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’ INTRODUCTION

Circularly polarized (CP) light may play key roles in the
migration and delocalization of photoexcited energy in optically
active macro-aggregates containing ∼108 chlorophylls under
incoherent unpolarized sunlight.1,2 This aggregation behavior
requires the presence of three chiral centers at the periphery of
the chlorophylls and two chiral centers in the long alkyl tail of the
chlorophylls. Because these chiral aggregates are surrounded by
an aqueous fluid (stroma) in the chloroplasts, the CP light-related
photophysical properties are susceptible to changes in osmotic
pressure, Mg2+/K+ ions, sunlight intensity, and temperature.2

Although the relationship between the chiral aggregates and the
stroma is not well understood, this fluid chiral biosystem led us to
design artificial, chiral supramolecular polymer aggregates dis-
persed in an organic fluid. This system is composed of a highly
luminescent helical rod polymer consisting of an Si�Simain chain
and chiral side chains3,4 (polysilanes 1-S, 2-S, and 2-R, Chart 1 and
Scheme S1 in Supporting Information) dispersed in a mixture of
two organic solvents. Herein, we show that under optimized
conditions, 1-S aggregates (average size, ∼5 μm) in the suspen-
sion can very efficiently generate circularly polarized luminescence
(CPL) with gCPL = �0.7 and a narrow, full-width-half-maximum
(fwhm) of 0.18 eV (1450 cm�1) while retaining a high ΦPL

(∼53% at 330 nm, 3.75 eV) at room temperature under inco-
herent unpolarized photoexcitation at 290 nm. This huge gCPL
value results from the intense bisignate circular dichroism (CD)

signals (gCD = �0.35 at 325 nm (3.82 eV) and +0.31 at 313 nm
(3.96 eV)) that arise from collective coupled oscillators with
electric-dipole-allowed-transition (edat) origins.

Chart 1. Chemical Structures of Poly{n-decyl-(S)-2-methyl-
butylsilane} (1-S), Poly{n- dodecyl-(S)-2-methylbutylsilane}
(2-S), and Poly{n-dodecyl-(R)-2-methylbutylsilane} (2-R)
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ABSTRACT:Circularly polarized (CP) light may play key roles
in the migration and delocalization of photoexcited energy in
optically active macroscopic aggregates of chiral chlorophylls
surrounded by an aqueous fluid in the chloroplasts under
incoherent unpolarized sunlight. Learning from the chiral fluid
biosystem, we designed artificial polymer aggregates of three
highly luminescent helical polysilanes, 1-S, 2-S, and 2-R
(Chart 1). Under specific conditions (molecular weights and
good-and-poor solvent ratio), 1-S aggregates with ∼5 μm in
organic fluid generated an efficient circularly polarized lumines-
cence (CPL) with gCPL =�0.7 at 330 nm while retaining a high
quantum efficiency (ΦPL) ∼53% at room temperature under incoherent unpolarized photoexcitation at 290 nm. This huge
gCPL value was the consequence of the intense bisignate circularly dichroism (CD) signals (gCD = �0.35 at 325 nm
and +0.31 at 313 nm) due to coupled oscillators with electric-dipole-allowed-transition origin. Also, 2-S and 2-R aggregates gave
almost identical intense CD and CPL amplitudes of 1-S. The most critical factors for the CD/CPL enhancements were the
molecular weights of 1-S, 2-S, and 2-R and a refractive index of good/poor cosolvents. The former was connected to a long
persistence length of ∼70 nm, characteristic of rod-like helical polysilanes. The latter was due to an efficient photoexcited energy
confinement effect of slow CP-light in the aggregate.
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’RESULTS AND DISCUSSION

Recently we reported that several optically active π-conjugated
polymer aggregates (averaged size of several μm) dispersed in
organic fluid solutions exhibit fairly efficient CPL (|gCPL| =
0.06�0.07 at 510�530 nm) upon incoherent unpolarized photo-
excitation in association with a high |gCD|∼0.08 at 510 nm; how-
ever, surprisingly,ΦPL remained as high as 84�91% based on edat
origins.5 This finding contrasts with the explanation in classical
textbooks, which states that aggregates of aromatic hydrocarbons
generally quench their fluorescence due to formation of sandwich-
shaped π�π stacks, leading to significant suppression of long-
range energy migration.6 However, recent studies have demon-
strated that aggregate forms of aromatic compounds and hyper-
branched polymers dispersed in solvents do not experience

suppression of their inherent fluorescence when appropriate
substituents are introduced.7

CD/CPL active aggregates have been generated by photo-
luminescent, nonhelical π-conjugated polyfluorene derivatives
with the aid of the (S)- and (R)-limonene chirality transfer.5 The
solution required a mixture of three solvents: a good solvent to
dissolve the polymers, a poor solvent to precipitate the polymers,
and a chiral solvent (terpenes) to induce chirality in the achiral
polymers. Although the |gCD| and |gCPL| values weremaximized at
a very specific volume fraction of these tersolvents,5 the essential
role of these solutions remained unclear; the mixed solvent may
simply act as dispersion media or have other functions.

Knowledge and understanding from the realm of condensed
matter physics and quantum physics are now applicable to soft

Figure 1. (a) Typical CD andUV spectra at 25.0 �C ([Si repeating unit] = 1.25� 10�5 mol L�1) and (b)CPL and PL spectra excited at 290 nm at room
temperature (26.4 �C) ([Si repeating unit] = 1.25� 10�6 mol L�1) of 1-S (Mw = 88 500,Mw/Mn = 1.22) dispersedmolecularly in THF. (c) Typical CD
and UV and (d) UV and PL spectra of 2-S (blue lines, Mw = 108 000, Mw/Mn = 2.89) and 2-R (red lines, Mw = 80 900, Mw/Mn = 2.34) dissolved
molecularly in isooctane at 25.0 �C. [Si repeating unit] = 2.0 � 10�6 mol L�1. (e) The values of gCD at ∼323 nm for 1-S at 25.0 �C as a function of
molecular weight (Mw). (f) CD and UV spectra of 1-S with five different molecular weights (Table S1, Supporting Information) in THF at 25.0 �C.
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matters, including biosystems and artificial systems. For example,
two-dimensional photon-echo (2DPE) spectroscopy has revealed
that, in biological photosynthetic systems, including green sulfur
bacteria andmarine algae dispersed in aqueous solutions, quantum
coherence and/or quantum beating are occurring, enabling efficient
energy transfer between plural chromophores positioned over a
long distance at cryogenic and even ambient temperatures.8,9 These
2DPE spectroscopy and anisotropy decay experiments revealed that
even the very typicalπ-conjugated polymer (poly[2-methoxy-5-(20-
ethylhexoxy)-1,4-phenylenevinylene], (MEH-PPV) dissolved in a
good solvent,10 and the quantum coherence in the electronic and
vibrational transitions occurred at room temperature.11 Recently,
an increasing amount of attention has been focused on slow-light
phenomena as well as the fundamentals and applications, such as
laboratories-on-a-chip, of light-matter interactions in electromag-
netically strongly dispersive environments.12,13 Slow-light refers to
the propagation of an optically input pulse or other modulation of
an optical carrier at a low group velocity. The term is usually
applied to when the velocity is at least hundreds of times slower
than the speed of light in a vacuum.13 However, optical rotatory
dispersion (ORD) spectroscopy allows us to sensitively detect a
subtle difference in the velocity of left- and right-CP light of the
matter dispersed in an isotropic media.14

Theoretical studies have shown that greatly enhanced CD
signals are possible in the Bragg stacks composed of a nonchro-
mophoric polymer dispersed in chiral organic media as well as in a
chirally sculptured thin film infiltrated with achiral organic fluid.12

Our successful results with the optically active π-conjugated
polymer aggregates prompted us to study optically active aggregates

consisting of helical σ-conjugated polysilanes, poly[n-decyl-(S)-2-
methylbutylsilane] (1-S), poly[n-dodecyl-(S)-2-methylbutylsilane]
(2-S), and poly[n-dodecyl-(R)-2-methylbutylsilane] (2-R) (Chart 1)
surrounded by achiral organic fluid. The persistence length (q), a
measure of chain stiffness, of 1-S reaches up to 70 nm in fluid solu-
tion at room temperature.4,15 These polysilanes can adopt an ideal
rod structure up to the degree of polymerization (DP) ∼400,
corresponding to a weight-averaged polymer molecular weight
(Mw)∼72 000 at ambient temperature. The former characteristic
is in sharp contrast to typical polymers,4,15,16 e.g., poly(n-hexyl
isocyanate) (q= 20�43 nm), poly(dialkylfluorene) (q= 7�9 nm),
and double-stranded DNA (q = 60 nm).15

The most striking feature of the helical rod polysilanes 1-S,
2-S, and 2-R molecularly dissolved in dilute tetrahydrofuran
(THF) is that they exhibit uniquely intense, narrow absorption,
CD and photoluminescence (PL) bands featuring fwhm of∼0.10
eV (∼800 cm�1), no phonon-side-bands, and a very small Stokes
shift of ∼0.05 eV (∼400 cm�1) (Figures 1a�1f and Table S1
(Supporting Information)).3,4 The absence of phonon-side
bands is due to inefficient electron�phonon coupling arising
from a low-energy stretching vibrationmode of the heavier Si�Si
bonds (∼500 cm�1, 0.06 eV). These photophysical properties
reflect ideal one-dimensional helical exciton characteristics in a
fluid solution at room temperature.3,4 Thus, an efficient optical
confinement into a quantum wire with 0.2 nm silicon wire-width
surrounded by long alkyl side chains (∼2 nm in length) is
realized.3,4,16 An exciton binding energy of ∼1 eV is sufficiently
high to result in a very thermally stable exciton state with a very
fast PL decay of 100�200 psec.4,17 However, the |gCD| value for

Figure 2. (a) CD and UV spectra (25.0 �C), (b) ORD and UV spectra (25.0 �C) and (c) CPL and PL spectra (26.4 �C) excited at 290 nm of 1-S
(Mw = 88 500,Mw/Mn = 1.22) aggregates formed in THF/methanol (1.7/1.3 (v/v)) using an 800 rpm (CW) stir rate for (a, b) ([Si repeating unit] = 6.25�
10�6 mol L�1). (d) Values of gCD (dotted line with filled squares) at 325 nm for 1-S in THF/methanol (1.7/1.3 (v/v)) at 25.0 �Cwith an 800 rpm (CW)
stir rate and values of gCPL (solid line with filled circles) at 330 nm for 1-S in THF/methanol (1.7/1.3 (v/v)) at room temperature (23.5 �C) without
stirring as a function of the molecular weight (Mw) of 1-S. [Si repeating unit] = 6.25 � 10�6 mol L�1.
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1-S, 2-S and 2-R molecularly dispersed in THF is only ∼2 �
10�4. This weakness is inherent in the 73 helical polysilane main
chain,3,4 corresponding to a dihedral angle (θ) of ∼155� with
right-handed-screw-sense (P) and θ ∼205� with left-handed-
screw-sense (M) in the ground state.3,4 The value of gCD does not
depend on the Mw of 1-S in solutions because there is a loss of
main chain mobility (Figure 1e). However, the expected CPL
signal, |gCPL| ∼2 � 10�4, cannot be clearly observed, possibly
due to a loss of helix preference in the excited state and/or
limitations in our CPL instrument sensitivity (Figure 1b).

Conversely, the polysilane aggregates dispersed in organic
media exhibited very enhanced Cotton CD, ORD, and CPL sig-
nals. Parts a�c of Figure 2 display typical CD/UV, ORD/UV,
and CPL/PL spectra of 1-S (Mw = 88 500, polydispersity index
(PDI) = 1.22) aggregates using the optimized volume fraction
of THF/methanol (1.7/1.3 (v/v)) and the optimized Mw value
(Figure S2 (Supporting Information)). The averaged aggregate

size was∼5 μm based on membrane filtration experiments using
various pore sizes (Figures 3 and S1 (Supporting Information)).
TheCD spectrum in themain chainσ�σ* transition region exhibited
a bisignate Cotton effect with a large amplitude containing both
positive and negative signals.15,16 This signal is a consequence of
what is known as the coupled-oscillator of the lowest excitonic
Siσ�Siσ* transitions among the nearest neighbor chromophores.4,18

The bisignate CD profile of 2-S is almost identical to that of 1-S
(Figures 2a, 4a, S3b, and S5b (Supporting Information)); conversely,
the opposite profile is observed for2-R (Figures 4a, S3a, andS5a (Sup-
porting Information)). The gCD amplitudes of �0.35 (1-S),
�0.22 (2-S), and +0.23 (2-R) were obtained at the first Cotton
band around 325 nm (Figures 2a and 4a). The CPL and PL
spectra of 1-S aggregates show a pronounced Cotton signal
located at ∼330 nm (Figures 2c, 5b, and S2b (Supporting
Information)). The magnitude of the gCPL value reaches as high
as �0.70 at ∼330 nm under unpolarized excitation at 290 nm.

Figure 3. (a) Changes inCDandUV intensities at 325 nmand (b) changes in the gCDvalues for1-S (Mw=88500,Mw/Mn= 1.22) aggregates formed inTHF/
methanol (1.7/1.3 (v/v)) at 25 �C, using an 800 rpm (CW) stir rate as a function of membrane filter pore size. [Si repeating unit] = 6.25 � 10�6 mol L�1.

Figure 4. (a) CD/UV, (b) ORD/UV, and (c) CPL/PL spectra excited at 290 nm for 2-S (a; blue line;Mw = 108 000,Mw/Mn = 2.89) and 2-R (b; red
line;Mw = 80 900,Mw/Mn = 2.34) aggregates formed in THF/methanol (1.3/1.7 (v/v)) at room temperature. [Si repeating unit] = 6.25� 10�6 mol L�1.
CD/UV and ORD/UV spectra were recorded at 25.0 �C using an 800 rpm (CW) stir rate.
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Moreover, 1-S aggregates retain a very high ΦPL value of 0.53,
which was determined relative to aΦPL of 0.76 for poly(methyl-
n-propylsilane) as a reference.17 Similarly, the 2-S and 2-R
aggregates under optimized THF/methanol conditions and
Mw showed pronounced CPL at ∼330 nm (Figures 4c and 6b,
S3, and S5 (Supporting Information)). The magnitudes of gCPL
at 330 nm under steady state excitation at ∼290 nm are �0.27
(2-S) and +0.23 (2-R) (Figures 4c, 6b, and S3 (Supporting
Information)). The presence of n-alkyl side chains allows for
arrangement of the polysilane chains into a nearest-neighbor
separation of ∼2 nm in the aggregate form,16 which may allow
the high ΦPL value inherent to polysilanes to be retained and
prevent PL quenching.

For conventional chiral molecules and polymers in isotropic
media,18,19 the degree of gCD and gCPL are determined with g =
4 |m| |μ| cosθ (|m|2 + |μ|2)�1 where θ is the angle between
the magnetic and electric dipole transition moments m and μ.
The magnitude of μ is typically of an order of 1 μD (Debye)
∼10�18 esu, while the magnitude of m is an order of 1 μB (Bohr
magnetron) ∼10�20 emu. Therefore, similar to isolated chiral
molecules and helical polymers in isotropic media, when they
arise primarily from edat origins, intense absorption and emission

bands are observed,19 and the absolute magnitudes of gCD and
gCPL are on the order of 10�3�10�5. Conversely, when highly
electric-dipole-forbidden-transitions (edft) are present,19 extre-
mely weak absorption and weak emission intensities are observed,
and the absolute magnitudes of gCD and gCPL attain higher values
of 10�1�10�. Thus, a contradictory relationship exists for the ab-
solute magnitudes between gCD/gCPL andΦPL values for isolated,
optically active molecules and polymers.

On the basis of the point-dipole approximation,18�20 the
energy spacing of the two split bands E( between the degenerate
coupled oscillators 1 and 2 with transition dipole moment μ,
interdistance r12, and energy E is written as:19b

E( ¼ E ( μ2�r12
�3�ðsin α sin γ cos τ þ 2 cos α cos γÞ

In the case of α = 90� and γ = 90� while τ twisting angle
between two chromophores,

ΔE( ¼ Eþ � E� ¼ 2μ2r12
�3�cos τ at E

This expression suggests that a subtle change in the r12
value can efficiently modulate the degree of exciton coupling.

Figure 5. (a) Values of gCD at∼325 nm for 1-S (blue circles;Mw = 88 500,Mw/Mn = 1.22) in THF/methanol at 25 �C, using an 800 rpm (CW) stir rate,
as a function of THF/methanol volume fraction. [Si repeating unit] = 6.25� 10�6 mol L�1. (b) gCPL values at 330 nm for 20 independent samples of 1-S
aggregates (blue bars) in THF/methanol (1.7/1.3 (v/v)) at room temperature (25.9 �C). [Si repeating unit] = 6.25 � 10�6 mol L�1.

Figure 6. (a) Values of gCD at ∼325 nm for 2-R (red squares;Mw = 80 900, Mw/Mn = 2.34) and 2-S (blue circles; Mw = 108 000, Mw/Mn = 2.89) in
THF/methanol at 25.0 �C, using an 800 rpm (CW) stir rate, as a function of THF/methanol volume fraction. [Si repeating unit] = 6.25� 10�6 mol L�1.
(b) gCPL values at 330 nm for ten independent samples of 2-R (red bars;Mw = 80 900,Mw/Mn = 2.34) and 2-S (blue bars;Mw = 108 000,Mw/Mn = 2.89)
aggregates in THF/methanol (1.3/1.7 (v/v)) at room temperature (25.9 �C). [Si repeating unit] = 6.25 � 10�6 mol L�1.
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The degenerate coupled oscillator rotational strength is given
as:19b R( = ( Eμ2r12(4p)

�1 � (sin α sin γ sin τ).
In the case ofα=90� andγ=90�,R(=(Eμ2r12(4p)

�1� sin τ.
By combining the two equations, one can obtain a simple

equation of CD/CPL enhancements: R(/ΔE( = E(8p)�1� tan
τ � r12

4 � r12
4. This led to an idea that a longer r12 value may

contribute a significant enhancement in R( value, thoughΔE( is
fairly small, in the case of α = γ = 90�. As for a longer r12 distance
of 2 nm, a significant enhancement inR( value by 1200 times is in
principle possible, compared to a shorter r12 = 0.34 nm for typical
interdistance of π�π stacks.

Actually, significant enhancement of the observed gCD and
gCPL values for the polysilane aggregates originates from long-
range order of the chiral aggregates with a longer r12 ∼2 nm in a
fluid, enabling a collective mode of a weaker coupling between
numerous luminous chromophores. A high absorptivity due to
edat normalized by repeating unit, ε ∼ 4 � 104, corresponds to
an ε ∼ 2 � 107 by the addition of individual polysilanes with
DP ∼ 500. A huge collective oscillator strength (f � μ2) of ∼50
for 500-mer polymers is obtained based on an f of 0.1 for a 10-mer
oligosilane.

The primary factor giving the higher ΦPL is the extremely
long q values of the present helical rod polysilanes. The highly
delocalized exciton state in the long conjugated segment is
almost free from intersegment excitation transfer and trapping
at the localized sites, hence giving fluorescence with lifetimes
identical to the radiative lifetime of the conjugated systems.
These characteristics originate from rather the long-q length than
intermolecular r12 distances in the aggregates.

The characteristics of the aggregates composed of helical rod
polysilane chains include (a) significant oscillator coupling of a
twist form between chromophoric luminophore rods (∼100 nm
in length for Mw = 8 � 104) with ∼2 nm spacing is possible
because the coupling originates from edat; (b) the photoexcited
energy state due to splitting, ΔE(, being as small as ∼0.15 eV
(1200 cm�1), compared with the first Cotton CD band (E1) of
3.83 eV (325 nm), yielding a ratio of ΔE(/E1 ∼ 0.039 in which
the ΔE( value is approximately 6 times that of the thermal energy
at ∼0.026 eV (300 K); and (c) twisted screw sense being deter-
mined by the contact between chiral side chains and/or helical
main chains. The smallerΔE( value in part c in conjunction with
a minimal electron�phonon coupling between giant chromo-
phoric luminophores, which are chirally arranged over a distance
of∼2 nm, may allow minimal loss of photoexcited energy because a
high degree of helicity is retained during the relaxation process of
the photoexcited energy. This behavior may be due to an inter-
mediate coupling regime in electronic energy transfer among
chromophoric luminophores.10 Left- and right-CP light gener-
ated by incoherent light excitation would travel and circulate
through the ∼5-μm aggregate and relax to the ground state.

For 1-S, the negative sign of the first Cotton ORD band at
330 nm is consistent with the negative sign of the 330 nm CPL
band (Figure 2, parts b and c), and the wavelengths of these two
bands (330 nm) are very consistent. An ORD or circular bire-
fringence spectrum can be expressed asψ∼π/λ (nL� nR) = cπ/
λ (1/vL � 1/vR), where c is the speed of light in a vacuum, λ
wavelength in a vacuum, nL and nR refractive indices for LCP and
RCP light, respectively, and vL and vR are speed for LCP and RCP
light in the medium, respectively.14 Hence, the negatively signed
ORD signal indicates that nR > nL at 330 nm, suggesting that,
compared to LCP light, RCP light travels slowly and is effectively
confined within the aggregates; conversely, the positively signed,

second Cotton ORD signal at 319 nm indicates that nL > nR,
suggesting that LCP light travels slowly compared to RCP light.
This situation indicates that a slow light at 330 nm and a slow
light at 319 nm for RCP and LCP light, respectively, are possible,
implicating that 319 nm LCP light is effectively switched to the
330 nm RCP light, as shown in a modified Jablonski diagram
(Figure 7), which is an extension of a classical photoexcitation
relaxation scheme with an inversion of CP light screw sense.

The most striking feature of the aggregates studied in the
present report is that the |gCD| value for 1-S aggregates at 25 �C
maximizes at a very specific refractive index at the Na-D line (nD)
of the cosolvent (Figure 8, part a) when a series of THF/
methanol cosolvents and four other good/poor cosolvents were
investigated. The original data are shown in Figures 5a, S4b, and
S6(Supporting Information). The degree of optical confinement
of the polysilane aggregate in cosolvent is controllable through
simple mixing of these good and poor solvents. The role of
cosolvent is to act as an organic optofluid to tune the nD value
though an optofluid may be not yet common in polymer science.

According to Psaltis et al.,13 optofluidics refers to certain
optical system made with fluids as a basic component. The fluids
are easy to tune optical properties to design unique devices, that
cannot be seen in ordinary rigid solid equivalents. Typical fea-
tures are the abilities of (i) changing the optical property of the
fluid medium within a device by simply replacing with another
fluid, (ii) providing the optically smooth interface between two
immiscible fluids, and (iii) flowing streams of miscible fluids to
generate gradients in optical properties by diffusion. Most solid-
materials-based optical systems are replaceable with functional
fluids withmuch freedom and flexibility. Typical examples are the
oil-immersion microscope, liquid mirrors for telescopes, liquid-
core optical fibers, and electrowetting lenses.

The nD values for polysilane aggregates in good solvents are: 1.44
(chloroform), 1.40 (THF), and 1.50 (toluene); the nD values for
polysilane aggregates in poor solvents are: 1.32 (methanol), 1.36
(ethanol), and 1.34 (acetonitrile). The nD values of the polysilane
aggregates dispersed in cosolvent are assumed to be less than 1.6
because most dialkylpolysilanes have a nD∼1.62 in a film state.21

Although an exact refractive index of polymer aggregate includ-
ing cosolvents is unclear, the value should be less than that of

Figure 7. Modified Yablonski diagram of a helical polysilane 1-S and
2-S aggregate (degenerate case) with the preferred CP light in the
photoexcited states.
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the film. By an analogy with the technology of optical fibers com-
posing of a higher refractive index core and a lower refractive
index clad, a relative refractive index of the aggregate to the
cosolvent is crucial to control numerical aperture, leading to an
efficiently confinement of LCP and RCP light at different
wavelengths in the aggregate.

The gCD value at 325 nm for 1-S aggregates in THF/methanol =
1.7/1.3 (v/v) is plotted as a function of solution temperature in
Figures 8b and S4a (Supporting Information). The |gCD| values
exhibited a maximum at 25�35 �C and decreased above and
below this temperature range. The 1-S aggregates dispersed in
the cosolvent can self-regulate when subjected to changes in
temperature. The self-tuning of the refractive index of the
aggregates in the cosolvent results in the efficient generation of
one-handed CP-light under unpolarized light excitation.

The Mw of the polysilanes is another critical factor that can
enhance the |gCD| and |gCPL| value because there is a maximum
Mw value that closely corresponds to the q value characteristic of
the chain-like polymer. In Figure 2d taken from Figure S2
(Supporting Information), the gCPL and gCD values for the 1-S
aggregates are shown as a function of Mw (11 000 e Mw e
2 160 000) along with the corresponding CD/UV/CPL/PL
spectra (Figure 2a�c). On the basis of these experiments, 1-S
with aMw of 88 500 was found to produce the maximum absolute
values, suggesting that an ideal molecular weight will yield the
largest CD and CPL amplitudes. This specific Mw value is com-
parable to the q value inherent to the 1-S polysilane, which is able to
adopt an ideal rod structure influid solution at ambient temperature.
Similarly, 2-S and 2-R exhibited maximum gCD and gCPL values at a
specificMw value among three different testedMws (Figures 6 and
S3 (Supporting Information)). Among the three Mws, the Mw

values of∼4 540 000, 108 000, and 25 200 for 2-S and∼6 100 000,
80 900, and 9060 for 2-R are comparable to the q values inherent to
2-S and 2-R, which are somewhat shorter that the q-value of 1-S.

On the basis of membrane filtration experiments using a series
of different pore sizes (1, 3, 5, and 10 μm filters; Millipore), the
aggregate size of 1-S did not affect the gCD value (Figure 3b);
however, the absorbance and CD signals both decreased drama-
tically when smaller pore sizes were used (Figure 3a and S1
(Supporting Information)). Thus, the observed CD signal
amplitudes are determined predominantly by the exciton cou-
pling of the nearest neighbor polysilanes in the aggregates.

The gCD values for 1-S aggregates did not exhibit a vortex
effect in THF/methanol solution under clockwise (CW) or

counterclockwise (CCW) stirring at four different stirring speeds
(0, 400, 800, and 1300 rpm) (Figure S7, Supporting Informa-
tion). The vortex-induced Cotton CD effect generated by
mechanically stirring a fluid in a cuvette was recently reported
to provide CD and linear dichroism (LD) spectra that dynami-
cally reflect locally different fluidic situations in several supra-
molecular systems,22 including a rod-shaped supramolecular
polymer made of zinc porphyrins bearing pyridyl and two
carboxylic acid groups. These effects were due to a temporal
alignment of the nanofibers along the chiral fluidic flows. How-
ever, the optical activity of 1-S was unchanged even in fluidic
conditions. Figure S8 (Supporting Information) shows changes
in CD/UV spectra of the gCD value at 325 nm for the 1-S aggre-
gates at threeMws in THF/methanol = 1.7/1.3 (v/v) as a function
of time. Optically active 1-S aggregates at higher Mws were very
stable because these gCD values were very weakly dependent
on time.

Recently, the efficient generation of RCP or LCP light from
artificial systems has received significant attention due to unique
CP-origin applications, including laser, light-emitting diode,
optical filter, and optical information storage. On the basis
of to this goal, luminophore-doped liquid crystals,23,24 chiral
π-conjugated polymer films,25,26 sculptured structures by glan-
cing angle deposition,27 optical confinement in a vertical cavity
chiral surface,28 and planar-type chiral nanostructural surfaces29

have been employed. Although luminescent rare-earthmetal ions
with chiral organic ligands, which exhibit high gCPL values of up
to∼1.4,30 may be another class of candidates,ΦPL was limited to
less than 2% due to edft origin.

Our solution-processed, optically active luminescent aggre-
gates in an organic optofluids may possess considerable advan-
tages because various solvents, including achiral solvents and/or
chiral terpenes (limonenes, pinenes, and carvone), can freely mix
together, allowing for fine-tuning and optimization of the optical
activity while retaining the inherently high ΦPL. The product
yield is near 100% due to the lossless precipitation method under
mild conditions at ambient temperature in only a few minutes.
These aggregates are promising as chiroptical inks for CP-related
device applications,31 if the aggregate dispersed into amorphous
polymer film and gel-likematrices as plastic optofluids with a tuned
refractive index were employed in place of tuned liquid optofluid.
Alternatively, the present demonstration of an absolutely artifi-
cial, optically active aggregate in an optofluid systemmay provide
new insight for efficient light-harvesting and charge-separation

Figure 8. (a) Values of gCD at∼325 nm for 1-S (Mw = 88 500,Mw/Mn = 1.22) in a series of THF/methanol cosolvents and four other good/poor cosolvents
(THF/acetonitrile, THF/ethanol, chloroform/methanol, and toluene/methanol) (1.7/1.3 (v/v), 800 rpm (CW) stir rate) at 25.0 �C. [Si repeating unit] =
6.25 � 10�6 mol L�1. (b) Values of gCD at 325 nm for 1-S in THF/methanol (1.7/1.3 (v/v), 800 rpm (CW) stir rate) as a function of temperature.
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mechanisms in photosynthetic biosystems under incoherent
unpolarized sunlight.1,2

’CONCLUSION

Under optimized conditions (molecular weight, a relative ratio
of good-and-poor solvents, and temperature), 1-S aggregates
with∼5 μm in the suspension of organic fluid solvents efficiently
generated CPL with gCPL = �0.7 at 330 nm with an fwhm of
0.18 eV (1450 cm�1) while retaining a high quantum efficiency
∼53% at room temperature upon incoherent unpolarized photo-
excitation at 290 nm. This intense gCPL value results from the
intense bisignate CD signals (gCD =�0.35 at 325 nm and +0.31
at 313 nm), arising from collective coupled oscillators with edat
origins. Also, 2-S and 2-R aggregates provided similar intense CD
and CPL spectra. The most critical factors for these enhanced
CD/CPL amplitudes of the polysilane aggregates were the back-
bone configuration andmolecular weight of 1-S, 2-S, and 2-R and a
refractive index of good/poor cosolvents as organic fluid.

The former is connected to the chain stiffness of rod-like
helical polysilanes. A longer interchain distance of 1-S, 2-S, and 2-
R aggregates dispersed in solution was assumed to be responsible
for a significant enhancement in CD and CPL by three order of
the magnitude, compared to isolated polysilane chains dissolved
in an isotropic solution.

The latter may be due to an efficient confinement effect of
CP-light in the chiral aggregate dispersion from incoherent un-
polarized UV light. The most essential role of the organic fluid is
to act as an optofluid to efficiently tune the relative refractive
index between the fluid and the aggregates. The optically tuned
fluid is capable of slow-light CP light enhancement of the chiral
aggregate as dispersion medium under incoherent unpolarized
UV light excitation.

’EXPERIMENTAL SECTION

Materials. The highly emissive helical luminophores poly[n-decyl-
(S)-2-methylbutylsilane] (1-S), poly[n-dodecyl-(S)-2-methylbutylsi-
lane] (2-S), and poly[n-dodecyl-(R)-2-methyl- butylsilane] (2-R), were
synthesized via Wurtz condensation of the corresponding organodi-
chlorosilane with sodium in hot toluene in the presence of 2 mol % of
18-crown-6-ether (Scheme S1, Supporting Information).3,4 A typical
procedure for the production of 1-S aggregates in a mixture of THF and
methanol is described. First, 1.3 mL of methanol was added in one bolus
to 1.7 mL of a THF solution containing polysilane (6.25� 10�6 M as a
repeating unit) in a synthetic quartz cuvette, which was placed in the
Peltier apparatus of a JASCO J820 spectropolarimeter at 25 �C and
stirred for 10 s. After the addition of 1.3 mL of methanol at 25 �C to the
solution, a slightly white turbid solution of polysilane aggregates dis-
persed in the mixed solvent was instantly formed. After stirring for
10�30 s, this solution was used for the CD/UV, ORD/UV, and CPL/
PL studies. Other polysilane aggregates were obtained using a similar
process. The size of 1-S particles ranged from 1�10 μm, as measured by
evaluating the changes in CD/UV signal intensities after filtering the
solution with PTFE membrane filters with different pore sizes (1/3/5/
10-μm) (Millipore).32

Chiroptical Analysis. As a measure of the degree of CPL,19 the
dimensionless parameter gCPL is defined as 2(IL � IR)/(IL + IR), where
IL and IR refer to left- and right-handed luminescence intensity, respec-
tively, arising from unpolarized excitation. Similarly, the dimensionless
parameter19 gCD is defined as 2(εL � εR)/(εL + εR), where εL and εR
refer to left- and right-handed absorptivity per repeating unit, respec-
tively. The values of |gCPL| = 2 and |gCD| = 2 refer to pure, single-handed

circularly polarized light at the excited and ground states; thus, the
experimental values of gCPL and gCD become a measure of chirality at the
excited and ground states, respectively.

’ASSOCIATED CONTENT

bS Supporting Information. Preparation scheme of polysi-
lanes, table of Cotton bands and Stokes shifts, and figures show-
ing CD and UV spectra of 1-S, 2-S, and 2-R aggregates in various
good solvent/poor solvent ratios, with/without various mem-
brane filters, various molecular weights, clockwise and counter-
clockwise stirring operation with different speeds, and solution
temperature. This material is available free of charge via the
Internet at http://pubs.acs.org.
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