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Graphical Abstract
Aggregation-induced CPL Response from Chiral
Binaphthyl-based Al E-active Polymers via Supramolecular
Self-assembled Helical Nanowires

Jing Ma," Yuxiang Wang,” Xiaojing Li, T Lan Yang," Yiwu Quan,"* and Yixiang
Cheng'*
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Chemistry for Life Sciences, School of Chemistryd aBhemical Engineering,
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Chiral conjugated polymer enantiomers incorpogatih,1’-binaphythyl and
tetraphenylethene (TPE) can exhibit strong CPLagdue to the formation of the

supramolecular self-assembled helical nanowirésaraggregate.
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In this paper chiral polymeR-P could be synthesized by click polymerization remactof
(R)-3,3'-diethynyl-2,2’-bis(octyloxy)-1,1’-binaphthahe R-M-1) and
1,2-bis(4-azidophenyl)-1,2-diphenylethemé-g), andS-P was obtained by click polymerization
reaction of §-3,3-diethynyl-2,2’-bis(octyloxy)-1,1’-binaphthahe G&M-1) and M-2,
respectively. R-/S-P enantiomers can show strong aggregation-inducecularly polarized
luminescence (AICPL) emission signals in the aggiegnd cast-spin film, and the dissymmetry

factors (Jum) can be up to 6.97 x POand 1.45 x 18, respectively. The SEM images further



demonstrate that AICPL response behavioRdE-P can be attributed to the formation of the
supramolecular self-assembled helical nanowirésegraggregation state at 90% of the fraction of

water ).

I ntroduction:

In the past decades, more and more efforts have deeoted to the chiral conjugated polymers
since the polymer chain backbone with the deloablzn-electronic structures and molecular
wire features can greatly amplify the fluorescemesponse signals through facile energy
migration along the polymer backbone upon the Ii@kttitationé.” Currently, chiral conjugated
polymers have attracted increasing attentions eir tptical functiond’ especially circularly
polarized luminescence (CPL) materials, which candgarded as the selective emission of left-
and right-handed polarized light. Normally, chifehture signals (CD, CPL, and so on) can be
effectively amplifiedvia the synergic effect between the conjugated polyimaekbone structure
and chiral moietﬁ] Considering the potentially significant applicatiof CPL materials, such as
biomedical diagnosié cell imaging” and catalysts for asymmetric photochemical syiies
developing novel chiral conjugated polymers is r&fag importance.

In 2001 aggregation-induced emission (AIE) wastlfirproposed by Tang, illustrating the
phenomenon that almost no luminescence can bewelolsén solution, but stronger emission
happened in aggregate or solid sfﬁteRecentIy, there have been more and more reports on
AlE-active functional materials for chemosensois)dyical imaging® fluorescent prod8 and
OLED deviced!” Tang's group first reported a small molecule dairig an AlE-active silole

core and chiral sugar pendants, which exhibitechtggg, value up to -0.12 and -0.08 in



heterogeneous suspension and neat static caéflfimecently, Liu's group also found a general
approach for fabricating 1D aggregation-induced CKAICPL) nanoassemblies of
1,3,5-benzenetricarbonyl-based L-glutamate diedster and styrylbenzene derivatives, which
successfully encapsulated guest achiral AIE dyesthe chiral spac@z.] Although Tang's group
reported some AICPL materials based on chiral Adiva small molecules, so far there have
been very few works on AlE-active chiral conjugapadymers as AICPL material’

Chiral 1,1'-binaphthol BINOL) have been widely used as the starting matemalthe synthesis
of chiral conjugated polymers with main chain chicanfiguration. These binaphthyl-based
polymers can exhibit efficient and stable chirahfogguration as well as high chiral induction,
which represents a new generation of materialsaggmmetric catalyéi’é] and enantioselective
recognition[.lsl Besides, click reactions, represented by the a¢Pmmtalyzed azide-alkyne
cycloaddition (CUAAC), have been successfully empptbto design various functional materials
due to their feasibility, selectivity, and high-ljdéle] especially involving in the fabrication of
biological material” and chiral material® Our group first synthesized chiral conjugated
polybinaphthylsvia click polymerization reaction, this kind of polymsecontaining a triazole
moiety in the polymer main chain backbone couldwshigh sensitivity and selectivity for H
recognition[.lgl Recently our group developed tunable green AICRitenrls of three-component
chiral binaphthyl-based conjugated polymeia FRET mechanism from fluorene moiety to
AlE-active TPE chromophor{é%a] To our best knowledge, so far there has been portre@n
AICPL material based on AlE-active chiral conjugbpmlymersvia click polymerization reaction.
Herein, we designed and synthesized the novel Atk chiral binaphthyl-based polymer

enantiomerdR-/S-P by using click polymerization reaction, and stradhlg¢PL response behavior



can be attributed to the formation of the supracube self-assembled helical nanowires in the
aggregation state. We believe that these AlE-actiwal conjugated polymers will be regarded as
one of the most promising candidate materials 8L €@mitters on optical sensor, 3D display and
other photoelectric functional applications.

Results and discussions

The detailed synthesis procedures of polyniR#S-P are outlined in Scheme 1. Two chiral
monomers, R- or S)-3,3-diethynyl-2,2’-bis(octyloxy)-1,1'-binaphthahe R-M-1 or SM-1) and
AlE-active monomer, 1,2-bis(4-azidophenyl)-1,2-dipiilethene N1-2), could be synthesized
according to the reported literatuf&s. Chiral polymerR-P could be synthesized by click
polymerization reaction (specifically Azide-Alkyméuisgen Cycloaddition) dR-M-1 andM-2 in
about 76% vyield, and chiral polym&P was obtained by click polymerization reactionSef1 -1
and M-2 in about 80% vyield. The thermal stability BFP is evaluated by thermogravimetric
analysis (TGA). It loses 5% of its original weighthen it is heated to a temperature of about330
(Tg), which indicates better thermal stability. In @mh, the resulting polymers have moderate
yields and molecular weight®{P: M, =9240, PDI = 1.435-P: M, =8227, PDI = 1.41). In thi
NMR spectrum oR-/S-P, the peaks at 3.31 ppm from the acetylene praeanmance completely
disappear, which can also demonstrate the effectigk polymerization reaction between chiral
monomerM-1 andM-2. The target product can also show excellent slilylm common solvents,
such as THF, CkCl,, CHCE, which can be due to the flexibfeoctyl group substituents from

binaphthyl moiety.
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Scheme 1. Synthesis procedures $iM-1, R-M-1, M-2, R-P and S-P.
In this paper, we first investigated their W& absorption and fluorescent emission spectra in
THF and THF-HO mixed solvents at a fixed concentration (5.0 X i@l L™ corresponding to
binaphthyl moiety), respectively. As shown in Figur, R-/S-P have two absorption bands at 255
nm and 298 nm, which can be regarded asthetransition of binaphthyl moiety. The maximum
UV-vis absorption,x wide band centered at around 345 nm can be assignie conjugated
polymer backbones. Furthermore, Wig-absorption spectra were carried out by changirg th
different water fractionfg) in THF-H,O mixtures. Asf,, increases to 80%, obvious red shift
(about 8 nm) can be observed relative to the abisarpand in pure THF solution. The relative
intensity of absorption peaks doesn’t show obviolmange until poor solvent water fractifn
increases up to 90%. But as the further increaseabér, the whole UWis absorption shows
great decrease &f = 95% and 99%, which may be attributed to the neabat the polymer

aggregate nanoparicles tend to form the precipataiti high water fraction.



As is evident from Figure 2, we found thR¥/S-P in THF solution show weak fluorescence
emission centered at 435 nm with 1.3% of quantwtdylUpon the addition of water, AlE-active
R-/S-P can emit the gradual enhancement fluorescencalsigth 60 nm red-shift to 495 nm and
reach the strongest emission intensip £12.3%) atf, = 80%, which can be assigned to the
effectiven-n* congugated effect in the aggregate state. As shovthe insert of Figure 2, bright
blue-green color can be clearly observed under ranwrcially available UV lamp. But like
UV-vis absorption, the fluorescence signals appear obvitacrease as the further increase of

water aff,, = 90%, 95% and 99%.
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Figure 1. UV-vis absorption spectra d&?-/S-P in THF-water mixtures at a fixed concentration
(5.0 x 10° mol L™, scanning rate: 200 nm/min, cell length: 10 mm).
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Figure 2. Fluorescence emission spectrd&efS-P in THF-water mixtures at a fixed concentration
(5.0 x 10° mol L}, Aex = 350 nm, bandwidth for emission: 5 nm, bandwidihexcitation: 5 nm,
scanning rate: 200 nm/min, cell length: 10 mm).etnsPlot of (I/b) values versus the
compositions of the aqueous mixtures.

The CD spectra dR-/S-P were performed in THF solution (5.0 x1fnol L™) and exhibits clear
mirror image CD bands (Figure 3). According to theorted literature, the chiral BINOL can
exhibit three characteristic CD signals, one wedkerd at around 300 nm and two stronger bands
at about 225 nm and 240 fH. TakenS-P as an example, the CD spectra display three obviou
peaks at 250 nm, 267 nm and 342 nm. Among theonginegative Cotton effects at 250 nm and
positive Cotton effects at 267nm can be assignedhw feature skeleton absorption of
(9-binaphthyl moiety in the main chain of the polymehile the long wavelength CD effect
appears at 342 nm, which can be regarded as thaded conjugated structure in the repeating
unit and a high rigidity of polymer backbone. ThHesarption dissymmetry factog4,9, which
defined asyaps = 2€L-¢r) /(eL+er) =Acle, can reach as high as 5.78 x*¥6r S-P and -6.25 x 10

for R-P, respectively. To further investigate the CD speut change feature d®-/S-P in the
aggregate state, we found that the intensity of S&jdal gradually declines as the increase of

water fraction over 40%, which may be due to theceotration decrease of the dispersed polymer



chains in THF-HO mixed system.
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Figure 3. CD spectra of (aR-P and (b)S-P in THF and THF-water mixtures at a fixed
concentration (5.0 x 10mol L™}, scanning rate: 200 nm/min, cell length: 1 mm)

The AlE-active conjugated polymeRs/S-P can display strong aggregation-induced fluoreseenc
enhancement responses in the aggregate state, Wisphes us to further investigate their
aggregation-induced CPL behaviour. Seen as a fueit@iparameter of CPL, the luminescence
dissymmetry factorgum) value can be evaluated by using the equatign= 2(.-1r)/(I_.+IRr),
wherel, andlg are the emission intensities of left and rightudlarly polarized luminescence,

respectively. As is evident from Figure 4, almost@PL emission signal can be detected in THF



solution becausdR-/S-P are nearly non-luminescent. Howevét;/S-P appear obvious CPL
response signabm = -1.87 x 10 for R-P, +4.12 x 10 for S-P) atf, = 40%, indicating the
gradual intramolecular chirality transfera the conjugated polymer chain backbone structure.
Meanwhile, it can be found that the aggregationtaetl CPL of polymer&-/S-P can exhibit
good mirror—image, and the emission peak situatd®@nm-500 nm can also coincide well with
their fluorescence spectra in the aggregate sidie. AICPL signals can reach the strongest
emission §um = -5.64 x 10 for R-P, +6.97 x 1C for S-P) atf, = 90%, but tend to decrease
(Figure S10) while the further addition of water9@% @um = -4.12 x 10 for R-P, +4.26 x 10

for S-P) due to the precipitate formation at highHfraction. We infer that the AlE-actiR-/S-P

can form the regular and orderly self-assembly paricles in the aggregate state leading to

AICPL emission enlargement effett!
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Figure 4. CPL spectra oR-/S-P in THF and THF-water mixtures at a fixed concetitra (5.0 x
10° mol L™, Aex = 350 nm, bandwidth for emission: 300, bandwidth for excitation: 30Qdm,
scanning rate: 200 nm/min, cell length: 10 mm).

To well understand the AICPL response enhancemeshamism of the polymeR-/S-P in the
aggregation, we further investigated the morphasgof aggregates in different THR®

mixtures by using scanning electron microscopy ($HEMasurements. In the supramolecular



self-assemble process, we found that the surfaciepof free polymer chain forms regularly
sphere nanopatrticles ft= 40% (Figure 5a). As the further increase of wéigction up tof,, =
80%, the sphere aggregates &P gradually transform as left-handed helical nanegia
supramolecular self-assembly as shown in Figure I&kerestingly, these supramolecular
self-assembled helical nanowires appear more whisamowires (Figure 5c¢) & = 90% and even
intertwine with each other (Figure 5d) fat= 95%. As is evident from Figure S15, the helical
nanofibers further coiled in the end to form selgragular rings as the increase of water fraction
up to 99%. We can draw the conclusion that obvidasrease of UWis absorption, CD,
fluorescence and AICPL emission signals can béatéd to the precipitate formation at high
poor solvent fraction. As shown in Figure S12, \g® @bserved thdk-P self-assembled the same
left-handed helical nanowires 8 in the THF-HO mixtures. No expected handedness inversion
indicates that the driving force for the formatiohhelical nanowires are not only from ther
interactions influenced by binaphthyl chirality,tbaiso from the cooperate effects of multiple

intermolecular hydrogen bonding (N-#, C-H"O, C-HN) and steric effecté?

Figure5. SEM images o&-P at (a) 40, (b) 80, (c) 90, (d) 95 vol%aX

Considering that practical applications in emittidgvices usually demand a solid state active



layer, we explored CPL emission of polym&#S-P in the cast-spin film. As shown in Figure 6,
R-/S-P in the cast-film can exhibit stronger CPL respotis in the solution at around 490 nm.
Compared with the maximum response in solutiongthevalues ofS-P andR-P in the cast-spin
film are 1.45 x 18 and 0.82 x 16, amplified up to 2.08 times and 1.45 times respelst
Taking note of the fact that stronger interactions between polymers will be createchagolid
state in contrast to in the solution system, wepesp that the amplification effect in the cast-spin

film is caused by the more highly ordered aggredjataicture$-*2324
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Figure 6. CPL spectra oR-/S-P in the cast-spin filmlgx = 350 nm, bandwidth for emission:
3000um, bandwidth for excitation: 30Qdm, scanning rate: 200 nm/min).

Conclusions

In summary, we have designed and synthesized aop@itE-active chiral conjugated polymers
enantiomersia click reaction. The CD and CPL spectra revealdffiective chiral transfer from

chiral binaphthal moieties to AlE-active TPE chrgrhore via conjugated chain backbone
structure. The dissymmetry factgi, can reach as high as 6.97 x*18nd 1.45 x 18 in the

aggregate and cast-spin film, respectively. The SBkbes show that chiral conjugated polymers



R-/IS-P can self-assemble as helical nanowires leadinghéo AICPL response behavior at
particular THF-HO mixtures.

Experimental Section

Measurements and materials.

All the solvents and reagents were commerciallyilabke and analytical grade. THF andsMEt
were distilled from sodium in the presence of b@memone. NMR spectra were obtained by
using Bruker AVANCE I11-400 spectrometer with 400Hd for *H NMR and 100 MHz for*C
NMR, and the chemical shifts are reported as gmtsmillion (ppm) relative to tetramethylsilane
(TMS) as internal standard. Circular dichroism (Cdpectra were recorded on a JASG810
spectropolarimeter, and the length of the samplt was 0.1 cm. Circularly polarized
luminescence (CPL) spectra were recorded with aCIAEPL-300 spectrofluoropolarimeter. In
the CPL measurements, the excitation wavelength 388 nm, scan speed was 200 nm/min,
number of scans was 1, and slit width was 300 The magnitude of circular polarization in the
excited state is defined ggm = 2(.-1r)/(IL*+Ir), wherel_ andlg indicate the output signals for left
and right circularly polarized light, respectivelyxperimentally, the value dum is defined as
Oum = A/l = [ellipticity/(32980/In10)})/(unpolarized PL intsity) at the CPL extremum.
Molecular weight was determined by gel permeatibromatography (GPC) with a Waters 244
HPLC pump, and THF was used as solvent relativpdiystyrene standards. Dynamic light
scattering (DLS) measurement was performed on du8Qparticle size analyzer (Brookhaven
Instruments Co.). Thermogravimetric analyses (T@Aj)e obtained from a Perkin-Elmer Pyris-1
instrument under Natmosphere.

Synthesis of 3,3'-diethynyl-2,2’-bis(octyloxy)-1,1'-binaphthalen(M-1).



MonomerM-1 was synthesized according to the reported litegatd mixture of compoun@
(2.00 g, 2.62 mmol), ethynyltrimethylsilane (1.281¢.08 mmol), Pd(PBRCI, (183.61 mg, 10%
mmol), Cul (49.82 mg, 10% mmol) were added to 10E8N under N atmosphere. The reaction
was stirred at 80 °C for 24 h. After cooling to mtemperature, the reaction mixture was filtrated
through a short silica gel column. The solvent weamoved to afford crude intermediate product.
KoCO; (3.91 g, 28.29 mmol) were added into the mixedesus of 10 ml CKCIl, and 10 ml
CH3OH and the previous intermediate product was aditlee.reaction was stirred overnight and
extracted with ChKCl,, washed with brine and dried over anhydrougsS@a. Then the solvent was
removed, the crude product was purified by columromatography (petroleum ether) to afford
0.85 g as a white solid in 58% yieftH NMR (400 MHz, CDCJ): & 8.16 (s, 2H), 7.83 (d] = 8.2
Hz, 2H), 7.39 (mJ = 8.2, 7.1, 1.2 Hz, 2H), 7.26 (@x7.1, 1.2 Hz, 2H), 7.14 (d,= 8.2 Hz, 2H),
4.00 (m,J = 8.7, 6.3 Hz, 2H), 3.70 (nd, = 8.7, 6.3 Hz, 2H), 3.31 (s, 2H), 1.36 — 1.15 8H),
1.15 — 1.04 (m, 4H), 1.04 — 0.95 (m, 4H), 0.95 74Q(m, 12H), 0.71 — 0.56 (m, 2HYC NMR
(100 MHz, CDC}): & 155.61, 135.11, 134.31, 130.06, 127.84, 127.46,022 125.43, 125.30,
116.73, 81.27, 80.98, 77.48, 77.16, 76.84, 73.8453 30.08, 29.27, 29.18, 25.55, 22.83, 14.29.
Synthesis of 1,2-bis(4-azidophenyl)-1,2-diphenylethene (M-2)

In a 100 mL three necked round bottom flask weeegd 5.7 mL of distilled water and sodium
tetrafluoroborate (1.35 g, 12.5 mmol). The mixtwas stirred until all solid was dissolved, and
then 5.7 mL of conc hydrochloric acid was addece sk was placed in a -20 °C cold bath and
the solution was kept stirring. In a separate fleshtaining 9.4 mL of distilled water were placed
compound3 (1.67 g, 4.61 mmol) and sodium nitrite (0.69 g,0POmmol) (minimal heating was

used to dissolve solids). The solution of compo@Bndlas added dropwise to the reaction flask



with stirring. The temperature was kept at -20 6CG15 °C during the addition. The mixture was
stirred for an additional 30 min. The precipitatasacollected by filtration, washed with water
followed by ethyl ether, and air dried to give brosolid which was used in next step. In a 200 ml
round bottom flask were placed 38.5 ml of distillgdter and sodium azide (0.47 g, 7.23 mmol).
The flask was kept in an ice bath and the previmos/n solid was added. The solution was kept
stirring for 30 min and precipitations appearedtloe bottom of the flask, which were collected
through filtering to afford crude produd¥1¢2) for further purification. The crude product cam b
dissolved in ether and filtered. After the filtrateas evaporated, the residue was purified by
column chromatography to give 1.03 g as a yellolidso 54% yield.'"H NMR (400 MHz,
CDCly): § 7.18-7.11 (m, 6H), 7.05-6.94 (m, 8H), 6.81-6.70 4i). *C NMR (100 MHz, CDGJ):

5 143.44, 140.55, 140.33, 138.19, 132.86, 131.42,082 126.93, 118.50.

Synthesis of polymer R/S-P:

M-1 (114.82 mg, 0.21 mmolM-2 (85.17 mg, 0.21 mmol), Na Ascorbate (16.28 mgma%o),
CuSQ5H,0 (10.26 mg, 20 mol%) were added into the mixedesudk of 6 ml THF and 6 ml .
The solution was stirred at 45 °C for 4 days uriderThe solvents were removed under reduced
pressure and the residue was extracted with @KECk 50 mL). The organic layer was washed
with an aqueous NJDH solution, water and then dried over anhydrougSa After the solution
was removed, the resulting polymer was precipitaténl methanol, and then filtered and washed
with methanol several times. The dark yellow polysnerere collected and dried in vacuum to
give R-P of 152.0 mg in 76% vyield ang-P of 160.3 mg in 80% vyield[a]3° of R-P and S-P
(THF, 1.0 g/1000 ml) are -282.0 and +328.0, respelgt GPC ofR-P: M,, = 13200, M =9240,

PDI = 1.43, GPC 0§-P: M, = 11600, M =8227, PDI = 1.41; Degradation temperatur45-P:



Ty = 330 °C;*H NMR (400 MHz, CDC)): § 8.87 (d,J = 19.2 Hz, 2H), 8.51 (dl = 15.2 Hz, 2H),
7.95 (d,J = 7.8 Hz, 2H), 7.51 ({ = 13.7 Hz, 2H), 7.35 (dl = 6.9 Hz, 2H), 7.25 — 6.90 (m, 18H),
3.52 (s, 2H), 3.15 (s, 2H), 1.24 — 0.91 (m, 10H820(m,J = 18.8, 6.9 Hz, 4H), 0.77 — 0.50 (m,
16H), 0.38 (s, 2H).

Spin coating of thin polymer films:

Two films of SP andR-P samples on ITO-coated glass substrate couldrégared by using
spin-coating method. The corresponding chiral pelytayer is spin-coated from a 10 mg/ml
solution in DMF on ITO-coated glass substrate. $pe speed was gradually increased to 1500
r/min and the spin lasted for about one minute.
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Highlights

Two chiral conjugated polymer enantiom&< andS-P were designed and synthesizéa
click polymerization.

The resulting polymers exhibit obvious AIE behavior

These two polymers can exhibit CPL emission sigimathe aggregates and cast-spin films,
and the highesj,m value can be up to 6.97 x'i@nd 1.45 x 186, respectively.



