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ABSTRACT: To elucidate the factors involved in the chiroptical properties of
polymer aggregates composed of helical building blocks, a series of rigid rod
helical poly[alkyl-(S)-2-methylbutylsilane]s (achiral alkyl side chains = ethyl, n- 5
propyl, n-butyl, n-pentyl, n-hexyl) have been investigated. It was found that the o
chiroptical sign in the circular dichroism (CD) spectra of the polysilane (‘ e‘
aggregates depends on the achiral side chain length and cosolvent fraction. N

Concerning the achiral side chains, the n-propyl group was of a critical length
for solvent-dependent chiroptical inversion on aggregation. This unique side
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chain length-dependent chiroptical inversion was theoretically predictable by
using the novel approach of combining the cholesteric hard-core model and exciton chirality method. The latter was also
investigated theoretically by Gaussian 03 (TD-DFT, B3LYP, 6-31G(d) basis set) calculations applied to two spatially arranged

helical Si—Si bonded decamer models.

1. INTRODUCTION

The helix is one of the most striking examples of chiral
structures and is seen not only in biomolecules™ but also in
synthetic macromolecules® ® and supramolecules."”™** To
control the intra- and interhelical structure of the molecules,
key geometric parameters such as the molecular size, topology,
stereochemistry, and shape are critical.* Further, using simple
chiral 7- and 6-conjugating helical polymers'®™ permits the
application of their chiroptical properties in optical devices such
as sensors, switches, and memory toward chemical and physical
stimuli.”®* 77 However, there are several obstacles to the study
of the optical properties of the film states essential for device
application: (1) anisotropy of the film state may result in
variable chiroptical properties; (2) different crystalline
phases®®*® coexist in the film states which complicate the
optical properties; and (3) most conjugating helical polymers
have multiple chromophores and/or show vibronic sidebands
which complicate the UV and circular dichroism (CD) spectra.
One way to circumvent problems 1 and 2 is to study samples in
aggregate states in which intermolecular interactions occur as in
film states, but problems due to anisotropy and crystallinity do
not arise. Use of an ideal conjugated polymer with a single
chromophore and no vibronic sideband solves problem 3.
Among optical properties including the sergeant-soldier and
majority-rule type chiroptical amplifications,>*” chiroptical
inversion is a particularly intriguing phenomenon. In most
cases, however, the relationship between the higher order
structure and the chiroptical characteristics is not fully
understood due to the lack of theoretical background. Several
factors governing higher order chiral structures have been
proposed by a number of workers. For instance, the rigidity and
twisting ability of the main chain helix,”® the geometry of the
individual helical building blocks,”” alternation in 7—7 stacking
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and subtle balance between repulsive and attractive
chiral interactions®® have been discussed.

In a previous paper, we described chiroptical inversion in the
aggregates of a series of polysilanes with a mesogenic aryl side
chain and a chiral (S)-2-methylbutyl side chain, concluding that
the different inversion characteristics arose due to the difference
in helical diameter of the individual polymer chains.”> However,
the relationship between the higher order structure and
chiroptical property was complicated because the aryl—alkyl
polysilanes contain two chromophoric transitions in the UV
region: Sic—Sic* and Arz—Arz*.*o*

In the present work, we designed a series of optically active
dialkylpolysilanes bearing chiral (S)-2-methylbutyl and achiral
alkyl side chains (1—5, Chart 1) and extended the theoretical
model to study the higher order structures of helical polymers.
These helical dialkylpolysilanes feature a unique Sio-Sic™
transition around 300 nm without vibronic sidebands in the
UV and CD spectra. In addition, when these polymers form
aggregates, there are no 7— interactions, which enabled us to
focus just on the helical geometry and the solvation effects.
Concerning theory, we combined the cholesteric hard-core
model*”**™** and exciton chirality method,” ** which
permitted discussion not only of the inversion but also of the
aggregate CD signal sign. The use of these ideal polymers and
our pioneering extension of theory should clarify the
relationship between the higher order structure and chiroptical
properties in aggregate and film states.
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Chart 1. Chemical Structures of Poly[alkyl-(S)-2-
methylbutylsilane]s with Different Achiral Alkyl Chains:
Ethyl (1), n-Propyl (2), n-Butyl (3), n-Pentyl (4), and n-
Hexyl (5)
CH,
CH,
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2. RESULTS AND DISCUSSION

All polysilanes (1—5) dissolved homogeneously in dilute
toluene (a good solvent) typically showed intense narrow UV
and positive-signed CD bands around 310 nm (Kuhn’s
anisotropy, gcp (= Ae/e) = 1.95-2.28 X 107*) due to the
Sic—Sioc* transition (Table 1 and Figure $10). The gcp, values
suggest that 1—5 adopt P-7; helical structures.**~>"

Table 1. Observed Cotton Effect Signs of Polysilanes (1—5)

sign of the Cotton effect

solution aggregate” (toluene/
polysilane (toluene) methanol)
poly[ethyl-(S)-2- (+)-single sign (+)-bisign

methylbutylsilane] (1)

poly[n-propyl-(S)-2-
methylbutylsilane] (2)

(+)-single sign (+) or (—)-bisign

poly[n-butyl-(S)-2- (+)-single sign (—)-bisign
methylbutylsilane] (3)

poly[n-pentyl-(S)-2- (+)-single sign (—)-bisign
methylbutylsilane] (4)

poly[n-hexyl-(S)-2- (+)-single sign (—)-bisign

methylbutylsilane] ()

“The signs of bisigned signals are described as from the longer
wavelength side, hence (+)-bisign refers to a bisigned Cotton effect as
positive at the longer wavelength extremum and negative at shorter.

Upon slow addition of methanol (a poor solvent) to dilute
solutions of polymers 1—5, the corresponding aggregates
formed immediately. All UV A, values of these aggregates
were typically blue-shifted by ca. 10 nm (Figure 1, Figures
S11-15), compared to those in the homogeneous solution
state and their CD spectra showed bisigned Cotton effects
(Figure 1) due to exciton coupling between interacting main
chains. As shown in Figure 1, 1 in a methanol/toluene solution
with volume ratio (here after ratio) = 0.1/0.9 had a positive
bisignate Cotton effect (signs are described referring to the
longer wavelength of the two extrema) and 3 in a solution of
ratio 0.4/0.6 had a negative bisignate Cotton effect.

The blue shift in the UV spectra is considered to arise due to
two factors: a decrease in the Si—Si—Si—Si dihedral an§le51 -
and/or J- and H-aggregation, as proposed by Kasha.®

First, if the Si—Si—Si—Si dihedral angle diminishes from 8 =
154° (P-7, helix), it reduces o-conjugation in the Si main chain,
which thus induces the blue shift. Placing the polymer in a poor
solvent could lead to such a decrease in dihedral angle, since
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Figure 1. Comparison of UV and inverted CD spectra of 1 and 3
aggregates at 20 °C. For clarity, CD intensity of 3 was multiplied by
50.

the polymer should prefer a shorter pitch form (6 < 154°)
rather than the more extended form (6 = 154°), thus reducing
the surface area between solute and (poor) solvent.

Second, the blue shift could also be induced by the parallel
orientation of transition dipole moments in the aggregate state,
known as H-aggre%ation in the molecular exciton theory
proposed by Kasha.>>*® In this theory, two different possible
arrangements of two transition dipoles were posited, one with a
parallel arrangement (H-aggregate) giving rise to a blue shift
and the other with a collinear arrangement (J-aggregate) giving
rise to a red shift. Since J-aggregates are less likely to be formed
than H-aggregates when considering the solvophobic effect of
reducing the surface area between solute (polymers) and
solution (toluene and methanol), the blue-shifting H-aggregate
mode is reasonable.”’

To discuss the reason for the blue shift, a filtration
experiment® (5.0, 0.65, 0.22, and 0.10 um poly(vinylidene
fluoride) (PVDF) membrane filter) was carried out for 3 in
toluene/methanol cosolvent (ratio = 0.5/0.5) (Figure 2). If the
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Figure 2. Result of the filtration experiment of 3 in toluene/methanol
cosolvent (ratio = 0.5/0.5).

decrease in helical pitch is due to solvophobism, then there
should be a decrease in pitch in both solution state and
aggregate state polymer and consequently a blue-shifted A,
around 300 nm. However, when the sample was filtered
through the 0.1 ym PVDF membrane filter, the expected blue
shift in A, to around 300 nm was not observed. This means
that the blue shift cannot solely be explained as a solvophobic
effect and is rather a result of the aggregation itself. The shift
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should therefore be termed aggregachromism rather than
solvatochromism.

Comparing CD data among the polymers, a unique side
chain length-dependent chiroptical inversion effect was found.
Among 1-S§, polymer 1 with the shortest achiral side chain
showed a positive bisignate signal (Figure S11). In contrast, 3—
S, with longer achiral side chains, showed negative bisignate
Cotton effects (Figures 1 and S13— S15). Polysilanes 1 and 3—
S maintained their chiroptical profiles regardless of the solvent
ratio.

However, uniquely for 2 with an n-propyl group, a cosolvent
ratio-dependent chiroptical inversion effect was found. When
the toluene ratio in the cosolvent was relatively high (0.7/0.3 to
0.5/0.5), the aggregate showed a negative bisignate Cotton
effect; conversely, when the toluene ratio was lower (0.3/0.7 to
0.1/0.9), the profiles switched to the opposite (positive) sense
(Figure 3). The CD sign(s) in both solutions are summarized
in Table 1.

1
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Figure 3. Comparison of CD and UV spectra of 2 aggregates at three
volume ratios of toluene/methanol cosolvents.

To explain these unusual chiroptical inversion phenomena,
we constructed a theoretical model by combining the
cholesteric hard-core model of Straley*”**~** and the exciton
chirality method developed by Nakanishi.**~** The former
refers to a correlation between the chirality of individual
polymer molecule helices and the chirality of the most favorable
higher order skew, based on the two helical variables, pitch (p)
and diameter (d). The latter predicts the sign of a CD spectrum
due to coupled oscillators between two interacting chiral
chromophores.

According to the cholesteric hard-core model,** an individual
helical polymer is characterized by the helical angle ® defined
by p and d (Figure 4a). The value of p is defined as the
minimum longitudinal distance between the start and end
points of one full helical turn, and d is the diameter of the helix.
The chiral skew of the higher order chiral structure is governed
by the p/d ratio of the helix: for p/d < 7 (45° > @ > 0°), a left-
handed helix forms a left-handed skewed structure, while for p/
d > 7 (90°> @ > 45°), a left-handed helix leads to a right-
handed skew, and vice versa.**

Using a left-handed helix as an example, d, p, ®, “wing”, and
“shaft” are defined in Figure 4a, where the individual helix is
depicted in a simple two-dimensional (2D) model based on the
cholesteric hard-core theory. The front-facing wings are
represented by diagonal lines from the upper left to the
lower right (blue lines on the helix in Figure 4b), while the

back-facing wings of the helix are represented by diagonal lines
from upper right to lower left (red lines on the helix in Figure
4b). When one helical polymer is put in contact with another,
i.e., one on top of the other with colinear transverse axes, as in
Figure 4c, the contacting surfaces adopt a chiral skew with angle
¥ (=2@), such that the front-facing wings of the lower helix and
back-facing wings of the upper helix become parallel, with the
wings aligning with the helical grooves. The relationship
between p/d ratio, y, and @ in degrees is given in eq 1.

y =20 = 360 arctan(i) [deg]
/2 7d

(1)

Complementary to this, the exciton chirality method can
semiempirically predict the signs of the split-type Cotton effect
if the relative geometry of the two interacting electric transition
dipole moments (here after transition dipole moment) can be
determined. The sign of the exciton chirality is derived as
follows: upon looking through the centers of the two dipoles, a
negative sign is defined when an anticlockwise rotation by an acute
angle brings the dipole in the front onto that in the back.*® Since
the magnitude of the aggregate transition dipole—transition
dipole coupling is usually much greater than the inherent CD
signal of an individual helical polymer molecule, the exciton
couplet is assumed to dominate the CD of the higher order
chiral structure. For dialkylpolysilanes, the lowest Sic—Sic*
transition moment is known to be parallel to the main chain
axis experimentally and theoretically.**

Assuming that the helical pitch, p, is constant, the
combination of the cholesteric hard-core model and exciton
chirality method predicts that interaction between left-handed
helices of sufficiently large d (such that p/d < x) leads to a
negative bisignate profile (Figure 4d). Conversely, interaction
of left-handed helices of sufficiently small d (such that p/d > 7)
should result in a positive bisignate CD profile.

To apply the combined model to the polymers used in our
experiment, it is necessary to know the handedness of the
individual chains. P- and M-helical senses in dialkylpolysilanes
are defined solely by the Si—Si—Si—Si dihedral angle 0: a P-
helix results for 0° < 8 < 180° and an M-helix results for 180° <
0 < 360°.° However, this does not mean that the P- and M-
helical senses appear as right- and left-handed helices,
respectively. Actually, a P-7; helix (6 &~ 154°) is predicted by
Gaussian 03 calculations (see below and Figure S16) to form a
left-handed helix.>®

The optimized 12-mer oligomers of 1—5 were obtained by
12-mer PM3 and p/d ratios were measured (Table S2).
Though the p/d of 1 and 2 were almost the same, the
calculation supported the tendency of p/d value becomes 1 > 3
> 4 > 5. The critical value, however, was not 7 and it was
between 1.96—1.91.%

In the cases of 3—S, their side chains are suficiently long and
have a large d (=14.8—18.6 A) to induce negative bisignate
Cotton effects, while for 1, with a short side chain and small d
(=14.4 A), a positive bisignate Cotton effect is evident. Thus
the dependence of the sign of the Cotton effect on the p/d ratio
agrees well with the experimental results.

The 2D-model does consider the chiral steric hindrance
between front-facing and back-facing wings but does not
consider either solvophobic effects or aggregates of more
than two molecules. When two rod-like polymer molecules are
induced to aggregate by the solvophobic effect of addition of a
poor solvent, it is likely that the main chains form a parallel
arrangement to reduce the surface area of the polymers in
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Figure 4. Schematic drawing of two-dimensional cholesteric hard-core model, exciton chirality method, and their combination. (a) Ideal left-handed
helix defining p, d, ®, “wing”, “shaft”, and direction of electric transition dipole moment. (b) Depiction of two-dimensional cholesteric hard-core
model. (c) Relationship between the cholesteric hard-core model and expected CD sign.
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Figure S. Selected results of Gaussian 03 calculations (TD-DFT, B3LYP/6-31G(d) basis set, inset is interchain spacing) using P-7; H—(SiH,),,—H
(10-mer) with hydrogen termini. (a) Spatial arrangement of two 10-mers. The relative arrangement of molecules is set to the same as in Figure 4c.
(b) Simulated CD (upper spectrum) and UV spectra (lower spectrum) as a function of y. Bandwidth of the spectra were set to 0.1 eV. (c) Schematic
molecular orbital (MO) diagrams of the single 10-mer and two 10-mers (y = 60°). Crossing bold red and thin blue lines (drawn on the right side of
HOMO and LUMO notation in the energy diagram) represent localized and nonlocalized electrons for the pairs of interacting model polymers.

contact with the poor solvent. Considering these three
elements, the 2D-model, solvophobic effects, and aggregates

of more than two molecules, it is reasonable to assume a
twisted pasta-like form. These experimental realities could
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account for any discrepancy between experimental results and
model predictions, and justify discussing real, many molecule,
aggregates as an extension of the two-component aggregate.
The maintenance of the CD sign regardless of the toluene/
methanol cosolvent ratio in 1 and 3—$ also supports the
extension of the dimer model to aggregates with more than two
components.

The combination of the cholesteric hard-core model and the
exciton chirality method thus qualitatively provides a possible
explanation of the observed side chain-dependent chiroptical
inversion between 1 and 3—35 aggregates.

This consideration further led us to the idea that the solvent-
dependent chiroptical inversion observed for 2 arises due to the
differing solvation effects on the polymer side chains, i.e. side
chain shrinking or stretching. When the volume ratio of toluene
(lower polarity, good solvent) is relatively high, the alkyl side
chain is well solvated and stretches away from the polymer
chain (i.e., the d value is relatively large, leading to a negative
bisignate Cotton effect). However, as the methanol (higher
polarity, poor solvent) ratio increases, a large difference in
polarity between solute polymer and cosolvent results in poor
solvation of the nonpolar alkyl side chains, leading to
contraction of the side chains toward the polymer chain (i.e.
the d value becomes relatively small, leading to a positive
bisignate Cotton effect).

Although the discussion above affords a plausible explanation
for the two different kinds of chiroptical inversion effects,
further analysis was required for discussion of (i) CD strength
and (ii) highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) states of pairs of
interacting model polymers. To ascertain these points, TD-
DFT (B3LYP/6-31G(d)) energy calculations using Gaussian
03°® were carried out.

The calculated CD spectrum of a single molecule of H—
(SiH,),o—H (dihedral angle 8 = 150°) showed a positive single-
signed Cotton effect at 233 nm with gcp = 2.9 X 107* The
shorter wavelength of A, compared with the experimental
value is likely to be due to reduced electronic delocalization
stemming from the shorter main chain length.**

To obtain the exciton couplet spectra, several hypothetical
models, each consisting of two 10-mers, were generated in
GaussView 4.1. The y (angular offset) values of the interacting
models were set to 0°, 30°, 60°, 90°, 120°, and 150° setting the
shortest interchain distance between the axes of molecules as
1.05 nm (Figure Sa) which is the distance between two 12-mers
of 3 estimated from a single 12-mer model optimized by PM3
calculation.

The calculated CD for the models with y = 30° and 60°
showed negative bisignate signals, while for models with y =
120° and 150°, positive signs were apparent, agreeing well with
the exciton chirality method (Figure Sb).

The absolute magnitude of gcp, (the first Cotton band) at y =
30°, 60°, 120°, and 150° was of the order of 3.0 X 1073 to 4.4 X
10~ and indeed enhanced by ca. 10—1S times compared to
that of the isolated P-7; helical 10-mer. This calculation
confirms the previously noted assumption that the signs and
magnitudes of the Cotton effects in the aggregates predom-
inantly arise from the exciton couplet effect rather than the
intrinsic CD of the polysilane alone.

It is noted that when y is 0° and 90° the calculated gcp
values are 2.8 X 107* and 3.0 X 107%, respectively. These values
are nearly equal to the gcp value of the individual decamer
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model (gcp = 2.9 X 107*). This can be explained by applying
the exciton chirality method to the interacting model cases.

The MO diagrams of single 10-mer and two interacting 10-
mer models are shown in Figure 4c. It should be noted that the
number of nodes does not differ between the two splitting
states. When the arrangement is chiral (y = 30°, 60°, 120°, and
150°), electrons are mainly localized within both helices. In the
case of y = 60°, from the lower energy state (HOMO—-3) to the
higher energy state (LUMO+3), this localization appeared
alternately in the upper and lower polymer molecules, which
was not always the case for chiral arrangements (see HOMO,
HOMO-1, HOMO-2, and HOMO-3 in SI, Figure S27).

Surprisingly, the excited states with the largest and second
largest rotational strengths (excited states 1 and 2) were an
admixture of intramolecular (major) and intermolecular
transitions (minor). For the case of the model at y = 60°,
excited state 1 is composed of HOMO—1—-LUMO, HOMO—-
1-LUMO+1, HOMO—LUMO, HOMO—LUMO+1, and
their contributions were 34.7%, 10.7%, 11.0%, and 35.5%,
respectively (Figure S18). Similar features were obtained for
excited state 2 and the other pairs of interacting model polymer
at y = 30°, 60°, 120°, and 150°. This suggests the existence of
partial charge transfer character in these models, though it is
not a major factor.

Using our simple model, the present knowledge and
understanding of aggregation-induced change in chiroptical
properties should be applicable to other aggregate systems such
as inorganic lanthanide complexes,6 organic molecu.les,62
synthetic macromolecules,®® and crystals®* in the future.

3. CONCLUSION

Side chain length-dependent (1 and 3—5) and cosolvent-
dependent (2) CD inversions were realized by using a family of
dialkylpolysilanes. The length of their side chains, which
determines the helical diameter, appears to be the driving force
responsible for the chiroptical inversion. The critical side chain
length in the dialkylpolysilanes was that afforded by the n-
propyl group. To explain these chiroptical inversion effects, we
combined the cholesteric hard-core model and exciton chirality
method, deriving, for the first time, a direct correlation between
p/d ratio and the sign of the Cotton effect. The predicted signs
agreed well with the results of side chain length-dependent
chiroptical inversions in our dialkylpolysilane aggregation
experiments. The solvent-dependent chiroptical inversion in 2
was considered to arise from solvent-dependent solvation
effects on side chain extension. The relationship between the
proposed higher order structures and chiroptical properties was
further supported by Gaussian 03 calculations.
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