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Tethering four 1- versus 2-naphthyls to the same chiral 

scaffold derived from tartaric acid led to the oppositely 

signed circularly polarized luminescence (CPL) and circular 

dichroism (CD) in solution, which not only reveals the 

decisive role of the spatial arrangement of 

chromophores/fluorophores in determining the chiroptical 

behaviors but also provides us with a versatile tool for 

switching the signs of CPL and CD without using the 

antipodal scaffold. 

Controlling optical properties of organic compounds is essential for 

the development of novel, advanced, and well-defined functional 

organic materials. Organic fluorophores, in particular, attract 

considerable attention in the fields of optoelectronics and 

photobiological chemistry.1 Although a wide range of chiral organic 

fluorophores have been developed, chiral organic fluorophores 

emitting circularly polarized luminescence (CPL) with high quantum 

efficiencies are still limited in number.2 

 The sign inversion of CPL can be achieved typically by attaching 

the same fluorophore to the antipodal scaffold. However, it is not 

always a trivial task to obtain the opposite enantiomer, especially 

when they are of biochemical origin. In addition, the wavelength of 

CPL might be greatly changed. Consequently, it is desirable to 

develop a novel strategy for switching the CPL signs of chiral 

organic fluorophores without changing the chiral scaffold and 

modifying the fluorescent unit. In this relation, we have recently 

succeeded in controlling the CPL signs of chiral binaphthyl 

derivatives of the same axial chirality through manipulation of the 

dihedral angle of two naphthyl units by employing the internal steric 

hindrance and the external environmental factors.3 These results 

indicate that the CPL sign of a multi-fluorophore system is not 

inherent to the absolute configuration of the molecule but is 

manipulable or even switchable by altering the relative (geometrical) 

arrangement of the fluorophores. 

 In the present work, we report the unprecedented sign inversion of 

CPL from the regioisomeric fluorophores tethered to an identical 

chiral scaffold. To examine the effect of fluorophore geometry on 

the CPL behavior, we chose 1- and 2-naphthyls as fluorophores and 

enantiomeric trans-4,5-bis(hydroxymethyl)-1,3-dioxolane derived 

from tartaric acid that is one of the most useful biochemical origin as 

a chiral scaffold: (4R,5R)- and (4S,5S)-2,2-dimethyl-trans-4,5-

bis(di(1-naphthyl)hydroxymethyl)-1,3-dioxolane ((R)- and (S)-1) 

and (4R,5R)- and (4S,5S)-2,2-dimethyl-trans-4,5-bis(di(2-naphthyl)-

hydroxymethyl)-1,3-dioxolane ((R)- and (S)-2)4 (Scheme 1). This 

apparently trivial positional difference in naphthyl substituent led to 

the sign inversion in both CPL and CD spectra, the origin of which 

will be theoretically and experimentally elucidate from the 

conformational point of view. 

  

 
 

Scheme 1 Organic fluorophores (S)-1 and (S)-2 that emit oppositely 

signed CPL, possessing four 1- or 2-naphthyl groups introduced to 

the same chiral scaffold derived from (S,S)-tartaric acid. 

 

 Fig. 1 (lower traces) compares the conventional (unpolarized) 

fluorescence spectra of 1 and 2 measured in chloroform. The 

fluorescence maxima (λem) appreciably differed between 1 and 2, 

appearing at 344 and 336 nm, respectively, and the fluorescence 

quantum yields (ФF) were comparable at 0.02 for both 1 and 2.  

The CPL spectra of antipodal 1 and 2, shown in Fig. 1 (upper 

traces), were reasonably mirror-imaged to each other (in shape and 

intensity) within the instrumental deviations. These CPL maxima 

(λCPL) for both (S)-1 and (S)-2 are not consistent in wavelength with 

the corresponding fluorescence maxima λem (344 and 336 nm) but 

redshifted to 418 and 381 nm, and the CPL bandwidths are not 

identical to each other. The significant shifts of up to 40 nm and the 

different bandwidths for (S)-1 and (S)-2 are rationalized by assuming 

existence of multiple conformers in the excited state, of which 

relaxed one(s), rather than the Frank-Condon state, emit stronger 

CPL. 

More crucially, 1- and 2-naphthyls introduced to the same chiral 

scaffold, i.e. (S)-1 and (S)-2, afforded the oppositely signed CPL 

spectra. For quantitative comparison, we employ the fluorescence 
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anisotropy factor (gem), which is defined as gem = 2(IL–IR)/(IL+IR), 

where IL and IR denote the intensities of the left- and right-handed 

CPL observed upon excitation by unpolarized light. The absolute gem 

values for λCPL were evaluated as ~9.4 × 10–3 at 410 nm and ~3.9 × 

10–3 at 375 nm for 1 and 2, respectively (Fig. 1). Both 1 and 2 

exhibited fairly CPL behaviors, which are comparable in magnitude 

to those reported for other chiral organic fluorophores, the gem value 

being in the range of 10-3.2 The smaller |gem| for 2 may be attributed 

at least in part to the higher conformational flexibility of less 

sterically demanding 2-naphthyls in 2 compared to 1-naphtyls in 1. 
CPL profiles between 1.0 mM and 100 µM are no much difference, 

but CPL profiles at 10 µM are very noisy due to lower |gem| values. 

 

(a)                                               (b) 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 1 CPL (upper traces) and fluorescence (lower traces) spectra of 

(a) 1, and (b) 2 in chloroform (1.0 mM). The black and grey lines 

represent the (S)- and (R)-isomers, respectively. 

 

 This result unequivocally reveals that the CPL sign is not 

absolutely intrinsic to the chiral sense of the scaffold but is 

manipulable by altering the substitution position of the fluorophore 

tethered to the scaffold. To gain further insights into the origin of 

this unprecedented CPL sign inversion, we inspected the UV and CD 

spectra of 1 and 2 recorded at 100 µM (Fig. 2) in the same solvent.  

 

(a)                                             (b) 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 CD (upper traces) and UV (lower traces) spectra of (a) 1, and 

(b) 2 in chloroform (100 µM). The black and grey lines represent 

(S)- and (R)-isomers, respectively. 

 

Both 1 and 2 exhibit the π−π* (1Lb and 1La) transitions of the 

naphthyl groups at 250-310 nm. Bisignate Cotton effects (CEs) of 

different magnitudes were observed for both 1 and 2 in this region, 

but the signs were inverted for the 1- and 2-naphthyl derivatives 

tethered to the same chiral scaffold (as was the case for CPL), 

affording the first positive/second negative CE pattern for (S)-1 and 

the opposite for (S)-2. Kuhn’s anisotropy factors for the first CE 

peaks were determined as |gCD| = |∆ε/ε| = ~2.4 × 10–4 (λCD = 301 nm) 

and ~3.6 × 10–4 (λCD = 294 nm) for 1 and 2, respectively, which are 

one order of magnitude smaller than the corresponding |gem| values. 

Because the observed CPLs arise from the first excited singlet state 

(S1→S0), the reversal of the signs of the first CEs in CD (S0→S1) is 

responsible for the inverted signs of the CPL bands for (S)-1 and (S)-

2. 

  The sign-inverted CD and CPL spectra observed for 1 and 2 with 

the identical absolute configuration are most likely to originate from 

the difference in spatial arrangement of the four naphthyls. We 

therefore performed density functional theory (DFT) calculations to 

elucidate the origin of the CD/CPL sign inversion between 1 and 2. 

The optimized structures of (S)-1 and (S)-2, calculated by using the 

dispersion-corrected DFT method at the DFT-D3-TPSS/def2-TZVP 

level, are shown in Fig. 3.5 The equilibrium angles (θ) between the 

long axes of two germinal A/B and vicinal B/C, A/C, and A/D 

naphthyls of (S)-1 are +105.1°, +92.4°, +115.9°, and +119.6°, 

respectively. 

 

(a) 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 

 

Fig. 3 Calculated structures of (a) (S)-1, and (b) two stable 

conformers of (S)-2 obtained at the DFT-D3-TPSS/def2-TZVP level. 

The first conformer is more stable than the second by 0.4 kcal/mol. 

The angle is determined by the cross of long axis in each 

naphthalene ring. 

 

 The electronic excitations of (S)-1 were theoretically examined 

to elucidate the origin of its first positive CE, and thus CPL. 

Recently, experimental CPL, PL, CD and UV-Vis spectra of a few 

chiral compounds using TD-DFT calculation with CAM-B3LYP and 

other several functionals have been successfully interpreted.6 

Unfortunately, in this work, since (S)-/(R)-1 and (S)-/(R)-2 are more 

complex and larger molecular systems and have also four flexible 

naphthalene rings, it is difficult to calculate the optimized structures 

of 1 and 2 in the excited state. Therefore, first, the CD spectrum of 

(S)-1 was directly calculated for the DFT-D3 optimized geometry by 

using the RI-CC27 (curve b) and TD-DFT-CAM-B3LYP8 (curve c) 

methods (Fig. 4).First, the CD spectrum of (S)-1 was directly 

calculated for the DFT-D3 optimized geometry by using the RI-

CC27 (curve b) and TD-DFT-CAM-B3LYP8 (curve c) methods (Fig. 

4).  

Regardless of the method employed, the first positive and second 

negative CEs were correctly reproduced with a slight overestimation 

in rotational strength, as usual. We further investigated the origin of 

CEs using the two-naphthalene and four-naphthalene models, in 

which two A/B, A/C, A/D, and B/C or four A/B/C/D naphthalenes 

were placed at the optimized geometry but the chiral scaffold was 

totally removed for simplicity purpose. The experimentally observed 
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first positive CE at ~300 nm was reproduced correctly only by the 

four-naphthalene model (curve d), while the summation of the CDs 

calculated for the four two-naphthalene models (curve e) failed to 

properly predict the sign of the first CE. This result reveals that the 

observed positive CPL/CD are not straightforwardly attributable to 

the excitonic coupling of two germinal/vicinal naphthalenes but 

originate from the more complicated coupling of the four 

chromophores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Comparison of experimental and theoretical CD spectra of 

(S)-1. (a) experimental CD (100 µM in chloroform), (b) theoretical 

CD obtained at the RI-CC2/TZVPP level, (c) theoretical CD 

obtained at the TD-DFT-CAM-B3LYP/TZVP level, (d) theoretical 

CD for the four-naphthalene model (A/B/C/D interactions were 

considered), and (e) the summation of the theoretical CDs of four 

pairs of the two-naphthalene models (incorporating A/B, A/C, A/D, 

and B/C naphthalenes). All theoretical CDs were scaled to one-third. 

 

It is to note, however, that even the two-naphthalene model 

sufficiently reproduced the observed CD of (S)-1 at the main band 

(200~240 nm) (Fig. S1). 

The CD spectra of (S)-2 was subjected to the same theoretical 

treatment employed for (S)-1. For (S)-2, two conformers were 

obtained by the calculation at the DFT-D3-TPSS/def-TZVP level, 

and their population was evaluated as 84:16 at 25 °C (at the SCS-

MP2/TZVPP level)9 (Fig. 3b). The angle θ between the germinal or 

vicinal two naphthalenes significantly differ among the conformers, 

varying from +101.2° to +78.2°. Therefore, the simulated CD 

spectra for these conformers were mutually sign-inverted at both 

extrema (see Fig. S2). Thus, the theoretical CD spectra of (S)-2 were 

obtained by weight-averaging these spectra (Fig. 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Comparison of experimental and theoretical CD spectra of 

(S)-2. (a) experimental CD (100 µM in chloroform), (b) theoretical 

CD obtained at the RI-CC2/TZVPP level, (c) theoretical CD 

obtained at the TD-DFT-CAM-B3LYP/TZVP level, (d) theoretical 

CD for the four-naphthalene model (A/B/C/D interactions were 

considered), and (e) summation of the theoretical CDs of four pairs 

of the two-naphthalene models (incorporating A/B, A/C, A/D, and 

B/C naphthalenes). All theoretical CDs were obtained by averaging 

the two conformers assuming the Boltzmann distribution and scaled 

to one-third. 

 

The first negative CE of (S)-2, which is opposite in sign to that of 

(S)-1, was correctly reproduced by these simulations (curves b and c) 

even after the considerable cancellation between the conformers. 

The theoretical rotational strengths were again overestimated 

compared to the observed CEs to some extent. It is noted that the 

sign of the CE at the main band in (S)-2 is the same as that for (S)-1 

but the intensity is much reduced, which is in sharp contrast to the 

CE at the low energy band (Fig. S3). The theoretical investigations 

on these model systems revealed that the negative CE at the longest 

wavelength edge (~290 nm) mainly originates from the mixed 

interaction of the four naphthalenes, as was the case with (S)-1. 

Thus, the four-naphthalene model successfully reproduced this 

negative CE (curve d), while the two-naphthalene models failed to 

reproduce this band (curve e, see also Fig. S4). These results suggest 

that the sign-inversions of the first CD and CPL bands observed for 

(S)-1 and (S)-2 are attributable to the different spatial arrangement of 

four naphthalenes and the mixed coupling behavior of the relevant 

transitions. 

  

Conclusions 
     
  We investigated the CPL and CD spectral behaviors of four 

germinal/vicinal naphthyl groups introduced to the identical 

chiral scaffold derived from enantiopure tartaric acid to find the 

unprecedented sign-inversion of both CPL and CD for 1- versus 

2-naphthyl derivatives. The theoretical studies revealed that the 

sign inversion originates from the different spatial 

arrangements in the regioisomeric fluorophores and their 

complicated excitonic coupling interactions. From the practical 

point of view, the present finding provides us with an 

unconventional tool for switching the CPL (and CD) signs not 

by employing the antipodal scaffold but more conveniently by 

introducing regioisomeric fluorophores. This allows us to more 

freely design the organic CPL materials and manipulate their 

signs. Studies along this line are currently in progress.  
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