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Solvent chirality transfer using (S)- and (R)-limonenes, which are candidates for renewable

volatile bioresources (bp 176 1C/760 Torr or bp 94 1C/68 Torr), allowed for the successful

production of optically active poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-bithiophene] (F8T2)

particles with circular dichroism (CD) and circularly polarised luminescence (CPL) properties.

The particles were rapidly produced by CD-silent F8T2 with the aid of solvent chirality transfer

at 25 1C. The present paper demonstrates the following: (i) through weak intermolecular forces,

such as p/p, van der Waals and CH/p interactions, CD-/CPL-active F8T2 aggregates successfully

emerge in a chiral tersolvent system of chloroform (a good solvent), alkanol (a poor solvent) and

limonene (a chiral solvent); (ii) the alkanol and the enantiopurity of the limonene greatly affect

the magnitude and sign of CD-/CPL-signals; (iii) aggregate size considerably affects the

magnitude of the induced CD amplitude; (iv) clockwise and counter-clockwise stirring during

preparation do not affect the magnitude of these signals; (v) stirring speed weakly affects the

induced CD amplitude and (vi) the order of addition of limonene and methanol to the

chloroform solution of F8T2 greatly affects the magnitude of the induced CD amplitude. To

prove the renewability of limonenes, we re-used (S)-limonene purified by distilling very impure

(S)-limonene-containing chloroform, methanol and F8T2, which was used and stored in a number

of limonene chirality transfer experiments. As expected, the CD-/UV-vis spectra of F8T2 particles

utilizing the renewed (S)-limonene gave similar CD-/UV-vis spectra to those using the fresh

(S)-limonene. Moreover, limonene chirality transfer was possible to obtain two CD-active

polymers from CD-silent, poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8) and poly[(9,9-di-n-

octylfluorenyl-2,7-diyl)-alt-thiophene] (F8T1). The protocol may provide an environmentally

friendly, safe and mild process to rapidly produce ambidextrous light-emitting polymers with a

minimal loss of starting polymers at ambient temperature, from CD-silent polymers without any

specific chiral substituents or chiral catalysts.

Introduction

In 1860, Pasteur alleged that homochirality results from the

demarcation line between living matter and non-living matter.

Since then, the origin of homochirality has been a popular

debate among scientists.1 Though still the most profound

mystery, learning from Nature’s elegant bottom-up preference

has led to the development of new non-living chiral materials,

such as synthetic polymers,2 supramolecules,3 liquid crystals,4

small molecules5 and organic solid crystals,6 which have

chiroptical signals that enable an investigation of their

ambidextrous circular dichroism (CD) and circularly polarised

luminescence (CPL) properties.2–8 Among a number of naturally

occurring constituents, enantiomeric pairs of limonenes and

terpenes have served as a bridge between the realms of

bioresources and artificial materials.

On the other hand, recent understanding of non-classical

intermolecular forces has led to new concepts that various

intra- and intermolecular weak forces,9 including van der

Waals (B1.0 kcal mol�1), CH/p (B0.5 kcal mol�1),9a CH/O

(B0.5 kcal mol�1)9b and CF/Si forces (B0.001 kcal mol�1),9d

may play key roles in generating the higher order structures

of biopolymers, artificial polymers, supramolecules and mole-

cular crystals. These weak forces offer nearly unlimited

opportunities for designing and synthesizing optically active

p-conjugated polymers that exhibit elaborated CPL and CD

functions from optically inactive (CD-silent) polymers with

the aid of a molecular chirality transfer process. With this

protocol it is possible to detect invisible noncovalent inter-

molecular chiral forces existing between chiral molecules and

polymers. Actually, in the presence of an intense acid–base

interaction (B10 kcal mol�1), a one-handed helix can be

formed from CD-silent poly(4-carboxyphenylacetylene)
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(B10�2 mol repeating unit per litre), with the helical

form induced by a tiny amount of chiral molecular amine

(B10�2 mol per litre).10 In the presence of intense hydrogen

bonding and its equivalent interactions (5–10 kcal mol�1),

one-handed helical supramolecular motifs can be formed

sponteneously.11 However, if amplification of the intermolecular

effects in solution is not sufficient due to weak forces, a solvent

quantity of chiral molecules is needed.2d

The first chiral solvent effect was reported for the emergence

of Cotton CD signals due to the chirally twisted form of CD-

silent benzyl molecules dissolved in (2S,3S)-butanediol.12a The

second example was a helical preference revealed by a study

of the CD characteristics of poly(hexylisocyanate) in non-

racemic chlorinated chiral solvents.12b A further study showed

that helix formation can be induced when a poor solvent

is employed as a co-solvent in combination with a chiral

solvent.12c This idea was first proven with the production of

CD-active polymer particles from CD-silent polysilane bearing

achiral side groups in only a mixture of chiral, non-polar and

polar solvents.2d

Herein, we demonstrate that when methanol was added at

25 1C to a homogeneous mixture of chloroform and enantiopure

(S)-(�)-limonene (1S) or (R)-(+)-limonene (1R) containing

achiral, light-emitting poly[(9,9-di-n-octyl-fluorenyl-2,7-diyl)-

alt-bithiophene] (F8T2, Chart 1), optically active F8T2

particles immediately precipitated. The particles exhibited an

intense green coloured CPL (|gCPL| = 0.06–0.07 at 510–517

nm) with an extremely high quantum yield (F) of 85–90%,

along with intense CD (|gCD| = 0.09–0.11 at 508–513 nm)

signals. However, when ethanol was used in place of methanol, the

CD signal had the opposite sign, indicating a switch in helicity.

Limonene chirality made achiral F8T2 into ambidextrous

circularly polarised functioned polymer particles whose handed-

ness is switchable by the selection of the limonene chirality and of

the achiral alcohol. The limonene homochirality transfer also

permitted us to obtain the corresponding chiroptical polymers in

other CD-silent p-conjugated polymers (Chart 1). Poly(9,9-di-n-

octyl-fluorenyl-2,7-diyl) (F8) resulted in optically active particles

that exhibited fairly intense CD and CPL signals: the value of

|gCD| decreased to approximately 10�4, two orders of magnitude

lower than that of F8T2 particles. Poly[(9,9-di-n-octylfluorenyl-

2,7-diyl)-alt-thiophene] (F8T1) polymer particles provided weaker

CD signals than F8.

Experimental section

1. Instrumentation

The CD/UV-vis spectra of the solutions were recorded simul-

taneously at 25 1C on a JASCO J-725 spectropolarimeter

equipped with a Peltier-controlled housing unit using an

SQ-grade cuvette, with a path length of 10 mm (with a

scanning rate of 100 nm min�1, a bandwidth of 1 nm and a

response time of 1 s, using a single accumulation). UV-vis

spectra were measured independently on a JASCO UV-570

UV-vis–NIR spectrophotometer at 25 1C (with a scanning rate

of 100 nm min�1, a bandwidth of 2 nm and a response time

of 1 s). Photoluminescence (PL) spectra were measured on a

JASCO FP-6500 spectrofluorometer at 25 1C (with a scanning

rate of 100 nm min�1, an excitation bandwidth of 3 nm, a

monitoring bandwidth of 3 nm and a response time of 1 s). The

photoluminescence (PL) quantum yield was determined relative

to fluorescein (F= 90%, in cyclohexane).13 The CPL spectrum

was recorded on a JASCO CPL-200 spectrofluoropolarimeter,

with a path length of 10 mm at room temperature, while the

instrument was designed to obtain a high S/N ratio by

adjusting the angle between the incident and travelling light

to 01 with a notch filter (with a scanning rate of 100 nm min�1,

a slit width for excitation of 3000 mm, a slit width for

monitoring of 3000 mm and a response time of 1 s). Optical

rotation at the Na-d line was measured with a JASCO P-1020

polarimeter with a path length of 1 cm at room temperature.

The 1H NMR spectra were recorded with a JEOL EX-400

spectrometer at 400 MHz in CDCl3 at approximately 24 1C.

The weight-average molecular weight (Mw), number-average

molecular weight (Mn) and polydispersity index (PDI=Mw/Mn)

were evaluated using gel permeation chromatography (GPC)

on a Shimadzu A10 instrument with PLgel (Varian) 10 mm
mixed-B as the column and HPLC-grade THF as the eluent at

40 1C (calibrated with polystyrene standards). The enantio-

purity of each limonene was determined using chiral gas

chromatography (Spelco, b-DEX-120, 30 mm � 0.25 mm

ID, column oven temperature of 85 1C, He as a carrier gas,

with a flow rate of 1.2 mL min�1). Fluorescent optical micro-

graphs excited at 450 nm were taken with a Nikon eclipse

E400 optical microscope equipped with a Nikon CCD camera.

Thermogravimetric (TG) and differential thermogravimetric

(DTG) measurements were performed in a stream of N2 gas

(5 1C min�1 for heating) using a Seiko Exstar 6200 TG-DTA.

The time-resolved PL emission spectra and PL lifetime were

measured on a streak camera using a femtosecond laser pulse

from an optical parametric amplifier (Hamamatsu Photonics

C4780). The centre wavelength of 510 nm was used as the

excitation light source (Coherent Mira, Usho KEC-160).

Wide-angle X-ray diffraction (WAXD) data was obtained

with Rigaku RINT-TTR III/NM (Cu-Ka with Ni filter).

2. Chiroptical analysis14

The magnitude of the circular polarisation at the ground state

was defined as gCD = 2�(eL � eR)/(eL + eR), where eL and eR
denote the extinction coefficients for left and right circularly

Chart 1 Chemical structures of CD-silent p-conjugated polymers
(F8T2, F8T1 and F8) and chiral solvents used in this work.
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polarised light, respectively. The magnitude of circular polar-

isation at the excited states is defined as gCPL = 2�(IL � IR)/

(IL + IR), where IL and IR denote the output signals for left

and right circularly polarised light under unpolarised incident

light, respectively. Experimentally, the value of gCD is defined

as De/e = [ellipticity/32 980]/absorbance at the CD extremum,

and for CPL amplitude, the value of gCPL is defined as DI/I =
[ellipticity/(32 980/ln10)]/[unpolarised PL intensity] at the CPL

extremum.

3. Materials

Spectroscopic grade chloroform, THF, methanol, ethanol and

isopropanol (Dotite) were used to prepare the polymer solu-

tions and for measurements. 1R and 1S were obtained from

Wako (Tokyo, Japan) and purified by distillation under

reduced pressure prior to use. 1R: [a]25589 = +100.781 (neat),

499.0% ee. 1S: [a]25589 = �100.971 (neat),499.0% ee. Other

chiral molecules were purchased from Sigma–Aldrich and

used as received. F8T2 and other p-conjugated polymers were

purchased from Aldrich. F8T2 was purified by precipitation

from a chloroform solution of the commercial product with

methanol. The 1H NMR spectrum in CDCl3 is given in the

ESI, Fig. S1.w F8T1 was prepared by the Suzuki-coupling

reaction of 9,9-dioctyl-fluorene-2,7-diboronic acid (Aldrich)

with 2,5-dibromothiophene (Aldrich) and tetrakis(triphenyl-

phosphine)-palladium(0) (Aldrich) according to the published

procedure.15 The 1H NMR spectrum of F8T1 in THF-d8 ins

given in the ESI, Fig. S2.w The 1H NMR spectrum of F8 in

CDCl3 is given in the ESI, Fig. S3.w Poly(N-n-decylcarbazoyl-

3,6-diyl) was prepared as described in the literature (ESI,

Chart S1w) and stored in our laboratory.16

4. Preparation of optically active polymer particles

The most typical procedure (called the normal addition mode)

used in the present work for the production of F8T2 aggre-

gates in a mixed 1R–chloroform–methanol solvent is described

below. First, 2.0 mL of 1R was added to 0.3 mL of a chloro-

form stock solution containing F8T2 (B5 � 10�4 M as a

repeating unit) in the SQ-cuvette, placed in the Peltier appa-

ratus of a JASCO J725 spectropolarimeter at 25 1C and stirred

for 10 s. By addition of 0.7 mL methanol at 25 1C to the

solution, a yellowish, turbid solution of F8T2 particles dis-

persed in the solvent was instantly formed. After stirring for

approximately 10–30 s, this solution was used for the CD/UV-

vis and CPL/PL studies. Other p-conjugated polymer particles

were obtained in a similar way. The size of F8T2 particles

ranged from 5 to 50 mm, as measured by fluorescent optical

microscopy and by evaluating the changes in CD/UV-vis

signal intensities with a PTFE membrane filter with different

size (1/3/5/10 mm) pores (Millipore).

Results and discussion

Emerging CD/CPL signals from CD-silent F8T2

With the aid of designing chiroptical functional materials by

taking advantage of noncovalent, intermolecular, weak chiral

forces between non-polar CD-silent polymers and non-polar

chiral solvents, we tested ten photoluminescent p-conjugated

polymers (Chart 1 and ESI, Chart S1w). These polymers do

not contain any chiral centres or specific polar functional

groups in their backbones and side chains. We chose eight

enantiopure chiral molecules as chiral solvents (Chart 1).

We chose chloroform and THF as achiral good solvents, and

we chose methanol, ethanol and isopropanol as achiral poor

solvents. To determine whether it is possible to produce an

optically active polymer by this approach, we first attempted to

optimize the volume fractions in a broad range of mixtures of

chiral, good and poor solvents. To quantitatively evaluate the

degree of chirality we used the dimensionless chiroptical para-

meters, Kuhn’s dissymmetry factors at the ground and excited

states, gCD and gCPL, respectively (Experimental section).14

Among the ten polymers tested in this work, optically

active F8T2 particles produced by solvent molecule chirality

transfer were of particular significance. The chloroform and

total volume of the mixed solvent were fixed at 0.3 mL and

3.0 mL, respectively, and the absolute magnitude of the gCD
at the 1st Cotton band of optically active F8T2 particles

varied greatly with the relative volume fraction of 1R and

methanol (Fig. 1). This situation was similar to the 1S

system. The particle size of F8T2 was typically 10–100 mm,

as measured by fluorescence optical microscopy (Fig. 2).

The most intense CD and CPL spectra of optically active

F8T2 particles produced from CD-silent F8T2 under the

optimized (1S or 1R)–chloroform–methanol mixture

[2.0 : 0.3 : 0.7 (v/v/v)] are shown in Fig. 3a and b. A bisignate

CD band around 510 and 390 nm clearly emerged in the p–p*
transitions of F8T2. The sign of an almost mirror-image CD

band profile was determined by the limonene chirality, but

the value of l at the extremum (lext
CD) differs by B3 nm. The

intense CPL signals around 510 and 530 nm appeared in the

p–p* transitions of F8T2, but the lext
CPL differs by B5 nm.

The near mirror-image of the CPL band profile depended on

the limonene chirality. These CPL bands are derived from the

510 nm CD band. A weak CPL band of the opposite sign

near 487 nm can also be distinguished, possibly arising from

the 390 nm CD band (Fig. 3b).

The two highest gCD values of F8T2 were �0.086 (511 nm)

and +0.039 (390 nm) from 1R and +0.110 (508 nm) and

Fig. 1 The gCD values of F8T2 particles produced in the

1R–chloroform–methanol solvent (total 3.0 mL) as a function of

methanol and 1R volume fractions.
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�0.040 (395 nm) from 1S. Similarly, the two highest gCPL
values were �0.063 (B513 nm) and �0.065 (532 nm) from 1R,

and +0.070 (B517 nm) and +0.066 (533 nm) from 1S. These

gCD and gCPL values around 510 nm are related to the degree

of circular polarisation of 3.3–5.5%, and are almost compar-

able to the thermally annealed film of poly(p-phenylene)

bearing achiral pendants that was produced in a chiral nematic

liquid crystal host.17 The signs of the two major 513/517 nm

CPL bands are identical to those of the 511/508 nm CD

bands and the Stokes shift between the CPL and CD bands

is only 2–3 nm. This small shift suggests that F8T2 particles

adopt helically ordered p–p stacks that hold the same

chirality at the ground and excited states, as illustrated in

Fig. 4.

The F values of the particles dispersed in the mixed solvents

were 84% for 1S and 91% for 1R, which are almost identical

to that of 89% for F8T2 dissolved in chloroform. The simi-

larity in F values reflects the fact that there is no significant

difference in PL lifetimes between the particles and molecular

states: the (S)-particles, (R)-particles and molecular states had

similar PL lifetimes of 0.45 ns, 0.45 ns and 0.50 ns, respectively

(Fig. 5).

Limonene homochirality in CD signals of F8T2

The amplification of the most significant helix is known as the

majority rule. Optically active chain-like polymers and supra-

molecular p–p stacks with a preferential screw-sense are non-

linearly amplified by the ee value of chiral pendant groups.2a,11

However, in optically active phthalocyanine (Pc) self-assembling

systems, four enantiopure chiral side groups at the peripheral

positions (side group homochirality) were inevitably needed to

construct helical Pc p–p stacks with one-handed helicity.18

Similarly, in the F8T2–limonene system, enantiopure limonene

was inevitably needed to generate the optically active F8T2

particles (Fig. 6). A possible reason is that, if F8T2 forms

p–p stacks with 1S, the resulting complex acts as a nucleation

seed, requiring 1S in the subsequent crystal growth to

Fig. 2 Fluorescent optical microscopy image (excited at 450 nm) of

F8T2 particles produced in the 1R–chloroform–methanol solvent.

Fig. 3 (a) UV-vis and CD spectra, and (b) PL and CPL spectra of

F8T2 particles (F8T2, 1 � 10�5 mol L�1) in limonene–chloroform–

alcoholic solvent [2.0 : 0.3 : 0.7 (v/v/v)]; methanol (solid lines) and

ethanol (dotted lines), 1R (red line) and 1S (blue line). (c) UV-vis

and CD spectra of F8T2 particles (F8T2, 1 � 10�5 mol L) in

chloroform–methanol solvent [1.0 : 2.0 (v/v)].

Fig. 4 A proposed model structure of helically ordered F8T2 p–p
stacks with limonene molecules.
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maintain one-handed crystal chirality. The antipode limonene

disturbs this homochiral crystal growth. Similarly, the oppo-

site handed nuclear seed leads to F8T2–1R crystal growth. We

did not observe any detectable CD signals from F8T2 particles

by adding methanol (2.0 mL) to chloroform (1.0 mL) in the

absence of 1S and 1R. In this case, individual F8T2 particles

may be homochiral but exist as conglomerates (Fig. 3c).

The signs of the weak 485 nm CPL bands from 1R and 1S

are identical to those of the corresponding 390 nm CD bands,

but the apparent Stokes shift between the CPL and CD bands

is as large as B95 nm. The gCPL values at 390 nm were

+0.0094 for 1R and �0.0094 for 1S. The 390 nm CD band

may originate from magnetically allowed but electronically

forbidden p–p* transitions, because an apparent UV-vis band

corresponding to the 390 nm CD band cannot be seen. F8T2

particles produced in a mixture of limonene and methanol did

not show any CD and CPL bands in the p–p* transitions.

When F8T2 was homogeneously dissolved in a limonene–

chloroform co-solvent, F8T2 did not show any CD bands in

the p–p* transition region, indicating no detectable chiral

preference. The weak intermolecular chiral forces between

the polymer and these good solvent systems are not efficient.

An alcohol, as a poor solvent, is inevitably required to produce

optically active F8T2 particles.

Addition order dependency of limonene and methanol

To elucidate the chemical stability of the F8T2 homochirality,

we compared two addition modes of limonene and methanol

solvents to the chloroform solution of CD-silent F8T2 to

produce CD-active F8T2 particles. The normal addition mode

refers to the addition of methanol to the homogeneous chloro-

form–limonene solution containing F8T2 to produce F8T2

particles (see Experimental section). The reverse addition

mode means the addition of enantiopure limonene to the

inhomogeneous chloroform–methanol solution containing

F8T2 particles.

In both cases, the final volume ratio of limonene–

chloroform–methanol was kept at 2.0 : 0.3 : 0.7 (v/v/v). The

bisignate CD/UV-vis spectral profile of the reverse addition

mode showed similar signs and shapes to those prepared by the

normal addition mode at the same limonene–chloroform–

methanol ratios (ESI, Fig. S4w). However, the gCD values of

F8T2 particles formed by the normal and reverse modes are

much different (Fig. 7). The gCD value at the 1st Cotton CD

band (B510 nm) of F8T2 particles prepared by the reverse

addition mode with 1S was only approximately one-tenth of

that for the normal addition mode. This is very similar to the

case of 1R. Regardless of the presence of limonene molecules,

the production of densely packed p–p stacks as nucleation seeds

with the help of methanol might be responsible for the sub-

sequent crystal growth to maintain its crystallinity.

Addition effect of the opposite limonene chirality

As a modification of the reverse addition order mode to verify

the homochirality generation hypothesis, we tested two addi-

tion modes of 1S-to-1R-induced and 1R-to-1S-induced F8T2

particle systems. For the 1S-to-1R-induced F8T2, 1.0 mL of

1R was added to 0.3 mL of a chloroform solution containing

F8T2 in the cuvette. The addition of 0.7 mL of methanol

resulted in the formation of F8T2 particles. This volume

fraction of 1R–chloroform–methanol [1.0 : 0.3 : 0.7 (v/v/v)] is

not the optimized condition to produce intense CD-active

F8T2 particles (Fig. 3a). The insufficient 1R quantity, leading

to loosely stacked p–p aggregates, permits the further addition

of the opposite limonene chirality as a solvent. To the solution

of F8T2 particles, 1.0 mL of 1S was added. This protocol was

applied to the 1R-to-1S-induced F8T2 particle system. In both

Fig. 5 Photoluminescence dynamics monitored at 510 nm (excited at

450 nm) of F8T2 that is molecularly dispersed in chloroform (in the

absence of limonene) and F8T2 particle dispersions produced in (1R or

1S)–chloroform–methanol.

Fig. 6 The gCD value at 510 nm as a function of F8T2 particles

formed in the volume fraction of 1S and 1R in a chloroform–methanol

solvent [1.9 : 0.3 : 0.8 (v/v/v)].

Fig. 7 A comparison between the gCD values of F8T2 particles

formed by the normal and reverse modes in limonene–chloroform–

methanol [2.0 : 0.3 : 0.7 (v/v/v)].
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cases, the final volume fraction of 1R–1S–chloroform–methanol

was kept at 1.00 : 1.0 : 0.3 : 0.7 (v/v/v/v) and the limonenes

attained a racemic fraction.

Although the bisignate CD/UV-vis spectral profiles of 1S-

to-1R-induced F8T2 particles are similar to those prepared by

1R-to-1S-induced F8T2 particle systems (ESI, Fig. S5w), the
|gCD| values of F8T2 particles formed by the 1R-to-1S and

1S-to-1R protocols was greatly diminished, approaching almost

CD-silent states (Fig. 8). The greatly diminished induced CD

states are comparable to those of the CD-silent F8T2 particles

formed by the normal addition mode of 1R–1S–chloro-

form–methanol (1.0 : 1.0 : 0.3 : 0.7 (v/v/v/v). This is probably

due to the slippery nature of the F8T2moiety in the p–p stacks

in the presence of an insufficient quantity of limonene mole-

cules. In other words, the left- and right-handed preferences of

CD-active F8T2 particles are not stable chemically under

insufficient limonene quantity. Hence, it is possible to control

the magnitude and sign of the gCD values by the reverse

addition order mode using the opposite chirality of limonene

molecules in an appropriate volume fraction.

Membrane filter pore-size dependency

The F8T2 particle size dependency on the CD/UV-vis spectra

using membrane filter experiments was examined. The changes

in the CD and UV-vis spectra after pressured filtration using a

series of different pore sizes are presented in Fig. 9 and in the

ESI, Fig. S6.w With pore sizes smaller than 10 mm, the

absorbance and CD signals decreased dramatically (ESI,

Fig. S6w) and the gCD values depend on the pore size

(Fig. 9). Both 1R and 1S produced similar results. By evalua-

ting the half-value in the CD/UV-vis intensities between

unfiltered and filtered samples (Fig. 9), the mean aggregate

size was estimated as approximately 10 mm. This value is

comparable to that of the fluorescent optical microscopy

image (Fig. 2). The larger gCD values mainly came from larger

crystalline particles. In sharp contrast, an aggregate size

dependency was not significant for CD-active polysilane

aggregates produced from CD-silent polysilane by a chiral

alcohol transfer protocol.2d

To elucidate the effect of limonene on CD-active F8T2

particle growth, WAXD data of F8T2 particles produced

in the limonene–chloroform–methanol mixture and of an

unmodified F8T2 solid were collected. The former has a

semicrystalline structure, indicated by the presence of many

scattering peaks with a relatively narrow width, while the

X-ray pattern of the latter indicated a less crystalline solid,

showing a few broad scattering peaks (Fig. 10). The repeating

distances of n-octyl side chains in F8T2–1R and F8T2–1S

were 12.55 and 12.54 Å, respectively, and 12.35 Å in an F8T2

solid without limonene. The repeating distances between

chain backbones of F8T2–1R and F8T2–1S were 4.449 and

4.482 Å, respectively, and 4.308 Å in solid F8T2 without

limonene.19 The differences in these values are subtle but

might be related to the efficient production of CD-/CPL-active

F8T2.

Implication of limonene inclusion to CD active F8T2 particles

1H NMR spectra and TG analysis supported the limonene

inclusion of 0.10–0.16 limonene molecules per repeat unit of

F8T2 solid, in turn leading to an increase in the crystallinity of

F8T2 with limonene in the F8T2 particles (Fig. 11 and 12, and

ESI, Fig. S1w). The limonene inclusion into the F8T2 particles

could be responsible for the induced CD/CPL properties.

Vortex effect—stirring direction dependency

Recently, a vortex generated by mechanically stirring a fluid

solution was reported to induce Cotton CD and linear dichroism

(LD) signals that dynamically reflect locally different fluidic

Fig. 8 Addition effects of the opposite limonene to the CD-active

F8T2 particles produced by the normal mode in 1R–1S–chloroform–

methanol [1.0 : 1.0 : 0.3 : 0.7 (v/v/v/v)].

Fig. 9 Changes in the gCD value at the first Cotton CD band of F8T2

particles produced in limonene–chloroform–methanol [2.0 : 0.3 : 0.7 (v/

v/v)], at 25 1C with stirring at 800 rpm (CW), as a function of

membrane filter pore size.

Fig. 10 WAXD data (Cu-Ka with Ni filter) of F8T2 solids produced

with 1S and 1R and an F8T2 solid without limonene for comparison.
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situations in several molecular systems. A typical example

is rod-shaped nanofibers composed of a supramolecularly

polymerised zinc porphyrin bearing pyridyl groups and two

carboxylic acid groups. These results were due to a temporal

alignment of the nanofibers along the chiral fluidic flows.20 In

this study, the LD and CD spectroscopic data of the stirred

solutions allowed for a spectroscopic visualisation of the

vortex flow.

However, any vortex induction effect20 was not recognized

in the production of the optically active F8T2 by switching the

stirring direction between clockwise (CW, 0–800 rpm) and

counter-clockwise (CCW, 0–800 rpm) during the methanol

addition (Fig. 13) for five independent runs. The densely

packed F8T2, with the help of 1R and 1S, in semicrystalline

solids may be responsible for the efficient limonene homo-

chirality transfer; this principle was demonstrated by the

emergence of optically active syndiotactic (st)-polystyrene

films when the optically inactive films were dosed with

limonene and carvone vapors.21

Vortex effect—stirring speed dependency

Finally, we examined the vortex induction effect,20 including

the stirring direction and stir speed in the cuvette, on the

production of the induced CD-active F8T2 particles. As shown

in Fig. 13 and in the ESI, Fig. S7,w any vortex induction effects

were not recognized in the production of optically active F8T2

by switching the stirring direction between clockwise (CW, 800

rpm) and counter-clockwise (CCW, 800 rpm) during methanol

addition, for five independent experimental runs. The densely

packed F8T2, with the help of 1R and 1S, in semicrystalline

solids might be responsible for the efficient limonene homo-

chirality transfer.

However, weak stir speed dependency of the gCD value of

F8T2 particles was evident when CW stirring and CCW

stirring were employed during methanol addition, with stir

speeds ranging between 0 and 1000 rpm (Fig. 14). Here 0 rpm

means sample mixing by a mild hand-shaking of the cuvette

only. The absolute magnitude in the gCD value tends to

decrease as stir speed increases from 0 to 1000 rpm. The gCD
value at 0 rpm became an almost half-value of that at 1000 rpm

regardless of the CW–CCW operation and limonene chirality.

Through the addition of methanol under slower stir speeds it

may be possible to further increase the absolute gCD value of

F8T2 particles. This work remains as a future issue.

Effects of good solvent, poor solvent and chiral solvents

The proper choice of good solvent, poor solvent and chiral

solvent is important to efficiently produce CD-/CPL-active

F8T2 particles. When chloroform was replaced by tetra-

hydrofuran (THF), the resulting gCD for the limonene–

THF–methanol mixture [2.0 : 0.3 : 0.7 (v/v/v)] was of the same

sign, but the value of |gCD| decreased by a factor of 4 (ESI,

Table S1w). When methanol was replaced by ethanol, the value

Fig. 11
1H NMR chart of an F8T2 solid produced with 1R and

re-dissolved in CDCl3. By integrating the
1HNMR signals of protons (o),

(p) and (e)–(i), ca. 0.1 limonene molecules were included per F8T2

repeating unit.

Fig. 12 Thermogravimetric (TG) and differential TG charts of F8T2

solids produced with and without 1R. By calculating the weight loss of

F8T2 with and without 1R, a density of 0.16 limonene molecules per

F8T2 repeat unit was calculated.

Fig. 13 The gCD value at the 1st Cotton CD band of F8T2 in

chloroform–(1S or 1R)–methanol with five independent CW and

CCW runs at 800 rpm.
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of |gCD| in 1R or 1S–chloroform–ethanol [2.0 : 0.3 : 0.7 (v/v/v)]

was greatly diminished by a factor of 50, but had the opposite

sign (Fig. 3a, and ESI, Table S1w), suggesting an inversion of

the twisting direction in the p–p stacks, though CPL was

nearly non-existent (Fig. 3b). Isopropanol, though very weak

in gCD intensity, induces the same sign as the methanol system

(ESI, Table S1w).
Additionally, limonene is the most promising chiral solvent

among chiral solvent candidates tested in this work (ESI,

Table S1w). Limonene gave the highest value (|gCD| B0.1).

In contrast, (L)-(�)-menthol gave a weaker value (gCD B0.002),

decreased to B1/50. Bicyclic (1R)-(+)- and (1S)-(�)-a-pinenes
gave a very weak |gCD| of approximately 0.0005, markedly

decreased to B1/200. Acyclic (S)-(�)-2-methylbutanol with

monocyclic and (R)-(�)- and (S)-(+)-carvones did not yield

any detectable CD signals.

Limonene chirality transfer experiments on other CD-silent

p-conjugated polymers

We explored this limonene homochirality transfer in other

CD-silent p-conjugated polymers in an attempt to obtain

the corresponding chiroptical polymers (Chart 1, and ESI,

Chart S1w). First of all, the effect of the number of thiophene

ring spacers between two fluorene rings in a series of

fluorene–thiophene alternating copolymers is demonstrated

from the viewpoint of PL colour tuning.

F8T1 (Mw = 4.9 � 104, PDI = 5.15, Chart 1), which has

one thiophene ring as a spacer between two fluorene rings in

alternating copolymers, gave a very weak bisignate CD band

around 470 and 380 nm (Fig. 15a). PL signals with three well-

resolved bands appeared at 466, 497 and 525 nm (Fig. 15b).

These wavelength extrema were blue-shifted by approximately

40 nm due to the one-thiophene spacer. However, F8T1 gave

very weak CD signals (Fig. 15a) with |gCD| of 1.3–1.8 � 10�4

at 470 nm. The value was lower by three orders of magnitude

compared to those in F8T2 particles. Due to these weaknesses,

we did not measure the CPL of F8T1.

Emerging Cotton CD/CPL signals from F8

F8 (Mw = 1.2 � 104, PDI = 2.93, Chart 1), a derivative of

F8T2 and F8T1, gave weak CD signals with a |gCD| value

of 3–5 � 10�4 at 434 nm, and CPL signals with a |gCPL| value

of 3 � 10�4 around 433–438 nm. These wavelengths were

further blue-shifted by approximately 40 nm compared to

those of F8T1 particles due to the lack of thiophene rings.

The number of thiophene rings in thiophene–fluorene

alternating copolymers is effective at tuning CD- and/or

CPL-wavelengths as well as UV-vis and PL wavelengths.15b

In the F8T1–limonene system, the gCD value almost linearly

varied with the ee value of limonene. Enantiopure limonene

was needed to generate the optically active F8T1 particles

(Fig. 16c), because F8T1 particles are composed of slippery

p–p stacks responding to limonene chirality as an external

chemical bias.

No emerging CD signals from CD-silent p-conjugated polymers

The other seven CD-silent p-conjugated polymers (ESI, Chart

S1w) did not exhibit any detectable CD and CPL signals

despite several attempts in several combinatorial approaches

using limonene as the best chiral solvent candidate. Subtle

differences in main chain and side chain structures of p-
conjugated polymers might result from differences in the

limonene chirality transfer protocol.

Scope and limitation of limonene chirality transfer

Although the limonene chirality transfer approach is now

limited to the generation of CD-/CPL-functionalised F8T2,

F8T1 and F8 particles and cannot apply to all CD-silent p-
conjugated polymers, the product yield might be near 100%

due to the efficiency of the precipitation method. Among the

chiral solvents tested here, 1S and 1R (bp 176 1C, mint/pine

Fig. 14 The gCD value of F8T2 in chloroform–1S or 1R–methanol as

a function of stir speed with CW and CCW operations.

Fig. 15 (a) CD and UV-vis spectra of F8T1 particles produced in

limonene–methanol–chloroform [0.5 : 2.2 : 0.3 (v/v/v)]. F8T1: 1.0 �
10�5 M per repeating unit. 1R (red line) and 1R (blue line). (b) PL

spectra (excited at 432 nm) of F8T1 particles produced in limonene–

methanol–chloroform [0.5 : 2.2 : 0.3 (v/v/v)]. F8T1: 1.0 � 10�6 M per

repeating unit. 1R (red line) and 1R (blue line).
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and orange/lemon aromas, respectively) are the most promising

chiral solvents for producing these ambidextrous chiroptical

polymers because they are efficient, inexpensive and renewable

bioresources.

To prove the renewability of limonene, we re-used 1S,

purified by distilling very impure 1S containing chloroform,

methanol and F8T2, which were used and stored in a number

of the limonene chirality transfer experiments. The recovery

ratio of 1S was 97% after the distillation under reduced

pressure (94 1C at 68 Torr). This is important because 1S

(Wako) is twenty times more expensive than 1R (Wako).

Actually, the CD-/UV-vis spectra and the gCD value of F8T2

particles utilizing the recycled 1S (ESI, Fig. S8w) gave similar

spectra and properties to F8T2 using fresh 1S (Fig. 3a).

The CPL-functioned polymer particles may be promising as

chiroptical inks for circular polarisation-related applications,

such as information storage with security codes. Further

elucidation of the transfer mechanism of more efficient solvent

chirality transfer protocols suited to most CD-silent p-
conjugated polymers is needed in addition to optimisation of

the side chain structure of these polymers and a better choice

and combination of good, poor and chiral solvents.

Conclusion

The solvent chirality transfer using limonene allows for the

successful production of optically active F8T2 particles with

CD-/CPL properties through weak intermolecular forces.

Among chiral solvents, 1S and 1R (bp 176 1C, mint/pine

and orange/lemon aromas, respectively) may be the most

promising chiral solvents for producing ambidextrous chir-

optical polymers, because they are efficient, inexpensive and

renewable. The chiroptical polymer particles were rapidly

produced by CD-/CPL-silent F8T2 in a controlled chiral

tersolvent fraction of chloroform (a good solvent), alkanol

(a poor solvent) and limonene (a chiral solvent) at 25 1C.

However, the alkanol and enantiopurity of limonene greatly

affected the magnitude and sign of the CD-/CPL-signals.

Aggregate size considerably affected the magnitude of the

induced CD amplitude. Although clockwise and counter-

clockwise stirring operations during preparation did not affect

the magnitude of these signals, stirring speed weakly affected

the induced CD amplitude. Moreover, the order of addition of

limonenes and methanol to the chloroform solution of F8T2

greatly affected the magnitude of the induced CD amplitude.

The limonene chirality transfer allowed us to obtain CD- and/

or CPL-active polymers from the corresponding CD-silent

p-conjugated F8 and F8T1. The protocol demonstrated here will

serve a new environmentally friendly, safe and mild process to

produce ambidextrous light-emitting polymers, with a mini-

mal loss of starting polymers due to the efficiency of the

precipitation method at ambient temperature. Any CD-silent

conjugated polymers without any specific chiral substituents

and/or chiral catalysts have the possibility to become candi-

dates for CD-/CPL-active polymeric materials in the future.

The CPL-functioned polymer particles may be promising as

chiroptical inks for circular polarisation-related light emitting

device applications.
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