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Tuning non-emissive NDIs into highly fluorescent material in aggregated by

employing AIE-active tetraphenylethylene to the core via ICT effect.
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Two new tetraphenylethene-core-substituted naphthahe Synthesising cNDI-based NDI dyes that efficientipitein the
diimide (TPE-cNDI) were synthesized through linkingone and solid and also aggregated state is of interestef®Bc Tang group
two TPE, where TPE acts both as an electron-donoof ICT and ~ showed that the substitution of perylene diimidEe®I6) through
also display characteristic of AIE effect i.e. noremissive in imide or bay position resulting PBIs exhibit deblea quantum
solution but enhanced red-emission in both the agggated and efficiency in light emissiori’ In other examples, Zfitf’and Tang™

the solid state with high quantum efficiency. Furttermore, both 9roups have shown that when donor-acceptor furmied with
the derivatives self-assembled into variety of nanoto micro- |PE moieties used, in which TPE acts both as artrefe donor for

; ; intramolecular charge transfer (IGY) as well as activator for
structures via solvophobic control. AR 15

Among aromatic molecules that have found utilitgrtigularly
in the design of mechanochromic luminescent madserighe Based on these results, and our understandingi idld, it is
tetraphenylethylene (TPE) molecules have attrantadh attention a rational assumption to tackle notorious ACQ dffgficcNDIs by
due to their tendency to be non-emissive in theali®d state but core-substitution with TPE moieties which is botlthwelectron-
enhanced emission can be seen in both the aggdefpare and the donor for ICT and activator for AIE because (1) dNB smaller
solid staté. This phenomenon is so—called “aggregation-inducédalogue of PDIs, whether AIE effect will observelimking TPE
emission” (AIEf and aggregation-induced enhanced emissithrough core of NDIs, and (2) it is an importanktwow the effects
(AIEE).2 Since then, TPE derivatives have been used foef attaching twisted TPE moieties onto the NDI cdeoe the
supramolecular  building blocKs, fluorescence “turn on” assembling behaviour as well as ICT effect in vagyisolvent
chemosensors for selective detection of &md HG* ions and polarity.
acid/base sensing in solution and living éellaspired from this, we
have shown that TPE-based porphyrin for formatiémano- to In this report, we describe synthesis of two newlPECNDI
micro-ring structures similar to light harvestingenna’ and 2,6-DTPECNDI) core-substituted NDIs bearing ave two

amino-TPE functionality at the core (Fig. 1), artddy their AIE

In recent years, core-substituted naphthalene déisni(cNDIs) |CT effect upon aggregatioria solvophobic control.
have gained wider attention than unsubstituted Nile to their

electro-optical  properties and applications in  aiga O O
supramolecular, medicine, material sciences and amecg ‘

electronic€ cNDIs are a smaller version of previously used O O

conjugated polycyclic aromatic compounds, which cée 2BreNDI VA
functionalisedvia core substitutio?*° Such NDI derivatives have DMIF, K,COs, ifgﬁjf;ﬂfﬂ;sos
been widely used in investigating organic dyes thave found 60c / 150°C

promising applications for use as active compongmtsganic light %Hw

harvesting systemi$, n-type channel field effect transistdfs. Q O

Although cNDI has shown to be very attractive comgtt as they OO O Q OO O O

demonstrate varying near-unity fluorescence (FLargum yield in ‘ O
CSH

dilute solution. However, they suffer drawbacks daieggregation CBH‘

caused quenching (AC8)in aggregates and solid state due to the 2. TPECNDI 2,6-DTPECNDI
attractive dipole—dipole interactions and/or effestintermolecular

T-Testacking and cannot be used as is for mechanodhrom

luminescent material.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 1
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Scheme 1Synthesis of TPE-substituted naphthalene diimideBRECNDI Further the ICT effect within donor-acceptor systeris
and 2,6-DTPECNDI). determined by solvent polarity using UV-vis absampt and
photoluminescence (PL) spectroscopy (See ESI Tab)e The PL
spectra of both the compounds 2-TPEcNDI {1®l) and 2,6-
DTPECNDI (10° M) shows solvent dependent emission ranging
from 569 nm to 618 nm and 675 nm to 705 nm, regpeygt The
peak shifts in polar solvent are assigned to fdienlocally-excited
state of TPE and the ICT state from TPE to NDI riese similar to
donor-acceptor charge transfer in polar solv&it$These results
clearly shows that there is restricted intramolacubtation of TPE
moieties exhibit both AIE and ICT behaviour, whidlssipate the
excitation energy thereby weak emission for molecd,6-
DTPECNDI in dilute solutiot! On the other hand, 2-TPEcNDI
which has only one TPE moiety, thus the numberre¢ly rotary
phenyl group is the half of that in 2,6-DTPECNDI.

Synthesis of intermediate of 4-(1,2,2-triphenylNjapiline
(TPVA), 2-BrNDI° and 2,6-DBrcNDi described detail in the
Electronic Supplementary Information (ESI).T Th@REcNDI and
2,6-DTPECNDI was prepared reacting 2-BrcNDI withVin the
presence of BCO; as a base in dry DMF at 7T, yielded 2-
TPECNDI (red compound) in 61%. However, similar dibion
failed to produce 2,6-DTPECNDI by reacting 2,6-DBEJ with
TPVA. The 2,6-DTPEcCNDI was synthesised grinding dwedting
mixture of 2,6-DBrcNDI, TPVA (3 equiv.) and,KO; (6 equiv.) in
the presence of Cu(l1)SQ6 equiv.)at 150°C for 2 d, gives blue
compound with yield of 55%. Both the derivative§RECNDI, 2,6-
DTPEcNDI was purified by column chromatography gséilica gel
by eluting with CHCIl,. The 2-TPEcNDI and 2,6-DTPEcNDI
derivatives are well soluble in common organic sot¢ such as
tetrahydrofuran (THF), chloroform (CH&J however, they display
poor solubility in hexane and polar solvents sushreethanol and
water.

Furthermore, we investigated the AIE behaviour2-GFPEcNDI
and 2,6-DTPEcCNDI in hexane/CHCI methanol/CHGE and
water/THF with different volume percentage of hexaff),
methanol {,)), and waterf(,), respectively. Typically, Fig. 2a shows
. . the FL spectra of 2-TPEcNDI in hexane/CHGihenf, < 60%, the

The U\{-ws absorption spectra  of 2_TP.ECNDI af‘d 2‘6_reen characteristic band appeared at 573 nm. Hawecrease of
DTPECNDI in CHC} shows .a structur.ed pand vylth a maximum U ercentage 60-80%, the emission is gradually exdeninf, =
519 and 629 nm, respectively, which is typical e S-S. 959, 1o req band witthy 12.8%. Similar AIE effect of 2-TPECNDI
transmqn of the isolated NDI chr.omophore (Elg.).IEhe second in methanol/CHGJ mixtures givesds = 9.7%. Typically, the FL
absorption band (300-400 nm) with peak maximumiat and 349 intensity gradually increases with incredgeand intensity decrease

nm, respectively, is due tore-Tt* transition involving both the NDI beyond 80%. This may be due to two important efféctt one is
and TPE units. The results demonstrate that thetretedonating ICT effect and second is the hydrophobic nature PEGNDI
TPE su.bstltuent |ntroduceq o t_he. naphth.alene adfects the molecules, which isolate when hydrophilic methaimladded by
electronic structure of NDI in a similar fashion 2¢6- or 2,3,6,7- forming larger aggregates and precipitate quicklymf solution
-substitutiort® ming farger aggreg preciprtate qul i 2
core-su ' which decreases the number of the emissive spiecths mixturet

o) 12 - b)[— >tpEavpr In THF/water mixtures, the precipitate of 2-TPEcNRQuUickly
| rmme ZEDIPENDI | F|TT APEERL LN observed when only 40% water fraction was added thadower
«‘%M- ,.',r‘.‘ \\ . . i g /-’ ;?‘.\ fluorescence enhancement was observed compare @./Bekane
3 :,5' b 7% il ! z Ff N K and CHC}/methanol systems (Fig. 3a). The calculadgdin 40%
Eus—- ‘.\ \\ / ‘\A P \ = /_//,:’ \ Y water fractions gives 7.1% (Fig. 3b).
B e T )W A e | O
Wavelength ] O gt ™ _ w0 !
s M pooy
Fig. 1 (a) UV-vis absorption spectra of TPE-core-subsidunaphthalene % f; s ,:"
diimide dyads (2-TPEcNDI and 2,6-DTPEcNDI) in CHGloncentration of E e ’r"
solutes: 1§ M and (b) solid state fluorescence (FL) upon exwh = 37 o
wavelength: 629 and 519 nm, respectively. Ins€g)ris respective color of / N PP ’
the compounds in CHEI 510 580 630 6i0 680 730 T8 10 20 30 40 % % 70 % %
‘Wavelength [ nm] fu(%)
The fluorescence (FL) of 2-TPEcNDI (30M) in cast fim ©) fn=97
shows a peak at 679 nm with a fluorescence quapieich (@;) 6.9 = ‘X
%, which is higher thambe in CHCl and THF i.e. 1.9%, 0.9% & -
respectively. The fluorescence quantum efficiend) (of the % 7 ‘o\
samples with absorption (intensity ~0.05) was esté using E i ®
fluorescein in ethanol{r = 70%) as standard solution abd of the = '
solid films was measured using an integrating-sptgrotometer. : ! v .__‘___.___.,'
Interestingly, the di-TPE substituted cNDI (2,6-0HGNDI) shows 540 580 630 640 680 720 0 10 20 30 40 50 60 70 80 90
quite different behaviour than 2-TPECNDI. The efissof 2,6- Wardlength [ am] ful%)

DTPECNDI shows the maximum peak intensity at n&arelgion i.e. Fig. 2 The fluorescence (FL) spectra of 2-TPEcNDI (a)OHCly/hexane
717 nm (Fig. 1b) withbg 18.3%, however, in CHGFL signals is to mixtures with differenf, values. (b) The changesdr andAem with fi.. () FL
the noise level was detected with = 0.09%. spectra in CHGImethanol mixtures with differerif, values. (d) The changes

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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in ®r andAem With f,. The insets of (b) and (d) shows the photograpiiseo 2,6-DTPECNDI (5 UM, Aex = 365 nm) from CHGlhexane f, = 90%)
FL images of 2-TPECNDI (1QM; A« = 365 nm) for thé, = 90%. mixture, respectively.

The FL spectra of 2,6-DTPEcNDI clearly shows differ To understand mode of aggregation, we have perfbithé-vis
features as compared to that of 2-TPEcNDI in hef@iHEl;. When absorption spectra of 2-TPEcNDI in poor and goddesd such as
fn < 40%, no FL peak can be seen, howefger, 90%, a red band at CHCl;, THF, hexane/CHGKf, = 70%), methanol/CHGI(f,, = 70%)
681 nm observed wittbg 21.9% (Fig. 3c and 3d). Since hexane isand water/THF f(, = 40%), respectively. Aggregation effect in
non-polar solvent, containing enough hexane inntfisdure would which a reduction in the peak intensity and sigaifit blue-shift of
make the molecules self-assemble and aggregate imiture. This the absorption maximum along with loss of fine stoue are seen in
is true for AIE phenomenon, where 2,6-DTPEcCNDI isliveoluble mixed good and poor solvents as compared to bandHF and
in CHCJ; solution, the active intermolecular rotationstod multiple CHCI; alone (See ESI Fig. S1) and also the relativensitg of S—
phenyl rotors in TPE around the NDI consume thetedcenergy S, and S-S, bands reverse. These features suggest the fommftio
and quench the fluorescence. Howevigrs 90% 2,6-DTPECNDI J-aggregation by arranging 2-TPEcNDI molecules ippgld face-
aggregatesvia TeTestacking which restricts the rotation of theo-face fashiort® These results prompted us to further investidage t
phenyl rotors and induces the enhancement of emisef the aggregates around the point of aggregation usiagrseg electron
fluorescence. The enhancemdntof 2,6-DTPEcNDI was observed microscopy (SEM).

- i = 0,
as compare to E TPECND! n THF/watef, (= 40%) aqd It has been well documented that cNDI derivativearimg alkyl
CHCly/methanol {,, = 70%) which is 15.3% and 19.1%, respectlvelg . . ; - ; .
. . - . Chains, amino acids and oligoethylene chains da#sinterfere
(Fig. 4d). Such an observation clearly indicated the hydrophobic . . .
strong T-Teinteraction between NDI cores are likely to assdemb
2-TPEcNDI and 2,6-DTPEcNDI molecules had formedgéar . . . ;
. into ordered one-dimensional (1D) nanostructureshsas wires,
aggregates, as both water/THF are hydrophilic sdtvend only ) . . 19 .
. . : o rods, vesicles, worm-like and belts-like nanosues.” It is
those smaller ones in the suspension contributedet@mission. In . ) .
- ., interesting to study whether bulky TPE substituamtghe NDI core
later two solvents i.e. methanol/CH@Ind water/THF, the FL yield T .
. ) . .- . have an effect on the aromatic interactions andthvéneordered
is not as high as that observed in the hexane/g$yStem which is . e
. ) o structures can be formed. Interestingly, both tlegivdtives 2-
attributed the ICT behaviour to the electron-damatbility of TPE . .
. - . . TPECNDI and 2,6-DTPECNDI can be easily self-assenhhihto
and the AIE behaviour to the restriction of intrdewnilar rotation of . . . .
L - micrometre long microstructures in the mixturesfpff,, andf, as
the TPE rotors in either polar or non-polar solsért®These results shown in Fia. 4
demonstrate the dual ability of TPE to induce Al&haviour and wninFg. 4.
behave as an electron-donor with higher fluoreseeoic donor-
acceptor based material in aqueous media. Enhanterok
fluorescence emission and shift is only due to rilification of
cNDI with TPE moieties which transferred the entdssfrom green
to red, we can conclude that both the derivativ@®EcNDI and
2,6-DTPECNDI are typical AIE active molecul¥s.

a) b) —
Ay ] o

= r == 80 e~ 9
2 i Y — 70 Ly roN
= [Jl'," \\\ 60 - : -

‘B ¥ A
g o =500 S s 1 A
= iy N === 40 - I \
= A Y -0 | © ! Y%

2 A 20 34 i ~e

~ '
& !
f R 1He- o @9- @
T T T Ll L T T T T T T
540 580 620 640 680 720 0 10 20 30 40 50 60 70 80 90
Wavelength [ nm] fn(%)

C) o Jn(90%) d) 1 LA
_ J 2 ]:’:(70‘;7) £ (19.19) °
Z Y \ ) 18] =
- i --="CHCl, £, (15.3%) (7%
Z| A ¢ \ === THF 9 Mg \
e e i G ] +J
g ; - = 121 : A N x
£ ! \ & i h /

d + 55 ! b "
/ \ 81 faoosee) ¢ I
/ \ A / o
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1 1 1 1 1 ) 1) 1 T
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Fig. 3 (a) FL spectra of 2-TPEcNDI in THF/water mixturegh differentf,,
values. (b) The changes b and Aem with fy. (c) FL spectra of 2,6-
DTPECNDI in CHC}, THF, CHCWmethanol, CHG/hexane, THF/water |
mixtures with differenf values. (d) The changes & andA.n, with different

fractions f). The inset of (c) shows the photographs of therkéges of 2-

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Fig. 4 (a-l): SEM images of the self-assembled aggredatesed by 2,6-
DTPECNDI and 2-TPEcNDI molecules in different cdratis, respectively.
(a, b, & g, h) in CHGImethanol mixture with a methanol fractiofy, &

70%), (c, d, &1, j) in CHGIhexanef, = 90%) and (e, f & k, 1) in THF/water

mixture with a water fractiorf = 40%), respectively. In all the experimentsTPE  substituted NDI

the concentration of 2,6-DTPEcNDI and 2-TPEcNDIcise10° M.

Typically, SEM images of 2,6-DTPEcNDI in a mixtuief

RSC Advances

maghnification TEM image (Scale bar = 500 nm) andp@~vder X-ray
diffraction patterns.

In summary, we described synthesis of two new mamat di-
derivatives and studied compara
fluorescence behaviors, results clearly demonsthateintroduction
of TPE functionality on to the core of NDI which rdenstrated a
conversion in the fluorescence performance of cNim ACQ to

CHCly/methanol f, = 70%) assembled into fibril structures withfAIE. Our findings also show that the modificatiohtioe cNDI with

lengths of several tens of microns and diameterging from 50—
200 nanometres (Fig. 4a and 4b). A crystalline Iiosl-
microstructures with diameter of 100-300 nm from@}hexane f,

= 90%) was observed (Fig. 4c and 4d). In THF/wétgr= 40%),

2,6-DTPECNDI assembled into belt-like nanostrucungth length
of tens of micrometres (Fig. 4e) and width abou®-200 nm (Fig.
4f). Changing methanol, hexane or water concepfratioes not
affect the morphologies (See Sl Fig. S2-S6).

Conversely, 2-TPEcNDI in CHgmethanol {,, = 70%), self-
assembled into elongated fibrils with several micetres length

one TPE moiety can only partially alter the FL prdfes. Typically,
the mono-TPE substituted NDI (2-TPEcNDI) in dilu@HCl;
solution shows the characteristic FL features wiittreaseddf- =
1.9%). Its aggregates formed in CH@kexane f, = 90%) and the
powder sample emit red fluorescendgn(sois = 679 NMAem aggr=
638 nm,®r = ~9%). The di-TPE substituted NDI (2,6-DTPEcNDI)
in dilute solution has very lowbs = 0.09%, but its aggregates
formed in CHCY/hexane mixturef{ = 90%) and the powder sample
emit efficient red to near infrared FRgnsoia= 717 NMAgm agg=
681 nm, ® = ~18%). Both the derivatives self-assembled into
variety of microstructures in CHgIMeOH and CHGJhexane and

(Fig. 4g, 4h). In CHGIhexane f, = 90%), 2-TPEcNDI assembled, THF/water mixesia solvophobic control such as fibres, needle-like,

crystalline needle-like nanostructures with diametnging from
100-400 nm (Fig. 4i, 4j). Interestingly, elongateittbons with

nano-belts with controlled dimensions. The aronitgtiof the NDI
core along with the crystalline packing of termifd?E moieties

diameter of 200 nm from THF/watefy, (= 40%), is observed (Fig. kh 9ives a unique design. The effect of the linkingdmand number of

and 4l). Form this finding it is clear that bulki€PE induced AIE
effect on cNDI derivatives and does not interfererestacking
between NDI cores rather the crystalline packingesfminal TPE
moieties gives a unique design TPE through fadade-stacking of
the molecules with solvophobic control.

The morphology of the crystals aggregated from Twéfer €,
= 70%) were further investigated by transmissiorectebn
microscopy TEM (Figure 5a, 5b) and the crystaljinitvas
characterized by XRD (Figure 5c). The morphology obtained
crystals is of structure of nanobelts with 100-400n diameter and
5 - 10 um in length, which is consistent with tlesuits from SEM
images (Fig. 4e). Low angle XRD display the stratgsharp

diffraction peaks at around %8 and 44C demonstrate that the

resulted materials are highly crystalline (Figuc®

B

Intens;ity (a.u)

it

25 30 35 40 45 50 55
26 (degree)

Figure 5: TEM and XRD images of the 2,6-DTPEcNDI in THF/wateg_

mixture with a water fractionf{ = 70%), (a) low-magnification TEM
image of an nano-belt structure (Scale bar =urR), (b) high-

4| J. Name., 2012, 00, 1-3

substitutions on the NDI core on the AIE performairt an area of
continuing research for us and will be reportedirordue course.
Nevertheless, these results will provide the wayhi rational and
controlled designs of nanostructures deriving Al@enule and may
allow construction of highly efficient luminescesdlid materials.
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