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A series of axially chiral binaphthyls and quaternaphthyls possessing two kinds of aromatic fluorophores,

such as pyrenyl, perylenyl, and 4-(dimethylamino)phenyl groups, arranged alternately were synthesized

by a divergent method. In the excited state, the fluorophores selectively formed a unidirectionally

twisted exciplex (excited heterodimer) by a cumulative steric effect and exhibited circularly polarized

luminescence (CPL). They are the first examples of a monomolecular exciplex CPL dye. This versatile

method for producing exciplex CPL dyes also improved fluorescence intensity, and the CPL properties

were not very sensitive to the solvent or to the temperature owing to the conformationally rigid exciplex.

This systematic study allowed us to confirm that the excimer chirality rule can be applied to the exciplex

dyes: left- and right-handed exciplexes with a twist angle of less than 90� exhibit (�)- and (+)-CPL,

respectively.

Introduction

Circularly polarized luminescence (CPL) organic dyes are

recognized to be next-generation materials,1 and their

development has been a recent focus of research.2 To develop

CPL dyes, connecting two of the same aromatic lumino-

phores, which can form an excimer (excited homodimer), to

a chiral unit is one of the main approaches because these

luminophores oen emit with high quantum yields and large

Stokes shis. For example, CPL-active pyrene,3,4 perylene,4b,5

anthracene,6 carbazole,7 and naphthalimide5c,8 excimers have

been reported. In contrast, exciplex (excited heterodimer)

CPL dyes are still rare, although exciplex uorescence (FL)

dyes are oen used in the eld of materials and biological

sciences.9 Exciplex CPL dyes will widen the range of appli-

cation signicantly due to the innite number of combina-

tions of two luminophores. Exciplex CPL dyes will widen the

range of application signicantly due to the innite number

of combinations of two luminophores; CPL dyes having

desired absorption and emission wavelength ranges can be

provided by the combination of different luminophores. In

addition, information obtained from simple exciplex CPL

dyes may be useful for the investigation of the conformation

of complex (supra)molecules in the excited state. Yama-

guchi–Meijer group has recently reported supramolecular

aggregates including O-bridged triphenyl-borane and tri-

phenylamine moieties as the sole example of an exciplex CPL

dye, although the aggregation requires a specic temperature

and solvent, and the uorophore versatility is unknown.10 A

new and versatile method for creating exciplex CPL dyes that

are not affected by conditions is needed. Rigid and mono-

molecular chiral dyes are expected to reach this goal.

In the past decade, several axially chiral binaphthyl-based

CPL dyes have been reported, demonstrating that the

binaphthyl is one of the most suitable skeletons for the devel-

opment of CPL dyes.11 We have also developed several axially

chiral CPL dyes.3,12 Among them, tetrapyrenyl-appended

binaphthyl (R)-1 displayed pyrene-excimer CPL with a glum
value13 of +1.3 � 10�2 and a typical FL quantum yield (F) of

0.24 (Fig. 1a).3a The quaternaphthyl analogs showed slightly

greater CPL performance.3b The CPL was based on the locally

chiral intramolecular excimer, which allowed us to discover the

excimer chirality rule: le- and right-handed twisted excimers

exhibit (�)- and (+)-CPL, respectively. We postulated that the

binaphthyl- and quaternaphthyl-based strategy might be

applied to creating exciplex CPL dyes. Herein, we synthesized

binaphthyls (R)-2–6 and quaternaphthyl (R,R,R)-7 possessing

two kinds of well-known uorophores alternately arranged,

such as pyrenyl, perylenyl, and 4-(dimethylamino)phenyl

groups,9 as the rst examples of monomolecular exciplex CPL

dyes in addition to CPL-active pyrene–perylene and pyrene–4-

(dimethylamino)phenyl exciplexes (Fig. 1b). The experimental

and computational studies gave us an extended rule, named the

exciplex chirality rule: le- and right-handed exciplexes exhibit

(�)- and (+)-CPL, respectively.
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Results and discussion
Synthesis of 2–7

The synthetic routes to (R)-2 and (R,R,R)-7 are shown in Scheme

1. The condensation of bis-MOM-protected binaphthyl-tetraol

(R)-8 (ref. 14) with 1-pyrenecarboxylic acid (9) gave di-pyrenyl-

appended binaphthyl (R)-10. Subsequent deprotection and

condensation with 3-perylenecarboxylic acid (11) afforded (R)-2

in moderate yield. Similarly, condensation of quaternaphthyl-

diol (R,R,R)-12 (ref. 12b) with 11 gave (R,R,R)-13, and then

deprotection and condensation with 9 afforded (R,R,R)-7.

Compounds (R)-3–6 were prepared by a similar method using

common intermediates (Schemes S1 and S2†).15

Absorption and uorescence properties of 2–7 and reference

compounds

We next analyzed the optical properties of 2–7 (Fig. 2 and S7†).

These absorption spectral shapes comprised the sum of the

uorophores16 and the binaphthyl or quaternaphthyl spec-

tra,3b,17 suggesting that in the ground state, each uorophore is

electronically isolated (Fig. 2b). The binaphthyl and qua-

ternaphthyl skeletons absorbed light below the 350 nm wave-

length; therefore, the strong CD signals with the jD3j of over 25

were detected at around 450 nm, which indicates that the u-

orophores are located in asymmetric environments (Fig. 2a). A

binaphthyl (R)-17 possessing only two perylene rings, a refer-

ence compound, showed almost the same CD signals as those of

(R)-2–4 (Fig. 2a and S6†), which indicates that the CD signals of

Fig. 1 Chemical structures of 1–7 and the exciplex chirality rule.

Conditions of photographs: CH2Cl2, 5.0 � 10�7 M, rt. Ffl values are

0.21 for 1 and 0.83 for 2.

Scheme 1 Synthesis of (R)-2 and (R,R,R)-7.

Fig. 2 (a) CD, (b) UV-Vis, (c) CPL, and (d) FL spectra of (R)-2–6 and

(R,R,R)-7. Conditions: CH2Cl2, 1.0 � 10�5 M for 2–6 and 6.7 � 10�6 M

for 7, 20 �C, l ¼ 1 cm, lex ¼ 355 nm, baseline-corrected.

Chem. Sci. © 2021 The Author(s). Published by the Royal Society of Chemistry
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(R)-2–4 at around 450 nm were mainly derived from the exciton

coupling between the perylene rings (gabs ¼ ca. �8.0 � 10�4).

The FL spectra of 2–7 are shown in Fig. 2d. All the FL were

identical with those of the typical exciplexes with the lex,max of

ca. 530 nm.18 The F values were 0.16–0.99, which are unex-

pectedly high for exciplexes, probably because the movement

and vibration were suppressed by the contiguous four or six

large uorophores (Table 1). For example, the F of 2 (0.83), 3

(0.95), 4 (0.99), 5 (0.63), and 6 (0.16) were equal or higher than

those of the corresponding half model compounds 20 (0.53), 30

(0.92), 40 (0.99), 50 (0.51), and 60 (0.06), respectively (Fig. S2†). To

gain a deeper insight into excited-state characteristics, FL

spectra of reference compounds, 3-methyl perylenecarboxylate

(14) and two uorophore-appended naphthalenes and

binaphthyls 20 and 15–17 were measured and compared with

the spectra of 2 and 7 (Fig. 3 and S3†). The FL of 14, 20, and 15

can be regarded as perylene-monomer, pyrene–perylene-

exciplex, and perylene-excimer FL, respectively. The FL of 2

and 7 completely coincided with that of 20, which indicates that

the FL spectra of 2 and 7 are classied as exciplex FL that is

completely free from the monomer and excimer FL. The uo-

rescence lifetimes of (R)-2 (16.3 ns) and (R)-6 (25.0 ns) were close

to the reported lifetimes of pyrene–perylene exciplexes and

pyrene–4-(dimethylamino)phenyl exciplexes, respectively.18 In

addition, we measured the excitation spectra of (R)-2 and (R)-6,

and the signals appeared in the absorption region of pyrene and

perylene rings for (R)-2 and that of a pyrene ring and a 4-

(dimethylamino)phenyl group for (R)-6 (Fig. S5†). These results

support our assignment that they are exciplex uorescence. In

contrast, binaphthyl 16 exhibited the only perylene-monomer

FL, which suggested that the two uorophores located across

the axis could not form an exciplex and that the energy transfer

from the pyrene ring to the perylene ring was very fast.

Binaphthyl 17 also exhibited the monomer FL without forming

an excimer. These results clearly indicate that only a pair of

uorophores on the same naphthalene ring can form an exci-

plex efficiently and selectively. Quaternaphthyl 7 exhibited only

exciplex FL due to the fast energy transfer from the outer pyrene

rings to the inner pyrene rings.

CPL properties

To our delight, compounds 2–7 displayed clear CPL with jglumj

values between 1.0 � 10�3 and 2.7 � 10�3 (Fig. 2c and Table

1).19 This result suggests that the binaphthyl-based strategy is

a versatile method for providing exciplex CPL dyes. Interest-

ingly, compounds (R)-2 and (R,R,R)-7 exhibited (+)-CPL and (R)-

3–6 exhibited (�)-CPL, as the variation in the CPL sign has

previously been observed for excimer CPL dyes (vide infra).3b

Among compounds 2–7, compound 4 exhibited the highest

jglumj value (2.7 � 10�3) in addition to the F value (0.99). The

CPL properties were not very sensitive to the solvent or to the

temperature (10 to 90 �C) owing to the conformationally rigid

exciplex, which is one of the main advantages of mono-

molecular dyes (Fig. 4). Both the jglumj and F values of qua-

ternaphthyl 7 (jglumj of 1.3 � 10�3 and F of 0.89) were slightly

higher than those of corresponding binaphthyl 2 (jglumj of 1.0�

Table 1 Luminescence and conformational properties of 2–7

Compd F

a,b Experimental glum
a (10�3) Theoretical glum

c (10�3) Twist of exciplexc

(R)-2 0.83 +1.0 +0.49 Right-handed

(R)-3 0.95 �1.6 �0.91 Le-handed

(R)-4 0.99 �2.7 �0.93 Le-handed

(R)-5 0.63 �1.1 �2.7 Le-handed
(R)-6 0.16 �1.8 �3.6 Le-handed

(R,R,R)-7 0.89 +1.3 +0.32 Right-handed

a Conditions: CH2Cl2, 1.0 � 10�5 M for 2�6 and 6.7 � 10�6 M for 7, 20 �C, l ¼ 1 cm. b Absolute uorescence quantum yield. c TD DFT calculations
were carried out at the CAM-B3LYP/6-31G(d,p) level.

Fig. 3 FL properties of reference compounds 20 and 14–17. The

lex,max values are given in parentheses.

Fig. 4 (a) CPL spectra of (R)-4 in various solutions at 20 �C and (b) VT

CPL spectra of (R)-4 in toluene. Conditions: 1.0 � 10�5 M, l ¼ 1 cm, lex
¼ 355 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci.
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10�3 and F of 0.83). Zinna group has recently proposed a new

quantity for evaluating the overall efficiency of CPL, named CPL

brightness (BCPL), which is dened as 3 � F � glum/2.
2j,20

Among compounds 2–7, compound 7 showed the highest BCPL
value of 58, and the value is the highest degree for organic dyes.

However, considering the complexity of the syntheses, the

binaphthyl as a chiral skeleton is also a good choice.

DFT-optimized structures in the ground and excited states

and the exciplex chirality rule

To clarify the correlation between conformation and CPL

properties, DFT and time-dependent (TD) DFT calculations21 of

compounds 2–7 were carried out using the Coulomb-

attenuating method (CAM),22 which is suitable for polycyclic

aromatic compounds (Fig. 5 and S9–S16†). We conrmed the

optimized structures corresponded to an energy minimum by

frequency analysis. The optimized ground- and excited-state

structures of representatives 2 and 3 are shown in Fig. 5. For

the most stable ground-state structures, the adjacent carbonyl

groups were oriented in opposite directions from one another,

and the adjacent uorophores were apart from one another,

perhaps due to the steric repulsion (Fig. 5a and c). Other

metastable conformers, in which the direction of one or more

carbonyl groups was ipped from the most stable structures,

were signicantly unstable (DE of 2.5–7.0 kcal mol�1 for 2 and

2.8–5.4 kcal mol�1 for 3, Fig. S11 and S12†). These character-

istics were also seen in 4 (2.9–5.9 kcal mol�1), 5 (1.5–

5.4 kcal mol�1), 6 (1.5–5.6 kcal mol�1), and 7 (4.1–

19.4 kcal mol�1) (Fig. S13–S16†), suggesting that the most stable

structures are conformationally-rigid. The especially large DE

values of 7 support that higher rigidity leads to a higher jglumj

value. In contrast, the DE value of two conformers of naphtha-

lene 20, whose carbonyl groups were oriented in the same and

opposite directions, was small (0.8 kcal mol�1, Fig. S17†). These

results suggest that the local chirality of uorophores in 2–7 are

induced by the following mechanisms, (1) adjacent carbonyl

groups are oriented in the opposite directions due to steric and

dipole repulsions, (2) adjacent uorophores are directed away

from each other via steric repulsion, and (3) the cumulative

steric and dipole repulsions lead to the conformationally rigid

structure, which is reminiscent of the sergeants-and-soldiers

effect.23 Prior to analyzing the excited-state structures directly

concerned with CPL properties, the orientations of the lowest

energy transition dipole moment of each uorophore moiety

were theoretically determined using the corresponding methyl

esters (Fig. S8†). The ester group affected the alignment of the

transition moment slightly, and therefore this tilt was used in

the following analyses. The excited-state structures of 2 and 3

were optimized, and the pyrene–perylene exciplexes were surely

obtained (Fig. 5b and d). It is noteworthy that the exciplex

moieties of 2 and 3 adopted a right- and le-handed chirality,

respectively. Theoretical CPL signs of the exciplexes are (+) for 2

and (�) for 3, which are identical with the experimental signs

(Table 1). This relationship between the twist direction and CPL

sign was also found to be applicable to 4–7. These results

allowed us to nd an empirical rule named the exciplex chirality

rule: le- and right-handed exciplexes exhibit (�)- and (+)-CPL,

respectively (Fig. 1b). That is, importantly, the excimer chirality

rule can be extended to exciplexes.

Fig. 5 (TD) DFT-optimized ground- and excited-state structures of (a

and b) (R)-2 and (c and d) (R)-3 at the CAM-B3LYP/6-31G(d,p) level.

Chem. Sci. © 2021 The Author(s). Published by the Royal Society of Chemistry
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Relationship between the twist angle and CPL sign of

exciplexes

Finally, we investigated the relationship between the CPL sign

and the twist pattern/angle of exciplexes in more detail. The

sign of CPL of the model exciplex consisting of 1-methyl pyr-

enecaboxylate and 3-methyl perylenecaboxylate was calculated

for every 15� change in the twist angle (Fig. 6a and Table S1†).

As a result, interestingly, the sign was clearly inverted every 90�:

(+)-CPL for 0–90� and 180–270� and (�)-CPL for 90–180� and

270–360�. The model pyrene–perylene exciplex regioisomers

and pyrene–4-(dimethylamino)phenyl exciplex showed almost

the same tendency (Tables S3–S6†).24 Moreover, an unsub-

stituted pyrene–perylene exciplex had the same result, which

indicates generality (Fig. 6b and Table S2†).

Conclusions

We have developed CPL-active pyrene–perylene and pyrene–4-

(dimethylamino)phenyl exciplexes using the axially chiral

binaphthyl or quaternaphthyl skeletons as the rst example of

a monomolecular exciplex CPL dye. The CPL were insensitive to

conditions such as solvent and temperature. The method

improved FL intensity as a bonus. We found that the le- and

right-handed exciplexes with a twisted narrow angle exhibited

(�)- and (+)-CPL, respectively. CPL based on this relationship

may be a powerful tool for the determination of absolute

congurations and conformations of multiple aromatics in the

excited state. CPL-active exciplexes will enable new applications

and promote chiroptical sciences. Development of other exci-

plex CPL dyes using this method is being studied in our

laboratory.
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