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Abstract

:

The quest to decode the evolution of homochirality of life on earth has stimulated research at the molecular level. In this study, handed mirror symmetry breaking, and molecular parity violation hypotheses of systematically designed π-conjugated rotamers possessing anthracene and bianthracene core were evinced via circularly polarized luminescence (CPL) and circular dichroism (CD). The CPL signals were found to exhibit a (−)-sign, and a handed dissymmetry ratio, which increased with viscosity of achiral solvents depending on the rotation barrier of rotamers. The time-resolved photoluminescence spectroscopy and quantum efficiency measurement of these luminophores in selected solvents reinforced the hypothesis of a viscosity-induced consistent increase of the (−)-sign handed CPL signals.
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1. Introduction


The fundamental building blocks of life on planet earth are dominated by one of the enantiomer pairs, for instance, l-amino acids and d-sugars. However, they are supposed to be energetically equivalent to another enantiomer and should obey the parity conservation law of mirror symmetry [1,2,3,4,5]. Several theoretical investigations have utilized handed mirror symmetry breaking (MSB) via molecular parity violation (MPV) to explain the natural selection of one enantiomer over the other in biological systems [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]. The MPV hypothesis is based on the idea of parity-violating weak neutral current (PV-WNC), owing to the electron–nuclei interaction facilitated by massive neutral Z0-boson (91 GeV). Consequently, one enantiomer is stabilized slightly in terms of energy by −Epv; conversely, the other is destabilized by +Epv and the energy difference is known as the parity-violating weak energy difference (∆Epv) [7,8,32,33,34]. Based on the MPV hypothesis, various reports have estimated that the ∆Epv between mirror-image enantiomers is extremely small (10−8–10−14 kcal mol–1), which corresponds to the enantiomeric excess (ee) of only 10−9–10−15 %, i.e., excess of one molecule in the racemic mixture of 1011–1017 molecules [14,35,36]. Practically, the detection of such a tiny chiral bias is still a significant challenge owing to the detection limits of conventional spectroscopic methods such as achiral UV-Visible, IR, NMR, ESR, microwave spectrometers and enantioselective column chromatography [37,38,39,40]. To make the MPV detectable by spectroscopic measurements, several methods have been postulated to amplify the signals. For instance, linear amplification of faint Epv by the connotation of molecules to polymers and crystals [6], and a small influence of PV-originating oscillation on parity conserving electromagnetic (PC-EM)-originating quantum oscillation of imaginary chiral molecules in a double-well (DW) potential [11]. Additional theoretical models of real and imaginary molecules have been referred to in several innovative reports, along with experimental attempts [6,7,8,12,13,14,16,17,18,20,25,26,27,28,29,41,42,43,44,45,46]. Recent reports highlight the advance in the realm of MPV [47,48,49,50].



Recently, one of the authors (M.F.) and coworkers reported astonishing results from a comprehensive circularly polarized luminescene (CPL) and circular dichroism (CD) spectroscopic data set of nearly fifty non-rigid luminophore rotamers without stereogenic centers [42,43]. On controlling the tunneling barrier (Eb), all these luminophores revealed step-like and consistent alteration in Kuhn’s dissymmetry factor (glum) with only (–)-sign CPL signals with changes in the viscosity of the achiral solvents. They provided a possible explanation for the result, which was that although these non-rigid luminophores are made of lighter atoms possessing non-zero spin–orbit interaction (ζ, kcal·mol−1) [ζ = 0.1 (C), 0.2 (N), 0.4 (O), 0.7 (F), 1.0 (S)], a large number of photoexcited luminophores (>1010–1016) confined in a cuvette interacted with focused incident light beams. Subsequently, the faint ∆Epv on the order of 10−8–10−14 kcal·mol−1 was resonantly amplified to a detectable level to produce CPL chiroptical signals during a synchronized spontaneous radiation process [43]. The authenticity of the results were verified by studying luminophores with an enantiomeric chiral center and achiral D2h-symmetric fused aromatics (naphthalene, anthracene, tetracene, and pyrene). The mirror-image CPL and CD spectra were observed for the luminophores with chiral centers, whereas no detectable CPL and CD spectra were observed for the rigid fused aromatics.



CPL spectroscopy may be a promising tool to experimentally observe molecular parity violation effects:however, a moredetailed theoretical understanding and experimental investigations are requiredto understand the relationships between MPV with (–)-sign glum, photodynamics, quantum efficiency, and solvent viscosity. Moreover, it is not yet known whether this approach is consistent with other synthetic π- molecular and polymeric rotamers associated with different directions (horizontal and/or vertical) of π-conjugation and rotational barriers.



Based on previous reports [42,43], we rationally synthesized three non-rigid extended π-conjugated luminophores. These luminophores consist of anthracene (single horizontal and verticle conjugation axis), bis-anthracene (single horizontal and double vertical conjugation axes), and biphenyl moieties (single horizontal conjugation axis) as twistable cores in the right- or left-hand geometries, which commonly carry two floppy trans-styryl moieties as labile pendants that provide excellent solubility to a broad range of organic solvents. These rotamers possess different rotational barriers that were tunable with the apparent viscosity of achiral solvents, resulting in alterations in chiroptical spectroscopic response. More importantly, handed MSB phenomena was evinced by (–)-sign glum associated with no dominant CD signals for luminophores dissolved in a series of achiral alcohols. For a comprehensive study, we comparedthe obtained similar (–)-sign CPL signals of an unsubstituted twistable bi-aryl compound and chain-like π-conjugated polymer in solutions. Subsequently, the MPV effect of these luminophores observed by CPL spectroscopy was complemented by time-resolved photoluminescence spectroscopy (TRPL), relative quantum efficiency (Φf) measurements and change in dipole moment. The photophysical and chiroptical properties predicted by density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations of luminophores consistently supported the experimental observations.




2. Materials and Methods


2.1. Synthesis and Characterization of Luminophores


Synthesis of 4,4′-distyryl-1,1′-biphenyl (DSA): this was synthesized according to the literature [50]. 9,10-Dibromobianthracene (200 mg, 0.595 mmol), styrene (148 mg, 1.428 mmol), K3PO4 (0.63 g, 2.975 mmol), and Pd(OAc)2 (26.7 mg, 0.119 mmol) were dissolved in dry dimethylacetamide (40 mL). The reaction mixture was heated to 110 °C and stirred for 24 h. The hot reaction mixture was allowed to cool to room temperature, then it was poured into water. The crude product was extracted twice with CHCl3 (60 mL) and the combined organic extracts were dried over Na2SO4. The solvent was evaporated to 5 mL; the product crystallized after addition of hexane and isolated as a yellow solid (40% yield).



Synthesis of 10,10′-distyryl-9,9′-bianthracene (DSBA): 10,10′-Dibromo-9,9′-bianthracene (200 mg, 0.39 mmol), styrene (97 mg, 0.93 mmol), K3PO4 (0.41 g, 1.95 mmol), and Pd(OAc)2 (17.5 mg, 0.078 mmol) were dissolved in dry dimethylacetamide (40 mL). The reaction mixture was heated to 110 °C and stirred for 24 h. The hot reaction mixture was allowed to cool down to room temperature, then it was poured into water. The product was extracted twice with CHCl3 (60 mL) and the combined organic extracts were dried over Na2SO4. The solvent was evaporated to 5 mL; the product crystallized after addition of hexane and isolated as a yellow solid (45% yield). 1H-NMR (δ in ppm 400 MHz, CDCl3): 8.55 (d, 4H, ArH), 8.13 (d, 4H, ArH), 7.81 (d, 4H, ArH), 7.54 (m, 4H, ArH), 7.45 (m, 8H, ArH), 7.19 (s, 4H, CH=CH), 7.14 (s, 2H, ArH). M/z = 558.41 g/mol (MALDI-TOF).



Synthesis of 4,4′-distyryl-1,1′-biphenyl (DSBP): 4,4′-Dibromo-1,1′-biphenyl (200 mg, 0.64 mmol), styrene (160 mg, 1.53 mmol), K3PO4 (0.68 g, 3.2 mmol), and Pd(OAc)2 (28.8 mg, 0.12 mmol) were dissolved in dry dimethylacetamide (30 mL). The reaction mixture was heated to 110 °C and stirred for 24 h. The hot reaction mixture was allowed to cool down to room temperature, then it was poured into water. The product was extracted twice with CHCl3 (60 mL) and the combined organic extracts were dried over Na2SO4. The solvent was evaporated to 5 mL; the product crystallized after addition of hexane and isolated as a solid (29 % yield). 1H-NMR (δ in ppm 400 MHz, CDCl3): 7.66 (d, 4H, ArH), 7.62 (d, 4H, ArH), 7.57 (d, 4H, ArH), 7.40 (t, 4H, ArH), 7.30 (m, 2H), 7.18 (s, 4H, CH=CH). M/z = 358 g/mol (Maldi-tof).




2.2. Preparation of Sample Solutions


First, a stock solution of luminophore (10–3 M) was prepared in a suitable organic solvent. For DSA and DSBA, chloroform was used as the stock solution as solvent, and for DSBP, methanol was used as a stock solution as solvent. Premeasured aliquots of stock solution were added to 1.9–2.1 mL of the desired liquid in a cylindrical quartz cuvette using a micro-syringe and diluted with a range of solvents followed by vigorous shaking by hand to minimize the incorporation of external (chiral) dust, fiber, particles. It was confirmed that the mixed solution was a scattering-free, transparent homogeneous solution before the CD and CPL measurements.




2.3. Instrumentation


Simultaneous measurements of CD and UV-visible spectra were done at room temperature using a cylindrical quartz cuvette with path lengths of 10 mm (JASCO J-820 spectropolarimeter, Hachioji, Tokyo, Japan). The cylindrical cuvette appears to provide precise CD measurements as compared to rectangular cuvettes. To ensure reliability, one or two accumulations of the spectra were recorded. Similarly, simultaneous measurements of CPL and PL spectra were performed on a JASCO CPL-200 spectrofluoropolarimeter using cylindrical quartz cuvettes at room temperature. The reliability of the measurements was ensured by recording two to three accumulations of spectra.



The NMR spectra were measured with a Bruker-400 MHz; the mass spectra were measured with a Bruker (Bengaluru, Karnataka, India) UltrafleXtreme MALDI-TOF/TOF mass spectrometer; luminescence lifetime decay was recorded with time correlated single photon counting (TCSPC) using Edinburgh Instruments (Kirkton Campus, Livingston, UK) FLSP920 time-resolved fluorescence spectrometer. A pulsed laser diode (377 nm) with a pulse repetition rate of 500 kHz was employed for the mean lifetime measurements.





3. Results


DSA, DSBA, and DSBP (Chart 1) were synthesized according to Section 2.1. For comparison, we investigated two commercial rotamers, including 9,9′-bianthracene (BA) and poly{[2,5-bis(2-(N,N-diethylammoniumbromide)ethoxy)-1,4-phenylene]-alt-1,4-pheynlene (PP) (Chart 1). BA is a core moiety of DSBA and PP is regarded as an extension of multiple cores in DSBP. The CPL and CD spectra of all luminophores were measured in a series of linear alkane mono-ols and diols with different viscosities at 25 °C, ranging from 0.59 cP and 7.0 cP. The CPL signals for all the three luminophores were of (−)-sign, which kept on increasing in relation to the viscosity of the solvent, whereas they remained CD-silent irrespective of the viscosity of the solvent. The non-aggregated molecular conformations of these molecules were investigated in this study by performing chiroptical measurements in dilute solutions (10−6–10−5 M). However, if we consider the optical properties of DSA, for instance, and compare it with the predicted UV-Visible spectra of cis-DSA and trans-DSA during CD and CPL measurements (Figure S15, Supplementary Material (SM)), it is difficult to determine whether cis or trans isomer is involved. An experimental observation indicated there was a transoid–cisoid conformational transition arising from the rapid rotational transition of two labile styryl groups.



3.1. Chiroptical Properties


3.1.1. DSA


In the case of DSA, the CPL profile (glum) observed in methanol and 1,4-butanediols were compared. The signal intensity was much higher in 1,4-butanediol (glum = −1.7 × 10−3) as compared to that in methanol (glum = −0.5 × 10−3) (Figure 1a). Also, the CPL–viscosity plot shows a cluster of data points for glum for lower viscosity solvents, an increasing tendency for higher viscosity solvents and becomes nearly constant with viscosity of more than 33 cP (Figure 1d). This behavior can be attributed to the labile flip-flop motion of the π-extended styryl group until the media is sufficiently viscous. Once the rotational freedom was fully restricted due to molasses in the media, DSA molecules adopted a time-averaged stable conformation, which revealed mainly (–)-sign CPL signals. Anomalous behavior was observed in the emission properties of DSA in the diols, where a significant blue shift was observed along with intense CPL signals. The observed blueshift may occur, possibly, due to the formation of an intermolecular OH-π adduct of DSA with diol molecules. It distorted the rotational degree of styryl units. Hence, the extension of π-conjugation was moderated. As a result, emission phenomenon approaches a blue-shifted anthracene type behavior.




3.1.2. DSBA and BA


DSBA possesses a bianthracene core and owing to an inherent substantial intramolecular steric hindrance, DSBA remains at a twisted angle of (90.07°) with D2h-like molecular symmetry or exact D2-symmetry based on an optimized structure by DFT calculations (Table S6 in SM). This geometry of the molecule should not display any obvious CPL signal owing to the nearly achiral D2h-like symmetry of the core. The photoluminescence (PL) spectra showed two emission bands, namely, 0-0 and 0-1 vibronic bands. As the viscosity of the media increased, the (–)-sign CPL signal at the 0-0, 0-1 vibronic bands increased consistently (Figure 1d,e). Figure 1b demonstrates the CPL profile and stronger CPL intensity in more viscous 1,4-butanediol (glum = −1.7 × 10−3) as compared to less viscous methanol (glum = −0.3 × 10−3). This result infers that the viscous medium enforces the molecular rotation of the bianthracene core more significantly as compared to DSA, owing to the relatively high rotational barrier height of the bianthracene core. Since most of the PL and CPL signals of DSBA come from the bianthracene core, the effect of the OH/π-interaction with diols was not observed. To support the hypothesis of viscosity dependent twisting of the bianthracene core, BA was examined through CD and CPL measurements. Similar to the case of DSBA, the chiroptical properties of BA in methanol, ethanol, and 1-propanol exhibited a linear increase in the (–)-sign CPL signal with an increase in the viscosity of the solvents (Figure S14, SM).



Moreover, theoretical calculations were employed for BA with a forced twist angle as a function of the dihedral angle between two anthracene units ranging from 30° and 90°. In the case of BA, the ground state energy increased exponentially with a decrease in twist angle (Figure S13, SM). This implies that one has to raise the ground state energy of BA to achieve a smaller twist angle, which no longer remains in the pseudo-D2h-symmetry. Thus, BA can adopt a time-averaged right (R)- or left (L)-state. In this study, we achieved mechanical twisting of BA and the bianthracene core of DSBA with an enhancement in the viscosity of the solvent.




3.1.3. DSBP and PP


DSBP possesses a built-in twisted biphenyl core owing to its inherent intra-molecular twisting capability. DSBP revealed a similar consistent increase in the (–)-sign CPL signal with the viscosity of the solvent at two vibronic bands in PL and CPL (0-0 and 0-1) spectra (Figure 1c–f).



For additional comparison, we measured the chiroptical properties of PP, which is an oligomer with several phenylene units. The oligomer PP showed an intense (–)-sign CPL signal, even in a very low viscous methanol. In higher viscosity solvents, the (–)-sign CPL signal appeared to have saturated, and a negligible effect on CPL intensity was observed (Figure S14, SM). Hence, a high degree of polymerization of π-conjugated units is assumed to have a similar effect as luminophores in the highly viscous environment due to the long chains and their sluggish movements. Moreover, the intense CPL signals can be accredited to enhanced π-conjugation along the main chain, whereas (–)-sign signal is maintained because of the handed conformation locked by the long main-chain lengths.




3.1.4. Mean Excited-State Lifetime and Relative Quantum Efficiency of DSA, DSBA and DSBP


It is commonly understood in chemistry that molecules in the photoexcited state lose energy via a non-radiative decay channel. In principle, the non-radiative loss can be curbed if molecular rotational and vibrational modes are restricted in viscous solvents [48,49]. To collect more evidence on the parity-violating (–)-sign CPL enhancement with the viscosity of the solvent, the mean excited state lifetime (τ)of luminophores and relative Φf were measured as a function of viscosity in selected solvents (ethanol = 1.19 cP (25 °C), n-pentanol = 3.47 cP (25 °C), n-octanol = 7.59 cP (25 °C), and n-undecanol = 16.95 cP (25 °C)).



The τ values for DSA, DSBA, and DSBP reduced linearly with an increase in the viscosity of the solvent (Figure 2b). This signifies that the excitons emit faster, which is associated with a lesser probability of non-radiative decay in a viscous environment. Similarly, the relative Φf showed an increasing tendency for DSA and DSBA, whereas it remained almost constant with slight fluctuations for DSBP (Figure 2b and Tables S3–S5, SM). Using these values, the rate of radiative decay (Kf) was calculated (Kf = Φf/τ). The profile of Kf vs. τ exhibited a linear decreasing trend, and Kf vs. Φf showed an increasing trend (Figure 2a) of DSA, DSBA, and DSBP. The Kf value for DSA and DSBA showed an increasing tendency with the viscosity of the solvent, whereas the Kf value for DSBP remained almost constant with slight fluctuations (Figure 2c). This implies that the τ, Φf, and Kf values are complementary to the intensified characteristics of parity-violating handed CPL signals along with time-averaged handed conformation of luminophores in a DW for DSA and DSBA. In the case of DSBP, no significant increasing tendency was observed for Φf and Kf, however, a consistent decreasing trend of τ suggests that the CPL signals intensify with an increase in the viscosity of the solvent.




3.1.5. Changes in Dipole Moment and Theoretical Calculations


The change in dipole moment ∆µ (= µe − µg) was calculated according to the literature [51,52] (Section 5, SM). In the case of DSA and DSBA, their ∆µ values were found to be 9.66 D and 7.74 D, respectively. The change in dipole moment in the excited state as compared to the ground state is directly correlated to the nature of the luminophore in the excited state and its intramolecular charge transfer state. Such a high ∆µ for DSA and DSBA strongly supports the presence of a twisted intramolecular charge-transfer state (TICT) in the excited state. The twisting of luminophores caused them to have a higher polarity in the excited state, which ultimately resulted in the high ∆µ values. Contrarily, the ∆µ value of DSBP was 2.79 D, which is moderate compared to DSA and DSBA; however, experimentally, we still observed dominant CPL signals with an increase in viscosity of the solvent. These behaviors can be explained by the DFT-optimized structure and HOMOs-and-LUMOs of luminophores. The DSA and DSBA possess anthracene and bianthracene cores, respectively, which contribute to the vertical conjugation (longer axis of the anthracene ring) along with the horizontal conjugation (shorter axis of the ring). Hence, TICT is more dependent on the twisting of anthracene and bianthracene core [53]. In the case of DSBP, because only the horizontal conjugation is possible, the TICT does not dominate to yield the high ∆µ value. The CPL measurements are more sensitive, hence, the ∆µ value of 2.79 D appeared to produce sufficiently large CPL signals.



Theoretical calculations were also performed to investigate the properties of the luminophores at several intramolecular twisted states. The DSA possesses a stable anthracene core but two twistable styryl groups at each end. These two variables would significantly increase the number of twisted states. For simplicity, we omitted such calculations. The twisted states of DSBP containing biphenyl core were generated hypothetically by varying the dihedral angles of the biphenyl core from 5°–90° with an interval of 5°, while keeping the dihedral angle of the styryl groups as optimized (~53°). By employing these structures, single-point energy calculations were performed using DFT and TD-DFT (B3LYP, 6-311G). The plots of energy at the ground state (GS) and excited state (ES) vs. the dihedral angle of biphenyl core reveals that, although DSBP at GS remains with a dihedral angle of 39°, DSBP adopts a conformation with a dihedral angle of ~15° at the ES (Figure 3a). Such an extensive twisting capability is correlated with small rotational barriers (1–2 kcal mol–1) for the biphenyl group at GS and ES. As a result, the molecule is expected to lose absorbed photoexcited energy by non-radiative decay pathways.



Correspondingly, the estimated oscillator strength (f) showed a slight increase from 2.07 at GS to 2.15 at ES, which can be directly correlated with the Φf values. These results infer that DSBP at ES adopts a stable handed conformation with a dihedral angle of ~15°. This arises from the small energy barrier of rotation and loss of photoexcited energy as a non-radiative decay pathway, even in fluidic viscous solvents. Such an energy loss coupled with a slight increase in f value results in almost constant values of Φf and Kf (Kf = Φf/τ). However, the consistent increase of (–)-sign CPL signals is attributed to the decrease of τ value associated with an increase of viscosity of the solvent. Moreover, the deeper energy well with the dihedral angle at GS and moderately deep energy well at ES suggest appreciable tunneling through the energy barrier to adopt a right-handed conformation, which is a one-way route for the excitons because of slight stabilization of the right-hand state by ∆Epv.



Further, the plot of the dihedral angle vs. the lowest transition energy (eV, nm) reveals a change in the lowest transition energy from 3.54 eV (349 nm) at GS to 3.39 eV (362 nm) at ES, which also complements the experimental observations of a large Stokes shift (from 330 nm to 393 nm, ~4850 cm−1 or 0.60 eV) (Figure 3b). Similarly, DSBA possesses a bianthryl core; its twisted states were generated hypothetically by varying the dihedral angles of bianthryl core from 30°–90° with an interval of 5° while keeping the dihedral angle of styryl groups optimized (~53°). By employing these twisted structures, single-point energy calculations were performed using DFT and TD-DFT (B3LYP, 6-311G).



The plots of energy at GS and ES as a function of the dihedral angle of biphenyl core revealed that DSBA remains at GS with a dihedral angle of 90.07° and subsequently adopts a conformation with a dihedral angle of ~80° at ES. The energy profile reveals a much higher energy barrier for intra-molecular rotation as compared to DSBP, which increased exponentially with a decrease in the dihedral angle of bianthryl core. Therefore, only a small intra-molecular reorganization could be observed from GS to ES (Figure 4a). Further, the f value as a function of the dihedral angle showed an increase in f from GS (0.00079) to ES (0.04063) owing to the small intra-molecular reorganization due to a large rotational barrier (Figure 4b). As a result, when the viscosity of the solvent was increased, consistent increases in Φf and Kf values of DSBA were observed, associated with the decrease in τ value. This tendency is significantly supported by the corresponding (–)-sign CPL signals.



Additionally, to ensure the authenticity of the experimentally observed (–)-CPL signals of the luminophores, we predicted CD spectra at GS and ES with the corresponding dihedral angles of biphenyl and bianthryl core by performing DFT/TD-DFT calculations (Figure 5). The predicted CD spectra at ES corresponds to CPL signals. In the case of DSBP, the predicted CD spectra at both GS and ES showed a significant (–)-sign Cotton band with comparable intensities. The similar intensity at GS and ES also complements the anomalous behavior of DSBP, i.e., the minimal increase in f and loss of energy via intra-molecular reorganization (Figure 5b). Conversely, for DSBA, a significant (–)-sign Cotton band was observed at GS, whereas a lot of intense signal was observed at ES owing to the intramolecular twisting and subsequent increase of Φf and f (Figure 5a). These predicted CD spectra indisputably support the experimental observations.






4. Discussion


The experimental observation of variation in glum for luminophores in relation to the viscosity of the solvent is evident from Figure 1, indicating handed MSB via MPV. The systematic study of critical photophysical properties such as τ, Φf, and Kf, revealed the photodynamics of luminophores at the excited state, which could be significantly modulated with changes in the viscosity of the media (Figure 2), whereas ∆µ depended on the presence of TICT (Section 5, ESI). Consequently, variations in GS and ES energy with dihedral angle predicted by DFT calculations supported the hypothesis of viscosity-dependent rotational freedom (Figure 3 and Figure 4). It is known that viscosity of the solvent can be directly correlated with the quantum tunneling energy barrier (Eb) of left- and right-handed states of chiral molecules [26,42], thus, one can speculate that rotamers studied here exhibit variation in handed chiroptical signals via variations in Eb. However, one can still be skeptical about the experimental observation of such as small bias in MSB via MPV, and a suitable theoretical model should be adopted that builds on several theoretical treatments and models. According to the theoretical treatment suggested by Hegstorm and McDermott [42], Quack et al. [27], and Bargueño [28], the chiral bias of eigenstates of chiral forms of molecules Ψ(±), is given by cos2β − sin2β = cos 2β, where β is the mixing angle ranging 0° to 45° and


   cos    2 β =   Δ  E  pv         ( Δ  E  pv   )  2  +  δ 2        ≈     Δ  E  pv    δ   



(1)




where δ is half of the tunneling splitting (∆E±).



	(i)

	
In the case of molecules delocalizing rapidly between the left-handed and right-handed states, we have ∆E± >> ∆Epv, giving β→45°. Hence, cos β = sin β = (1/√2), which allows one to recover the parity eigenstates Ψ(±).For example, ammonia-like molecules remain in a superposition of left-handed and right-handed states because the tunneling time is in milliseconds.




	(ii)

	
Molecules exhibiting stable handed forms have ∆Epv >> ∆E±, giving β→0. In this case, the energy eigenstates tend to become handed states, for example, biomolecules with stable chiral states.




	(iii)

	
Other molecules that form the subject of the current study have ∆Epv and ∆E± that are comparable in magnitude. These molecules would remain in a superposition but with a minor and measurable bias to one side, of the order cos 2β.







For a typical polyatomic molecule with a ∆Epv of 10−16 kT, and a ∆E± of the order 10−10 kT, we get ∆Epv/δ = 10−6. With this insight, instead of looking at the very weak ∆Epv/kT, which employs the measurement of differences in the enantiomeric population based on Boltzmann distribution, one can measure ∆Epv/δ, which should possibly be measured by commonly employed spectropolarimeters. The notable examples are Faraday polarimeters to measure the electroweak optical rotation of atoms and cavity ring-down polarimeters for selected molecules. Hegstorm and McDermott further argue that any molecular property P exhibiting opposite sign for enantiomers would behave as


P± = ∓ P1 cos2β



(2)







In relation to the theoretical treatments presented above [27,28,42], Bouchiat et al. estimated theoretically that the degree of circular polarization of cesium vapor, lead vapor, and molecular oxygen gas, arising from parity-violating weak neutral current (WNC) is mediated by massive neutral Z0 boson (91 GeV) [54]. Actually, physicists have succeeded in measuring an optical rotation dispersion (ORD) spectrum of atomic lead vapor at 1240 nm as an absorption mode [50]. Moreover, Quack has proposed a method for the preparation of molecules in well-defined parity states, evolving with time and selective probing to an electronic excited state [54]. Later, Berger suggested a comprehensive method to probe molecules that are achiral at the ground state (∆E± >> ∆Epv) but due to the influence of parity violating potential in the excited state may acquire opposite parity [55]. This method also predicts the possibility of a smaller tunneling splitting barrier at excited states (smaller ∆E±), which would be comparable to parity violating energy, i.e., ∆E± ~ ∆Epv. Further, this approach may not only improve the ability to measure the magnitude of ∆Epv, but also widens the possible designs of realistic molecules that can be probed with electronic excitation. An emerging spectroscopic technique to study the effect of chirality in electronic excited states of the molecules is circularly polarized luminescence (CPL) spectroscopy). Notably, Bouchiat’s team detected a high-resolution PL-detective CD spectrum of cesium vapor by monitoring a near-infrared emission (6P1/2–7S1/2 transition at 1360 nm) upon circularly polarized photoexcitation of forbidden 6S1/2–7S1/2 transition at 539 nm [56]; similar to the fluorescence-detective circular dichroism spectroscopy, the so-called FD-CD technique that is equivalent to the present technique.



Based on the theoretical predictions, followed by the experimental attempts discussed above, one can hypothesize that experimental detection of MPV may be possible when proper luminophore rotamers with ∆Epv ~ ∆E± are employed under carefully controlled conditions at ambient temperature, using the state-of-the-art CPL and CD spectropolarimeters.



Thus far, several experimental studies have validated the MSB hypothesis in the quest to understand the differences in physical and optical properties of enantiomeric compounds [53,57,58,59,60,61]. With regard to the linear amplification model and the phase transition models at the far-from-equilibrium, when large numbers (>1010–1016) of enantiomeric luminophores are photoexcited macroscopically in a chorus to the first excited S1 state, the extreme small ee, and feeble ∆Epv may be greatly enhanced to a detectable level. It is understood that, in the case of enantiomeric rotamers in a symmetrical DW at the S1 state, the enantiomers may promptly oscillate between L- and R-states with time; subsequently time-averaged CPL signals are produced. Moreover, if enantiomers of rotamers with time are considered in dissymmetrical DW at the S1 state, they may favor a one-way route via quantum tunneling, mediated by a weak neutral current mediated by Z0 boson.



Figure 6 illustrates a system that is achiral at the ground state (∆E± >> ∆Epv) but due to the influence of parity-violating potential at the electronic excited state, may acquire inversed parity, which can be probed by radiative decay. This scenario led us to assume that only (+)- or (–)-sign CPL signals could be detectable via handed rotational and flip-flop motions.




5. Conclusions


Regarding the MPV hypothesis, we collected comprehensive experimental data from photoexcited MSB for three non-rigid π-conjugated rotamers (DSA, DSBA, and DSBP), and for comparison, BA and PP using CPL spectroscopy. DSA, DSBA, and DSBP carrying two floppy styryl groups were rationally designed and synthesized. The values of τ and Φf in selective solvents were obtained, followed by the calculated Kf value, which agreed with an enhanced radiative decay process when the viscosity of the solvents increased. Several theoretical calculations, including the effect of solvent viscosity on the τ and Φf [52] values provided new insight into the behavior of these luminophore rotamers at GS and ES and complemented all the present experimental observations. Our findings offer experimental templates for rationally designing non-rigid π-conjugated molecules [62], polymers, and supramolecules [50] as luminophores rotamers at ES to detect similar MPV effects, revealing only (–)-sign CPL signals and/or non-mirror-image CPL spectra, as mentioned above.
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Chart 1. Chemical structure of luminophore rotamers. The arrow in red represents the labile rotation axis. DSA, DSBA, and DSBP show less-polar transoid and polar cisoid vinylic conformers. 
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Figure 1. Comparison of the CPL and photo-luminescence (PL) spectra in methanol and 1,4-butanediol for DSA excited at 420 nm (a), DSBA excited at 390 nm (b), and DSBP excited at 320 nm (c). The glum values at 0-0 PL band extremum of DSA (d), DSBA (e), and DSBP (f) as a function of the viscosity of alcohol, respectively: methanol (0.55 cP), ethanol (1.09 cP), n-propanol (1.96 cP), n-butanol (2.59 cP), n-pentanol (3.47 cP), n-hexanol (4.59 cP), n-heptanol (5.97 cP), n-octanol (7.59 cP), n-nonanol (9.51 cP), n-decanol (11.50 cP), ethylene glycol (16.1 cP), n-undecanol (16.95 cP), 1,3-propandiol (33.0 cP), and 1,4-butanediol (71.0 cP) [42,43]. 
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Figure 2. Relationships between radiative decay rate (Kf), photoluminescence lifetime (τ), and quantum yield (Φf) of DSA (red filled circles and squares), DSBA (blue filled circles and squares), and DSBP (black filled circles and squares) (a), the relationship between Φf, τ and the viscosity of four alcohols (b), and the relationship between Kf and the solvent viscosity (c). The solvents are ethanol 1.19 cP (25 °C), n-pentanol 3.47 cP (25 °C), n-octanol 7.59 cP (25 °C), and n-undecanol 16.95 cP (25 °C)) [48,49]. 
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Figure 3. The calculated energy (DFT/TD-DFT, B3LYP, 6-311G) for DSBP at GS (blue filled circles) and ES (red filled circles) and oscillator strength (green filled circles) as a function of dihedral angle of biphenyl groups (a). The lowest transition energy (left-side ordinate in eV, red filled circles and right-side ordinate in nm, blue filled circles) as a function of dihedral angle of biphenyl groups (b). 
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Figure 4. The calculated energy, S0-S1 (in kcal mol–1, green filled circles) obtained with DFT/TD-DFT, B3LYP, 6-311G) for DSBA at GS (red filled circles) and ES (blue filled circles) as a function of the dihedral angle of bianthryl groups (a). The S0-S1 transition (in nm, red filled circles) and oscillator strength (f, blue filled circles) as a function of the dihedral angle of bianthryl groups (b). 
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Figure 5. The predicted CD (top) and UV-visible (bottom) spectra of DSBA (a) and DSBP (b) at GS (red lines) and ES (blue lines). 
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Figure 6. A schematic model of symmetrical double-well (a) and dis-symmetrical double-well in the photoexcited state (b) coupled with single well in the ground state. 






Figure 6. A schematic model of symmetrical double-well (a) and dis-symmetrical double-well in the photoexcited state (b) coupled with single well in the ground state.
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