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Strong circularly polarized luminescence via intramolecular excited-state symmetry-breaking charge separation

trans-1,2-Di(1-pyrenylamino)cycloxexane was found to display circularly polarized excimer emission (g lum = 0.016) both in polar and non-polar solvents that is assigned to charge separation symmetry breaking on the basis of its large transition state dipole moment (12.1 D).

 The efficiency of this process can be quantified by the dissymmetry factor, g lum , which is defined as (eq 1) -

, where I L and I R are the intensities of the left and right CPL, respectively.

The largest values of g lum are generally observed for chiral lanthanide complexes.

3 The luminescence from these species is however composed of several sharp lines, not all of which are CPL-active or possess the same CPL sign. In contrast, organic chromophores display a broader mono-signate emission that is more suitable for some applications, but with g lum values that are freq ent y ≤ 10 -3

 The relationship between various chiral groups, emission quantum yield ( PL ) and g lum for organic chromophores was nicely resumed by Mori and co-workers.
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Experimentally, the largest values of g lum from organic chromophores have been obtained for helicenes 6 and chiral cyclophanes. 7 Good results were also obtained using an axiallychiral quaternaphthalene scaffold appended with polyaromatic dyes displaying locally-excited (LE) or excimer (EX) emission.

Along these lines, intramolecular pyrene excimers have been intensively studied, 9,10 leading to e.g. ion sensing, 11 photoactive, 12 or aggregation-enhanced 13 chiroptical systems.

Efficient CPL originates from non-or partially-allowed electronic transitions according to the observation that it benefits from increasing the magnetic vs. the electronic transition dipole moment. 3, 14 In pyrene and pyrene excimers, the lowest-energy radiative transition is symmetry forbidden or possesses a small nuclear overlap integral. [START_REF] Birks | Photophysics of aromatic molecules[END_REF] One may thus expect that, compared to excimers, charge-separated systems may favor CPL by increasing the spin/charge transfer character of the radiative transition. 14 Indeed, CPL emission from a solution-based chiral exciplex system has recently been reported, [START_REF] Takaishi | [END_REF] and a significant enhancement in CPL emission from a helicene construct featuring a donor -acceptor pair was observed. 17

In addition to readily forming excimers, pyrene derivatives may form emissive exciplexes with charge transfer (CT) character in the presence of various electron donor or acceptor molecules. We thus surmised that small modifications of the redox potential in chiral, pyrene-based bichromophoric systems would lead to CPL from an intramolecular CT state. 1-Aminopyrene is a promising candidate that readily forms CT species because of its highlying HOMO and H-bonding interactions.

trans-1,2-Diaminocyclohexane was selected as a chiral platform in view of its ready availability and widespread use in bichromophoric CPL emitters. This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins Much to our surprise, while investigating the photophysical properties of a symmetric model analogue (compound 1, Scheme 1), we discovered that its broad, long-wavelength emission possesses a high degree of CT character, indicative of intramolecular charge transfer with strong asymmetry (g lum = 0.016). Based on this, we compared its CT character with that of the previously reported bis-amidopyrene and asymmetrical amino / amidopyrene analogues (2 and 3, Scheme 1) to elucidate the origin of the CT contribution in symmetrical vs. asymmetrical excimers.

The synthesis and characterization of compounds 1 -3 are detailed in the supplementary information. Briefly, 1 was obtained in 80% yield from Buchwald-Hartwig coupling of RRor SS-trans-1,2-diaminocyclohexane with 1-bromopyrene whereas 2 was obtained by amidation of the mono-protected diamine with 1-chloroacylpyrene followed by deprotection and arylamination. The synthesis of 3 was described previously. The absorption spectra of 1 -3 (Figure 1) do not show appreciable signs of ground-state interactions between the chromophores. In contrast to 1 and 2, the limited solubility of 3 evidences a propensity toward aggregation that was previously noted by Liu and co-workers as being responsible for the amplification of its chiroptical properties. The emission spectra of 1 and 3 in fluid solutions (Figure 1) are composed of residual locally-excited (LE) emission at 390 -410 nm that is characteristic of the aminopyrene or pyrene chromophore and a broad, structureless emission at longer wavelengths assigned to excimer (EX) emission. 20 In the case of 1, the residual LE emission is weak and overlaps with the EX contribution. Comparing the emission of 1 and 3, it can be seen that the latter exhibits a larger proportion of EX vs. LE emission. In contrast to 1 and 3, compound 2 is non-emissive.

The contribution of the long-wavelength component in the emission of 1 can be extracted by comparing the emission of 1 in nitrogen-and oxygen-saturated solutions. Because the LE emission is short-lived, it is less sensitive to quenching by oxygen. Instead, the long-lived decay component is strongly quenched in oxygen-saturated solutions (see Figure S3). Figure 2 shows the long-wavelength component extracted from the emission of 1 in solvents of different polarity. A shift in the emission maximum of nearly 50 nm is observed between polar and non-polar solvents. Unlike excited-state complexes (exciplexes) which possess significant CT character, the photophysical properties of excimers are largely insensitive to their environment.
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In light of this, the strong solvatochromism observed for the long-wavelength emission of 1 is very surprising and uncommon for pyrene excimer emission. The change in dipo e o ent (∆µ) between the ground and excited state can be extracted from Lippert-Mataga plots in which the emission maximum ( is plotted vs the solvent polarity index (∆f') according to eq 2:

(2) where h is Plank's constant, a is the solvent cavity radius and with  and n being the solvent's dielectric constant and refractive index, respectively. From the analysis of the solvent polarity dependence of the long-wavelength emission of 1, we can deter ine ∆µ to be 9.1 D. Considering the dipole moment of the ground state to be 3.0 D, 22 we can estimate the dipole moment of the excited state from which the long-wavelength emission originates to be ca. 12.1 D vs. 6.5 D for the LE state. In contrast, the excimer of 3 possesses an excited-state dipole moment of only 4.2 D (see Fig. S1). The broad, long-wavelength emission in 1 is absent in the parent 1-aminopyrine chromophore and can therefore be unambiguously assigned to excimer emission. That the latter possesses a greater degree of CT character with respect to the LE state indicates that the CT character of the LE state is further increased upon excimer formation. This can best be rationalized by the occurrence of (partial) CT stabilization in the excimer, as illustrated in Scheme 2.

Please do not adjust margins

Please do not adjust margins Symmetry-breaking charge separation (SB-CS) in excimers has been most commonly observed in perylene derivatives, where it results from fluctuations of the solvation sphere that lead to desymmetrization of the electronic environment of the excited state. 23 This is not likely the case in 1, where the LE state already possesses CT character and excimer formation is slow with respect to solvent fluctuations. A rate of k ex = 2.8 x 10 9 s -1 (cyclohexane solution) can be determined from the decrease in the LE state lifetime with respect to the parent chromophore. The second diabatic CT step in 1 is thermodynamically favored based on the excimer stabilization energy estimated from the difference in emission maxima between the LE and exci er e ission (∆E = -0.37 eV). The involvement of a CT mechanism seems probable considering the redox potentials of the parent chromophore: In DMF, 1aminopyrene undergoes irreversible oxidation at 0.67 V and quasi-reversible reduction at -0.77 V. According to the Weller equation, 24 we may estimate photoinduced electron transfer yielding a radical ion pair to be favored even in a non-polar solvent such as cyclohexane, where ∆G rip = -0.32 eV. ‡ The behavior of 1 can be compared to that of 3, for which excimer emission is also observed. The latter, however, shows only minor solvent polarity dependance as indicated by a shift in the emission maximum of only 10 nm between polar and non-polar solvents. An excited state dipole moment of µ = 5.3 D is found from the Lippert-Mataga plot (see supplementary information). indicates that the excimer in 3 possesses little or no CT character in contrast to that of 1.

The situation for 2 differs from that of 1 or 3 in that this compound is not fluorescent. Photoinduced intramolecular electron transfer from the aminopyrene in 2 to the amidopyrene moiety is expected to be exothermic but, unlike in 1, the resulting CT state is non-emissive. Similar behavior was observed for the formation of a non-emissive exciplex between 1-aminopyrene and pyridine which was also found to possess strong CT character. 25 In 2, this could be due to either poor orbital overlap resulting from the different linker geometries of the two aromatic moieties or, more likely considering the lack of LE emission, to fast back electron transfer repopulating the ground state.

The unusually strong emission of 1 is surprising for SB-CS species which are typically non-emissive. 26 Kim, Würthner, and co-workers observed weak excimer fluorescence ( F ≤ 0.06) in a cofacial perylene bisimide cyclophane that underwent SB-CS. 27 They showed that the excimer state is an intermediate preceding the formation of the CS state and that its emission does not exhibit appreciable solvent polarity dependence.

Similarly, Hariharan and co-workers found that excimer formation in orthogonal core-annulated perylenediimide dimers occurs in competition with SB-CS. 28 The situation is markedly different for 1 in that the emission of the excimer contribution is significant in both polar and non-polar solvents (Table 1). Furthermore, the linearity of the Lippert-Mataga plot suggests that the CT nature and geometry of the excimer are preserved in both polar and non-polar solvents. The decay of the fluorescence emission in 1 can be described by a tri-exponential function whose short and longlived decays are assigned respectively to emission from the LE and EX states, respectively. A minor third decay component, similar to that of 1-aminopyrene, is also found and, in agreement with previous studies by De Schryver and coworkers on the kinetics of intramolecular excimer formation in 1,3-di(1-pyrenyl)propane, [20][21] it is assigned to emission from 1 in a geometry that is not amenable to excimer formation within the excited-state lifetime. The emission of 1 exhibits strong circular polarization in both polar and non-polar solvents (Figure 3). Interestingly, two regions are observed, corresponding to the emission from the LE and EX states. The CPL signal from the LE state, at shorter wavelengths, is weak with a g lum = 10

-3 that is typical of small molecule emitters. Instead, the broad, structureless signal observed at longer wavelengths exhibits a strong CPL signal with g lum = 1.6x10 -2

. The value of the emission of maximum CPL signal corresponds to the  max of the emission assigned to the SB-CS excimer state in solvents of different polarity, indicating that the latter is responsible for the CPL signal. Furthermore, we can see that the magnitude of the dissymmetry factor is insensitive to solvent polarity, corroborating the assertion that no significant change in the emissive EX geometry occurs between polar and non-polar solvents. The CPL brilliance (B CPL ) has been proposed by Zinna and co-workers as a metric to compare CPL emitters. 3 For 1 in THF, we find B CPL = 190 M -1 cm -1 (365 nm), which is comparable to binaphthalene multi-chromophore assemblies and significantly higher than the median (43.2 M -1 cm -1 ) for this class of compounds. To the best of our knowledge, the behavior of 1 is unique in providing the first example of an emissive SB-CS excimer state exhibiting strong CPL emission. Although CPL from pyrene excimers is well-documented, these possess little or no CT character as a result of their non-polar ground and excited states. The advent of charge separation therefore provides an alternative strategy to improve CPL compared to reinforcing the chiral environment of the chromophore through aggregation (as in 3) or by multi-chromophore constructs. Clearly, there is a subtle energetic balance that must be considered in rendering the CS state thermodynamically favorable without inducing too much stabilization that facilitates internal conversion to the ground state. Increasing the driving force for CS (as in 2) results in a chromophore that is no longer emissive due to fast forward and return electron transfer. Understanding this balance can provide a means to further improve the CPL properties of small organic molecules by harnessing charge separation.
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Figure 1 .

 1 Figure1. Absorption (dashed lines) and emission (ex = 365 nm, solid lines) of 1 (black), 2 (blue) 3 (red) in toluene solutions (1 µM). For, 5% of DMSO was added to improve solubility. No emission was detected from 2.

Figure 2 .

 2 Figure 2. Excimer contribution to the emission of 1 in various solvents obtained by subtracting the emission from the LE state from the emission spectra. From left to right:cyclohexane, toluene, di-n-butylether, diethylether, ethylacetate, dichloromethane, tetrahydrofuran, acetonitrile (ex = 365 nm). Inset shows Lippert-Mataga plot according to eq. 1 and linear best fit.

Scheme 2 .

 2 Scheme 2. Proposed sequential CT steps leading to SB-CS upon excitation of 1.
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Figure 3 .

 3 Figure 3. Circularly polarized luminescence from the SS (solid lines) and RR (dashed lines) enantiomers of 1 in Ar-purged cyclohexane (blue), toluene (red) and dichloromethane (green) solutions (conc. = 50 µM, ex = 365 nm).

Table 1 .

 1 Photophysical data for 1 in various solvents.  F(LE) c F(EX) d (LE) -1c,d (EX) -1d,e glum f

	Cyclohexane 0.33	0.13	0.20	0.33	14.8	0.016
	Toluene	0.31	0.17	0.14	0.16	18.7	0.016
	Et2O	0.28	0.16	0.12	0.25	15.8	
	AcOEt	0.21	0.14	0.07	0.37	16.6	
	THF	0.45	0.34	0.11	0.54	19.9	
	CH2Cl2	0.21	0.14	0.07	0.14	22.0	0.017
	CH3CN	0.09	0.06	0.03	0.08	17.6	
	a Degassed solutions (conc. = 10 -6 M). b Total fluorescent quantum yield (ex = 365
	nm).						

a Solvent F b c Assigned to LE contribution. d In ns. e Assigned to EX contribution. f 50µM solution.

12, 13b, 19 Scheme 1. Structure of compounds 1 -3.
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Notes and references ‡ The same calculation applied to pyrene gives the formation of a radical ion pair in cyclohexane to be endothermic by 1.14 eV.