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Abstract

Chain-like optically active polysilanes comprise a helical main chain of Si�/Si single bonds and chiral and/or achiral side groups.

They exhibit unique absorption, circular dichroism, and fluorescence spectra around 300�/400 nm due to the s-conjugation. Since

the first brief report of optically active polysilane synthesis in 1992, this research field has now widened to include various homo-

and copolymers of optically active poly(dialkylsilane)s, poly(dialkoxysilane)s, poly[alkyl(aryl)silane]s, and poly(diarylsilane)s. This

account focuses on screw-sense switchable, optically active poly(dialkylsilane)s among the above optically active polysilanes,

including (i) (chir)optical properties, (ii) quantitative population analysis of right- and left-handed helices based on Kuhn’s

dissymmetry ratio, (iii) capability of screw-sense inversion, and (iv) chiroptical switch and memory, as consequences of side group

internal interactions, double-well potential energy, and external stimuli. Such knowledge and understanding might stimulate a

further polysilane research, and also may advance these polymers to the realization of Si-based nanomaterials and Si-based

nanodevices in the future.
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1. Introduction

Amino acids and sugars, which are the most impor-

tant molecular building blocks of our daily life, lead to

left-handed and right-handed helical motifs of natural

biopolymers, such as proteins, DNA, and polysacchar-

ides. Presumably, since the beginning of life on the

earth, living organisms might preferentially exploit L-

form of amino acids and D-form of sugars. Optically

active substances, hence, are ubiquitous on the earth

and become the vital constituents of drug, vitamins,

flavors, fragrances, herbicides, and pesticides. Although

the origin and scenario of this biomolecular handedness

may be a longstanding issue among chemists, physicists,

biologists, and astronomers [1�/5], our life is indeed the

consequence of chemistry and physics of the homochiral

biomolecular substances.

By inspiration from the realm of these biopolymers,

research and development on the synthesis, character-

ization, inherent chemical and physical properties,

functionality, and application of optically active artifi-

cial polymers with a single screw-sense stiff helix [6�/12]

have long been of particular interest and subject in the

areas of modern polymer science and engineering. This

is because these synthetic helical polymers may be

promising materials in such areas as enantioselective

separation, molecular chirality recognition, chiral ne-

matic liquid crystals, chiroptical switch and memory,

nonlinear optics, circularly polarized photo- and elec-

troluminescence. Knowledge and understanding of the

structure�/property�/functionality relationship using

chromophoric optically active, organic and inorganic

polymers, thus, might be vital for further advancement

in these and other new areas, as well as in organosilicon

chemistry and in mainstream polymer science (see

Scheme 1).
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In the pioneering works of synthetic helical polymers

two or three decades ago, a few polymers were known to

predominantly adopt a single-screw-sense helical struc-

ture in solution at room temperature. For example, in

1970, Goodman and Chen [13] synthesized the first

optically active polyisocyanate with chiral side chains.

In 1974, Drenth and Nolte proved the 41 helical

structure of poly(t-butyl isocyanide)s which was origin-

ally suggested by Millich in 1969 [14]. In 1960, Pino

prepared an optically active, isotactic poly-a-olefin

bearing a chiral side chain, poly(3-methylpentene),

followed by optically active poly-a-olefin copolymers

[15]. In 1979, Okamoto et al. [16] successfully obtained

optically active, isotactic poly(trityl methacrylate) which

was the first optically active vinyl polymer obtained

from a prochiral monomer. In those cases, very special

monomers and/or catalysts under carefully controlled

polymerization conditions were required to form the

stable helical structures. Since these pioneering works,

many synthetic optically active polymers with p-con-

jugating chromophores, including polyisocyanides

[8,17], polyisocyanates [9,18], polyacetylenes [10,19],

polythiophenes [20], poly(p -phenylenevinylene)s [21],

polycarbodiimides [22], polydiacetylenes [23], polypyr-

roles [24], polyanilines [25], poly(p-phenylene)s [26],

polyfluorenes [27], and other p-conjugated polymers

and oligomers [28] have reported so far. Historical

topics of these synthetic helical polymers are reviewed

recently [29].

On the other hand, polysilane chemistry has been

attracting much attention due to its potential applica-

tions in the electronic and photonic fields. A modern

polysilane chemistry was originally initiated by Kumada

and Yamaguchi in 1954 [30]. Since this pioneering work

on polysilane, a rich variety of polysilanes was prepared

and studied from the viewpoint of chemistry, physics,

and material sciences. However, optically active poly-

silanes bearing chiral and/or achiral side groups [31�/36]

may be classified to a new class of polysilanes, because

intense and sharp UV absorption, circular dichroism

(CD), and fluorescence (FL) spectra around 300�/400

nm, due to the s-conjugation in the helical main chain

are uniquely demonstrated [36].

Since the first and early reports on the chiroptical

properties of poly(dialkylsilane) copolymers with chiral

(S )-2-methyl groups by Matyjaszewski et al. in 1992 and

1994 [31a,31b,31c], various optically active polysilane

homo- and copolymers have been investigated [31�/36].

It may be noted that optically active polysilanes may

serve a unique nanostructural and multidisciplinary

class of polymer, since rod-like helical polysilanes are

regarded as ideal model polymers for one-dimensional

silicon-based semiconductors or quantum wires with 0.2

nm width [31d,31f,37,38].
This account highlights several significant results

characteristic of screw-sense switchable, optically active

poly(dialkylsilane)s among a numbers of optically active

polysilanes, describing (i) (chir)optical properties, (ii)

Scheme 1. Chromophoric optically active organic polymers and polysilane with chromophoric main chain and side groups.
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quantitative population analysis of right- and left-

handed helices based on dimensionless dissymmetry

ratio, (iii) capability and facile control of helix screw-

sense inversion, (iv) molecular shape recognition ability,
and (v) chiroptical switch and dynamic memory, as

consequences of the side group interactions and other

chemical and physical external stimuli.

2. Preparation of optically active polysilanes and

characterization by circular dichroism�/UV absorption�/

fluorescence spectroscopies

The synthesis of polysilanes with a high degree of

stereogenic control is of particular interest [39,40] and of

significant importance in a wide variety of high perfor-

mance functions [41]. Although most optically active
polysilanes including poly(dialkylsilane)s, poly(alkylar-

ylsilane)s, and poly(diarylsilane)s are generally prepared

by the Wurtz-type condensation of the corresponding

dichlorodiorganosilane with sodium in inert solvent

[36,40], this reaction is essentially identical to the

procedure of Kipping used in the 1920s, as shown in

Scheme 2 [42]. An advanced modification for this

reaction is to utilize a very small amount of crown ether
or diglyme as an additive to activate sodium surface and

promote polymerization. These additives effectively

improve polymerization yields, shorten polymerization

times, and modify molecular weight distributions

[36,43].

However, even if an optically active polymer was

prepared from an enantiopure monomer, it is difficult to

identify whether the main chain in a given condition
(solvent and temperature) has an enantiopure helical

conformation with either P (plus, right-handed) or M

(minus, left-handed) screw-sense, or is composed of a

collection of diastereomerically and/or enantiomerically

mixed P- and M-helical motifs.

Helical conformation of optically active polysilanes

can be induced by chiral side chain interactions. Since

they embody a chromophore and fluorophore in the
same main chain, exhibiting intense UV, CD, and FL

bands due to the Sis�/Sis* transition around 300�/400

nm, optically active polysilanes are particularly suitable

chiroptical polymers for elucidating the intrinsic nature

of a helical polymer itself.

A combination of FL study with CD, UV, and/or

NMR spectra of the main chain may be helpful in

identifying screw-sense, uniformity, rigidity, and pro-

portion of P- and M-screw-sense of optically active
polysilanes. The utility of the electronic spectroscopies

lies in the fact that the photoexcited energy above the

optical bandgap migrates to the most energetically

stable motif incorporated in a mobile main chain,

from which emission then occur [31d,31e]. Furthermore,

any desired molecular weight samples can be easily

isolated by a simple fractional precipitation technique,

since the molecular weights of the polysilanes are widely
distributed between 103 and 107. These unique features

allow to investigate a more straightforward elucidation

of the helix�/property�/functionality relationship [36].

In the case of chromophoric optically active polymers,

the intuitive meaning of CD signal intensity is analogous

to that of UV spectroscopy, with the additional dimen-

sion of the subtracted absorption between left- and

right-circularly polarized light (L- and R-CPL) [36,44].
Absorption of light obeys the Beer�/Lambert law and

CD intensity is defined as Do�/oL�/oR�/(AbsL�/AbsR)/

cl , where Do is the molar circular dichroism intensity, oL
and oR are the molar absorptivities for L- and R-CPL,

respectively, AbsL and AbsR are the absorbances of L-

and R-CPL, c is the molar concentration per repeat unit

and l is the path length. CD bands are commonly

referred to as either positive or negative Cotton effects,
and the peaks and bottoms as extrema. It is very useful

to express a ratio of the CD intensity to the UV

absorption intensity. This is formalized in the dimen-

sionless parameter, so-called Kuhn’s dissymmetry ratio,

gabs�/2Do /(oL�/oR)�/Do /o , where o is the molar absorp-

tivity per repeat unit. The dissymmetry ratio is functions

of the magnetic dipole (m ), electric dipole moments (m),

and the angle u between them, such that gabs�/4R /D�/

4jm jjm jcos u(m2�/m2)�1, where R and D are the rota-

tional and dipole strengths, respectively. For optically

active polysilanes, this gabs ratio provides quantitative

information on the helical characteristics such as screw

pitch and sense, and diastereomeric and/or enantiomeric

purities. Typical absolute magnitudes of gabs values for

optically active polysilanes in molecularly dispersed

solution state are ranging from 2�/10�4 and 1�/

10�5. However, particular attention should be paid in

the interpretation of gabs due to the possible presence of

segments of opposite screw-sense and helix reversals.

This is because, if enantiomeric P- and M-motifs absorb

at the same wavelength, the magnitude of gabs would

result in a smaller or zero value. In some case, apparent

optical inactivity may arise from equal proportions of

static and/or dynamic helical motifs under measurement
conditions.

Apparent split-type Cotton CD signals may arise

from two possibilities. In the case of a polymer contain-

ing both diastereomeric P- and M-screw-senses with
Scheme 2. Synthesis of optically active polysilanes bearing chiral and/

or achiral side groups by Wurtz-type reduction.
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different absorption wavelengths, the positive and

negative Cotton effects will be slightly offset with

respect to each other [31d]. Absolute magnitudes of

gabs values for optically active polysilanes may ranged
from 2�/10�4 and 1�/10�5. In the case of two adjacent

chromophores, coupling between the electronic dipole

transition moments will give bisignate CD signals which

is the so-called exciton couplet signal [31k,31n,45]. This

couplet could be further classified as either an intramo-

lecular interaction in the same molecule at a kink or

upon chain folding, and/or an intermolecular interaction

in aggregate phases. The sign of an exciton couplet
signal affords a simple and convenient method for

determining the chirality between the two interacting

chromophores [31k,31n,45]. In the present case, abso-

lute magnitudes of gabs values for optically active

polysilanes may be ranging from 10�3 and 10�1.

3. Preferential screw-sense helical programming of

polysilanes

Although the main chain local conformations of

polysilanes may be classified as 73- (deviant) or 157-

(transoid ) helix, and all anti (achiral trans -planar or

zigzag) structures on the basis of recent works [46], it is

now generally accepted that most polysilanes tend to

adopt helical main chain structures, regardless of side

groups, temperature, and solvents. However, most
polysilanes do not show any Cotton effects in their

CD spectra, due to the existence of equal numbers of P-

and M-helical segments, resulting in spatial and tem-

poral averaged racemic helical conformation and ap-

parent optical inactivity. If the helical main chain is

induced by a chiral chemical influence to adopt a

preferential screw-sense with an enantiomeric excess of

either P- or M-screw-sense, Cotton effects will be seen in
the CD spectrum. The interaction between side groups,

solvents, temperature, and helical main chain structures

of polysilanes in solution, thus, may be detectable by

means of CD spectroscopy, combined with UV, FL, and
29Si-/13C-NMR spectroscopies and global conforma-

tional properties measurements.

It is established that the helicity of polypeptides is

inherent, because the chiral stereogenic centers are
incorporated into the main chain [29]. However, the

helical structures of poly(triphenylmethyl methacrylate)

[7,16,29] and polyisocyanide [8] produced by screw-sense

selective polymerization are retained only through the

stereochemical fixing effect of bulky achiral side groups,

while poly(trityl methacrylate) contains stereogenic

centers in the main chain and is needed to have a highly

isotactic structure. In the case of optically active
polysilanes, polyisocyanates, polyacetylenes, polythio-

phenes, polyphenylenevinylenes, and polycarbodii-

mides, their helical structures, however, are effectively

induced by chiral side chain interactions. The latter

group of optically active helical polymers can be

generally obtained by (a) polymerization of achiral

and/or prochiral monomers with enantiopure chiral
catalyst or initiator, (b) chiral doping of optically

inactive polymers with enantiopure chiral moieties, (c)

separation of a racemic mixture of enantiomeric helices

using chiral stationary phase chromatography for non-

dynamic helical systems, (d) complexation of optically

inactive polymers with non-racemic chiral ligands, (e)

post-polymerization functionalization with chiral moi-

eties, (f) incorporation of enantiopure chiral end groups,
(g) polymerization of non-racemic chiral monomers, (h)

copolymerization of non-racemic chiral monomers with

achiral monomers or with non-racemic monomers, and

(i) circularly polarized irradiation of polymers bearing

racemic sensitizers. Techniques from (d) to (h) have been

applied to obtain optically active polysilanes [31�/35].

4. A correlation between global conformation and optical
characteristics

The main chain mobility of s- and p-conjugating

polymers is often connected to their electronic struc-

tures. Therefore, changes in the UV�/Vis absorption and

chiroptical spectra are spectroscopically discernible as

thermo-, solvato-, piezo-, or and electrochromisms.

Although several polysilanes remarkably exhibit these
phenomena [40], their structural origins were controver-

sial until recently, due to the limited information

available on the correlation between the conformational

structures of the main chain, electronic state, and

(chir)optical characteristics. In 1996, the author re-

ported that in various polysilanes in THF at 30 8C, the

main chain peak intensity per silicon repeat unit, o (Si

repeat unit)�1 dm3 cm�1, is closely connected to the
viscosity index, a [47,48].

Fig. 1 shows the UV absorption spectra of four

typical optically active poly(dialkylsilane)s featuring

different chiral side groups in THF at 30 8C [31k,36a].

Evidently, as the value of a increases from 0.59 to 1.25

in THF at 30 8C, the UV absorption intensity increases

and the full-width at half-maximum (FWHM) de-

creases. Thus, the degree of s-conjugation, global
conformational structure, and UV absorption charac-

teristics in optically active polysilanes are controllable

by the choice of side groups.

Indeed, poly(n-hexyl-(S )-4-methylpentylsilane) (2)

with a�/0.75 is nearly randomly coiled, while poly(n-

hexyl-(S )-2-methylbutylsilane) (4) with a�/1.25 adopts

almost a rod-like conformation; poly(n -hexyl-(S )-3-

methylpentylsilane) 3 with a�/0.92 shows an intermedi-
ate behavior between 2 and 4. Recently, quantitative

estimates of the persistence length (q ) have been given:

85 nm for 4 in isooctane at 20 8C, but 6.2 nm for 3 in

M. Fujiki / Journal of Organometallic Chemistry 685 (2003) 15�/3418



isooctane at 25 8C [31m]. The high q value of 4 is

comparable to that in stiff polyisocyanate with (R )-2,6-

dimethylheptyl groups (q�/76 nm). Comparative q

values are reported for other polymers: poly(n -hexyl

isocyanate) (20�/43 nm), aromatic polyamides (20�/50

nm), and the double helix DNA (�/60 nm) [12b,12e]. It

is noted that poly(methyl-(S )-2-methylbutylsilane) (1)

has a shrunken shape, indicating a very short q value.

Thus, it is established that global structures of

optically active polysilanes are significantly influenced

by the position of the branching methyl group (b- or g-)

at the chiral center in the side chain, and also solution

temperature. These results led to a semi-empirical

relationship between the main chain absorption char-

acteristics and the global conformation of various

polysilanes in solution.

Fig. 2 shows a correlation between the values of o ,

FWHM, and a of various poly(dialkylsilane)s and

poly(alkylarylsilane)s in THF at 30 8C [46]. The poly-

mers include seven optically active poly(dialkylsilane)s

with four different types of chiral b-, g-, or d-branched

alkyl substituents, 12 optically inactive poly(dialkylsi-

lane)s with six different types of linear, b-, g-, or d-

branched substituents, and two optically inactive

poly(alkylphenylsilane)s. For the polysilanes exhibiting

lmax ranging from 290 to 352 nm, it is evident that with

increasing a , o increases exponentially, but FWHM

decreases exponentially. From this semi-empirical o �/a -

FWHM relationship, either value of o or FWHM

renders information on the degree of chain coiling in

solution at a given condition. This may be very useful

for discussing the global shape of a polysilane in

Fig. 1. UV absorption spectra of various optically active polysilanes in THF at 30 8C: Poly[methyl-(S )-2-methylbutylsilane] (1, a�/0.59), poly[n -

hexyl-(S )-4-methylpentylsilane] (2, a�/0.75), poly[n -hexyl-(S )-3-methylpentylsilane] (3, a�/0.92), poly[n -hexyl-(S )-2-methylbutylsilane] (4, a�/

1.25). For comparison, UV absorption spectrum of poly[6,9,12-trioxatetradecyl-(S )-2-methylbutylsilane] (5) in ethanol at �/104 8C is also displayed.

For clarity, spectroscopic features of poly[n -decyl-(S )-2-methylbutylsilane] (6) are almost identical to those of 4 because of the similar rigidity (see

Fig. 3).
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solution at any temperature [31k]. A value of 150,000 (Si

repeat unit)�1 dm3 cm�1 for o of an ideal rod polysilane

is obtained by extrapolating o using the above o �/a

relationship to the limiting a for an ideal rigid rod

polymer of 1.7�/1.8 [47,48]. As demonstrated in Fig. 1,

the o value for rod-like optically active poly(6,9,12-

trioxatetradecyl-(S )-2-methylpropyl)silane) (5) in etha-

nol progressively increases from 42,000 with an FWHM

of 800 cm�1 (8 nm) at 323 nm to 102,000 with an

FWHM of 400 cm�1 (�/4 nm) at 318 nm when the

temperature is cooled from 25 to �/104 8C [31k]. This is
the highest o value corresponding to an almost perfect

rod structure of 5 at such low temperatures.

5. Rigid rod-like helical polysilanes with a fixed

preferential screw-sense

5.1. (Chir)optical properties of (S)-2-methylbutyl and

n-alkyl side chain systems

The first CD spectrum and optical rotation of

optically active poly(dialkylsilane) copolymer consisting

of di-(S )-2-methylbutylsilane and di-n-pentylsilane re-
peat units in the solid film and in solution were briefly

reported by Matyjaszewski in 1992 [31a]. This was

followed by more detailed reports on the synthesis and

chiroptical properties of the copolymers in solution and

as solid films by Möller [31b] and Matyjaszewski and

coworkers [31c] in 1994 and 1995. In 1994, it was

clarified that the most fundamental chiroptical features

and conformational properties in a series of optically
active poly(dialkylsilane) homopolymers comprising

alkyl-(S )-2-methylbutylsilane repeat units in solution

[31d,31e,31f] (see Scheme 3).

Poly(n -decyl-(S )-2-methylbutylsilane) (6), among

those polysilanes, showed ideal UV, CD, and FL

spectral characteristics of a rod-like helical chromo-

phore and fluorophore due to the preferential single-

screw-sense structure induced by side group interactions

in isooctane at 20 8C. As evident in Fig. 3(a) and (b), (i)

6 exhibits a very intense, narrow UV absorption with no

discernible phonon side bands at 323 nm, with o�/

55,000 (Si repeat unit)�1 dm3 cm�1 and an FWHM

value of 8 nm (o is about six times greater and the

FWHM narrower by one-sixth than typical random coil

poly(dialkylsilane)s), (ii) the FL spectral profile at 328

nm is the mirror image of the UV and CD band profiles,

(iii) the CD band profile fits fully within the UV

spectrum, and (iv) the FL anisotropy (FLA) around

the 323-nm UV-CD bands approaches the theoretical

limit of 0.4 expected for the random distribution of a

rod chromophore being collinear with the fluorophore

in a rigid medium. It should be noted that these helical

exciton transitions (due to a photoexcited electron�/hole

pair) with negligibly weak electron�/phonon coupling

are unique, since these features are not seen in p-

conjugating polymers or small molecules. These novel

Fig. 2. Correlation between UV peak intensity (o ), full-width at half-maximum (FWHM), and the viscosity index (a ) of various poly(dialkylsilane)s

and poly[alkyl(aryl)silane]s in THF at 30 8C.

Scheme 3. The first optically active polysilane copolymers featuring

(S )-2-methylbutyl and n-pentyl groups.
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UV-CD-FL-FLA characteristics of 6 could be the first

demonstration of uniqueness among other optically

active polysilanes and optically active organic polymers.

Furthermore, the UV, CD, FL, and FL excitation

(FLE) spectral characteristics of a series of poly(n -alkyl-

(S )-2-methylbutylsilane) in isooctane at 20 8C were

measured to elucidate the effects of the n -alkyl side

group and main chain length [31f]. It was concluded that

the rod-like helical structure was retained, even when the

n -alkyl side group length is increased from n-propyl to

n -dodecyl and the main chain length is increased from

20 to 3000 silicon units. This was supported by the

unique UV-CD-FL-FLE spectroscopic features of 6 and

the fact that the gabs value of �/2.0�/10�4 was almost

independent of both n-alkyl side group length and

silicon main chain repeat length, as is evident in Fig.

4(a). On the other hand, the peak intensities of UV and

CD bands at 323 nm increase nonlinearly as the main

chain repeat number increases and tend to reach

constant values, as shown in Fig. 4(b), while the

respective values of the UV peak wavelength and

FWHM of the band converged to limiting values of

322 and 8 nm in isooctane at 20 8C.

It is noted that the dipole strength of UV absorption

band is independent of the n -alkyl side group length and

main chain repeat numbers. Actually, integration of the

323 nm UV absorption band of the poly(n -alkyl-(S )-2-
methylbutylsilane) derivatives depends very weakly on

the repeat numbers. These results led to the important

idea that, in the case of optically active polysilanes, the

value of gabs (/�fDo dl=fo dl) should be used to

characterize helical structures such as the proportion

of P- and M-motifs and their regularity, rather than the

values of Do or optical rotation.

5.2. AFM single molecular imaging of rod-like structure

for nanoscience and nanotechnology

Chain dimensional parameters of polymers such as

the value of persistent length, q , in dilute solution can be

determined by well-established light scattering, sedimen-

tation equilibrium, and viscometric techniques [12].

Concerning solid-state analysis, imaging of the detailed

molecular structure of individual polymer chains on a
solid surface is of growing interest in the design and

control of the optoelectronic properties of functional

polymers and nanomaterials. Recent advances in atomic

Fig. 3. (a) UV and CD spectra and (b) FL spectrum and FL anisotropy (FLA) of poly(n -decyl-(S )-2-methylbutylsilane) (6, Mw�/5.3�/106, Mn�/

4.1�/106 , a�/1.35 in THF at 30 8C) in isooctane at 20 8C.

Fig. 4. UV and CD bands characteristics at around 323 nm of 14 samples isolated from nine poly(n -alkyl-(S )-2-methylbutylsilane) derivatives as a

function of the degree of polymerization (DPw) in isooctane at 20 8C: (a) the dissymmetry ratio (gabs) and (b) o and Do .
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force microscopy (AFM) and scanning tunneling micro-

scopy (STM) have now enabled direct imaging of

polymer molecules. For example, AFM images of a

few insulating polymers such as cyclic DNA and
random coiled polystyrene-block-poly(methyl methacry-

late) on mica, poly(para-phenylene) on a gold surface,

and twinned chiral polyacetylene on a highly oriented

pyrolytic graphite substrate have been reported [49].

In 1997, the first molecular AFM images of rod-like 6

with a high molecular weight (Mw�/5.3�/106, Mn�/

4.1�/106; total molecular contour length �/2000 nm)

on sapphire was reported by Ebihara et al. [50a]. The
individual molecular image appears to essentially adopt

rod-like structures accompanied by slight structural

fluctuations. The rod-like objects consisted of several

segments separated by kinks, in which the segment

lengths are ranged from 150 and 800 nm. These long

segments may be responsible for the unique UV-CD-FL

spectroscopic features of 6 and its derivatives. AFM/

STM studies of various polymers might be the challen-
ging issue in the forthcoming organosilicon chemistry,

polymer science, and nanomaterial science [50b,50c].

Recently, Furukawa et al. [50c] successfully obtained a

similar AFM molecular image of 6, one end terminus of

which had been chemically immobilized anchored on a

silicon substrate, as well as of other flexible polysilanes

bonded on solid substrates.

It is possible that polysilanes with different stiffnesses
and degree of wire structure fluctuation serve as

polymer models of quantum-wire semiconductors with

a 0.2 nm silicon atomic size width in areas of

nanoscience and nanotechnology [31f,37,38]. The ad-

vanced one-dimensional exciton theory for a semicon-

ducting polymer infinite chain with different degrees of

disorder in the electronic state demonstrated that the

exciton absorption significantly weakens and broadens
as the degree of structural disorder increases [38f]. The

disorders should involve structural deviations in Si�/Si

bond length, and Si�/Si�/Si bond and Si�/Si�/Si�/Si

dihedral angles. Such deviations are considered to

determine the persistence length, mean free path, the

effective s-conjugation length, and degree of delocaliza-

tion of hole and electron carriers in the main chain [31l].

As exemplified in Figs. 2�/4, individual rod-like poly-
silanes in dilute solution indeed afford ultimately

intense, narrow exciton absorption and emission, which

nicely fit to the theoretical simulation for a one-

dimensional exciton in idealized semiconducting poly-

mers, while coiled flexible polysilanes with an inhomo-

geneous electronic state afford a weak, broad exciton

absorption along with sharp emission [38].

Further developments of AFM/STM instruments and
measurement techniques would permit the direct char-

acterization of the helical pitch, screw-sense, helix

reversal, and supramoleular structures of individual

polysilane molecules in the near future.

6. Flexible rod-like helical polysilanes with inversion of

preferential screw-sense

6.1. (Chir)optical properties of (S)- or (R)-3,7-

dimethyloctyl and b- or g-branched side chain systems

A current challenging issue in the area of helical

polymer and oligomer research is to design and realize

dynamic chiroptical properties in response to external

chemical and physical biases [8�/10,12,28,35]. The most

striking dynamic property for a helical polymer may be

its chiroptical inversion associated with a helix�/helix
(PM) transition in response to external physical and/or

chemical stimuli. Although biochemists originally dis-

covered this phenomenon three decades ago in synthetic

oligo-DNA (driven by a change in NaCl concentration)

[51] and poly(L-aspartic acid ester)s (driven by changes

in temperature and organic acid) [52], a few synthetic

organic polymers are known to undergo a PM transition

in solution, or as the solid film state. For example,
polyisocyanates [18e,18f,18m,18o,18s], polyacetylenes

[19g,19k,19l,19m,19p], polypeptides [53], polythio-

phenes [20c,20d,20h], poly(triarylmethyl methacrylate)

[54], and calf thymus DNA [55] underwent PM transi-

tion by chemical and/or physical biases. Recently, the

author and coworkers found that certain poly(dialk-

ylsilane) homopolymers and copolymers [32], poly(alk-

yl(alkoxylphenyl)silane) homopolymer [33e], and a
poly(diarylsilane) copolymer [34b,34c] undergo a

thermo-driven PM transition in solution by controlling

side chains and composition of co-monomers in copo-

lymers (see Scheme 4).

Poly[(S )-3,7-dimethyloctyl-3-methylbutylsilane] (7)

may be classified to a family of rod-like helical homo-

polymers bearing enantiopure alkyl side groups, since 7

affords an intense, narrow UV absorption band, com-
pletely matching the corresponding CD and FL band

mirror image profiles, similar to the rigid rod-like helical

polysilane homo- and copolymers described above.

However, 7 undergoes a thermo-driven PM transition

in isooctane at �/20 8C, which is spectroscopically

detectable as an inversion of the Cotton CD band.

Fig. 5(a) and (b) compares the CD and UV absorp-

tion spectra of 7 at �/40 and �/5 8C and of poly[(S )-3,7-
dimethyloctyl-2-methylpropylsilane] (8) at �/82 and �/

80 8C in isooctane. The positive-signed CD spectrum of

7 with lext of 320 nm at �/40 8C is almost the inverse of

the negative-signed CD spectrum with lext of 322 nm at

�/5 8C. It is evident that 7 undergoes a PM transition

between the two temperatures, though the helical motifs

at �/40 and �/5 8C are energetically and spectroscopi-

cally non-equivalent. On the other hand, neither 8 nor
its mirror image poly[(R )-3,7-dimethyloctyl-2-methyl-

propylsilane] (9) undergo any such inversion of the CD

spectra in isooctane between �/90 and �/80 8C.
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Polymers 6�/9 are thought to adopt rod-like 73-helical

conformations (dihedral angle of about 1508 or 2108) in

solution [31d,31m,31n,31o,31p,31q,31r,31s,31t], since

these lmax near 323 nm are almost identical to that of

poly(di-n -pentylsilane) and poly(di-n -butylsilane)

adopting a 73-helical form in the solid state [40b].

Indeed, it was concluded that 6 adopts 73-helix in the

solid state from X-ray analysis [31n]. Although rod-like

behavior of these polymers is expected by the high

values of a , the a values for 7 and 8 in CHCl3 at 30 8C
are 1.11 and 1.29, respectively (for 6 in THF at 30 8C,

a�/1.35) [32a], polymer 7 is more flexible than 6, 8, and

9, according to the following 29Si-NMR results.

Fig. 6 displays the 29Si-NMR spectra of 6�/8 in CDCl3
at 30 8C. Since these polysilanes have two different types

of side groups attached to the main chain, they may

essentially comprise isotactic (it -), syndiotactic (st -), and

heterotactic (ht -) sequences. Indeed, 6 exhibits a major

signal at �/22.2 ppm along with a weak signal at �/23.1

ppm, suggesting an almost single configurational se-

quence with a minor fraction of another sequence in the

same main chain. Although 7 and 8 exhibit single 29Si-

Scheme 4. Helix�/helix transition (whose temperature is indicated in parentheses) and non-helix�/helix transition poly(dialkylsilane) homopolymers

(7-14) featuring an enantiopure (S )- or (R )-3,7-dimethyloctyl group.

Fig. 5. (a) CD and UV absorption spectra of poly[(S )-3,7-dimethyloctyl-3-methylbutylsilane] (7, Mw�/1.6�/106 and Mw/Mn�/1.53) at �/40 8C
(solid line) and �/5 8C (dotted line) in isooctane, (b) CD and UV absorption spectra of poly[(S )-3,7-dimethyloctyl-2-methylpropylsilane] (8, Mw�/

4.2�/104 and Mw/Mn�/1.51) at �/82 8C (solid line) and �/80 8C (dotted line) in isooctane.
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NMR signals near �/23 to �/25 ppm, respectively,

implying mainly it - or st -sequences, a remarkable

difference in 29Si-NMR linewidth (Dn1/2) between 6, 7,

and 8 can be seen. The greater flexibility of 7 compared

to 6 and 8 is suggested by the narrower Dn1/2: for 7,

Dn1/2�/29 Hz at �/25.3 ppm, while for 6, Dn1/2�/90 Hz

at �/22.3 ppm and for 8, Dn1/2�/65 Hz at �/22.7 ppm.

Recently, we reported four more examples of PM

transition rod-like polysilanes in isooctane upon appli-

cation of a thermal energy bias: poly[bis[(S )-3,7-di-

methyloctyl]silane] (10) [32b], poly[(R )-3,7-

dimethyloctyl-((S )-3-methylpentyl)silane] (11)

[32c,32d], poly[(S )-3,7-dimethyloctyl-(2-ethylbutyl)si-

lane] (12) [32e], and poly[(S )-3,7-dimethyloctyl-(2-cyclo-

pentylethyl)silane] (13) [32f] have Tc of 2, �/65, �/7, and

�/33 8C, respectively. However, poly[(S )-3,7-dimethy-

loctyl-[(S )-3-methylpentyl]silane] (14) [32c], poly[(S )-

3,7-dimethyloctyl-(3-ethylpentyl)silane] (15) [32e], and

poly[(S )-3,7-dimethyloctyl-(1-cyclopentylmethyl)silane]

(16) [32f] did not undergo a PM transition. Recently, it

was reported that the value of q for 11 is as large as 103

nm in isooctane at 25 8C.

Although homopolymers bearing two g-branched side

groups per repeat unit may have a great possibility of

undergoing a PM transition, polymers with a combina-

tion of b- and non-branched side groups or b- and g-

branched groups are unlikely to undergo a PM transi-

tion. However, exceptionally 12 featuring b- and g-

branched groups does undergo a PM transition [31e],

while 15 featuring two g-branched groups does not [57].

Additionally, although 10 and 14 have similar g-chiral

side groups, only 10 undergoes a PM transition. In this

case, the choice of handedness in the two g-chiral side

groups definitively determines the capability of a PM

transition. Thus, very minute modification and the

choice of handedness in the side groups of polysilanes

definitively determines the capability of the PM transi-

tion and the value of Tc. Beyond the factors discussed

above, it is still difficult to find general guidelines for

designing polysilanes with a PM transition capability.

6.2. Origin of helix�/helix transition

Considering the variable temperature dependence of

lext, lmax, and intensities of Do and o of 7 and 8 in

isooctane, the lext and lmax values of 7 and 8 linearly

blue-shift from 325 to 318 nm as the temperature

decreases from 80 to �/82 8C. The o values of 7 and 8

increase monotonically from 40,000 to 80,000 over the
same range. The former may be ascribed to a slight

decrease in screw-pitch, deviating from an ideal 73-

helical structure, and the latter arises from a progressive

increase in dimension of the main chain. However, the

Do value of 7 monotonically increases from ca. 3 at �/

80 8C to ca. 8 at �/5 8C, goes to zero abruptly at �/

20 8C, and then decreases to �/15 8C monotonically at

�/82 8C, while that of 8 monotonically increases from 7
to 18. Mutual cancellation of positive and negative

Cotton signals is indeed occurring at Tc, resulting from

an equal population of pseudo-enantiomeric P- and M-

motifs with the same lext and lmax values.

To quantitatively characterize the PM-populations

using chiroptical characteristics, it is appropriate to use

the gabs values of 7 at each temperature with reference to

the regression curve of these gabs values in 8 which is
assumed to adopt a purely P-73 helical structure, instead

of the Do value. The population analysis is based on the

assumption that the weak temperature dependence of

the gmax for 8 is due to a minute modification in the

screw-pitch of the P-helix, rather than any formation of

the M-helical motif.

Fig. 7 plots the temperature dependence of the

dissymmetry ratios and the PM-populations in three
different Mw samples of 7 in isooctane based on the

above analysis. It is evident that although the PM-

populations in the three samples depend slightly on Mw,

a steep PM transition clearly occurs at �/20 8C. The

highest Mw polymer (closed circles) contains 12% P- and

88% M-motifs at �/90 8C, while at 25 8C these values

invert to 84% P- and 16% M-motifs. The medium and

lower Mw samples contain 15% P- and 85% M-motifs at
�/90 8C, while at 25 8C these values are 76% P- and 24%

M-motifs. However, the transition temperature width

(DTc) tends to slightly broaden as Mw decreases. It is

concluded that the PM transition characteristics includ-

ing Tc, DTc, and PM-populations weakly depend on the

molecular weight, and the PM-transition characteristics

may vary with segment length, for segments shorter than

50 silicon repeat units and/or the nature of two chain
termini.

Although the origin of the PM transition remains

obscure, the marked differences in potential energy

Fig. 6. 29Si-NMR spectra between (top) poly[(S )-3,7-dimethyloctyl-3-

methylbutylsilane] (7), (middle) poly[(S )-3,7-dimethyloctyl-2-methyl-

propylsilane] (8), and (bottom) poly[n -decyl-(S )-2-methyl-butylsilane]

(6) in CDCl3 at 30 8C.
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curves and main chain stiffness between 7 and 8 may be

critical. Fig. 8 shows the dihedral angle dependence on

the potential energy of (S )-3,7-dimethyloctyl-3-methyl-

butylsilane (31 repeat units with hydrogen termini)

(oligo-7) and (S )-3,7-dimethyloctyl-(2-methylpropyl)si-

lane (31 repeat units with hydrogen termini) (oligo-8) for

their it - and st -sequences, respectively. An it -oligo-7

clearly shows a double-well potential curve, i.e. two

local energy minima with almost enantiomeric helices at

dihedral angles of P-1578 and M-2108. The global

minimum M is slightly more stable than that of P by

about 0.67 kcal per repeat unit and the barrier heights of

the M- and P-screw-senses are 2.3 and 1.7 kcal per

repeat unit, respectively. Also, st -oligo-7 has a similar

double-well potential curve at about P-1608 and M-2008
and the global minimum M is slightly more stable than

the corresponding P by about 1.3 kcal per repeat unit.

The barrier heights for the respective M- and P-screw-

senses are about 4.6 and 3.4 kcal per repeat unit. Thus,

the calculation of oligo-7 suggests that both pseudo-

enantiomeric P- and M-motifs are likely to coexist in the

same main chain at any temperature, regardless of

microtacticity.

On the other hand, it -oligo-8 shows an unclear

double-well potential at dihedral angles of P-1608 and

M-2008. The P-helix is much more stable compared to

the corresponding M by about 2.3 kcal per repeat unit.

The barrier heights of the respective M and P are about
3.9 and 1.4 kcal per repeat unit, leading to the idea that

P-helix might be more stable. An st -oligo-8 has an

almost single-well potential with dihedral angles of P-

1608. These calculations assume that the P-motifs of 7

and 8 are more stable at all temperatures, regardless of

tacticity.

To discuss the origin of the PM transition, some

simple energy parameters of the P- and M-states for
oligo-7 and oligo-8 may be useful. Here, DG is the

difference in free energy between the P- and M-states,

whereas DH and DS are the differences in enthalpy and

entropy between the P- and M-states, respectively.

DG�GP�GM�DH�T DS

�HP�HM�T(SP�SM) (1)

Fig. 7. (a) Temperature dependence of the dissymmetry ratios of poly[(S )-3,7-dimethyloctyl-3-methylbutylsilane] (7) with three different Mw samples

and poly[(S )-3,7-dimethyloctyl-2-methylpropylsilane] (8) which is assumed to be a purely P-helix in isooctane. The values of Mw were (i) 1.6�/106

(closed circles), (ii) 3.8�/104 (open circles), and (iii) 1.0�/104 (open squares) for 7, and 4.2�/104 (filled triangles and solid curve) for 8. (b)

Temperature dependence of P- and M-populations of 7 in isooctane by reference to the regression curve of gabs values in 8.

Fig. 8. Molecular mechanics calculation. Main chain dihedral angle dependence on the potential energy (per repeat unit) of (a) it - and st -(S )-3,7-

dimethyloctyl-3-methylbutylsilane 31 repeat units with hydrogen termini (oligo-7), and (b) it - and st -(S )-3,7-dimethyloctyl-2-methylpropylsilane 31

repeat units with hydrogen termini (oligo-8). Discover 3 (ver. 4.00, simple minimization, MSI) was used for this calculation.
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where

DH�HP�HM; DS�SP�SM (2)

at Tc; DG�0; then Tc�
DH

DS
(3)

Using the values of Tc�/253 K of 7 and DH�/�/0.67

kcal per repeat unit for oligo-7, one can obtain that
DS�/�/2.6 cal K�1 at Tc. Since the sign of the DG term

below Tc is negative, P is more stable than M, and vice

versa. To design a thermo-driven PM transition poly-

silane for switching at a desired temperature, it appears

essential that the polysilane has a double-well potential

curve, small DH , and small potential barrier height. If

the DS term contributes to the inversion capability of

preferential screw-sense, P-polysilane in a low entropy
state below Tc may take an ordered packing of side

groups, whereas M-polysilane in the higher entropy

state above Tc may have a disordered arrangement of

side groups.

6.3. Control of helix�/helix transition temperature by

copolymerization

Qualitative understanding of PM-transition charac-

teristics and main chain stiffness of rod-like polysilanes,

thus, led to the new idea that subtle structural modifica-

tion of the achiral and chiral alkyl side groups controls

critically the transition characteristics. Indeed, in a series

of 7-based copolymers, poly[((S )-3,7-dimethyloctyl-3-

methylbutylsilane)-co -((S )-3,7-dimethyloctyl-2-methyl-
propylsilane)] (17) and poly[((S )-3,7-dimethyloctyl-3-

methylbutyl-silane)-co -((R )-3,7-dimethyloctyl-2-methyl-

propylsilane)] (18) (see Scheme 5), PM-transition char-

acteristics are controllable by the choice of side groups.

Fig. 9 shows the temperature dependence of the gabs

values and PM populations in 17 (80 mol% of 7 and 20

mol% of 8), 7, and 18 (80 mol% of 7 and 20% of 9) in

isooctane between �/82 and �/80 8C. It is evident that,
compared to the Tc of 7, that of 17 containing two

identical (S )-chiral side groups decreases by 16 8C,

whereas that of 18 containing the opposite (S )- and

(R )-chiral side groups increases by 16 8C. The CD

spectral profile for the respective copolymers still

matches the corresponding UV absorption spectrum at
temperatures. However, as introduction of 8 or 9 to pure

7 causes an increase of the transition breadth DTc

(defined as a difference between Tup
c and Tdown

c ); due

to the randomness of the two different silane repeat

units incorporated in the same main chain.

The variation of the values of Tc is plotted in Fig. 10,

as a function of the mole fraction of 8 in 17, and 9 in 18.

As the mole fraction of 8 in 17 and 9 in 18 increases, the
value of Tc changes nonlinearly from �/64 to �/79 8C
and the value of DTc is nonlinearly broadened. As

demonstrated in certain poly(alkylisocyanate) copoly-

mer undergoing a PM transition [18s], although a

further mechanistic study is needed to clarify the

realistic origin of the transition, presumably the two

local free energy minimum potentials and entropy term

in the free energy stability may be tunable by the choice
of side chain chirality and the branch position in the side

chain. Even in this case, the coexistence of P- and M-

motifs in the same main chain at any temperature may

be essential for the capability of the PM-transition.

This knowledge and understanding might be helpful

in designing PM-transition capability and characteristics

in diverse screw-sense inversion-related applications,

such as a chiroptical switch and memory, a preference
molecule switchable chiral separation column, molecu-

lar recognition ability, and molecular machinery in the

future.

6.4. Quantized and superposed right- and left-handed

helicities

Designing and realizing miniature-scale computing

devices are now the most challenging issues in na-
noscience and nanotechnology [56]. Optically active

molecules with bi- and multi-stable switch and memory

functions associated with molecular motions such as

twist, rotate, fold, shrink, stack, and shuttle may be a

candidate as basic elements in these devices [57].

Generally, great problems remain in the design and

manufacture of such molecular elements, due to diffi-

culties in the wiring of these elements with functions of
‘‘memory and storage’’, defined threshold, processing,

and error correction. Understanding and measuring the

superposition of quantum states in nano-systems based

on semiconductors and superconductors directed to-

wards the realization of quantum computing have been

achieved theoretically and experimentally so far [58]. If

the essence of ‘‘quantum computing’’ is regarded as the

controlled mixing of two quantum states by physical
and/or chemical biases, this may also be in the realm of

molecular and polymer sciences [59,60]. It may be noted

that before these boom studies, several quantum che-

Scheme 5. Two series of screw-sense switchable poly(dialkylsilane)

copolymers (17 and 18), featuring (S )- and (R )-3,7-dimethyloctyl, 2-

methylpropyl, and 3-methylbutyl side chains.
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mists had already discussed quantum tunneling and

oscillation, and the preparation and detection of super-

posed optical activity for a hypothetical chiral molecule

with a double-well potential using an ultra-short-light

pulse, although they did not extend their ideas to the

possibility of chiral molecule-based quantum computing

[59,60].

As noted earlier, it is reasonable to use the dimension-

less parameter to quantitatively evaluate the PM-popu-

lation of 11 and 14 in solution by reference to the

regression curve of the gabs values for 8, which is

assumed to be in a purely P-motif over the temperature

range, although the temperature dependence of the gabs

values in 8 shows a slight change of screw-pitch.

Variable temperature gabs values and the proportion of

P- and M-motifs of 8, 11, and 14 in isooctane between �/

80 and 80 8C are plotted in Fig. 11(a) and (b). It is

evident that 11 features three distinct switching regions,

1 (�/80 to �/10 8C), 2 (�/10 to �/10 8C), and 3 (�/10 to

�/80 8C). Polymer 11 in region 1 contains a constant

80% P and 20% M (60% P excess over M), but contrarily

in region 3, it has 80% M and 20% P (60% M excess over

P). However, 14 invariably contains 80% P and 20% M

(60% P excess) over the entire temperature range. This

behavior may be related to greater differences in the

potential energy curve between 11 and 14.
Similarly, variable temperature gabs values and the

proportion of P- and M-motifs of 12 in isooctane

between �/80 and 80 8C are plotted in Fig. 12(a) and

(b). It is also evident that 12 features three thermally

accessible regions, 1 (�/80 to �/30 8C), 2 (�/30 to 25 8C),

and 3 (25 to 80 8C), as already demonstrated in 11. In

region 1, 11 contains a constant 15% P and 85% M (70%

M excess), but on the other hand, in region 3, it has an

82% P and 18% M (64% P-excess). The switching

features in region 2 are thus ascribed to be the

consequence of the quantized and superposed helicities

between the 70% M- and 64% P-excess states, although

the superpositions of chirality and optical activity were

classically discussed by Hund [60] and several quantum

physicists [4e,59].
Also, the variable temperature gabs values and PM-

populations of 13 and 16 in isooctane are displayed in

Fig. 13. Polymer 13 undergoes a helix�/helix transition

at the Tc, accompanied by a temperature-dependent

mixing state between the pure P- and M-helicities. For

example, the PM-population of 13 continuously changes

from 70% P and 30% M (40% P excess) at 80 8C to 82%

P and 18% M (64% P excess) at �/10 8C, but goes to 50%

P and 50% M (zero% P or M excess) at �/33 8C, and

then inverts to 12% P and 88% M (76% M excess) at

�/80 8C. On the other hand, the PM-population of 16 is

almost a constant 99% P and 1% M (98% P excess)

between �/61 and 80 8C, except for a slight change to

93% P and 7% M (86% P excess) at around �/20 8C. The

switching properties of the optical activity and the

features of the screw-sense inversion are thus ascribed

Fig. 9. (a) Temperature dependence of the gabs values of 17 (80% of 7, 20% of 8, Mw�/5.0�/104, open circles), 7 (Mw�/3.8�/104 , filled circles), 18

(80% of 7, 20% of 9, Mw�/4.8�/104 , open squares), and 8 (Mw�/4.2�/104 , filled triangles with a solid curve) in isooctane. (b) Temperature

dependence of the PM- populations of 7, 17, and 18 in isooctane by reference to the regression curve of gabs values in 8.

Fig. 10. Values of Tc as a function of mole fraction of 8 in 17 and 9 in

18 along with 7 in isooctane. The Mw values in all the homopolymer

and copolymers and ranged from 3.5�/104 to 8.5�/104.
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as the consequence of the superposition of the P- and M-

helicities.

The temperature dependence of the lmax values of 12

and 13 in isooctane are shown in Fig. 14(a) and (b).

Although a progressive blue shift of lmax for 12 is seen

with decreasing temperature, two discontinuous changes

around �/10 8C are recognized. Similarly, for 13,
although a progressive blue shift in lmax is seen with

decreased temperature, a very weak discontinuous

change around the Tc of around �/33 8C is evident. By

extrapolating the two straight lines A and B, the energy

gap is estimated to be �/0.01 eV, implicating the

occurrence of slight conformational changes in the Si�/

Si main chain structure to relax the overcrowded steric

environment (corresponding to barrier height for tun-
neling process) of the chiral and achiral side chains.

6.5. Control of helix�/helix transition temperature by

solvent molecular shape

The most important feature of 11 exists in region 2,

because the superposed state almost linearly varies with

thermal energy bias, ranging from 60% M- to 60% P-

excess. It is noted that 11 sensitively recognizes the

topology of small molecules due to the two branched

side chain structures. This superposed helical states

linked by dynamic twisting motions is thought to have

a ‘‘dynamic memory’’ function, since, if the solvent

molecules (external chemical bias) are taken away, the

superposed state may modify the PM population. This

led to a change in Tc value with a range of non-polar

hydrocarbon solvent molecules with different degrees of

branching. This ‘‘solvent effect’’ of optically active

polymers able to alter a preferential screw-sense was

demonstrated in the optical activity of poly(n-hexyl

isocyanate) induced by enantiopure chiral, racemic, and

achiral solvents [18k].

Fig. 15(a) compares the variable temperature P�/M

population of 11 (Mw�/7.4�/104, Mn�/2.5�/104) in

three solvents with different degree of branching,

including n-heptane (linear hydrocarbon), methylcyclo-

hexane (cyclic hydrocarbon), and 2,2,4,4,6,8,8-hepta-

methylnonane (highly branched hydrocarbon). The

quantized helicity below and above Tc, and the super-

Fig. 11. (a) Variable temperature gabs values of 11 (Mw�/5.8�/106, Mn�/3.4�/106, filled circles), 14 (Mw�/4.7�/106, Mn�/2.1�/106, open circles),

and 8 (filled triangles) in isooctane in the range �/80 and �/80 8C. (b) Proportion of P- and M-motifs of 11 (filled circles) and 14 (open circles) as a

function of temperature.

Fig. 12. (a) CD (Do , open circles) and UV (o , filled circles) band intensities of 12 around 320 nm in isooctane in the range 80 to �/82 8C. (b)

Population of P- and M-motifs in 12 in isooctane as a function of temperature, evaluated using the gabs values for 12 by reference to the regression

curve of the gabs values for 8.

M. Fujiki / Journal of Organometallic Chemistry 685 (2003) 15�/3428



posed helicity around Tc are conserved in these solvents.

Although the value of Tc greatly varies with the degree

of branching of the solvent, the P�/M population below

Tc is insensitive to the degree of branching, but, above

Tc, however, it is sensitive to this.

Fig. 15(b) plots the effects of solvent topology on Tc

for various solvents as a function of the Balaban index

number which is a gauge of degree of branching [61].

Quantitatively, although Tc increases nonlinearly with

increasing the index number, straight chain alkyl

molecules affords a lower Tc, whereas branched chain

alkyl molecules tend to give a higher Tc and branched

cyclic solvents lie at intermediate values.

Molecular mechanics calculations were also made on

31-mers of it -11 and it -14, with the results shown in Fig.

16(a). Both 31-mers are characterized by double-well

potentials. The P minimum for it -11 is slightly deeper

than the M minimum, indicating that both M- and P-

conformers may coexist. On the other hand, the P

minimum for it -14 is significantly deeper than the M

minimum, suggesting that the chain conformation is

predominantly P-helical. If the double-well potential of

it -11 is assumed to change with temperature as shown in

Fig. 16(b), the three temperature regions noted for 11

are qualitatively explained. However, it was recently

found that the P�/M population fP for 11 depends

significantly on chain length as well as temperature

[32d]. A similar molecular weight dependence was also

found with 3 [31q].

To explain these quantized and superposed helicities,

cooperativity in coupled electronic and conformational

transitions is assumed to be the origin of the step-like

switching response to the thermal energy bias. In an

electronically conjugating stiff helical polysilane with

discrete energy levels in a double-well potential, it is

possible that the wavefunction of the lowest ground-

state of an M-state electronically communicates with

that of a P-state through quantum mechanical tunneling

between the P- and M-electronic states. The super-

position of chirality and optical activity for hypothetical

chiral molecules were discussed theoretically by Hund in

1927 [4e,5b,60] and by several quantum physicists [59].

It is necessary to invoke the presence of helix reversals in

the case of helical polymers. The helix reversal, pre-

sumably consisting of several silicon�/silicon single

bonds (corresponding to a sub-nanometer barrier thick-

ness), is the section in which the screw-sense changes

direction, and might act as a small tunneling barrier

Fig. 13. (a) Kuhn’s dissymmetry ratios for 13 in isooctane between �/82 and 80 8C and 16 in isooctane between �/61 to 80 8C. (b) Populations of P-

and M-motifs in 13 and 16 in isooctane as a function of temperature, evaluated using the gabs values of 13 and 16 by reference to the regression curve

of the gabs values for 8.

Fig. 14. Temperature-dependent lmax values of 12 and 13 in isooctane.
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[4e,32c,60b]. The reversal may play a crucial role in

correcting errors from thermal noise through dynamic

twisting motions from one screw-sense to the other. The

helix reversal could exist as a very short all-anti , or

transoid sequence. Apparent time-averaged optical in-

activity at Tc should result from a rapid interconversion

between P- and M-motifs, which may be considered as

oscillating helicity or dynamic pseudo-racemization. In

this quasi-stationary state, the wavefunctions of the

superposed P- and M-states (Ps- and Ms-states) may

produce two splitting sub-levels, C�/1/�2 [CPs9/iCMs],

as illustrated in Fig. 16(b). This is a result of electronic

coupling between the lowest energy levels of almost

degenerate P- and M-states in the same helical main

chain.

7. Concluding remarks

Amongst numbers of optically active synthetic poly-

mers, optically active polysilanes exhibit unique absorp-

tion, circular dichroism, and fluorescence spectra

around 300�/400 nm due to s-conjugation. Since the

first brief report concerning optically active polysilanes

in 1992, the field of optically active polysilane homo-

and copolymers has grown and evolved to the present.

This account focuses on screw-sense switchable, opti-

cally active poly(dialkylsilane) homo- and copolymers

among optically active polysilane, including (i) (chir)op-

tical properties, (ii) quantitative population analysis of

right- and left-handed helices based on Kuhn’s dissym-

metry ratio, (iii) inversion of screw-sense, (iv) solvent

Fig. 15. (a) Variable temperature P�/M proportion of 11 (Mw�/7.4�/104, Mn�/2.5�/104) in 2,2,4,4,6,8,8-heptamethylnonane (filled circles),

methylcyclohexane (filled squares), and n -heptane (open circles) in the range �/80 and �/80 8C. (b) Change in the Tc value of 11 (Mw�/7.4�/104,

Mn�/2.5�/104) as a function of degree of branching in a range of hydrocarbon solvent molecules in which the degree of branching is evaluated by

the Balaban index number.

Fig. 16. (a) Dihedral angle dependence of the potential energy for it -11 and it -14 model molecules with 31 repeating units and hydrogen termini

(oligo-11 or oligo-14). (b) Potential energy as a function of main chain dihedral angles of it -oligo-11 with three switching regions. Below Tc (bottom

trace with filled circles), at Tc (middle trace, hypothetical curve), and above Tc (upper trace, hypothetical curve). Dotted arrows indicate tunneling

processes between wavefunctions of P- and M-motifs existing in the same main chain. Discover 3, ver. 4.00, simple minimization was used for this

calculation.
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molecular shape recognition ability, and (v) chiroptical

switch and dynamic memory, as consequences of side

group internal interactions and other external stimuli.

These advances should contribute to organosilicon
chemistry and optically active polymer chemistry, and

also in the applied areas of nanomaterial science and

nanotechnology in the future.

Acknowledgements

The author thanks Hiromi Tamoto-Takigawa and

Masao Motonaga for CD, UV, FL, and SEC measure-

ments. Prof. Kyozaburo Takeda (Waseda University)

and Dr. Hiroyuki Teramae (ATR), Prof. Nobuo Mat-

sumoto (Shonan Institute of Technology), Dr. Masaie

Fujino, Dr. Hiroaki Isaka, Dr. Keisuke Ebata, and Dr.

Kazuaki Furukawa are grateful for valuable discussions
on the electronic structure and optoelectronic properties

of polysilanes at NTT. Profs. Akio Teramoto (Ritsu-

meikan University), Takahiro Sato (Osaka University),

Julian R. Koe (International Christian University), Ken

Terao (Gunma University), Junji Watanabe (Tokyo

Institute of Technology), and Masashi Kunitake (Ku-

mamoto University) should be acknowledged for the

cooperation of the present hyper-helical polysilane
project. Profs. Mark M. Green (Polytechnic University),

Yoshio Okamoto (Nagoya University), and Eiji Yashi-

ma (Nagoya University) are acknowledged for inviting

me into the realm of cooperative polymer science. Also,

Profs. Hideki Sakurai (Emeritus, Tohoku University),

Kohei Tamao (Kyoto University), Robert West (Uni-

versity of Wisconsin), and Josef Michl (University of

Colorado) are acknowledged for inviting me into the
realm of organosilicon science. Prof. Hideki Sakurai,

Prof. Masaki Hasegawa (Toin University of Yokoha-

ma), Toyoki Kunitake (Emeritus, Kyushu University,

and now University of Kita Kyushu), and Dr. Katsu-

hiko Kuroda (CREST-JST) are acknowledged for their

encouragement, and Yukiko Shimamura (CREST-JST)

and Ayako Nagano (CREST-JST) for their assistance.

Finally, Profs. Kohei Tamao (Kyoto University) and
Robert West (Wisconsin University) are acknowledged

for inviting the present special issue.

References

[1] S.F. Mason, Nature 311 (1984) 19.

[2] W.A. Bonner, P.R. Kavasmaneck, F.S. Martin, J.J. Flores,

Science 186 (1974) 143.

[3] M. Avalos, R. Babiano, P. Cintas, J.L. Jiménez, J.C. Palacios,
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