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Circularly polarized luminescent properties of C2-symmetrical binaphthyl molecular systems bearing two achiral 

anthracenes as luminophores were tuned by solely exploiting photoexcited-state chirality transfer from the binaphthyl to 

anthracenes when open- or closed-type binaphthyl structure as non-luminophore was chosen.

Introduction 

Although many organic luminophores are utilized in organic 

electroluminescence, lasing and optoelectronic devices, chiral 

luminophores exhibiting circularly polarized luminescence 

(CPL) with a high quantum efficiency are rarely reported.
1,2 

 C2-symmetrical binaphthyl is one of the more prominent 

building blocks, facilitating the introduction of chiral motifs 

into achiral molecular units in the ground state.
2
 Additionally, 

binaphthyl moiety itself, though a good luminogen, reveals CPL 

and photoluminescence (PL) signals in UV region reflecting 

from photoexcited chirality.
2
 Previously, we reported that, in 

certain binaphthyl chromophores with rotational freedom of 

C–C single bond between the naphthyls, chiroptical signs in 

circular dichroism (CD) signals are determined solely by the 

dihedral angle between two binaphthyl units whilst the 

chromophores possess the same axial chirality.
3
 In this case, 

C2-chiral binaphthyl itself acts as CPL luminophore. Chiroptical 

sign inversion between CD and CPL spectra was observed, 

depending on the degree of the rotational freedom. 

 This knowledge and understanding prompted us to 

investigate in more detail the ground- and photoexcited-state 

chiralities, revealed by chiroptical signs in the CPL and CD 

signals of binaphthyl chromophore directly connected to two 

achiral anthracene luminophores. A comparative study 

between the CD and CPL signals of tandem chiral 

luminophores, e.g., binaphthyl with multiple achiral 

luminophores, is rare to date. Actually, analysis of tandem 

chiral luminophores is especially difficult due to the presence 

of conformational freedom of C–C bonds and plural dihedral 

angles.
2–5

 

 Herein, we demonstrate the hidden tunable CPL properties 

of binaphthyl-driven luminophores connected to the two 

achiral anthracenes, in which marked difference in 

photoexcited- and ground-state chiralities are reflected by CPL 

and CD signals and their signs. Two types of chiral luminophore 

systems were designed: closed-style and open-style. The 

former is 3,3'-bis(9-anthracenyl)-1,1-binaphthyl-2,2'-diyl- 

hydrogen phosphate (1, Fig. 1) and the latter is 3,3'-bis(9-

anthracenyl)-1,1'-bis-2-naphthol (2, Fig. 1). Generally, we 

cannot fully predict their chiroptical properties because the 

chiral and achiral units are remotely positioned and these units 

have many rotatable C–C single bonds (Fig. 1). 

 

 

Fig. 1 C2-symmetrical binaphthyl-anthracene luminophores, closed-type 1 and open-

type 2 with three rotational C–C bonds. 

 

Results and discussion 
Firstly, the solution-state PL and CPL properties of (R)-1 and 

(R)-2 were compared to know their photoexcited chiralities in 

a homogeneous solution. The most probable PL phenomena of 

luminescent molecules containing two luminophores are the 

occurrence of intra-luminophore PL quenching, intra-energy 

transfer and excimer-like redshift emission. 
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 Evidently, (R)-1 and (R)-2 exhibited PL from the 

anthracenes at a concentration of 1.0 × 10
−4

 M in N,N-

dimethylformamide (DMF), as indicated by the blue lines in the 

lower panels of Fig. 2a for 1 and Fig. 2b for 2. Although the PL 

maxima (λem) for (R)-1 and (R)-2 were almost similar, i.e., 422 

nm of (R)-1 and 419 nm of (R)-2, the absolute PL quantum 

yields (ФF), 0.59 for (R)-1 and only 0.01 for (R)-2, were 

markedly different from each other. This extremely low ФF 

value of (R)-2 originates from significant ro-vibrational 

deactivation modes due to rotational C–C bond freedom 

characteristic of open-style binaphthyl in (R)-2. This is evident 

from a larger Stokes shift of ≈ 30 nm, as can be seen in Figs. 2 

and 3. 
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Fig. 2 CPL (upper panel) and PL (lower panel) spectra of (a) (R)-1 (blue lines) and (S)-1 

green lines) and (b) (R)-2 (blue lines) and (S)-2 (green lines) dissolved in DMF (1.0 × 10
–4

 

M, pathlength: 2 mm). λλλλex = 340 nm for 1 and 330 nm for 2. Bandwidths for excitation/ 

emission of highly luminescent 1 (ФF ≈ 0.59) and inefficient luminescent 2 (ФF ≈ 0.01) 

were 10 nm/10 nm in a computer controlled mode and 3000 µm/3000 µm in manual 

mode, respectively.  

 As expected, (R)-1 and (R)-2 revealed CPL signals on the 

order of |gem| ≈ (0.1–1.3) × 10
–3

, where the dimensionless 

Kuhn's anisotropy in the photoexcited state (gem) is defined as: 

gem = 2(IL–IR)/(IL+IR), where IL and IR denote the quantum yields 

of the left-handed and right-handed CPL under excitation of 

unpolarized light, respectively. The CPL spectra of (R)-1 and 

(R)-2 in DMF are given as the blue lines of the upper panels in 

Fig. 2. Surprisingly, although (R)-1 and (R)-2 commonly possess 

the same axial chirality, their CPL signs are opposite; (R)-1 is 

positive whereas (R)-2 is negative. To verify whether these 

signs arise from unresolved artefacts, the CPL spectra of (S)-1 

and (S)-2 in DMF were acquired in a similar manner (Fig. 2, 

green lines). 

 The CPL spectra of (R)-1 and (S)-1 adopt nearly mirror 

images of each other. The CPL spectra in absolute magnitude 

of (R)-2 and (S)-2 are, however, slightly different, due to 

unresolved reasons. The |gem| value was ≈ 4.3 × 10
–4

 at 415 

nm for (R)-1 and (S)-1. The |gem| values of (R)-2 and (S)-2 are ≈ 

0.7 × 10
–3 

(at 415 nm) and ≈ 1.2 × 10
–3 

(at 415 nm), 

respectively. These results led to an idea that the CPL sign, 

deriving from certain chirally reorganized geometry between 

two remote anthracene luminophores (chirality sergeants) 

under the 350-nm excitation, is controllable by the choice of 

open- or closed-style binaphthyl unit (chirality commander). 

The axial chirality of binaphthyl in the ground state is not the 

deterministic factor in controlling photoexcited chirality. The 

sergeants may not always obey a left-right hand from the 

commander. Obtaining a luminophore with the opposite 

chirality is often difficult. Thus, the choice of the open- or 

closed-style chiral-gen should offer a unique opportunity to 

control photoexcited chirality, proven by the sign inversion of 

CPL signals, without any use of the counterpart chirality. This 

idea may contribute to the design of more elaborate chiral 

molecular emitters. 
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Fig. 3 CD (upper panel) and UV-Vis absorption (lower panel) spectra of (a) (R)-1 (blue 

lines) and (S)-1 (green lines) and (b) (R)-2 (blue lines) and (S)-2 (green lines) in DMF (1.0 

× 10
-4

 M, pathlength: 2 mm). 

 For comparison, the ground-state chirality of 1 and 2 was 

verified by means of CD and unpolarized UV spectra in dilute 
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solution. CD and UV spectra of (R)-1 and (R)-2 in DMF were 

acquired as shown in Fig. 3 (indicated by blue lines).  

 (R)-1 and (R)-2 in DMF have several well-resolved CD bands 

in the range of 340 nm to 410 nm, arising from π−π∗ vibronic 

transitions (0-0, 0-1, 0-2, 0-3 and so on) of the two achiral 

anthracenes (Fig. 3). This suggests that the binaphthyl C2-

chilarity efficiently transfers to the two achiral, but remote- 

positioned anthracene chromophores in the ground state. The 

CD band profiles between (S)-1 and (R)-1 displayed an ideal 

mirror image relationship. Similarly, the CD band profiles 

between (S)-2 and (R)-2 had nearly a mirror image 

relationship. 

 To quantitatively evaluate the absolute CD magnitude, we 

used the dimensionless Kuhn's anisotropy factor in the ground 

state, defined as gabs = ∆ε/ε. The |gabs| values of 1 and 2 were 

≈ 1.1 × 10
–4

 at 394 nm (the first Cotton band) and ≈7.2 × 10
–4

 

at 391 nm (the first Cotton band), respectively. The |gabs| 

value of 2 is enhanced by ≈7 times, relative to that of 1.  These 

|gabs| values and their CD signs at the first Cotton band in the 

ground state, however, were not identical to the 

corresponding |gem| values and their CPL signs in the 

photoexcited state. The |gem| value of 1 is enhanced by ≈4 

times compared to the corresponding |gabs| value at the first 

Cotton band. The |gem| value of (R)-2 is almost identical to the 

corresponding |gabs| value of (R)-2 at the first Cotton band, 

while the |gem| value of (S)-2 is twice relative to the |gabs| 

value of (S)-2 at the first Cotton band. 

 

(a) 
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Fig. 4 Relationship between dihedral angles θ 1 ((O)C-C-C-C(O)) and θ2 ((O)C-C-C-C) in 

binaphthyl and anthracene units and the CD spectra of (R)-2. (a) θ 1 = –60°, (b) θ 1 = –

120°, black curve: θ 2 = +60°, red curve: θ 2 = +80°, blue curve: θ 2 = +100°, green curve: 

θ 2 = +120°.  

 Actually, CPL signs of (R)-1 and (R)-2 in the photoexcited 

state are negative and positive, respectively, although their CD 

signs in the ground state are commonly negative. Evidently, 

these results demonstrated that the ground state chirality and 

photoexcited state chirality are not solely determined by the 

binaphthyl chirality. Whether the open-type with C–C 

rotational freedom or the close-type with greatly restricted C–

C rotational freedom might be critical structural factors to 

control ground and photoexcited chiralities. These results will 

bring a conceptually novel tandem molecular chromophore-

luminophore system, offering hidden ground-state chirality. In 

other word, C2-symmetrical binaphthyl moiety acts as non-

luminescent chirality commander and two achiral luminescent 

anthracenes obey chirality sergeants, but do not always follow 

his/her hand in some case. 

 To theoretically clarify those differences in the CPL and CD 

characteristics of closed-style 1 and open-style 2, the CD 

spectra of (R)-2 were calculated as functions of two dihedral 

angles. Fig. 4 displays the calculated CD spectra of (R)-2. These 

spectra were simulated by varying the dihedral angle θ 1 ((O)C-

C-C-C(O)) of the binaphthyl unit and θ 2 ((O)C-C-C-C) between 

anthracene and naphthalene of binaphthyl.  

 Evidently, the CD sign of (R)-2 completely inverted when θ 1 

altered.
2c,3

 From a comparison between Fig. 4a (θ 1 = −60°) and 

Fig. 4b (θ 1 = −120°), this significant alteraQon of (R)-2 might 

occur, depending on the ground- and photoexcited states. 

Moreover, these simulations indicate that the first Cotton CD 

sign of (R)-2 is changeable by angle θ 2 between binaphthyl and 

anthracene (θ 2 = 60° for black curve, θ 2 = 80° for red curve, θ 2 

= 100° for blue curve, and θ 2 = 120° for green curve), as given 

in Figs. 4a and 4b. 

 The theoretical equilibrium structures of 1
2c

 and 2 were 

shown in Fig. 5. (R)-1 had θ 1 = −56° and θ 2 = +98° and +102° 

(Fig. 5a), while (R)-2 had θ 1 = −59° and θ 2 = +77° and +94° (Fig. 

5b). These equilibrium structures suggest that the first Cotton 

CD bands around ≈ 400 nm of (R)-1 and (R)-2 have commonly a 

negative sign. 

 

(a)                                                     (b) 

 

 

 

 

 

 

 

 

Fig. 5 Theoretically optimized structures of (a) (R)-1 and (b) (R)-2. 

 Although chirally oriented conformations between 

anthracene and binaphthyl units of 1 and 2 in the ground state 

are very similar, their photoexcited-state chiralities might be 

very different, as proven by inversion in CPL signs whilst the 

same sign in the first Cotton CD bands is evident both 

experimentally and theoretically. These simulated CD spectra 

infer that sign inversion of CPL spectra between 1 and 2 

originates from the considerable changes in θ 1 and θ 2 angles 

in the ground and photoexcited states. 

 At the moment, our theoretical explanation is qualitative 

and very speculative because no further consideration of 
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electron-phonon couplings in the ground and photoexcited 

states. In a previous paper, we showed dihedral angle 

dependent sign inversion in CD spectrum and 

redshift/blueshift in UV spectra of hypothetical binapthyl 

moiety as a model of (R)-1.
2c,3

 For comparison, the current 

simulation tells us of how two dihedral angles θ1 and θ2 

significantly alter their CD spectra and wavelength dependent 

signs of (R)-2. 

 Previously, chiral π-conjugated molecular assemblies 

showed chiroptical (CD and CPL) inversion, that is significantly 

dependent on the nature of good non-polar (chloroform) or 

poorer non-polar (dichloeoethane) solvents in the dark 

condition.
1c

 In this case, CD sign at the first Cotton band (a 

longer wavelength edge) is identical to CPL sign at the first 

Cotton band (a shorter wavelength edge). The chiroptical 

properties may have passive function. 

 Aiming at designing more elaborate active function, e.g., 

photon-induced chirality in the photoexcited state, followed 

by spontaneous relaxation process to restore the ground-state 

chirality,
4–7

 the choice of the opposite and/or same signs in the 

ground-state and photoexcited-state molecular chiralities can 

be exploited as advanced security systems for future global 

communication.
4
 As prototype molecules,

2-5
 the binaphthyl 

chirality transfer to achiral luminophores may offer unique 

enciphering and deciphering molecular coding and decoding 

system
4
: one is the positive-sign CD and negative-sign CPL 

signals from luminophores with the same chirality, whilst the 

other is the negative-sign CD and negative-sign CPL signals of 

luminophores with the same chirality. The present knowledge 

and understanding of our chiral tandem molecules should 

stimulate to design various sophisticated organic molecular 

systems, enabling physically and chemically controlled active 

and passive CPL functions in future.
2,7

 

Experimental 

General methods 

Compounds (R)-1, (S)-1, (R)-2 and (S)-2 were purchased from 

Sigma-Aldrich Japan (Tokyo, Japan). Chloroform (CHCl3) and 

N,N-dimethylformamide (DMF) used for crystallisation and 

optical measurements was purchased from Wako Pure 

Chemical Industries (Osaka, Japan). 

Measurement of the CPL and photoluminescence spectra 

Photoluminescence (PL) spectra and absolute PL quantum 

yields in DMF were obtained with an absolute PL quantum 

yield measurement system (Hamamatsu Photonics C9920-02, 

Hamamatsu, Japan) under air atmosphere at room 

temperature. The DMF solutions of (R)-1 and (R)-2 (1.0×10
–4

 

M, pathlength 10 mm) were excited at 350 nm.  

 The CPL and PL spectra in DMF solution were measured 

using a JASCO CPL-200 spectrofluoropolarimeter (Tokyo, 

Japan) at room temperature. The instrument used a scattering 

angle of 0° under excitation of unpolarised, monochromated 

incident light. DMF solutions of 1.0×10
–4

 M were excited at 

350 nm. Bandwidths for excitation and emission for the high 

ФF (R)-1 and (S)-1 were 10 nm/10 nm, respectively. However, 

to obtain good S/N ratio CPL spectra, bandwidths for the (R)- 2 

and (S)-2 should be 3000 µm/3000 µm, respectively, due to 

the extremely low ФF value. Pathlength was commonly 2.0 mm 

to keep 63−70% transmittance under the 350-nm excitation. 

Scanning speed for CPL/PL measurement was 50 nm min
–1

 

with time constant 8 sec of PMT during acquisitions of 4−8 

times. 

 

Measurement of CD and UV-Vis absorption spectra 

The circular dichroism (CD) and UV-Vis absorption spectra of 

(R)-1, (S)-1, (R)-2 and (S)-2 in DMF solution (1.0×10
–4

 M) were 

measured using a JASCO J-820 spectropolarimeter at room 

temperature. The pathlength is 2 mm. 

 

Theoretical calculations 

The geometry of (R)-2 was optimised using the hybrid density 

functional theory (B3LYP functional).
8
 The excitation energies 

and rotational strengths of the geometry-optimised molecules 

were calculated using the time-dependent density functional 

theory (TD-DFT)
9
 with the B3LYP functional. In all the 

calculations, the cc-pVDZ basis set was used.
10

 The program 

Gaussian03
11

 was used for quantum chemical calculations. 

Conclusions 

We compared CD and CPL spectra of open- and close-types of 

chiral binaphthyl moieties linked to achiral anthracene 

luminophores in DMF. The CPL sign due to anthracene 

luminophores was efficiently controlled by the choice of open- 

or closed-style units with the scenario of binaphthyl chirality 

transfer to the achiral luminophores.  
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