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Abstract

:

From elemental particles to human beings, matter is dissymmetric with respect to mirror symmetry. In 1860, Pasteur conjectured that biomolecular handedness— homochirality—may originate from certain inherent dissymmetric forces existing in the universe. Kipping, a pioneer of organosilicon chemistry, was interested in the handedness of sodium chlorate during his early research life. Since Kipping first synthesized several Si-Si bonded oligomers bearing phenyl groups, Si-Si bonded high polymers carrying various organic groups—polysilanes—can be prepared by sodium-mediated condensation of the corresponding organodichlorosilanes. Among these polysilanes, optically active helical polysilanes with enantiomeric pairs of organic side groups may be used for testing the mirror symmetry-breaking hypothesis by weak neutral current (WNC) origin in the realm of chemistry and material science. Several theoretical studies have predicted that WNC-existing chiral molecules with stereogenic centers and/or stereogenic bonds allow for distinguishing between image and mirror image molecules. Based on several amplification mechanisms, theorists claimed that minute differences, though still very subtle, may be detectable by precise spectroscopic and physicochemical measurements if proper chiral molecular pairs were employed. The present paper reports comprehensively an inequality between six pairs of helical polysilane high polymers, presumably, detectable by (chir)optical and achiral 29Si-/13C- NMR spectra, and viscometric measurements.
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1. Introduction


Why does matter dominantly exist in the universe? Why is the universe inherently chiral and asymmetric? What is the origin of biomolecular handedness in life—homochirality—on the blue planet? Several explanations have already been proposed for these questions and can be seen in many monographs and reviews [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48]. Except for achiral glycine, the amino acids in proteins are all in their L-form. Some of these ideas rely on a matter of chance to induce the preference—an event of spontaneous symmetry breaking. Others believe that the fundamental lack of mirror image symmetry in the early Earth inevitably led to the L-preference. Although it is now established that left–right symmetry is broken at the level of interactions between subatomic particles and atomic vapor. However, detection of dissymmetry at the molecular scale remains a challenging issue.



Homochirality, though de facto, is a long-standing puzzle raising curiosity among scientists since the 19th century [1,19,24]. In 1860, Pasteur alleged that homochirality originates from the demarcation line between the animate and inanimate worlds. He conjectured that biomolecular homochirality arises from an inherent universal dissymmetry force. He inferred the concept of broken mirror symmetry by physical origins, including circularly polarized light and a static magnetic field, although there was no theoretical or experimental evidence at that time. Most chemists and physicists believed that nature’s laws cannot distinguish between left and right in all physical properties and chemical processes.



Kipping, a pioneer of organosilicon and polysilane chemistry, and Pope assumed that biomolecular homochirality is applicable to purely inorganic substances. They examined thousands of crystals produced from achiral NaClO3 (molecular symmetry, C3v, but, crystal exists as D- and L-forms) to test the preference between left and right by mirror symmetry-breaking crystallization [1]. However, they did not conclude that the broken mirror symmetry crystallization occurs by the expected inherent physical origins because the events appear to be a statistical distribution—a matter of chance.



Physicists invented three discrete symmetries (C; charge, P; parity, T; time) and their combination symmetries (CP, PT, CT, and CPT) to understand nature’s laws [24,48,49]. Physicists in the mid-20th century knew four fundamental forces (gravity, weak force, strong force, and electromagnetic force) governing matter and universe. Since the first paper describing P-symmetry conservation—the concept of the mirror symmetry—by Wigner in 1927 [49,50], they had long accepted this concept as being axiomatic in developing theories for explaining phenomena. However, violations of C, P, T, and CP symmetries at the levels of elemental particles and upward constitute the most fundamental concept in modern physics [51,52], since the broken P-symmetry at subatomic level was proven experimentally by Wu et al. in 1957 [53] to verify the P-symmetry conservation, which had been questioned by Lee and Yang in 1956 [54].



Nambu demonstrated the idea of "spontaneous symmetry breaking" in the 1960s [55,56]. His work led to the standard model in particle physics developed by Weinberg [57], Salam [58], and Glashow [59]. The standard model unifying the parity-violating (PV) weak force and parity-conserving (PC) electromagnetic force led to the idea of an electroweak (EW) force, which may not be familiar with chemists and material scientists. The existence of three massive W± and Z0 bosons along with a massless photon predicted by the model was proven by an international team at CERN in 1983 [60]. Scientists interested in the origin of biomolecular handedness assume that the PV-weak neutral current (WNC) mediated by massive neutral Z0 boson is intimately connected to the mirror symmetry breaking at the closed-shell biomolecular level as well as the atomic parity violation (APV) [61,62].



In chemistry, bioscience, and material science, left and right can interchange through a mirror. Many physical properties of materials and chemical reactions obey mirror symmetry-based physics laws. A pair of image and mirror image molecules—enantiomers—shows no differences in melting point, boiling point, and spectroscopic properties that involve electronic transition energies, vibrational frequencies, and magnetic resonance frequencies. The pair should exhibit exactly equal intensities with opposite signs in circular dichroism (CD) and optical rotation in electronic and vibrational regions due to the PC electromagnetic force in physical and chemical processes.



However, modern theoretical studies [11,12,13,14,15,16,17,18,19,20,21,22,23,26,28,30,31,33,36,37,38,39,40,41,43,44,46] have claimed that an image and its mirror molecule are no longer enantiomers due to an energy inequality induced by the existence of PV-WNC. Due to a parity-violating energy shift (PVES) of the electronic binding energy with a positive value, +EPV, for the image molecule and a PVES with a negative value, –EPV, for the mirror image molecule, or vice versa, PVES makes the pair become a diastereomer, exhibiting subtle differences in physical properties and chemical processes. The parity-violating energy difference (PVED) between image and mirror image molecules is given as PVED = EPV – (–EPV) = 2•EPV. Numbers of theoretical studies have discussed that the occurrence of PVES may appear spectroscopically as slight differences in electronic transition energies [13,16,20], vibrational frequencies [43], ro-vibrational frequencies [17,41], NMR chemical shifts [21], circular polarization in electronic transition and vibrational frequency regions [18,43], a concept hereafter called the molecular parity violation (MPV) hypothesis in this article.



Because of the extremely small PVED of ~10-19 eV and negligibly small 10–15 %ee [13], PV–WNC cannot induce any observable MPV effects. In the molecules containing heavy elements, PVED may increase up to ~10-14 eV due to the heavy element effect [43], yet it still remains undetectable. Thus far, several amplification models, including polymerization and crystallization [5], molecules with heavier atoms [20], tunneling and oscillating between left and right in a double well [11], non-equilibrium autocatalytic chemical reactions [15,38], and second-order phase transition systems [26], have been proposed.



Several experimental results testing the MPV hypothesis have been reported so far. Based on the Salam’s hypothesis describing that homochirality is the consequence of the cooperative second-order phase transition of an electron-neutron pair [26], Wang et al. examined a pair of D- and L-alanine single crystals by means of Raman, NMR, neutron scattering, supersonic wave, magnetic susceptivity, and calorimeter [63]. She claimed the detection of subtle differences in physical properties between the D- and L-crystals below 270 K. Although these results were verified by other independent research groups, Compton and Schwerdtfeger [64], and Wilson et al. [65] did not agree with her claim due to a lack of reproducibility. They ascribed her results to certain impurities incorporated in non-naturally occurring alanine, crystal imperfection, and restricted motions in the solid crystals. To achieve discrete molecular systems in dilute gas phase, enabling the avoidance of molecular collisions, a few research groups are continuing to detect minute differences between images and mirror images using ultrahigh-resolution laser spectroscopy in mid-IR and far-IR regions [43]. More recently, Schwerdtfeger et al. predicted theoretically the large MPV effects for the chiral NWHClI molecule from relativistic density functional theory, revealing mirror symmetry breaking in N–W stretching frequency of 0.7 Hz in IR region. Because this value could be detectable by an ultrahigh-resolution CO2 laser spectrometer [66], the work was highlighted as a cover picture of a chemistry journal.



In 2006, Shinitzky et al. reported the subtle differences in helix-coil transition behaviors of D- and L-oligopeptides in water, as characterized by CD and isothermal titration calorimetry experiments [67]. They ascribed the differences to ortho (triplet, ↑↑) and para (singlet, ↑↓) nuclear spin states of water protons and the methylene protons of amino acids. Lahav and Schurig failed to reproduce Shinitzky’s results [68]. Schwerdtfeger et al. claimed that several MPV-related experimental results are weakly based theoretically [69]. On the other hand, in 2008, Pomonis et al. reported that the α-helical motif in poly-D-glutamic acid is stable thermally, compared to that of poly-L-glutamic acid. Pomonis et al. ascribed this difference to an increased interaction of the L-species with more abundant ortho-water, in support of the Shinitzky’s claim [70].



Although conclusive results using common chemical substances and apparatuses have not yet been reported, these modern MPV theories and current experimental reports, though still controversial, stimulated the author to revisit the equality and inequality of several ambidextrous artificial helical Si–Si bonded polymer–polysilanes–in solution as a function of temperature [71,72]. In a previous communication, the author reported preliminary testing results, implicating a possibility of detecting subtle differences in chiroptical and achiral 29Si-NMR and viscometric data for a pair of helical polysilanes [73]. The present paper reported comprehensively the experimental tests of an equality and an inequality observed in chiroptical, 29Si-/13Si-NMR, and viscometric measurements for six pairs of helical polysilanes carrying ambidextrous chiral side groups.




2. Results and Discussion


A family of polysilanes (Figure 1), compound 1 which is symmetrically substituted with chiral side groups, and compounds 2–6 which are asymmetrically substituted with chiral and achiral side groups, has several advantages for testing the MPV hypothesis because:



(i) The ambidextrous (S)- and (R)-3,7-dimethyloctyl moieties derive from highly pure β–citronellol available commercially from Fluka and/or Sigma-Aldrich. The use of β-citronellols allows for the ability to test the present results in any laboratory. By contrast, (R)-2-methylbutanol is not available commercially, and was obtained from custom synthesis by Chemical Soft (Kyoto, Japan) while (S)-2-methylbutanol is commercially available (TCI).



(ii) The Cotton CD signals of the helical polysilanes completely match the profiles of the corresponding Siσ–Siσ* absorptions (the electrically allowed S0–S1 transitions) in the near-UV region [71]. To evaluate the MPV effect induced by WNC (intrinsic chiral physical origins), excluding the effects caused by the PC electromagnetic force (conventional chiral chemical origins), we can compare the apparent dimensionless Kuhn’s dissymmetry factors between a pair of helical polysilanes in isotropic solution, which are defined as gCD = Δε/ε, where Δε and ε are the apparent CD and UV intensities [72,74]. The value of gCD is independent of sufficiently high molecular weight (Mw), although both Δε and ε depend somewhat on Mw [71]. The apparent gCD values may be directly connected to the sum and/or subtraction of the |gPV| and |gPC| terms for the helical polysilane pairs. The values of gPV and gPC are dissymmetry factors of the PV and PC terms, respectively. The difference in population between the P- (dihedral angle (θ) ~150°) and M- (θ ~210°) motifs for the polysilane pairs is directly associated with the gPV and gPC values. The gPV term, induced by ΔEPV with the same magnitude but opposite sign for the pairs, contributes to the apparent gCD value.



(iii) Helical polysilanes in a double well with a small barrier height of 2–3 kcal per Si–Si unit [75] exhibit an energy splitting energy, allowing quantum tunneling between P- and M-helices [11]. The tunneling between P and M permits an effective mixing between weak and electromagnetic forces because outer- and inner-shell electrons have an opportunity to interact with nucleons. This is important for electrons and nucleons because weak forces mediated by massive Z0 bosons are effective only to neighbors within ultrashort-range interactions of ~10-18 m [13,23].



(iv) Heavier Si nuclei (natural abundance of 28Si 92.2 % (spin: 0, NMR inactive), 29Si 4.7% (spin: –1/2, NMR active), and 30Si 3.1% (spin: 0, NMR inactive) containing 14 protons and 14–16 neutrons and effective repeating numbers (Neff) of up to ~104 [5] may linearly enhance ΔEpv in comparison to the C–C bonded organic small molecules. The value of ΔEpv is proportional to Neff•Z5, while Z3 is due to the WNC interaction and Z2, the spin-orbit interaction (where Z is the atomic number) [13,43]. A preliminary expected advantage ratio, gadv = ΔEpv/kT ~10-12 at 300 K, may sufficiently exceed the detectable PNC limit with a critical gadv of ~10-17 [15,16,22]. By comparing 29Si-NMR spectra, the degree of main chain mobility is detectable as the difference in linewidth; the sum of the shielding and deshielding terms by inner-shell electrons of the main chain could be measurable as changes in chemical shifts [21].



2.1. Chiroptical Spectral Analysis


2.1.1. Helical Polysilane Symmetrically Substituted with Chiral Side Groups in Isotropic Solution


A comparison of UV and CD spectra between 1S and 1R in isooctane below and above the helix-helix transition temperature (Tc) of –65 °C is shown in Figure 2. The negatively signed Cotton CD signal of 1S with an extremum of 3.90 eV at –68 °C is almost the inverse of the positively signed Cotton CD spectrum with an extremum of 3.85 eV at –21 °C over the whole 3.0 eV to 5.5 eV range. Conversely, the positively signed CD signal of 1R with an extremum of 3.89 eV at –76 °C is almost the inverse of the negatively signed CD signal with an extremum of 3.87 eV at –30 °C. Evidently, 1S and 1R undergo a helix-helix transition between the two temperatures.



The magnitudes of the UV and CD signal intensities near 3.9 eV of 1S and 1R in isooctane as a function of temperature are shown in Figure 3. The UV intensities of 1S are somewhat weak compared to those of 1R in the range of –90 °C to +80 °C. However, the absolute magnitudes of the CD signals are intense in the negative CD region regardless of the side chirality and temperature.



This tendency is evident when compared to the absolute magnitudes of the apparent gCD values, |gCD|. The values of gCD near 3.9 eV for 1S and 1R in isooctane as a function of temperature are shown in Figure 4(a). Evidently, 1S and 1R undergo a cooperative, second-order helix-helix transition around –65 °C. In the range of –90 °C to –70 °C, the |gCD| values of 1S are greater than those of 1R, whereas in the range of –50 °C to +80 °C, the |gCD| values of 1S are smaller than those of 1R.



The differences in the |gCD| values are possible to relate with the observable contribution from the 2•|gPV| term arising from the subtraction between the (|gPC| – |gPV|) and (|gPC| + |gPV|) terms of 1S and 1R in the range of –90 °C to –70 °C and between the (|gPC| + |gPV|) and (|gPC| – |gPV|) terms of 1S and 1R in the range of –50 °C to +80 °C. Regardless of the solution temperatures, the sign of |gPV| is negative, suggesting a preference for left-handed helicity (minus, M) rather than right-handed helicity (plus, P) in isooctane. The lowest exciton peak energies (Epeak) for 1S and 1R in isooctane as a function of temperature are not significantly different [Figure 4(b)].




2.1.2. Helical Polysilane Aggregates Dispersed in Solution


The subtle differences in the |gCD| values between 1S and 1R dissolved in isotropic isooctane are recognized. However, the significant difference in the |gCD| values between 1S and 1R when dispersed as aggregate particles in isotropic chloroform is more evident. The aggregates spontaneously form when the polymer sample solution temperature is decreased. The bisignate CD signal originates from the so-called exciton-coupling signal of the Si–Si main chain chromophore in the aggregates.



A bisignate CD signal of 1S aggregates with extrema of 3.80 eV (negative) and 3.85 eV (positive) appears at –10 °C while 1S dissolved in chloroform at 50 °C exhibits a single CD signal with an extremum of 3.82 eV (positive) [Figure 5(a)]. Similarly, the bisignate CD signal of 1R aggregates with extrema of 3.79 eV (positive) and 3.85 eV (negative) appears at –10 °C, while 1R dissolved in chloroform at 50 °C exhibits a single CD signal with an extremum of 3.81 eV (negative) [Figure 5(b)]. The |gCD| value at the first Cotton CD band near 3.8 eV of 1S and 1R in chloroform in the range of –10 °C to +50 °C is plotted in Figure 5(c). The |gCD| value of 1R at –10 °C is approximately 30-times more intense than that of 1S at –10 °C. The difference in the |gCD| values of 1S and 1R was significantly more amplified for the aggregate forms than those molecularly dissolved in solution.




2.1.3. Helical Polysilanes Asymmetrically Substituted with Chiral and Achiral Side Groups in Isotropic Solution


Three polysilanes (2S/2R, 3S/3R, 4S/4R) asymmetrically substituted with the chiral (S)-/(R)- 3,7-dimethyloctyl and the achiral cyclopentaneethyl, 3-methylpentyl, and 2-ethylbutyl side groups undergo helix-helix transitions in isooctane [73]. The Tcs of 2, 3, and 4 increase in the order of –33 °C, –22 °C, and –7 °C, respectively. The UV and CD spectra of 2S/2R, 3S/3R, and 4S/4R in isooctane below and above Tc are displayed in Figures 6(a)–6(b) and Appendix Figures A1(a)–1(d).



The apparent gCD values near 3.9 eV of 2S/2R, 3S/3R, and 4S/4R in isooctane as a function of temperature are shown in Figures 7(a)–7(c), respectively. The |gCD| values of 2, 3, and 4 are considerably more intense in the negative CD region, regardless of the side chain chirality and temperature. Above the Tcs, the |gCD| values of 2, 3, and 4 carrying the (R)-group are greater than those with the (S)-group. By contrast, below the Tcs, the |gCD| values of 2, 3, and 4 carrying the (S)-group are greater than those with the (R)-group. These features of 2, 3, and 4 are identical to those of 1.



On the other hand, 5 and 6 do not undergo helix-helix transitions in the range of –80 °C and +80 °C. However, even the 5S/5R pair gives weak, but detectable differences in their chiroptical properties at low temperatures. The UV and CD spectra of the 5S/5R pair in isooctane at low and high temperatures are displayed in Appendix Figures A1(e)–A1(f). The |gCD| value of 5R at –80 °C is more intense than that of 5S at –80 °C (Figure 7(a)), whereas the |gCD| values of 1–4 with the (S)-group at –80 °C are more intense than those of 1–4 with the (R)-group at –80 °C. Therefore, regardless of the side chain chirality, the |gCD| values of 1–5 at –80 °C are intensely negative, preferring M-screw-sense (Table 1).



A non-helix-helix-transitioned pair (6S/6R) exhibited subtle differences in chiroptical properties. The UV and CD spectra of the 6S/6R pairs in isooctane at lower and higher temperatures are displayed in Appendix Figures A1(g)–A1(h). Although the |gCD| value of the negative CD band of 6R are almost identical to those of 6S in the range of –5 °C to +80 °C [Figure 8(b)], and the magnitudes of the UV and CD intensities of 6S are slightly greater than those of 6R in the range of –5 °C to +80 °C [Appendix Figure A2(a)]. The lowest Cotton CD extremum energies of 6S and 6R depend on the solution temperature in the range of –5 °C to +80 °C [Appendix Figure A2(b)].



From the variable temperature CD/UV spectroscopic measurements and chiroptical analyses, three chiroptical parameters (|gCD|, |gPC|, and gPV) of 1–6 are summarized in Table 1. Polysilanes 1–4 having helix-helix transition ability showed detectable differences in the |gCD| values in the range of –80 °C to +80 °C, presumably, arising from considerable mixing of the gPV and gPC terms at any temperatures. Even polysilane 5, which lacks the ability to transition, appears to mix gPV with gPC terms at –80 °C. The signs of the gPV values of 1–5 are negative, potentially, due to intrinsic physical origins and regardless of the side chain chiralities (chemical origins). The ratio of |gPV| to |gPC| ranges from 0.06 to 0.17. However, polysilane 6, which lacks the ability to transition, did not markedly show this mixing in the range of –80 °C to +80 °C. Possible reasons for these differences will be discussed in the following sections along with a relationship of the sign of the CD band and helix preference.





2.2. NMR Spectral Analysis


2.2.1. 29Si–NMR Spectroscopic Features


A solution NMR spectrometer is commonly used in chemistry and biochemistry laboratories as a typical achiral physical detection system for observing nuclear spin states surrounded by multiple electrons. Considerable differences in the 29Si-NMR spectral characteristics (chemical shift and linewidth) for helix-helix-transitioned 1S/1R and 3S/3R in CDCl3 were detectable, as shown in Figures 9(a)–9(b). By contrast, very weak differences for the non-helix-helix-transitioned 5S/5R pair were observed [Figure 9(c)].



The 29Si-NMR linewidths, which are a measure of the main chain mobility, of symmetrically substituted 1S/1R are slightly different: 1S: 19 Hz and 1R: 13 Hz, suggesting that the main chain of 1S is less mobile than its 1R counterpart. A more clear difference is observed in the 29Si-NMR chemical shifts: 1S and 1R resonances at –25.62 and –25.11 ppm, respectively, indicating that 1S resonates by 31 Hz upfield of 1R. Asymmetrically substituted 3S/3R also gives subtle differences in the 29Si-NMR chemical shifts and linewidths [Figure 9(b)]. Because 3S and 3R resonate at –24.30 and –24.11 ppm, respectively, 3S resonates by 11.4 Hz upfield of 3R. In addition, 3S exhibit a broader linewidth (v1/2 = 28 Hz) than that of 3R (v1/2 = 24 Hz).



The differences in 29Si-NMR chemical shifts reach up to 10–30 Hz and therefore are possible to use for comparison with the theoretically predicted value of ~1 mHz for rotamers of H–El–El–H (El = O, S, Se, Te) containing heavier elements and other molecular systems [21,76,77]. One possible explanation for polysilane highpolymers is that the 29Si-NMR chemical shift experiences an almost equal contribution in the opposite direction as a consequence of paramagnetic shielding (downfield shift) and diamagnetic shielding (upfield shift) tensors induced by electrons. By contrast, very weak differences in 29Si-NMR for 5S and 5R at –21.6 ppm with a broader linewidth of ~72 Hz are observed even though 5S had a ~5 Hz upfield resonance from that of 5R. The difference could be related to the existence of the handed WNC governing the heavier helical Si-Si main chain dynamics.




2.2.2. 13C–NMR Spectral Features


Subtle differences in 13C-NMR spectral characteristics (chemical shifts and signal intensities) for 1S/1R were observed [Figure 10(a)]. The 13C-NMR signal intensities, which are a measure of side chain mobility, were slightly different between 1S and 1R. To numerically enhance the differences in the chemical shift and signal intensities, the difference spectrum between 1S and 1R was given in Figure 10(b). Several carbons of the (S)-side chain resonate at a downfield region compared to those of the (R)-side chain. A possible explanation is that the 13C-NMR chemical shift experiences mainly as a consequence of paramagnetic shielding (downfield shift) tensors induced by electrons. This difference could infer the difference in dynamics of the side chain made of the lighter carbon atoms, influenced by the handed WNC.





2.3. Electronic Calculation and Molecular Mechanics Calculation


A possible explanation for the differences in the |gCD| values between the 1–4 pairs may be due to a slight modification of the potential energy surface as a function of the Si–Si–Si–Si dihedral angle of 1S, isotactic (it) and syndiotactic (st) sequences of 3S, as schematically shown in Figures 11(a)–11(b). For comparison, the potential energy surfaces of the it- and st-sequences of 5S and 6S are given in Figures 11(c)–11(d).



As shown in Figure 11(a), although 1S has two local minima located at ~150° and ~210°, it favors M–screw-sense as the global minimum. Dihedral angles of ~150° and ~210° correspond to 73-helices with P- and M-screw-senses, respectively. The energy difference (ΔE) between the P- and M-helices is only ~1 kcal per Si–repeating unit and the EB value from the M-helix is only ~2 kcal per Si–repeating unit. These small ΔE and EB values are responsible for a thermo-driven helix-helix transition. Therefore, 1S at –80 °C preferentially adopts M-screw-sense, providing negative Cotton CD signals.



In the case of 3S, due to asymmetrically substituted side groups, the it- and st-sequences should be considered. Although both the it- and st-sequences have two local minima located at ~150° and ~210°, they slightly favor M-screw-sense as the global minimum. With global minima between it- and st-sequences, the st-sequence with M–screw-sense is the most stable of the four possible helices. Therefore, M-st-3S is assumed to be the global minimum. The value of ΔE between the P- and M-helices is only ~1 kcal per Si–repeating unit and the EB value of M-helix is only ~3 kcal per Si–repeating unit. Similar to 1S, the small ΔE and EB values of M-st-3S are responsible for the thermo-driven helix-helix transition. Therefore, 3S at –80 °C preferentially adopts M-screw-sense, providing the negative CD signal.



In case of 5S, the st-sequence has a single minimum located at ~195°, while the it-sequence has two local minima located at ~150° and ~195°. Among the three minima, the it-sequence with P-screw-sense may be a global minimum, suggesting that 5S at –80 °C may prefer P-screw-sense, thereby yielding a positive CD signal.



When the relationship between the CD sign and P-/M-preference for 1, 3, and 5 with the S-chiral group was compared, the helix-helix transition polysilanes carrying the S-chiral group favor M-screw-sense, thus exhibiting a negative CD band. Conversely, the non-helix-helix transition polysilane carrying the same S-chiral group favors P-screw-sense and exhibits a positive CD band. These ideas are consistent with the experimental results [Figures 4(a), 7(a)–7(c), and 8(a)].



The potential energy curves for models of 1S and 1R with fifty Si repeating units with uncorrected and corrected PV terms are schematically shown in Figure 12. Although commercial molecular mechanics packages do not include any parity violation effects and high level ab initio techniques using the PV Hamiltonian is needed in future, the small positive Epv bias of +0.5 kcal for the P-motif and a small negative Epv of –0.5 kcal for the M-motif were added for explanation purpose only, regardless of the side chain chirality in which helix induction is governed by the PC electromagnetic force origin. Note that these values are not exact and merely hypothetically.



Before the PV term addition, 1S and 1R were classified into classical mirror images of helical polymers because of an almost degenerate asymmetric double well. If the EPV bias effectively allow for the induction of inequality to the potential energy by exp(2•EPV/kT), the double-well potential curves do not keep the mirror image relationship. In the images and mirror images of helical polymers 1–5, the absolute gCD values of the negative CD signals at –80 °C, possibly due to their M-screw-sense preference, are greater than those for the corresponding P-one, regardless of the side chain chirality and temperature. These observations suggest that the sign of gPV may be negative for the 1–5 pairs and that their preferential screw-sense is M rather than P because the P-helix should give a positive CD signal.



In the case of 6S carrying an (S)-2-methylbutyl moiety, the it-sequence has a single minimum located at ~195°, while the st-sequence has two local minima located at ~150° and ~195°. Among the three minima, the P-st-sequence may be a global minimum, suggesting that 6S at –80 °C may preferentially adopt a P-screw-sense, thus yielding positive CD signals, which are consistent with the experimental results [Figure 8(b)].



From these molecular mechanics calculations, the potential energy in the almost degenerate double well with small ΔE and EB values is responsible for the thermo-driven helix–helix transition ability due to the flexible helical main chain. These features are assumed to be important for detecting subtle differences by the PV-force origin for helical polymers. By contrast, the potential energy in the almost single well with the large ΔE and EB values cannot afford the subtle differences due to a very rigid helical structure. The helical main chain flexibility in a double well with small ΔE and EB values, leading to quantum tunneling oscillation, is important for testing the MPV hypothesis.



To further confirm the relationship between the screw-sense, absolute magnitude of gCD, and CD sign, Gaussian03 calculations (TD-DFT, B3LYP, 3-21G basis set) of the parent oligosilane, H-(SiH2)13-H, as a model of a polysilane were performed [78]. The simulated UV and CD spectra of oligosilane with a dihedral angle of 140° are shown in Figure 13(a). The spectral shape of the CD signals completely matches the corresponding UV spectrum, which is distinct for helical polysilanes. Based on the spectral characteristics, the gCD values of the parent polysilane monotonically increase from zero to +8 × 10-4 as the dihedral angle changes from 180° to 125° [Figure 13(b)]. The gCD values change the sign from positive to negative at a dihedral angle of less than ~75° and the absolute magnitude markedly increases to –1.7×10-2 as the dihedral angle changes from 100° to 60°.



When the dihedral angle changes from 180° to 60°, the electrically allowed transition energy between the singlet-singlet (S0–S1) states monotonically increases from 4.6 eV to 5.6 eV. Similarly, the electrically forbidden transition energy between the singlet-triplet (S0–T1) states, though the oscillator strength is zero, monotonically increases from 4.2 eV to 5.5 eV (Figure 12(c)). The gCD value of a 73-helix with a dihedral angle of 155° was calculated to be +1.4×10-4, which is in good agreement with the observed gCD values of ~2.5×10-4 for 5 and 6 bearing (S)-chiral side groups. The molecular mechanics and Gaussian calculations suggest that the P-screw-sense of polysilane gives a positive CD band when the dihedral angle is between 75° and 180°.




2.4. Viscometric Measurements


Slight differences were also observed in the viscometric data (κ and α) in the Kuhn-Mark-Houwink-Sakurada plots ([η] = κ ∙ Mα [79], where [η] is intrinsic viscosity, M is molecular weight, κ is a constant, and α is viscosity index) between the four pairs of 1, 2, 3, 5, and 6 in chloroform at 30 °C, in tetrahydrofuran (THF) at 40 °C, and in toluene at 70 °C. The viscometric measurement is well-established as a physico-chemical method to characterize floppy chain-like polymers in dilute solution. Based on the MPV hypothesis, the degree of chain coiling mediated by handed inner-shell electrons interacting with the massive nucleus may result in subtle differences in the value of α over a wide range of molecular masses between the polysilane pairs.



According to measurements and analyses by TRC and the NTT R&D center [1996/03/06 (report no. T113613), 1998/09/25 (report no. T215754), 1999/03/05 (report no. T218558), 1999/05/19 (report no. T218904)], subtle differences in the α values of the unfractionated polymer samples were observed experimentally. These features could be associated with differences in the main chain stiffness of the polysilane pairs in solution: for 1 (chloroform at 30 °C), 1S, α = 1.13, 1R, α = 1.26; for 1 (toluene, 70 °C), 1S, α = 1.70, 1R, α = 1.57; for 2 (THF, 30 °C), 2S, α = 0.91, 2R, α = 0.97; for 3 (toluene, 70 °C), 3S, α = 1.47, 3R, α = 1.32; for 3 (THF, 30 °C), 3S, α = 1.47, 3R, α = 1.32; for 5 (toluene, 70 °C), 5S,α = 1.49, 5R, α = 1.36; for 5 (THF, 30 °C), 5S, α = 1.29, 5R, α = 1.22; for 6 (toluene, 70 °C), 6S, α = 1.21, 6R, α = 1.49; for 6 (THF, 30 °C), 6S, α = 0.93, 6R, α = 0.88.





3. Experimental Section


3.1. Measurements


All CD and UV absorption spectra were recorded simultaneously on a JASCO J-720 spectropolarimeter equipped with a liquid nitrogen-controlled quartz cell with a path length of 5 mm in a cryostat ranging from +23 °C to –90 °C and a Peltier-controlled quartz cell with a path length of 10 mm ranging from +90 °C to –10 °C. This temperature range assured that isooctane was sufficiently fluid because the melting and boiling points of isooctane are –100 °C and +100 °C, respectively. The scanning conditions were as follows: scanning rate of 50 nm per min, band width of 1 nm, response time of 1 sec, and twice or single accumulations. The solution temperature in the cryostat was monitored by directly immersing a thermocouple into the solution, while the solution temperature in the Peltier-controlled cell was considered to be the same as the aluminum block cell housing. The sample concentration was 2×10-5 (Si-repeat-unit)-1•dm-3 for UV and CD measurements. The 13C- (75.43 MHz) and 29Si- (59.59 MHz) NMR spectra were taken in CDCl3 at 30 °C or 40 °C with a Varian Unity 300 MHz NMR spectrometer using tetramethylsilane as an internal standard. Optical rotation at the Na-D line was measured with a JASCO DIP-370 polarimeter using a synthetic quartz (SQ) cell with a path length of 10 mm at room temperature (24 °C). The weight-average molecular weight (Mw) and number-average molecular weight of the polymers (Mn) were evaluated using gel permeation chromatography (Shimadzu A10 instruments, Shodex KF-806M column, and HPLC-grade tetrahydrofuran as eluent at 30 °C) based on calibration with polystyrene standards (Tohso). The intrinsic viscosity–molecular weight relationship was investigated at the Toray Research Center (TRC, Shiga, Japan) using a Waters 1500 GPC apparatus with a Viscotec H502a viscometer.




3.2. Monomer Synthesis


The Toray Research Center (TRC) and Nippon Telegraph and Telephone Corporation (NTT) R&D center [reported on 1998/03/11 (report no. T216669), 1998/06/29 (report no. T217117), 1998/08/17 (report no. T217601)] analyzed the enantiopurities of the starting materials and intermediates. These materials were used to prepare chiral organodichlorosilanes as follows (in %ee) by a Grignard coupling reaction of the corresponding alkylbromide with alkyltrichlorisilanes by means of a chiral GC technique (β-DEX225 and β-DEX325, Spelco): (S)-(+)-/(R)-(–)-citronellol = 97.4/97.9, (S)-(+)-β-/(R)- (–)-β-citronellol = 97.4/97.9, (S)-(–)-/(R)-(+)-3,7-dimethyloctanol = 95.9/95.7, (S)-(–)-/(R)-(+)-3,7- dimethylbromide = 95.0/96.6, (S)-(–)-/(R)-(+)-2-methylbutanol = 99.7/100.0. (See, Appendix, Figure A3 and A4).



A typical synthetic scheme of 1S and 1R is given in the Appendix, Scheme A1. The Grignard reagent obtained from 41.3 g (0.186 mol) of (R)-(–)-3,7-dimethyloctylbromide ([α]24D = –5.96° (neat), 96.0 %ee) was added to a solution of 13.3 g (7.82 mmol) of tetrachlorosilane (Shin-Etsu) in dry diethylether at room temperature to produce bis{(R)-(–)-3,7-dimethyloctyl}dichlorosilane. The bromide was prepared at Chemical Soft (Kyoto, Japan) by bromination of (R)-(+)-3,7-dimethyloctanol ([α]24D = +3.90° (neat), 95.7 % ee) with PPh3 and Br2 in CCl4, followed by hydrogenation of (R)-(d)- (+)-β-citronellol (Fluka, [α]24D = +4.46° (neat), 97.9 % ee). Filtration of the reaction mixture and vacuum distillation of the filtrate produced pure alcohol. Colorless liquid. Yield 11.0 g (37 %). bp 142–146 °C/0.18 Torr, [α]24D = –2.57° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.75, 13C-NMR (CDCl3, 30 °C, ppm) 17.36, 19.10, 22.62, 22.71, 24.74, 27.96, 29.13, 34.79, 36.46, 39.30.



Bis{(S)-(+)-3,7-dimethyloctyldichlorosilane} was synthesized in a similar way using (S)-(+)-3,7-dimethyloctylbromide ([α]24D = +6.05° (neat), 96.2 %ee, Chemical Soft) from (S)-(-)-3,7- dimethyloctanol ([α]24D = –4.22° (neat), 95.9 %ee) and (S)-(l)-(-)-β-citronellol (Fluka, [α]24D = –4.55° (neat), 97.4 %ee) as the starting material. Colorless liquid. bp 142–144 °C/0.52 Torr, [α]24D = +2.35° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.74, 13C-NMR (CDCl3, 30 °C, ppm) 17.35, 19.10, 22.62, 22.71, 24.73, 27.96, 29.13, 34.79, 36.45, 39.29.



The enantiopurity of the starting materials and intermediates was determined at TRC by chiral gas chromatography (Spelco, β-DEX-325 and β-DEX-225, 30 m × 0.25 mm ID, oven temperature of 70 °C–95 °C, He carrier with 1.2 mL/min; β-DEX-225 at 90 °C for citronellol, β-DEX-225 at 82 °C for 3,7-dimethyloctanol, and β-DEX-325 at 70 °C for 3,7-dimethylbromide). The author concluded that the image and mirror image starting materials and intermediates and the corresponding organodichlorosilanes had sufficiently high enantiopurity with almost identical ees. However, the chiral GC analysis at TRC indicated that the enantiopurity of (S)-(l)-(–)-β-3,7-citronellol (Merck, [α]24D = –3.11° (neat)) was only 64.8 %ee and of (S)-(–)-3,7-dimethyloctanol (Chemical Soft, using Merck’s product, (S)-(l)-(–)-β-3,7-citronellol) was 66.4 %ee. Therefore, the author used Fluka products as starting materials for the TRC analysis.



(R)-(–)-3,7-dimethyloctyl-2-methylpropyldichlorosilane, bp 86–92 °C/0.45 Torr, [α]24D = –1.77° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 33.21, 13C-NMR (CDCl3, 30 °C, ppm) 18.37, 19.04, 22.56, 22.66, 24.14, 24.67, 25.55, 27.91, 29.10, 30.25, 34.73, 36.40, 39.24.



(S)-(+)-3,7-dimethyloctyl-2-methylpropyldichlorosilane, bp 89–93 °C/0.60 Torr, [α]24D = +1.81° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 33.34, 13C-NMR (CDCl3, 30 °C, ppm) 18.43, 19.09, 22.61, 22.70, 24.20, 24.72, 25.60, 27.96, 29.16, 30.31, 34.78, 36.45, 39.29.



(R)-(–)-3,7-dimethyloctyl-3-methylbutyldichlorosilane, bp 104–105 °C/0.50 Torr, [α]24D = -1.61° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.65, 13C-NMR (CDCl3, 30 °C, ppm) 17.36, 17.89, 19.11, 21.98, 22.63, 22.72, 24.74, 27.98, 29.12, 30.18, 31.16, 34.79, 36.47, 39.31.



(S)-(+)-3,7-dimethyloctyl-3-methylbutyldichlorosilane, bp 122 –127 °C/1.5 Torr, [α]24D = +1.61° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.67, 13C-NMR (CDCl3, 30 °C, ppm) 17.35, 17.88, 19.10, 21.97, 22.62, 22.71, 24.73, 27.97, 29.12, 30.17, 31.15, 34.78, 36.46, 39.30.



(R)-(–)-3,7-dimethyloctyl-3-cyclopentylethyldichlorosilane, bp 131–133 °C/0.80 Torr, [α]24D = +1.40° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.27, 13C-NMR (CDCl3, 30 °C, ppm) 17.38, 19.11, 19.36, 22.63, 22.71, 24.74, 25.25, 27.98, 28.52, 29.12, 32.26, 34.79, 36.46, 39.31, 42.42.



(S)-(+)-3,7-dimethyloctyl-3-cyclopentylethyldichlorosilane, bp 115–118 °C/0.35 Torr, [α]24D = +1.52° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.31, 13C-NMR (CDCl3, 30 °C, ppm) 17.38, 19.10, 19.34, 22.62, 22.70, 24.73, 25.24, 27.97, 28.51, 29.11, 32.25, 34.78, 36.45, 39.29, 42.41.



(R)-(–)-3,7-dimethyloctyl-2-ethylbutyldichlorosilane, bp 80–81°C/0.55 Torr, [α]24D = –1.63° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.23, 13C-NMR (CDCl3, 30 °C, ppm) 10.56, 18.42, 19.11, 22.63, 22.71, 24.69, 24.76, 27.75, 27.99, 29.23, 34.83, 35.97, 36.51, 39.33.



(S)-(+)-3,7-dimethyloctyl-2-ethylbutyldichlorosilane, bp 123–124 °C/2.2 Torr, [α]24D = +1.73° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 34.15, 13C-NMR (CDCl3, 30 °C, ppm) 10.50, 18.36, 19.06, 22.57, 22.66, 24.62, 24.70, 27.69, 27.93, 29.17, 34.76, 35.90, 36.44, 39.26.



(R)-(+)-2-methylbutyl-n-dodecyldichlorosilane, bp 128–135 °C/0.60 Torr, [α]24D = –6.22° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 33.18, 13C-NMR (CDCl3, 30 °C, ppm) 11.21, 14.11, 21.35, 21.85, 22.47, 22.72, 28.15, 29.15, 29.38, 29.48, 29.67, 30.27, 31.96, 32.38, 32.52.



(S)-(+)-2-methylbutyl-n-dodecyldichlorosilane, bp 148–151 °C/0.35 Torr, [α]24D = +6.27° (neat), 29Si-NMR (CDCl3, 30 °C, ppm) 33.18, 13C-NMR (CDCl3, 30 °C, ppm) 11.23, 14.14, 21.33, 21.84, 22.45, 22.72, 28.08, 29.15, 29.39, 29.48, 29.37, 30.24, 31.95, 32.37, 32.52.




3.3. Polymer Preparation


A typical synthetic procedure is described for 1S as follows. To a mixture of 12 mL of dry toluene (Kanto), 0.75 g (33 mmol) of sodium (Wako), and 0.06 g (0.23 mmol) of 18-crown-6 (Wako), 4.0 g (11 mmol) of diorganodichlorosilane was added dropwise in an argon atmosphere. The mixture was stirred slowly at 110 °C. After 3 hours, 200 mL of dry toluene was added to reduce the solution viscosity, and the mixture was stirred continuously for an additional 30 minutes. The hot reaction mixture slurry was passed immediately through a 5-μm PTFE filter under argon gas pressure. To the clear filtrate, the precipitating solvents isopropanol and ethanol were carefully added. Several portions of the white precipitates were collected by centrifugation and dried at 120 ˚C under vacuum overnight.



The weight-average molecular weight (Mw) and number-average molecular weight (Mn) of the polymers were evaluated using gel permeation chromatography (Shimadzu A10 instrument, Shodex KF806M column, and HPLC-grade tetrahydrofuran as eluent at 30 °C), based on calibration with polystyrene standards as follows. For the purpose of chiroptical measurements, 1S, Mw = 863,000, Mn = 147,000 and Mw = 140,000, Mn = 34,400; 1R, Mw = 394,000, Mn = 85,800 and Mw = 149,000, Mn = 39,500; 2S, Mw = 93,100, Mn = 57,900; 2R, Mw = 51,800, Mn = 25,200, 3S, Mw = 232,000, Mn = 78,900; 3R, Mw = 156,000, Mn = 76,800, 4S, Mw = 14,500, Mn = 11,300; 4R, Mw = 19,000, Mn = 15,200, 5S, Mw = 42,300, Mn = 23,500; 5R, Mw = 36,900, Mn = 19,000, 6S, Mw = 108,000, Mn = 37,300; 6R, Mw = 80,900, Mn = 34,600.



For NMR measurements, lower molecular mass samples with an almost equal Mw value were used: 1S, Mw = 31,400 and Mn = 17,400; 1R, Mw = 30,100, Mn =20,000; 3S, Mw = 44,000 and Mn = 31,100; 3R, Mw = 42,700, Mn = 29,000; 5S, Mw = 37,500 and Mn = 22,900; 5R, Mw = 28,700, Mn = 17,900.




3.4. Molecular Mechanics Calculations


Molecular mechanics calculations were achieved using Molecular Simulation Inc. (MSI), the Discover 3 module, Ver. 4.00 on a Silicon Graphics Indigo II XZ computer based on standard parameters (default) with an Si-Si bond length of 2.34 Å, an Si–Si–Si bond angle of 111°, and the MSI pcff force field suitable for polymers. For this calculation, the MSI built-in functions of simple-minimize (default condition is dihedral angle restraints, steepest descents for the first derivative, iteration limit of 1000, movement limit of 0.2, and derivative for 1.0) and simple-dynamics (conditions of constant volume and temperature, initial temperature of 300 K, direct velocity scaling with a time step of 1 fs, integration, initial velocity of random velocities from the Boltzmann distribution) were used with the set-up parameters.




3.5. Electronic State Calculation using Gaussian03 [78]


Electronic state calculations including the parent polysilane, H-(HSiH2)13-H, as a model of the present polysilanes, was employed using the time-dependent (TD)–density function DFT Gaussian03 program (TD-DFT, B3LYP, 3-21G basis sets) running on an Apple iMac (IntelCoreDuo2, 2.0 GHz, 4GB memory, MacOS ver.10.4.11). For the calculations, the geometries of the parent polysilane with dihedral angles varying from 80° to 180° with 5° and 10° intervals were optimized by the PM3-MM level of Gaussian03 using initial standard parameters (default) with an Si–Si bond length of 2.34 Å and an Si-Si-Si bond angle of 111°.





4. Conclusions


The experimental data in the absolutely artificial helical polysilanes may not provide conclusive proof to support the MPV hypothesis and the inherent physical origin of homochirality on Earth. Subtle differences in enantiopurity, tacticity, molecular weight, and molecular weight distribution of the polysilanes used in this work may have affected the chiroptical properties and the achiral NMR (29Si and 13C) as well as achiral viscometric data. Nevertheless, the author believed that the differences demonstrated here may infer the emergence of a preference between left and right at the polysilane level in isotropic solutions by certain inherent physical origins such as WNC, though the present experiments do not unequivocally support the MPV hypothesis. The subtle left-right asymmetry may appear in four pairs of helix-helix transition polysilanes (1–4), whereas two pairs of non-helix-helix transition polysilanes (5, 6) are not evident. If the MPV hypothesis is correct, a real enantiomer of the helical polysilane with M-screw-sense may be an anti-polysilane with M-screw-sense made of anti-atoms, which is possible to exist in the anti-matter world [18,23,24,31], in the framework of the CPT conservation theorem by the indication of recent CP–symmetry breaking of the B-meson decay experiments and theory [80,81,82].
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7. Appendix
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Figure A1. UV and CD spectra in isooctane of (a) 3S (Mw = 232,000, Mn = 78,900) at –86 °C and +55 °C, (b) 3R (Mw = 156,000, Mn = 76,800) at –91 °C and +55 °C, (c) 4S (Mw = 14,500, Mn = 11,300) at –61 °C and +55 °C, (d) 4R (Mw = 19,000, Mn = 15,200) at –61 °C and +55 °C, (e) 5S (Mw = 42,300, Mn = 23,500) at –82 °C and +80°C, (f) 5R (Mw = 36,900, Mn = 19,000) at –81 °C and +15 °C, (g) 6S (Mw = 108,000, Mn = 37,300) at –5 °C and +80 °C, and (h) 6R (Mw = 80,900, Mn = 34,600) at –5 °C and +80 °C. 






Figure A1. UV and CD spectra in isooctane of (a) 3S (Mw = 232,000, Mn = 78,900) at –86 °C and +55 °C, (b) 3R (Mw = 156,000, Mn = 76,800) at –91 °C and +55 °C, (c) 4S (Mw = 14,500, Mn = 11,300) at –61 °C and +55 °C, (d) 4R (Mw = 19,000, Mn = 15,200) at –61 °C and +55 °C, (e) 5S (Mw = 42,300, Mn = 23,500) at –82 °C and +80°C, (f) 5R (Mw = 36,900, Mn = 19,000) at –81 °C and +15 °C, (g) 6S (Mw = 108,000, Mn = 37,300) at –5 °C and +80 °C, and (h) 6R (Mw = 80,900, Mn = 34,600) at –5 °C and +80 °C.



[image: Symmetry 02 01625 g0a1a][image: Symmetry 02 01625 g0a1b]







[image: Symmetry 02 01625 g0a2 550]





Figure A2. (a) Absorptivity (ε) and CD signal (Δε), and (b) apparent CD extrema near 3.9 eV of 6S (Mw = 108,000, Mn = 37,300) and 6R (Mw = 80,900, Mn = 34,600) in isooctane as a function of temperature. 
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Scheme A1. Synthetic scheme of 1S and 1R. For 2S/2R, 3S/3R, 4S/4R, and 5S/5R, the corresponding organotrichlorosilane (Shin-Etsu) was used. For synthesis of 6S/6R, n-dodecyltrichlorosilane (Shin-Etsu), (S)-2-methylchloride (TCI), and (R)-2-methyl- chloride (synthesized by Chemical Soft, Kyoto, Japan) were used as starting materials. 
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Figure A3. Gas chromatography (GC) charts of (S)-(–)-3,7-dimethyloctanol and (R)-(+)-3,7- dimethyloctanol. Measurement and analysis were carried out at TRC (Shiga, Japan) by the chiral GC method (Supelco, β-DEX-225, 30 m x 0.25 mm ID, column oven 82 °C, He carrier with 1.2 mL/min). 
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Figure A4. GC charts of (S)-(+)-2-methylbutanol and (R)-(+)-2-methylbutanol. Measurement and analysis were done by TRC with the chiral GC method (Supelco, β-DEX-325, 30 m x 0.25 mm ID, column oven 55 °C, He carrier with 1.2 mL/min). 
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Figure 1. Chemical structures of the six helical polysilane pairs tested in this work. 
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Figure 2. UV and CD spectra in isooctane of (a) 1S (Mw = 863,000, Mn = 147,000) at –88 °C and –21°C, and (b) 1R (Mw = 394,000, Mn = 85,800) at –76 °C and –10 °C. 
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Figure 3. The magnitudes of the (a) UV absorptivity and (b) CD signal near 3.9 eV of 1S (Mw = 863,000, Mn = 147,000) and 1R (Mw = 394,000, Mn = 85,800) in isooctane as a function of temperature. 
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Figure 4. (a) Apparent gCD values near 3.9 eV and (b) apparent lowest exciton peak energies of 1S (Mw = 863,000, Mn = 147,000) and 1R (Mw = 394,000, Mn = 85,800) in isooctane as a function of temperature. 
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Figure 5. UV and CD spectra in chloroform of (a) 1S (Mw = 140,000, Mn = 34,400) at –10 °C and +50 °C, and (b) 1R (Mw = 149,000, Mn = 39,500) at –10 °C and +50 °C. (c) Apparent gCD values near 3.8 eV of 1S and 1R aggregates dispersed in chloroform as a function of temperature. 
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Figure 6. UV and CD spectra in isooctane of (a) 2S (Mw = 93,100, Mn = 57,900) at –40 °C and –19 °C and (b) 2R (Mw = 51,800, Mn = 25,200) at –44 °C and –10 °C. 
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Figure 7. Apparent gCD values near 3.9 eV in isooctane as a function of temperature of (a) 2S (Mw = 93,100, Mn = 57,900) and 2R (Mw = 51,800, Mn = 25,200), (b) 3S (Mw = 232,000, Mn = 78,900) and 3R (Mw = 156,000, Mn = 76,800), and (c) 4S (Mw = 14,500, Mn = 11,300) and 4R (Mw = 19,000, Mn = 15,200). 






Figure 7. Apparent gCD values near 3.9 eV in isooctane as a function of temperature of (a) 2S (Mw = 93,100, Mn = 57,900) and 2R (Mw = 51,800, Mn = 25,200), (b) 3S (Mw = 232,000, Mn = 78,900) and 3R (Mw = 156,000, Mn = 76,800), and (c) 4S (Mw = 14,500, Mn = 11,300) and 4R (Mw = 19,000, Mn = 15,200).



[image: Symmetry 02 01625 g007]







[image: Symmetry 02 01625 g008 550]





Figure 8. Apparent gCD values near 3.9 eV in isooctane as a function of temperature of (a) 5S (Mw = 42,300, Mn = 23,500) and 5R (Mw = 36,900, Mn = 19,000) and (b) 6S (Mw = 108,000, Mn = 37,300) and 6R (Mw = 80,900, Mn = 34,600). 
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Figure 9. 29Si-NMR spectra of (a) 1S (Mw = 31,400, Mn = 17,400) and 1R (Mw = 30,100, Mn = 20,000) in CDCl3 at 40 °C (50 mg in CDCl3 0.6 mL), (b) 3S (Mw = 44,000 and Mn = 31,100) and 3R (Mw = 42,700, Mn = 29,000) in CDCl3 at 30 °C, and (c) 5S (Mw = 37,500 and Mn = 22,900) and 5R (Mw = 28,700, Mn = 17,900) in CDCl3 at 30 °C. 
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Figure 10. (a) 13C-NMR spectra of 1S (Mw = 31,400 and Mn = 17,400) and 1R (Mw = 30,100, Mn =20,000) in CDCl3 at 40 °C and (b) the difference spectrum between 1S and 1R. 
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Figure 11. The potential energy of (a) 1S with fifty Si-repeating units and hydrogen termini, (b) st- and it-3Ss with thirty Si-repeating units and hydrogen termini, and (c) st- and it-5Ss with thirty Si-repeating units and hydrogen termini, and (d) st- and it-6Ss with n-hexyl-(S)-2-methylsilane with thirty Si-repeating units and hydrogen termini calculated for simplicity. Here n-hexyl moiety was used in place of n-dodecyl group for simplicity. 
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Figure 12. The potential energy of (a) 1S and (b) 1R with hypothetical corrections of EPV of +0.5 kcal for P- and –0.5 kcal for M-screw-senses for explanation purpose only. 
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Figure 13. (a) Simulated UV and CD spectra of (SiH2)13 with a dihedral angle of P-140°, (b) simulated gCD as a function of the dihedral angle in H-(SiH2)13-H, (c) photoexcitation energies (singlet and triplet states) of H-(SiH2)13-H as a function of the dihedral angle. 
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Table 1. Chiroptical parameters (gCD, |gPC|, gPV values in 10-4) of six polysilanes in isooctane.
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Sample

	
Tc / °C

	
gCD at –80 °C

	
gCD at +80 °C

	
|gPC| / gPV at –80 °C

	
|gPC| / gPV at +80 °C






	
1S

	
–65

	
–2.11

	
+1.52

	
1.82 / –0.30

	
1.63 / –0.11




	
1R

	
–65

	
+1.52

	
–1.74




	
2S

	
–33

	
–1.95

	
+0.81

	
1.74 / –0.21

	
0.94 / –0.13




	
2R

	
–33

	
+1.53

	
–1.07




	
3S

	
–22

	
–1.90

	
+1.04

	
1.72 / –0.18

	
1.13 / –0.08




	
3R

	
–22

	
+1.53

	
–1.21




	
4S

	
–7

	
–1.78

	
+1.33

	
1.68 / –0.10

	
1.30 / +0.03




	
4R

	
–7

	
+1.58

	
–1.26




	
5S

	
–

	
+2.36

	
+1.95

	
2.57 / –0.21

	
1.98 / –0.02




	
5R

	
–

	
–2.78

	
–2.00




	
6S

	
–

	
–

	
+1.79

	
–

	
–




	
6R

	
–

	
–

	
–1.71
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