
Chapter 2
Circularly Polarized Luminescence
of Axially Chiral Binaphthyl Fluorophores

Yoshitane Imai

Abstract Axially chiral fluorophores bearing a variety of functionalities have
been successfully developed using chiral binaphthyl units. These axially chiral
binaphthyl fluorophores emit circularly polarized luminescence (CPL) in their
solution-dissolved states, organic polymer-film-dispersed states, and inorganic
pellet-dispersed states. The CPL emitted from an axially chiral binaphthyl
fluorophore is easily tuned by (1) adjusting the dihedral angle in the binaphthyl
unit, (2) employing the neighboring group effect between binaphthyl units, and
(3) controlling their external environments, without the need for the enantiomeric
compound.

2.1 Introduction

Organic compounds with chiroptical properties are very important for the develop-
ment of new functional organic materials.

Axially chiral binaphthyl is a significant fundamental chiral unit that is used to
introduce chirality into molecules and materials. An axially chiral binaphthyl
organic fluorophore that can emit circularly polarized luminescence (CPL) is
therefore very useful, since the binaphthyl unit exhibits both chirality and fluores-
cence [1–20].

In this chapter, the solution- and solid-state CPL properties of various axially
chiral binaphthyl fluorophores are introduced.
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2.2 Controlling Circularly Polarized Luminescence (CPL)
Through the Dihedral Angle of the Axially Chiral
Binaphthyl [21]

In this section, we report the chiroptical properties of axially chiral binaphthyl
compounds in relation to the dihedral angle in the binaphthyl unit. For this purpose,
two almost identical binaphthyl derivatives with the same (S)-axial chirality,
namely, (S)-2,20-diethoxy-1,10-binaphthyl [(S)-1], as an open-type binaphthyl, and
(S)-2,20-(1,4-butylenedioxy)-1,10-binaphthyl [(S)-2], as a closed-type, were chosen
(Fig. 2.1).

The solution-state circularly polarized luminescence (CPL) and unpolarized
photoluminescence (PL) spectra of the open-type (S)-1 and the closed-type (S)-2
in chloroform (CHCl3) are shown in Fig. 2.2. (S)-1 and (S)-2 exhibit similar PL in
CHCl3; PL maxima (λPL) for (S)-1 and (S)-2 were observed at 365 and 368 nm,
respectively, and the absolute values of their PL quantum yields (ФFs) were 19% and
25%, respectively. The ФF value of (S)-2 is greater than that of (S)-1 because the
ro-vibrational modes of (S)-2 are limited compared to those of (S)-1, and the
binaphthyl unit of (S)-2 is more planar than that of (S)-1.

0.0

1.0

2.0

340 380 420 460

-40
-30
-20
-10

0
10
20
30

DC / V

ged
m / LPC

Wavelength / nm

Fig. 2.2 CPL (upper) and
PL (lower) spectra of (S)-1
(black) and (S)-2 (red) in
CHCl3 (1.0 � 10�3M)

O
O

(S)-2(S)-1

O
O

Fig. 2.1 Chiral binaphthyl
fluorophores (S)-1 and (S)-2

12 Y. Imai



(S)-1 and (S)-2 emit CPL in CHCl3. Surprisingly, although (S)-1 and (S)-2 have
the same axial chirality, their CPL spectra show opposite signs; a positive (+) sign is
observed for (S)-1, while (S)-2 exhibits a negative (–) sign. To quantitatively
compared the degrees of CPL and PL, we used the dimensionless Kuhn’s anisotropy
factor in the photoexcited state, which is defined as gCPL ¼ 2(IL � IR)/(IL + IR),
where IL and IR are the intensities of the left- and right-handed CPLs upon excitation
with unpolarized light, respectively. The values of gCPL were found to be about
+1.0� 10–3 for (S)-1 and about�1.4� 10–3 for (S)-2. These results suggest that the
sign of the CPL depends on the nature of the binaphthyl ring (i.e., open or closed) in
addition to axial chirality. To discuss the origin of the reversal in the sign of the CPL,
solution-state circular dichroism (CD) and unpolarized UV-Vis absorption spectra
for (S)-1 and (R)-1 were acquired, as shown in Fig. 2.3.

Several characteristic vibronic UV-Vis bands between 270 and 360 nm that arise
from the 1Bb transition moments of (S)-1 and (S)-2 were commonly observed. To
quantitatively discuss the magnitude of the CD amplitude, we used the
dimensionless Kuhn’s anisotropy factor in the ground state, which is defined as
gCD ¼ Δε/ε. Values of gCD for (S)-1 and (S)-2 at their first Cotton CD bands are
about +2.0 � 10–4 (345 nm) and about �9.6 � 10–4 (338 nm), respectively.
Evidently, the first Cotton CD band of (S)-1 has opposite sign to that of (S)-2.
This reversal in the CD sign, despite the same axial chirality, is possibly due to the
difference in their chemical structures, i.e., whether the substituents are in the open
or closed form. The opposite signs of the first Cotton CD bands are responsible for
the opposite sign of the CPL bands observed for (S)-1 and (S)-2.

To investigate the origins of the opposing CPL and CD spectral signs of (S)-1
and (S)-2, CD spectra for (S)-1 were determined computationally. Simulated
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Fig. 2.3 CD (upper) and UV-Vis absorption (lower) spectra for (a) (S)-1 (black) and (R)-1 (red)
and (b) (S)-2 (black) in CHCl3 (1.0 � 10-5 and 1.0 � 10�3M (insets))
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dihedral-angle-dependent (θ ¼ (O)C-C-C-C(O)) CD and UV-Vis absorption spectra
of (S)-1 are presented in Fig. 2.4. These simulations reveal that the sign of the first
Cotton CD band of (S)-1 is negative (�) for dihedral angles (θ) between about +50�

and +85�, whereas the sign is positive (+) for θ between +85� and +120�.
These results suggest that the opposite first CD and CPL bands observed for (S)-1

and (S)-2 are attributable to differences in the θ values of the binaphthyl units in the
ground and photoexcited states. In fact, the calculated equilibrium structures of (S)-1
and (S)-2 were observed to have θ values of +89.6� and +73.8� respectively, which
suggests that the former has a positive first Cotton CD band (~340 nm) and the latter
has a negative first Cotton CD band (~340 nm); these simulated results are consistent
with experimental observations.

In conclusion, the CPL properties of an axially chiral binaphthyl fluorophore can
be controlled by adjusting the dihedral angle of the binaphthyl unit in addition to its
chirality. In general, the enantiomeric organic fluorophore is usually required to
invert the sign of the CPL of a chiral fluorophore; however, the enantiomeric organic
molecule is sometimes difficult to obtain. Therefore, controlling the sign of the CPL
of axially chiral fluorophores through dihedral angle, without the need for the
enantiomer, is a very useful technique.

2.3 Controlling the Sign of the Circularly Polarized
Luminescence (CPL) from an Axially Chiral
Binaphthyl Fluorophore by Solvent [22]

In Sect. 2.2, we reported that the sign of the CPL from a chiral binaphthyl
fluorophore can be controlled by tuning the dihedral angle of the binaphthyl unit.
In this section, solvent polarity control of the CPL sign of an axially chiral
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binaphthyl fluorophore in solution is demonstrated. As axially chiral
binaphthyl fluorophore models, (R)-1,10-binaphthyl-2,20-dicarboxylic acid [(R)-3]
and (R)-2,20-(1,10-binaphthyl-2,20-diylbis(oxy))diacetic acid [(R)-4] were examined
(Fig. 2.5).

The PL spectra of (R)-3 and (R)-4 were acquired in CHCl3 and
dimethylformamide (DMF) solutions, owing to their differing polarities. Dicarbox-
ylic acid (R)-3 did not exhibit PL in CHCl3 and DMF solutions. On the other hand,
(R)-4 exhibited PL in both CHCl3 and DMF, with PL maxima (λPL) observed at
356 and 361 nm, respectively, as shown in Fig. 2.6 (lower panel, black lines for
CHCl3 and red lines for DMF). The PL quantum yield (ФF) of (R)-4 in CHCl3 was
found to be 25%. On the other hand, itsФF value increased to 39% in DMF, possibly
due to the suppression of the rotational freedom of the binaphthyl unit as a result of
hydrogen-bonding interactions with DMF. (R)-4 exhibited a CPL signal in CHCl3
and DMF, as shown in Fig. 2.6 (upper). Interestingly, although significant changes
in λem were not observed in the two solvents, (R)-4 exhibited opposite CPL signs in
the two solvents: negative (�) in CHCl3 and positive (+) in DMF. Their gCPL values
were found to be similar at about �0.18 � 10–3 for CHCl3 and about +0.19 � 10–3

for DMF.
In order to elucidate the ground state chirality of 4, CD and UV-Vis absorption

spectra in CHCl3 and DMF were acquired, as shown in Fig. 2.7a, b, respectively.
The CD spectra of 4 exhibited significant differences in the first Cotton CD bands in
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Fig. 2.5 Chiral binaphthyl
fluorophores (R)-3 and (R)-4
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CHCl3 and DMF (Fig. 2.7; upper). The negative (�) sign (λCD ¼ 356 nm) for (R)-4
in CHCl3 became positive (+) (λCD ¼ 337 nm) in DMF. The gCD value at the first
Cotton CD band of (R)-4 in CHCl3 was about �0.33 � 10–3, while a value of about
+0.38 � 10–4 was observed in DMF.

The observed reversals of CPL and CD signs are possibly ascribable changes in
the dihedral angles of the binaphthyl units. In DMF, the dihedral angle in the
binaphthyl unit is smaller since the carboxylic acid groups in 4 interact efficiently
with DMF molecules. Dipole-dipole and/or hydrogen-bonding interactions between
DMF and the carboxylic acid groups on the binaphthyl units may also be responsible
for the observed CD and CPL inversions in the ground and photoexcited states.

In conclusion, an axially chiral binaphthyl fluorophore can selectively emit
positive or negative CPL through control of solvent type.

2.4 Controlling Circularly Polarized Luminescence (CPL)
Through Neighboring Group Effects Involving
Binaphthyl Units [23]

In Sect. 2.2, the signs of the CPL from chiral binaphthyl fluorophores were shown to
be controllable by tuning the dihedral angle of the binaphthyl unit. As a more facile
method for controlling the sign of the CPL from a chiral binaphthyl moiety while
maintaining the same axial chirality, CPL sign control through neighboring-group
effects between binaphthyl units has been reported. To enable this form of control,
two binaphthyl derivatives with different numbers of chiral binaphthyl units that
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Fig. 2.7 CD (upper) and UV-Vis absorption (lower) spectra of (R)-4 (red) and (S)-4 (black) in (a)
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have the same (R)-axial chirality were investigated, namely, (R)-(�)-(3,5-dioxa-4-
phosphacyclohepta[2,1-a:3,4-a0]dinaphthalen-4-yl)dimethylamine [(R)-5], with a
single binaphthyl unit, and (11bR,110bR)-4,40-(9,9-dimethyl-9H-xanthene-4,5-
diyl)-bis-di-naphtha[2,1-d:10,20-f][1,3,2]dioxaphosphepin [(R,R)-6], with two
binaphthyl units (Fig. 2.8).

The CPL and PL properties of (R)-5 and (R,R)-6 were compared in CHCl3. (R)-5
and (R,R)-6 exhibited PL maxima (λPL) at 361 and 362 nm in CHCl3, respectively, as
shown in Fig. 2.9. (R)-5 and (R,R)-6 emitted CPL in CHCl3. Surprisingly, although
(R)-5 and (R,R)-6 contain the same axially chiral binaphthyl unit, they exhibited
oppositely signed CPL spectra, with a positive (+) sign observed for (R)-5 and a
negative (�) sign observed for (R,R)-6. The values of gCPL were determined to be
about +3.4 � 10–3 for (R)-5 and �1.3 � 10–3 for (R,R)-6, where the |gCPL| value of
6 is smaller than that of 5 by a factor of three.

The solution-state CD and UV-Vis absorption spectra of (R)-5 and (R,R)-6 were
acquired (Fig. 2.10). Several characteristic UV-Vis bands arising from π-π�
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R)-6

0.0

1.0

2.0

3.0

4.0

5.0

6.0

340 360 380 400 420 440
-80

-60

-40

-20

0

20

40

60

80

100

DC / V

C
PL

 / 
m

de
g

Wavelength / nm

Fig. 2.9 CPL (upper) and
PL (lower) spectra of (R)-5
(black) and (R,R)-6 (red) in
CHCl3 (1.0 � 10�3M)

2 Circularly Polarized Luminescence of Axially Chiral Binaphthyl Fluorophores 17



transitions involving the naphthyl groups in 5 and 6 were observed at approximately
270 and 360 nm, respectively. The signs of the CPL and the first Cotton CD band of
(R)-5 are both positive (+). Although the CD spectrum of (R,R)-6 is similar to that of
(R)-5, a weak negative (�) Cotton band was observed at the longest-wavelength
edge in the spectrum of (R,R)-6. Because the CPL sign of (R,R)-6 is negative (�),
this weak negative (�) Cotton CD band may be responsible for the negative (�) sign
of the CPL band. The |gCD| value at the first Cotton band (λCD ¼ 330 nm) of 5 was
determined to be about 4.2 � 10–3; on the other hand, the |gCD| value of 6 at the first
Cotton CD band (λCD ¼ 341 nm) is about 2.5 � 10–4, which is smaller than that of
5 by a factor of 17. Since the dihedral angles of the binaphthyl units in 5 and 6 are
fixed, the opposite CD and CPL signs observed for (R)-5 and (R,R)-6, despite having
the same axial chirality, are due to the effects of the neighboring chiral binaphthyl
units in (R,R)-6.

In conclusion, the CPLs of chiral binaphthyl fluorophores can be controlled by
the number of neighboring chiral binaphthyl units, that is, by the effects of the
neighboring binaphthyl units.

2.5 Dependence of the Circularly Polarized Luminescence
(CPL) from Binaphthyl Units on External
Environmental Factors [24]

In Sects. 2.2 and 2.4, the CPL signs of chiral binaphthyl luminophores with the same
axial chirality were reported to be controllable by tuning the dihedral angle of the
binaphthyl unit and by employing the neighboring group effect between fluorescent
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binaphthyl units. In this section, an approach for the facile control of the CPL signs
of chiral binaphthyl fluorophores involving the external solid-state environment is
reported; (S)-2,20-diethoxy-1,10-binaphthyl [(S)-1] is used in this section as a model
optically active binaphthyl fluorophore (Fig. 2.11). As the solid-state environment,
organic poly(methyl methacrylate) (PMMA) and inorganic KBr are used.

The PL and CPL spectra of (S)-1 in the PMMA film-dispersed state and the KBr
pellet-dispersed state were acquired, as shown in Fig. 2.12. (S)-1 dispersed in
PMMA and KBr exhibited PL maxima (λPL) at 373 and 377 nm, respectively,
with corresponding PL quantum yields (ФF) of 45% and 54%. Characteristically,
the values of ФF for (S)-1 were higher in the solid state than in CHCl3 solution,
which is possibly due to the suppression of vibrational deactivation of the molecule
in the solid state.

(S)-1 emits CPL both in the PMMA film-dispersed state and the KBr pellet-
dispersed state. Surprisingly, (S)-1 exhibited opposite CPL signs in these two
states: positive (+) for the PMMA state and negative (�) for the KBr state. (S)-1
has gCPL values in the PMMA film and KBr pellet states of about +7.9 � 10–4 and
�4.4 � 10–4, respectively. The |gCPL| values of (S)-1 in the PMMA and KBr states
were slightly smaller than that of the CHCl3 solution (gCPL ¼ +1.0 � 10–3).

The CD and UV-Vis absorption spectra of (S)-1 in the PMMA film- and KBr
pellet-dispersed states were also acquired (Fig. 2.13). Several UV-Vis bands were

Fig. 2.11 Chiral binaphthyl
fluorophore (S)-1
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also observed at ~290 and ~380 nm in the solid state, which correspond to charac-
teristic π-π� transitions in the naphthyl groups of 1. The CD spectra of (S)-1 in two
states are very similar in their long-wavelength tails. In contrast to the CPL spectra,
the long-wavelength CD Cotton bands of (S)-1 were both positive (+); the gCD
values of first Cotton CD band of (S)-1 were +3.5 � 10–4 at λCD ¼ 345 nm in the
PMMA film-dispersed state and +7.6 � 10–4 at λCD ¼ 351 nm in the KBr pellet-
dispersed state. These gCD values are slightly larger than that of the CHCl3 solution
of (S)-1 (gCD¼ ~+2.0� 10–4). The CD amplitudes of (S)-1 in PMMA and KBr were
evaluated as follows: gCD ¼ ((Abs(L ) � Abs(R))/|(Abs(L ) + Abs(R))/2|.

To determine the origins of the CPL and CD spectra of (S)-1 in its PMMA-
dispersed and KBr-dispersed states, the equilibrium structures of single molecules
of 1 in solution (or PMMA) and KBr were compared. The equilibrium dihedral angle
(θ ¼ (O)C-C-C-C(O)) of (S)-1 in CHCl3 solution was determined to be 89.6�, while
the structure of a single (S)-1 molecule in the PMMA film-dispersed state was
identical to that in solution. X-ray crystallography revealed that the dihedral angle
θ of (S)-1 in the solid state is 117.1�. Although these angles in the two states differ,
the signs of the first Cotton CD bands of 1 in each state should be the same based on
the simulated CD spectra reported in Sect. 2.2. These results suggest that the
inversion of the CPL bands observed for 1 is determined by whether or not there
are intermolecular neighboring group effects operating between chiral binaphthyl
units in the photoexcited states.

In conclusion, the solid-state CPL of an axially chiral binaphthyl fluorophore can
be controlled by changing its external solid-state matrix environment, from a PMMA
film-dispersed state to a KBr pellet-dispersed state.
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2.6 Dependence of Circularly Polarized Luminescence
(CPL) on the Structure of the Tether Connecting
Binaphthyl and Fluorescent Units [25]

The binaphthyl family contains one of the best chirality-inducing building blocks
because binaphthyl units act as hinges that enable connections to a variety of
molecular components, in addition to being a fluorescence source. In this section,
control of the sign of the CPL of a chiral non-luminophoric binaphthyl-driven pyrene
excimer system is demonstrated with the help of freely rotating alkyl ether tethers.
Binaphthyl-pyrene 7 containing long oligoether tethers composed of ten single
bonds, and binaphthyl-pyrene 8 with shorter (six single bonds) alkyl ether tethers
were used (Fig. 2.14). In these systems, the binaphthyl moiety acts as a molecular
hinge.

The PL spectra of (R)-7 and (R)-8 in CHCl3 solutions are provided in the lower
parts of Fig. 2.15. Both compounds exhibit almost identical PL maxima (λPL:
465 and 480 nm for (R)-7 and 462 and 480 nm for (R)-8). Although these PL
bands are intense, the monomeric PL bands at ~380 nm are very weak. This feature
is ascribable to intramolecularly sterically constrained dimeric pyrenes in their S0
states.

In contrast to their PLs, (R)-7 and (R)-8 exhibit opposite CPL signs in their S1-
state chiralities; they have the same binaphthyl (R)-chiralities as the S1 state chirality:
a negative (�) sign for (R)-7 and a positive (+) sign for (R)-8. The excimeric origin
of the CPLs of (R)-7 and (R)-8 in CHCl3 are attributable to long-distance intramo-
lecular chiral interactions between the two remote pyrenes attached to the chiral
binaphthyl backbones through reorganization of the two photoexcited pyrenes in
(R)-7 and (R)-8. The gCPL values of (R)-8 (+1.2� 10–3 at 462 nm and +1.0� 10–3 at
480 nm) are larger than those of (R)-7 (�0.41� 10–3 at 465 nm and�0.46� 10–3 at
480 nm). In this case, not only is the axial chirality of the binaphthyl in the S0 state a
critical factor that determines the CPL sign of the S1 state, but so is the structure of
the tether.
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Fig. 2.14 Chiral binaphthyl-pyrene fluorophores 7 and 8
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CD and UV-Vis absorption spectra of (R)-7 [or (S)-7] and (R)-8 [or (S)-8] in
CHCl3 were acquired (Fig. 2.16a, b, respectively). Several π-π� vibronic UV
transitions in the 315–355 nm range, which are characteristic of the pyrene and
binaphthyl moieties, are clearly observed. The three well-resolved vibronic UV
bands of (R)-7 and (R)-8, which correspond to 0-00 (~345 nm), 0-10 (~329 nm),
0-20 (~315 nm) bands, are observed; these three vibronic bands originate from the
allowed 1La transitions of the pyrene moieties in (R)-7 and (R)-8.

The UV-Vis absorption spectra of (R)-7 and (R)-8 are almost identical and their
CD spectra are also similar. The gCD values of the 0-00 band of (R)-7 (at 343 nm) and
(R)-8 (at 345 nm) are similar, at only �0.22 � 10–4 and �0.67 � 10–4, respectively.
Surprisingly, the CD signals at the 0-00 band of (R)-7 and (R)-8 both exhibit negative
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(�) Cotton signs (Fig. 2.16, upper), even though (R)-7 and (R)-8 display opposite
CPL signs (Fig. 2.15, upper). Characteristically, these gCD values are smaller than
the corresponding gCPL values.

In this system, intermolecular associations of (R)-7 and (R)-8 in the S0 state are
neglected. In addition, an odd-even effect involving the number of atoms in the
tethers may be a crucial factor that defines the signs of the CD and CPL signals;
however, both tethers in 7 and 8 have odd numbers of atoms. These results lead to
the conclusion that, although the chirality-oriented conformations of the two pyrenes
in 7 and 8 in the S0 states are similar, their relative orientations in the S1 states may be
very different, possibly with opposite handedness, which causes opposite CPL signs
to be observed for 7 and 8.

In conclusion, in axially chiral binaphthyls that connect fluorescent units, the CPL
signs, which are generated by the two photoexcited fluorophores, can be controlled
through tethered structures involving the axially chiral binaphthyl.

2.7 Cryptochiral Circularly Polarized Luminophores Based
on Axially Chiral Binaphthyls [26]

In this section, the novel functional binaphthyl fluorophores designed using the
CPL-controlling concepts discussed in Sects. 2.2 and 2.6, involving the
5,50,6,60,7,70,8,80-octahydro-1,10-bi-2-naphthyl fluorophore 9 connected to two
pyrenes through flexible ester tethers, is reported (Fig. 2.17).

The PL and CPL spectra of (R)-9 and (S)-9 in CHCl3 are shown in Fig. 2.18. (R)-9
exhibits an intense excimer PL band at 468 nm (λPL) of pyrene origin. In addition, a
weak monomeric PL band at 396 nm is observed, which is ascribable to the sterically
constrained intramolecular dimeric pyrene moieties in their S0 states. (R)-9 and (S)-9
emit CPL and exhibit positive (+) and negative (�) CPL signs in their S1-state
structures, respectively. The absolute value of gCPL for (R)-9 in CHCl3 is
+2.5 � 10�3 at 454 nm.
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9

Fig. 2.17 Chiral
binaphthyl-pyrene
fluorophore 9
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To evaluate the chiroptical properties of compounds 9 in their S0-state structures,
CD and UV-Vis absorption spectra of (R)-9 and (S)-9 were acquired (Fig. 2.19). The
UV-Vis absorption spectra of (R)- and (S)-9 exhibit three main π-π� vibronic
transitions (1La transitions) between 315 and 360 nm that correspond to the pyrene
moieties. Surprisingly, the intensities of the CD bands of (R)-9 were noticeably
weak, and no CD bands of (R)-9 were detected in the 250–300 nm range, which
suggests that, due to its pivotal framework, chiral molecular system 9 acts as a
cryptochiral CPL fluorophore that has no detectable CD signals.

A mechanism for this cryptochirality has been hypothesized. The two pyrene
units in 9 adopt an almost achiral T-shaped structure in the ground S0 state, resulting
in a θ value of about 80–90� in the axially chiral octahydrobinaphthyl unit, resulting
in an almost undetectable CD spectrum. On the other hand, in the S1 state, the two

0.0

0.5

1.0

1.5

2.0

2.5

3.0

350 400 450 500 550 600
-60

-45

-30

-15

0

15

30
DC / V

C
PL

 / 
m

de
g

Wavelength / nm

Fig. 2.18 CPL (upper) and
PL (lower) spectra of (R)-9
(red) and (S)-9 (black) in
CHCl3 (1.0 � 10�5M)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

-60

-45

-30

-15

0

15

30

300 350 400

Absorbance

C
D

 / 
m

de
g

Wavelength / nm

Fig. 2.19 CD (upper) and
UV-Vis absorption (lower)
spectra of (R)-9 (red) and
(S)-9 (black) in CHCl3 (1.0
� 10–5M)

24 Y. Imai



pyrene units transform themselves into a chirally π-stacked arrangement. These
changes in configuration are responsible for the cryptochiral behavior observed,
namely, the ultra-weak CD and intense CPL bands of excimer origin that are due to
the two floppy pyrene units that sandwich the octahydrobinaphthyl moiety.

In conclusion, a CD-silent/CPL-active cryptochiral binaphthyl fluorophore was
successfully created by connecting an axially chiral binaphthyl and two fluorescent
pyrene units through flexible tethers. This system can concurrently control two chiral
points (binaphthyl and pyrene) in the photoexcited state.

2.8 Controlling Circularly Polarized Luminescence (CPL)
of Binaphthyl-Pyrene Fluorophores Using Fluidic
and Glassy Media [27]

In Sects. 2.3 and 2.5, the CPL signs of chiral binaphthyl fluorophores with the same
axial chirality were reported to be controllable, both in solution and in the solid state,
by manipulating their external environments. In this section, a non-classical
approach for the dual control of the λCPL and the CPL sign of a chiral organic
fluorophore, by varying the external environment, e.g., by choosing CHCl3 solution
as the fluidic medium and PMMA film as the glassy solid medium, is reported. To
that end, chiral binaphthyl-pyrene fluorophore 7 with oligoether tethers was used
again as the model system (Fig. 2.20).

Interestingly, although the CHCl3 solution-state PL of (R)-7 shows the typical
excimeric emission of its pyrene units, the PL of (R)-7 dispersed in PMMA film
shows a λPL shifted to a significantly shorter wavelength (λPL ¼ 393 nm), while its
ФF value was higher, at 46%, due to the suppression of thermal vibrational deacti-
vation (Fig. 2.21, lower).

As expected, (R)-7 exhibited CPL signals in CHCl3 and PMMA film (Fig. 2.21,
upper panel). The CPL wavelength also changed, as was observed for PL. In
addition, (R)-7 exhibited CPL signs that depended on the fluidic and glassy states;
it was negative (�) in CHCl3 solution (Fig. 2.15) and positive (+) in the PMMA film.
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Fig. 2.20 Chiral
binaphthyl-pyrene
fluorophore (R)-7
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The gCPL values were determined to be about �7.8 � 10–4 in CHCl3 solution and
about +3.6� 10–4 in PMMA film. Hence, both λCPL and CPL sign of a chiral organic
fluorophore are tunable by changing between fluidic CHCl3 solution and a glassy
PMMA film. On the other hand, the CD spectra of 7 in PMMA film (Fig. 2.22) are
almost identical to those in CHCl3 [Fig. 2.16a]; the gCD value of the first Cotton CD
band of (R)-7 is about�3.8� 10–5 at 344 nm in PMMA film (�5.9� 10–5 in CHCl3
solution).

In CHCl3 solution, the two photoexcited pyrene moieties in (R)-7 can approach
each other more closely through reorganization. On the other hand, in PMMA film,
although a remote intramolecular pyrene interaction produce chiral environment of
pyrene units, the PMMA glassy solid inhibits the formation of a closer intramolec-
ular pyrene excimer. The intramolecular reoriented mode involving the two pyrene
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units is difficult to achieve upon photoexcitation; as a result, (R)-7 exhibits
monomer-like excimer CPL in PMMA film.

In conclusion, the CPL/PL characteristics of an axially chiral binaphthyl
fluorophore connected to fluorescent units can be doubly controlled by selecting a
fluidic CHCl3 solution and a glassy PMMA film.

2.9 The Appearance of Circularly Polarized Luminescence
(CPL) from a Chiral Binaphthyl-Terthiophene
Fluorophore in the Solid State [28]

If chirality transfer from the chiral binaphthyl to a remote achiral fluorescent unit in a
fluorescent binaphthyl system is not efficient in the solution state, CPL signals due to
two remote fluorescent moieties may be not observed. In this section, the appearance
of CPL from a dual-tandem fluorophoric molecular system, namely, (R)-10 and (S)-
10 (Fig. 2.23), which consist of an axially chiral binaphthyl and two achiral
terthiophenes, is reported. Terthiophene is a basic π-conjugated thiophene unit
with superior fluorescence properties due to its long wavelength emission.

(R)-10 exhibited the marked PL associated with terthiophene units in CHCl3
solution, with a PL maximum (λPL) observed at 437 nm. Unfortunately, neither (R)-
nor (S)-10 exhibited any meaningful CPL spectrum in CHCl3, presumably due to the
highly flexible linkers between the terthiophenes and binaphthyl.

On the other hand, (R)-10 exhibited marked PL with a λPL at 413 nm in the KBr
solid state (Fig. 2.24, lower). Expectedly, (R)-10 in KBr exhibited CPL with a glum
value of about +5.0 � 10–4.

The solid-state CD and UV-Vis absorption spectra of (R)-10 in the KBr pellet-
dispersed state are shown in Fig. 2.25. Several π-π� transitions associated with the
terthiophene groups of 10, in the 260–360 nm region are observed. The gCD value at
the Cotton CD band (λCD ¼ 342 nm) of (R)-10 is about �3.2 � 10–5. The difference
in the values of gCD and gCPL is possible ascribable to conformational changes in the
ground and photoexcited states.
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Fig. 2.23 Chiral
binaphthyl-terthiophene
fluorophore 10
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Molecules densely packed in the solid state are surrounded by neighboring
molecules. The appearance of solid-state CPL signals may be due to the following
three factors: (1) efficient chirality transfer from the chirally rigid binaphthyl moiety
to the terthiophene units in the solid state; (2) the very limited molecular motion in
the solid state; and (3) efficient photoexcited-state chirality transfer from the
binaphthyl when excited at 297 nm to certain chirally arranged terthiophene units.

In conclusion, unlike in the solution state, solid-state CPL is emitted from axially
chiral binaphthyl fluorophores bearing remote fluorescent units aided by effective
chirality transfer from the axially chiral binaphthyl moiety to the tethered fluorescent
units.
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2.10 Conclusion

Axially chiral binaphthyl is one of the most significant fundamental sources of
chirality and fluorescence. An axially chiral binaphthyl fluorophore can emit circu-
larly polarized luminescence (CPL) in the solution-dissolved state, PMMA film-
dispersed state, and KBr pellet-dispersed state. The CPL emitted from an axially
chiral binaphthyl fluorophore can easily be tuned by (1) tuning the dihedral angle in
the binaphthyl unit, (2) employing the neighboring group effect that operates
between binaphthyl units, and (3) controlling its external environment, without the
need for the enantiomer. This chapter provides novel ideas for the design of novel
CPL materials in the solution and solid state.
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