the ground powder givesge red-shift
of 31 nm from 469 to 500 nm. These results confdirheTCA’s
piezofluorochromic behaviour. This phenomenon canréversed
when pastel treated with acetone or CH@EOH (1:1,v/v) mixture
or by heating (Fig. 5a). Importantly, were reversedny times
through an alternation operation with grinding aotlent treatment
(Fig. 5b). Fig. 5¢c shows the sky blue fluoresceofcpristine GTCA
crystlas Rex = 365 nm), however upon grinding with a pestle
showed a blue-green fluorescence. This is a cledication that
piezofluorochromic mechanism of HTCA is associatedth
morphology change from the more twist and loosstaiijne state to
the more compact in amorphous state. The phenomiersimilar to
known piezofluorochromic molecules in the literat?it’ We also
demonstrated that when the ground paste was usedteo“RMIT”

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 (a) PL emission spectra of HTCA (1x1®) in powder form, upon
grinding, fuming (solvent treated) and heating. Qycling behavior of the
emission showing the reversibility of the process riumber of times. (c)
Changes in colour upon gridding and fuming, imaggsen under UV
excitation at 365 nm. (d) Grinded past used toeMRMIT’ by glass rod
under UV excitation at 365 nm, text shows greerorfscent, however
without excitation does not show the written text.

SEM images of HTCA (18M) clearly shows amorphous nature
upon grounding (Fig. 6¢, d) and reversing assentblbelt-like
nanostructures upon heating (Fig. 6e, f) Furtherexamine the
mode of self-organization from crystalline statealte more compact
in amorphous state upon grinding is determined yd#fraction
(XRD) measurements (Fig. 6g, h).

Aftar heating

Intensity Jau.|

pristine crystals grounded crystals

15 2 30 35

T T T
16 20 25 30 35 0 25
28 (degrec)
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Fig. 6 Scanning electron micrographs of HTCA ¢18) from in (a &
b) water/THF f, = 80%) (c & d) upon grounding and dissolving
sample in water/THFf{ = 80%) (e & f) and reversing assembly upon

J. Name., 2012, 00, 1-3 | 3
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heating samplef{ = 80%), respectively. (g, h) X-ray diffraction of 2.
HTCA in crystalline state (top), upon grounding duiie) and after
heating 90°C for 20 min.

Low angle XRD measurements displayed that theipeist 3.
crystals have sharp diffraction peaks, which inticahe
powder is in the crystalline state (Fig. 6g bottonfhe
diffraction of the powders after grinding, howevdnave
braodened peaks revealing the amorphous stateecHTTCA 4.
(Fig. 6g bottom). This crystalline-to-amorphousnsi#ion is
supported by the change of the fluorescericg £ 365 nm)
from blue to green during the grinding process (F5g).
Interestingly, the sharp diffraction peaks of thevgder appear
again after heating the amorphous HTCA at temperati
10°C for 1 hour (Fig. 6h top), which are evidence for
transition from amorphous to crystalline state amwhfirms
piezofluorochromic behaviour of HTCA. 5.

In summary, a rigid, star-shaped blue luminogen GAY was
synthesized in a reasonable yield by simple coratems of
cyclohexanehexone with six AlE-active tetrapherhdee (TPE)
luminophores. HTCA is non-emissive in dilute saati however, it
became a strong emitter when aggregated and dgldilso, which
demonstrates an aggregation-induced emission phemmm The
crystalline aggregates of HTCA showed a stronger laloer light 6.
than their amorphours aggregates and unique pierofthromic
behaviour. Interestingly, a solid-state emissiom ¢t reversibly
switched between bluish green and blue color bwydimg and
fuming or heating processes due to the morpholbgitange from
the thermodynamically stable crystalline phase e metastable
amorphous state. The fluorescence, visual changes XRD
confirms the piezofluorochromic behaviour of HTCAVe are 7.
currently exploring these and other simple syntheéisigns for their
application in optoelectronic devices. These reswitl provide the
easiest way to the rational and controlled desajnmaicrostructures
deriving AIE molecule and may allow construction bighly
efficient luminescent solid materials.
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