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Abstract: Solventchirality transferof (S)-/(R)-limonenesallows the instantgenerationof

optically active PF8P2 aggregateswith distinct circular dichroism (CD)/circularly
polarized luminescencgCPL) amplitudeswith a high quantumyield of 16/ 20%. The
presentpaperalsoreportssubtlemirror-symmetrybreakingeffectsin CD-/CPL-amplitude
andsign, CD/UV-vis spectralwavelengthsand photodynamic®f the aggregatesthough
thereasondor the anomalyareunsolved However,thesephotophysicapropertiesdepend
on (i) the chemicalnaturesof chiral andachiralmoleculeswhenusedin solventquantity,
(i) clockwise and counterclockwisestirring operationsand (iii) the order of addition of

limoneneandmethanolo the chloroformsolution

Keywords: limonene; mirror symmetry breaking; polymer; chirality; optically active;
circulardichroism;circularly polarizeduminescenceyortex; parity violation; homochirality

1. Introduction

Mirror-symmetrybreaking(MSB) haslong attractedscientistdrom diversedisciplineg1i 8]. Sofar,
severalscenariodor efficient MSB have beendemonstratedsuchas Frankés bifurcationtype MSB
crystallizationsandaggregatiomnderseededspontaneoysandstochasticesonanceonditiong[91 17],
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autocatalyti@asymmetricatalysigeactiong8,18,19],subjectiorto anintensestaticmagnetidield with
unpolarizedlight [20], vortex flow in a fluidic medium[21i 25], spin-polarizedelectronbeam[26],
circularly polarizedlight irradiation[271 33], molecularchirality transferto aggregtionandfilm states
atliquid-liquid, liquid crystallinegasandgassolid interfaceqd34i 46], mechanochemicdibrce[47,48],
and parity-violating weak nuclearforce mediatedby Z° boson[49i 71]. Among theseasymmetric
synthesessolvent chirality transferoperatingin the liquid phaseallows the instant generationof
optically active speciesn anisotropicsolutionandasaggregates a heterogeneousolutionwithout
catalystsatroomtemperaturevhenappropriateptically inactiveand/orachiralsubstancearechoser{72].

Early researcton solventchirality transferfocusedon severalmoleculesand polymersin isotropic
solutions.Masonetal. reportedhefirst inducedcirculardichroism(ICD) spectrumat d-d transitionsof
[Co(NH3)6](ClO4)3 by coordinatingwith diethyk(+)-tartratein aqueoussolution[73]. Bosnichwasthe
first to find ICD effectsat n-pg* transitionsof aromaticketonesincluding benzilandbenzophenona
(§9-2,3butanediol [74]. Hayward et al. studied the ICD effects of aliphatic ketonesin chiral
tetrahydrofuranol$75]. Noacksuggestedhe existenceof a molecularcomplexwith a 1:1 molarratio
betweenketonesand I-menthol [76]. Greenet al. observedemergingoptically active poly(n-hexyl
isocyanatePHIC) with a preferredhandedhelix in nonracemicchlorinatedsolvents[77]. Yashima
et al. reportedgeneratingoptically active cis-polyphenylacetyleneonveyingcarboxyl groupsdueto
hydrogenbondinginteractionswith chiral aminesin dimethyl sulfoxide[36,37,78]. Achiral CD-silent
zinc bis-porphyringaverise to CD-active 1:1 hostguestcomplexationwith chiral aminesand chiral
alcohols [79,80] Viscous liquid crystalline media are also able to serve as chiral influencesto
efficiently generateoptically active helical p-conjugatedpolymers[35,81] We demonstratefor the
first time, the productionof enhancedCD-amplitudeaggregatedsrom an achiral polysilanebearing
n-propoxyphenylgroup when chiral alcohols,thoughvery expensive are usedas solvents[38]. The
polysilaneadoptsa CD-silenthelicalconformatiorwith anequalprobability of left- andright-helicesin
thealcoholicmediathatrelieson adoublewell potentialenergysurfacelike aromatic/aliphaticketones
andPHIC. A possiblepathwayfor this ICD is assumedo be chiral OH/O interactiong38]. In recent
years, inexpensiveenantiopairs of volatile terpeneswithout chemical modification, including
limonene, pinene,and carvone,haverecaved increasingattentionas candidategor inducing optical
activity in polymers[39,41 46] andsupramoleculep!0,82 85|.

Early limonene chirality transfer experimentswere applied to well-designedhost molecules,
including carix[4]resorcareng82] ard dimericporphyrin[83]. Alternatively,avaporof chirallimonene
and carvone,followed by a thermalannealingprocess permitsthe induction of optical activity into
syndiotactigolystyrendilm, whichis provenby ICD bandsn theUV regionandvibrationalCD bands
in the mid-IR region[39,84]. Limonenechirality transferis possibleto producehelical nanofiberand
optically active supramoleculaassembliegluring gelationof perylenebisimide bearingachirallong
alkoxybenzoylamid¢85]. The uniquenes®f our limonenesolventchirality transferis the designof a
cocktail, consistingof limoneneandboth poorandgoodachiralsolventsthatallowsfor the successful
emergencef severalp-conjugatedolymers(Figure 1) and s-conjugatedpolymersasoptically active
polymerparticlesin a fluid solutionwith & 1 0 Ge¥overyyield [38,41i 46]. Theseaggregateprovide
exceptionallyintenseCD and/or circularly polarizedluminescencgCPL) amplitudesin the UV-vis
region,while thehighphotoluminescencdL) quantunefficiency(Fp.) of theaggregates maintained
closeto that of the correspondingCD-/CPL-silent polymersdissolvedin a homaeneoussolution.



Molecules2013 18 7037

Althoughthesdimonenechirality experimentaftesultsarereproduciblethescopeandlimitationsalong
with a plausibleexplanatiorfrom a mechanistioviewpointremainanopenquestion.

Figure 1. Chemicalstructureof three p-conjugatedpolymers(PF8P2 PF8T2 [41], and
PF8[42]) andchiral solvents(limoneneand a-pinere) and goodandpoorachiralsolvents.
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To addresghesequestionsherewe focus on poly[(9,9-di-n-octylfluorenyt2,7-diyl)-alt-biphenyl]
(PF8P2), asimplesolubleanalogof poly-p-phenylenen the polyfluorenefamily [41i 44]. The present
paperreportsthe following MSB mechanisms(i) through non-covalentintermolecularforces, the
CD-/CPL-active PF8P2 aggregatds instantly generatedn a chiral tersolventsystemconsistingof
chloroform(a goodsolvent),alkanols(poor solvents)andlimonene(a chiral solvent);(ii) thechemical
structureof alkanolsand enantiopurityof limonene greatly affect the magnitudeand sign of the
CD-/CPL-signal amplitude; (iii) clockwise (CW) and counterclockwise(CCW) stirring during the
preparatiorof aggregatesonsiderablyaffectsthe CD magnitudesy a factor of two; (iv) the stirring
speedgreatly affects the CD amplitude and sign; and (v) the order of addition of limonene and
methanoto the chloroformsolutionof PF8P2greatlyaffectsthe magnitudeandsignof the CD amplitude

2. Resultsand Discussion

In recentyears,the generationof aggregatiorinducedCD, optical rotation (OR), optical rotation
dispersion(ORD) and CPL signalsthroughthe help of chiral substituentsadditivesand solventshas
generateanuchinterestamongmolecular materialsandpolymersdentists[33,34,38,4144,46,85,86
Thesechiropticalenhancementsriginatefrom so-calledexciton coupling[79,87 betweenthe nearest
neighbordueto dipole-allowedtransitionsand,in somecasesgdipole-forbiddentransitions.
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2.1.UV-Vis, PL andCD Spectraof PF8P2HomogeneouslPissolvedn Dilute Solutionsat
RoomTemperature

The UV-vis and PL spectralcharcterisics (/ max molar absorptivity (9, and /\,n) of PF8P2in
chloroform are blue-shifted by 30 nm comparedto thoseof poly[(9,9-di-n-octylfluorenyt2,7-diyl)
(PF8). Either PF8P20r PF8 is in commonp-conjugatedaromaticpolymerswithout any heteroatoms
in the main-chainand side chains.PF8P2absorbswith / yax at 363nm andemitswith /,, at408 nm
with arelativelylargeStoke$shift of 2920cm *, while PF8(1.0x 10 > mol L") has/ maxat386nmand
/\um at417 nmwith a smallerStoke$shift of 1640cm *. The / max of PE8P2is greatlyblue-shiftedby
1570cm ! (23 nm) comparedo thatof PF8. TheseUV-vis andPL characteristicareinherentlydueto
partial loss of the main-chain coplanarity of PF8P2 comparedto that of PF8 (seeFigure 1); the
free-rotationability alongnumbersof biphenylring axesis particularlycrucial.

Figure 2a showsthe UV-vis (1.0x 10 ®> mol L") andPL spectrgexcitedat360nm,1.0x 10 " mol L")
of PF8P2in chloroformat25 €, andfor comparisonthenormalizedJV-vis andPL spectraof PF8in
chloroform.Figure 2b showsthe UV-vis (1.0 x 10 > mol L'%) andCD spectra(1.0 x 10 °> mol L") of
PF8P2in chloroform/®)-limonene(0.3/2.7(v/v)) at25C.

Figure 2. (a) TheUV-vis absorptior(1.0x 10 ° mol L") andPL spectrgexcitedat360nm,
1.0x 10 “mol L") of PF8P2in chloroform(redsolid anddottedlines),andfor comparison,
normalizedUV-vis (ca.2 x 10° mol L'Y) and PL (excitedat 360 nm, 1 x 10" mol L'}
spectraof PF8in chloroform(blue solid anddottedlines). (b) The CD andUV-vis spectra
(1.0 x 10°° mol L") of PF8P2in chloroform/R)-limonene(0.3/2.7(v/v)) at25 € . (c) PL
image(excitedat 365nm) of PF8P2aggregateproducedn chloroform/limonene/methanol
(0.3/1.1/1.v/vIv)). Scalebar: 100 /m. (d) Thered-shiftedUV-vis spectraof PF8P2dueto
aggregationn chlorofom/(R)-limonene/methnd (0.3/1.1/1.6V/vIv)).
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FromFigure2b, the / max0f 366 nm of PF8P2in chloroform/R)-limoneneis weaklyred-shiftedby 3
nm dueto the subtleeffectof thelesspolarlimonene.lt is worth notingthatneitherPF8P2nor PF8 in
homogeneouslyissolved chloroform exhibits detectableCotton CD effectsin the region of -p *
transitionsdueto the lack of efficient chiral chemicalinfluenceregardles®f the 90% (R)-limonenein
the (R)-limonene/chloroformcosolvent. Thesespectroscopigropertiesfeaturea free-rotation ability
betweertwo phenylrings of a biphenyllinkageandbetweerthe fluoreneandbiphenylrings of PF8P2
(seeFigure 1), leadingto a partial loss of p-conjugationregardlessof the presenceof a significant
amountof limonene.

Figure 2c shows the fluorexence optical microscopyimage of PF8P2 aggregatesmade by
chloroform/R)-limonene/methand0.3/1.1/1.6v/v/v)] underCW 800rpm stirring. Theaggregateize
is typically 10i 50 ¢ mFor the PF8P2aggregatesn an aggregatiomprocessusing chiral tersolvents,
thesedynamic twisting abilities lead to a great susceptibilityto subtle differencesin the chemical
structuref thechiralandachiralsolvents Eventhe mechanicastirring conditionswith amagnetidoar
within a quartzcuvetteincludingstir directionandstir speeccanhaveaneffect,asshownin latersections.

Figure 2d showsthe UV-vis spectroscopi@videnceof J-aggregatior{41i 44,87,8% and extended
coplanarityof PF8P2 during aggregatiorusing chloroform/limonene/methangD.3/1.1/1.6(v/vIv)].
Evidently, the apparat p-p “absorptionedgeis red-shiftedby 1380cm * (14 nm) dueto aggregation.
The J-type, extendedcoplanarp-conjugdion of the PF8P2 main-chain might be responsibl€or the
relativelyhigh G valuesevenin aggregatedtructuresasdemonstrateth latersections.

2.2.UV-Vis, Photoluminescenda@L) and CD Spectraof PF8P2 Aggregatesn Fluidic Solvents

Figure 3a showsthe CD and UV-vis spectrg1.0 x 10 ° mol L") of the PF8P2aggregategenerated
in chloroform/methanok 0.3/2.7(v/v) at 25 € underCW stirring at 800 rpm. The PF8P2aggregate
/ maxat369nmis red-shiftedby 6 nm comparedo thatin isotropicchloroformsolution,thoughthereare
no detectableCD signalsdueto the absencef chiral chemicalinfluence.The red shift is assumedo
originate from the J-type aggregationof chromophoreghat enablethe maintenanceof highly PL
properties.This effect might be causedoy the inhibition of non-emissivefaceto-face p-p stacksand
emissiveslippedpp stackdueto theintramoleculaiCH/pinteractionof 9,9-dialkylfluorenederivatives
reportedrecently[89].

Figure 3b showsthe CD and UV-vis spectrg1.0x 10 ®> mol L") of the PF8P2aggregateenerated
in chlordorm/limonene/methanck 0.3/1.1/1.6(v/v/v) at 25 € under the 800 rpm-CW stirring
operation.The relativefraction of tersolventss optimizedprior to a seriesof terpenechirality transfer
experiments,as disaus®ed in a later section. The PF8P2 aggregateexhibits intense apparent
bisignatetype CottonCD signals(/ x¢ @ 411anda 320nm), andthesebandscrossoverat368nm. The
411-nm CD bandis consistentwith the UV-vis band Jax at 411 nm, but the 320-nm CD bandis not
consistentvith the correspondindJV band.Limonenedoesnot showchiropticalinversioneffects[45].
The 411-nm CD bandoriginatesfrom mainchainparalleldipole-allowed p-p transitionmomentswhile
the 320-nm CD bandmayarisefrom main-chainperpendiculadipole-forbiddenp-p transitiacx moments.
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Figure 3. TheCD andUV-vis spectraof PF8P2in (a) chloroform/methaal = 0.3/2.7(v/v),
(b) chloroform/R)- and (S)-limonene/methanot 0.3/1.1/1.6(v/v/v), (c) chloroform/ (R)-
and (9- limonene/ethanok 0.3/1.1/1.6(v/vlv), (d) chloroform/R)- and (S)-limonend
isopropanol= 0.3/1.1/1.6 (v/vlv), (e) chloroform/(IR)- and (19-a-pinere/methanol=
0.3/1.1/1.VvIvIv), (f) tetrahydrofurank)- and(S)-limonene/methanct 0.3/1.1/1.6V/VIv).
[PF8PJ=1.0x 10 ° molL'* andmeasuremen@reemployecat25€. Stirringconditiors:
CW stirring operationat 800 rpm.

I . I . 25

n 1 n
(b)
2.0
gen(S) = +5.56x10™° at 411 nm
geo(R) =—-6.35x10° at 411 nm  -1.5
N L1.0
-5Of UV-vis _ L 05
] I—V — (R)-limonene

— (S)-limonene

2 " ! " ! " ! " ! " 2.0 100 n 1

1 o @

3]
o =}
PP TP
(e}
w]

Absorbance
Absorbance

Ellipticity / mdeg
Ellipticity / mdeg

0.0

7 ™ T ™ T T T e ™
-4 T 1 T T T T T T 0.0 300 400 500 600 700 800
300 400 500 600 700 800 Wavelength/nm
Wavelength/nm
10 s | s | n 1 n 1 n 1.0 1.0
CD<_| (©)
_ i 4
> 54 gco(S) = 6.6x10 o
@ I ext=390 nm ) o
£ 8 E g
E gon(R) =~ 0 G < 05 &
> 04 il 05 2 2 S g
£ - S S ?
= a8 (S 3
= , = <
= UV-vis < ]
(i) -5 t \ — (R)-limonene
— (R)-(+)-limonene —— (S)-limonene
— (S)-(-)-limonene
-4 4 — e —4 100
-10 . : — : : : T T 0.0 300 400 500 600 700 800
300 400 500 600 700 800 Wavelength/nm
Wavelength/nm
104w v v 1w e e e L e e e 120
f
| M geo(S) = +4.5x10' ¢ ®
i\ lex=394nm
o > A 15
3 g - 0 b B Hvop il g
1S I S ’,// H c
-~ g > i 108
> _ : -g %‘ i/ geo(R) =i6.9x10' * -5
8 } I @ 2 CD INY Iex=399 nm 2
2 - f(? 2 -10 2
ﬁ r w — (R)-limonene 0.5
3 — (1R)-a-pinene B — (S)-limonene
/x ——(1S)-a-pinene | 2 UVvis 00
4 ' ‘ —_— ‘ ' ‘ ' 00 P e e
300 400 500 600 700 800

Wavelength/nm Wavelength/nm

The PF8P2 aggregat hasa / max at 411 nm, which is greatly red-shifted by 2770cm'* (42 nm)
comparedo thatin thelimonenefreeaggregates thechloroformrmethanotosolventsTheredshiftis
thoughtto bea consequencef increasingheeffective p-conjugatiorby generatingoplanaritybetween
two biphenyl groups and betweenthe biphenyl and fluorene rings. Another possibility is that it
originatesfrom the J-aggregatiorof chromophoreshatare capableof keepingthe original highly PL
property.This coplanaritymay be associatedvith the intermolecularstackingability betweermultiple
main-chainswith thehelpof intermoleculanon-covalentweakforcesbetweerPF8P2 the poorsolvent
methanobkndchirallimonenemoleculesNon-covalentweakinteractionsareassumedo be o/ p, vander
Waals,and CH/p interactiong[89i 92], thoughexperimentalproof for thesehasyet to be elucidated.
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Recently we reportedheexistenceof anintramoleculaiCH/p interactionbetweent-CH, protonsatthe
9,9 position of the fluorene pring in several 9,9dialkylfluorene derivatives by means of
two-dimensional '"H-NMR NOESY spectraand secondorder Mdler -Plesett (MP2) perturbation
calculations[Gaussian036-311G(d)basissel [89]. Non-covalentinter- andintramoleculaitCH/p and
pp interactiors are assumedo be responsiblefor the high PL property[41i 44], regardlessof the
presenceor absenceof limonene, discussedlater. The noncovalent weak forces including the
intramolecularCH/p interactionshouldallow the inhibition of nonemissivefaceto-face p-p stacks.
Thesethreesetsof interactionsshouldprovideMSB PL polymeraggregates fluidic media.

A mechanisticinsight of limonenedriven chiral aggregationfrom PF8P2is at the presentstage
speculative.ln a seriesof the limoneneinduced polymer aggregationexperimentsand theoretical
calculatiors [33,41' 44], we assumethat multiple Hi H repulsionsbetweenbiphenytlike structures
within mainchainsof PF8P2 PF8T2 [41], PF8 [42], andtheir analogq33,43,44 areresponsibldor
twisting ability with handednesthatis susceptibléo solventchirality duringaggregatiorprocessThe
HiH repulsions commonly exist PF8P2 PF8T2, PF8 and their analogs [33,4144]. The
intramoleallar CH/pinteractionbetweenb-CH, protonsof two n-octyl chairs atthe9,9-positionandthe
fluorene p-ring in these9,9-dialkylfluorene derivativesmay help an induction of the corresponding
optical active J-type slippedstacksdueto selfwrappingeffect[89]. In addition,the lengthof n-alkyl
groupof 9,9-dialkylfluorenederivativess important.Actually, our previouslimonenechirality transfer
experimentaising a seriesof poly(9,9-di-n-alkylfluorene)s(alkyl; n-hexyl, n-heptyl, n-octyl, n-decyl,
n-dodecyl, n-hexadecyl, n-octadecyl), PF8 and poly(9,9-di-n-decyfluorene) in these aggregates
providedexceptionallyintenseCD amplitudesignalsin p-p “*mainchainabsorptionbands indicating
that limonenechirality are efficiently transferredto the aggregatesvith the help of multiple van der
Waak, CH-p, and p-p interactiong42]. A possiblereasorfor this n-alkyl chainlengthdependencys
that molecularlength of limonenelong axis is almostidenticalto that of n-octyl and n-decyl groups
thereby,leadingto efficient van der Waals,CH-p, and p-p interactionsbetweenthe alkyl groupsand
limonenemoleculeqg42]. The choiceof propern-alkyl chainlengh is crucial for generatingoptically
activepolymeraggregatewith furtherhelpof apoorsolvent.

Figure 3c showsthe CD and UV-vis spectrg1.0 x 10 ®> mol L") of the PF8P2aggregateenerated
in chloroform/limonene/ethanal 0.3/1.1/1.6(v/v/v) underthe sameconditions.Much to our surprise,
(9)-limoneneinducesaweak,detectableCD signalwith agep valueof +6.6x 10 * at 390nmwithin the
PF8P2 aggregatewhile (R)-limonenedoesnot induce such a signal. The / max Values of (S§)- and
(R)-limoneneareslightly differentfrom eachother.For the (S), 372nm s the peakand397 nmis the
shoulderwhile for the (R), 368 nmis the only peak.

Figure 3d showsthe CD and UV-vis spectrg1.0x 10 ®> mol L") of the PF8P2aggregateenerated
in chloroform/limonene/isopropanel0.3/1.1/1.6(v/v/v) underthe sameconditions.(S)-limonenemay
inducea weakdetectableCD signal,but (R)-limonenedoesnot. Figure 3e showsthe CD and UV-vis
(1.0x 10°° mol L") of the PF8P2aggregatgeneratedn chloroformia-pinene/methanot 0.3/1.1/1.6
(v/viv) underthe sameconditions.To our surprise,only (19-pineneinducesa weak detectableCD
signal;(1R)-pinenedoesnot.

Finally, Figure3f showsthe CD andUV-vis spectra1.0x 10 °> mol L' %) of the PF8P2aggregate
generatedin tetrahydrofuran(THF)/limonene/methanok 0.3/1.1/1.6 (v/v/v) under the same
conditions.Evidently, (S)-limoneneweakly inducesa positive-sign CD signalshowinga gcp value
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of +4.5x 10 * at 394 nm, while (R)-limoneneweakly inducesa negativesign CD signalshowinga
Jcp vValueof 16.9 x 10'* at 399 nm, whichis red-shiftedby 5 nm.

A family of tersolventcocktails, including chloroform/limonene/ethanolghloroform/limonene/
isopropanol,chloroformia-pinene/methanoland THF/limonene/methanothus induceslocal MSB
effectswithin a cuvettedueto unknownreasonsThereis a possibilityto generatea preferredoptically
active structurebetweentwo possiblemirror-imagepolymers.Similar local MSB effectsfor several
optically active molecularcrystals,oligomers,and polymer aggregatefiave beenreportedrecently,
whenanequalityin physicalpropertiesbetweeran(S-(R) pairis compared44,61,62,66,68,69,71].

A possibleexplanationof this phenomenorarisesfrom certainchiral chemicalimpuritiesin the
terpenesHowever,(S)- and(R)-limonenesbtainedby reducedlistillation areanalyticallypureby our
chiral gaschromatographyndoptical rotationmeasurementgl1,42 (seeExperimentakection) The
other possibleorigin is Z°-bosoninducedparity-violating weaknuclearforce within chiral andachiral
substanceéPF8P2 terpenesandalcohols) in which this force s classifiedasthe global MSB effect
dueto inherenthandednesghoughit is thoughtto be extremelyweakin theory andon the order of
10% 10 J mol'* [50i 59,63 65]. Althoughthe sourceof theseanomaliesmight be a sourceof much
debateanelucidationof the origin remainsanissuefor futureresearch.

2.3.Searchfor OptimizedConditionsto GenerateOptically Active PF8P2 Aggregates

As reportedin a seriesof our reportedresearchpptically active PF8P2aggregategeneratedy
terpenechirality transferaresusceptibleto a relative volume fraction of (R)-limoneneandmethanqo|
when the chloroform and total volume of the mixed solvent are fixed at 0.3 mL and 3.0 mL,
respectively.Figure 4a showsthe changein the CD and UV-vis spectraof optically active PF8P2
aggregatesvhenvarying a relative volumefraction of (R)-limoneneandmethanol Figure4b plotsthe
Jep atthefirst CottonCD bandasa functionof methanolnd(R)-limonene.Theabsolutenagnitudeof
thegcp is maximizedat very specificvolumefractionsof (R)-limoneneandmethanol The reasonfor
this specificity is ascribedto the 6 ¢ h ioptadldidic effec recently reported [44]. The chiral
optofluidic effect denotesfine tuningsin refractive indices (RIs) betweenpolymer particleswith a
higherRI andthe surroundingfluidic mediawith a lower RI andin optical rotationbetweenoptically
active polymer particles and the surrounding optically active fluidic media. This very specific
tersolvent fraction was applied to other aggregation experimentsincluding (S-limonene and
(19-/(1R)-a-pinenes.

2.4.UV-Vis,PL, CD, andCPL Spectraof PF8P2 AggregatesseneratedinderOptimizedConditions

Figure 5a showsthe CD and UV-vis spectra(1.0 x 10"> mol L") of PF8P2aggregategenerated
underthe optimizedchloroform/limonene/methan@0.3/1.1/1.6(v/v/v)) conditions.PF8P2aggregates
revealthe greatesycp valuesin severalexperimentsin (S)-limonenethegep = +1.22x 10 ? is at 419
nm andin (R)-limonene,the gcp = 11.25x 102 is at 421 nm. Figure 5(b) displaysthe CPL and PL
spectraof PF8P2 aggregategienerateduinderthe optimizedconditions.PF8P2 aggregatesevealthe
greatestcp, valuesin (S)-limonenegep = +5.7x 10 * at415nmandin (R)-limonene gep =i 5.8 103
at423nm. Theabsolutemagnitude®f gcp. arealmosthalf thoseof the gcp values.CPLandCD denote
chirality in the excitedand the groundstates respectively.The excited chirality may partly lose its
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chirality by reorganizingchirally assortedtructuresand/orracemizatiorof twistedC-C bondsbetween
biphenylandfluorenerings.

Neverthelesgt is noteworthythat,regardlessf thelack of stereocentelis themain- andsidechains
of PF8P2 limonenechirality is ableto induceopticalactivity with distinctamplitudednto the polymer
aggregateasa suspensioiormsin fluidic mediaat 25 € within & 1 $cwithout anylossof polymer
samplesThis occursbecausen aggregatiorprocesss inherentlya losslesstechniqueto recoverall
polymerdissolvedin a goodsolventby addinga poor solventto re-precipitate.This is definitively an
environmentallyfriendly, safer,and milder processto instantly produceambidextroudight-emitting
p-conjugatingpolymerswith minimal loss from the correspondingoptically inactive p-conjugating
polymersusedasstartingmaterialat ambienttemperaturavithout any chiral substituent@nd/orchiral
catalystsalthoughnaturallyoccurringchiralterpenestsolventquantityareneededThechird terpenes
usedarerenewabldoy reducedlistillation.

Figure 4. (a) Changesn the CD and UV-vis absorptionspectraof PF8P2 aggregates

chloroform(0.3mL fixed) simultaneouslyaryingthevolumefractionsof (R)-limoneneand
methanol.(b) Thegcp valueat ~405nm asa function of volumefractionsof (R)-limonene
andmethanol[PF8PZ = 1.0x 10 °>mol L'%.

Figure 5. (a) The raw CD and UV-vis (1.0x 10° mol L' %) and(b) CPL andPL spectraof
PF8P2aggregategeneratedinderoptimizedchloroform/limonene/methan¢+0.3/1.1/1.6
(v/viv)) conditionsat25€C .



