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The signs of circularly polarised luminescence and circular dichroism of chiral biaryl fluorophores in the
CHCl;-dissolved state (solution state) and the PMMA-film-dispersed state (solid state) were successfully
controlled by modifying the internal axial chirality and the axial bonding position of biaryl units.

Introduction

Recently, highly emissive organic fluorophores have received
much attention in the fields of organic electroluminescent (EL)
devices and optical sensors.' In particular, current studies are
focused on searching for chiral organic fluorophores enabling
circularly polarized luminescence (CPL) with high quantum
efficiency.” In this context, understanding the inherent chiroptical
properties of chiral organic fluorophores in the ground and
photoexcited states is necessary for the efficient design of
elaborate chiroptical functions, including external bias driven
switching and memory. Thus, systematic investigation of the
chiroptical properties of biaryl atropisomers is important because
biaryls are regarded as the most suitable chromophoric models
among numbers of chromophores comprising axial chirality.

To rationally invert the sign of the Cotton CPL signal of a
chiral fluorophore, an organic fluorophore with opposite point
chirality (stereogenic centers) is needed. However, this approach
has practical limitations because enantiopure fluorophore pairs
must be isolated. Thus, an elegant approach for fine controlling
the CPL sign of chiral fluorophores without use of opposite point
chirality is well acknowledged.’ recent papers, we
demonstrated several novel approaches for facile control of the
CPL signs of binaphthyl-based fluorophores possessing the same
axial chirality (stereogenic bonds) by changing the dihedral bond
angle between two naphthyl units.* This facile CPL sign
inversion approach is also achievable by modifying steric
demanding factors between adjacent binaphthyl units and by
choosing external matrices (fluidic solutions, solid polymers, and
inorganic salts).*

To gain a deeper understanding of how biaryl moiety affects
the CPL sign, in this study we focused on a relationship between
the internal axial bond position of biaryls with the same (R)- and
(8)-axial chirality and the resulting CPL sign. To this end, we
chose three pairs of optically active aryl fluorophores (Scheme
1)) (i) (R)-(-)-3,3'-diphenyl-2,2'-bi-1-naphthol ~ (VANOL)
hydrogen phosphate [(R)-1] and its (S)-analog [(S)-1] as
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binaphthyls, (ii) (R)-(-)-2,2'-diphenyl-4-biphenanthrol (VAPOL)
hydrogen phosphate [(R)-2] and its (S)-analog [(S)-2] as
bisphenanthryls with an axial bonding position similar to (R)-1,
and (iii)) (R)-(-)-1,1'-binaphthyl-2,2'-diyl hydrogen phosphate
[(R)-3] and its (S)-analog [(S)-3] as a different internal axial
bonding position of these biaryls. Herein, we demonstrate for the
first time that the CPL sign is determined solely by the internal
axial bonding position of these biaryls.
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Experimental section
General

Compounds (R)-1 and (S)-1 were prepared using a previously
reported method.® (R)-2 and (S)-2 were purchased from Sigma-
Aldrich Japan (Tokyo, Japan). Chloroform (CHCl;) used for
crystallisation and optical measurements was purchased from
Wako Pure Chemical Industries (Osaka, Japan).

Measurement of the CPL and PL spectra

Fluorescence spectra and absolute photoluminescence quantum
yields in CHCl; and PMMA film states were measured using an
absolute PL quantum yield measurement system (Hamamatsu
Photonics C9920-02, Hamamatsu, Japan) under air atmosphere at
room temperature. The PMMA films doped with biaryls were
prepared using a spin coater at 3000 rpm (Opticoat MS-A100,
Mikasa, Tokyo, Japan). The dilute CHCl; solutions of (R)-1 and
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(R)-2 (1.0x107* M) were excited at 307 and 335 nm, respectively.
(R)-1 and (R)-2 in PMMA films were excited at 320 and 330 nm,
respectively.
The CPL spectra in CHCI; solution and PMMA films were
s measured using a JASCO CPL-200 spectrofluoropolarimeter
(Tokyo, Japan) at room temperature. The instrument used a
scattering angle of 0° from the excitation of unpolarised,
monochromated incident light with a bandwidth of 10 nm. The
specimens in PMMA films were prepared analogously to the
10 samples used for the solid-state fluorescence spectra. (R)-1 and
(R)-2 at a concentration of 1.0x10™*M in CHCI; solutions were
excited at 307 and 335 nm, respectively. (R)-1 and (R)-2 in
PMMA films were excited at 320 and 330 nm, respectively. The
CPL spectra were approximated using the simple moving average
15 (SMA) method.

Theoretical calculations

The geometries of (R)-1 and (R)-2 were optimised using the
hybrid density functional theory (B3LYP functional).® The
20 excitation energies and rotational strengths of the geometry-
optimised molecules were calculated using the time-dependent
density functional theory’ with the B3LYP functional. In all the
calculations, the cc-pVDZ basis set was used.® The program
Gaussian03° was used for quantum chemical calculations.

25 Results and discussion

A comparison of unpolarised photoluminescence (PL) properties
of (R)-1 and (R)-3*"'" in chloroform (CHCL;) is given in Fig. 1
(lower panel).
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Fig. 1 CPL (upper panel) and PL (lower panel) spectra of (R)-1 (black
lines) and (S)-1 (grey lines) in CHCl; (1.0 x 10 M).

The fluorophore (R)-1 in CHCI; has a PL maximum (4.,,) at 372
nm with an absolute value of PL quantum yield (@f) of 0.12

35 (indicated by black line). The differences in the 4., and @r values
between (R)-1 and (R)-3 [Aem = 350 nm and @ = 0.29]**'" was
calculated. Remarkably, the @ value of (R)-1 was almost half
that of (R)-3. This may arise from thermal deactivation due to
higher vibrational modes in (R)-1 than (R)-3.

w0 As expected, (R)-1 can emit CPL in the order of |gem| ~1072,
where the dimensionless Kuhn's anisotropy (g..,) is defined as g,
= 2(I.—Iy)/(I.+1R). The CPL spectrum of (R)-1 in CHCl; is shown
in Fig. 1 (upper panel, black line). Surprisingly, although (R)-1

and (R)-3 commonly possess the same axially chiral binaphthyl

45 units, they exhibit opposite signs in their CPL: a negative CPL
sign for (R)-1 and a positive CPL sign for (R)-3 (Fig. 2, black
lines for (R)-3)'".
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Fig. 2 CPL (upper panel) and PL (lower panel) spectra of (R)-3 (black
lines) and (S)-3 (grey lines) in CHCl; (1.0 x 10 M)."!

6s To verify whether (R)-1 introduced any artifacts in this CPL
spectrum, the CPL spectrum of (S)-1 in CHCl; was obtained in a
similar way (Fig. 1, grey lines). The CPL spectra of (R)-1 and
(S)-1 are mirror images of each other. The value of |g.,,| is ~3.5 X
107 for 1, which is larger than that of 3 (|ge| ~1.5 x 107)."
70 These results suggest that the CPL sign can be affected by the
internal axial bonding position of binaphthyl units as well as by
axial chirality.
To elucidate the origin of the CPL reversal, circular dichroism
(CD) and UV-Vis absorption spectra of (R)-1 and (S)-1 in CHCl;
75 were measured and compared to those of (R)-3 and (S)-3. UV-Vis
bands due to m-m* transitions characteristic of naphthyl groups in
1 are clearly observed between 250 and 350 nm (Fig. 3).
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s0 Fig. 3 CD (upper panel) and UV-Vis (lower panel) spectra of (R)-1
(black lines) and (S)-1 (grey lines) in CHCl; (1.0 x 10° M).

The Cotton CD bands of (R)-1 and (S)-1 clearly demonstrate
an almost mirror-image relationship due to m-m* transition
moments. To quantitatively determine the CD amplitudes, we

ss used the dimensionless Kuhn's anisotropy factor in the ground
state, which is defined as gcp = Aé/e. The |gcp| value at the first
Cotton CD band (Acp = 343 nm) for 1 is ~3.2 x 10™*. On the other
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hand, the |gcp| value of 3 at the first Cotton CD band (Acp = 324
nm) is ~1.6 x 107." As in the case of CPL spectra, the CD
spectra exhibit opposite signs: a negative sign for (R)-1 and a
positive sign for (R)-3 (Fig. 4, black lines for (R)-3)"".
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Fig. 4 CD (upper panel) and UV-Vis (lower panel) spectra of (R)-3
(black lines) and (S)-3 (grey lines) in CHCI; (1.0 x 10™° M)."!

The signs of the CPL and the first Cotton CD band of (R)-1 are
25 both negative, while those of (R)-3 are both positive. The sign
reversal in the first Cotton CD bands is thus responsible for the
reversal in the sign of the CPL bands observed for (R)-1 and (R)-
3.
In the case of (R)-2, which is an extension of n-conjugation of
30 (R)-1, (R)-2 in CHCl; weakly emits at 373 nm (4.,,) with @ 0.09
(lower panel in Fig. 5, black line) and shows a negative CPL band
(Fig. 5, upper panel, black line). To verify whether any artifacts
existed in the CPL spectrum, we obtained the CPL spectrum of
(S)-2 in CHC]; for comparison (grey lines in Fig. 5). Because the
3s CPL spectra of (R)-2 and (S)-2 exhibit an almost mirror-image
relationship, the |gem| value for 2 is ~1.3 x 107, Note that CPL
signs for (R)-2 and (R)-3 are opposite: a negative for (R)-2 and a
positive for (R)-3.
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Fig. 5 CPL (upper panel) and PL (lower panel) spectra of (R)-2 (black
lines) and (S)-2 (grey lines) in CHCI; (1.0 x 107 M).
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Fig. 6 CD (upper panel) and UV-Vis (lower panel) spectra of (R)-2
(black lines) and (S)-2 (grey lines) in CHCl; (1.0 x 10° M).

so.  The CD and UV-Vis absorption spectra of (R)-2 in CHCl; are
shown in Fig. 6 (indicated by black lines). In contrast to (R)-1,
the characteristic peaks originating from the n-n* transition of the
biphenanthryl group in 2 are observed between 260 and 370 nm.
To check if there are artefacts in the (R)-2 spectrum, we measured
ss the CD spectrum of (S)-2 in CHCI; (Fig. 6, grey lines). It is
evident that (R)-2 and (S)-2 display an almost mirror-image
relationship in their CD spectra. The |gcp| value of the first
Cotton CD band (Acp = 361 nm) is ~3.1 x 107, As expected, (R)-
1 and (R)-2 exhibit the same signs in their CD spectra: a negative
e sign for both (R)-1 and (R)-2.
To explain the origins of the opposite signs between (R)-1, (R)-2,
and (R)-3 in their CPL and CD spectra, the equilibrium structures
of (R)-1 and (R)-2 were examined theoretically (Fig. 7) and
compared with the equilibrium structure of (R)-3 shown
6s previously.'

a) b)

Fig. 7 Theoretically optimized structures of a) (R)-1 and b) (R)-2.

70 The dihedral angles 6 ((O)C-C-C-C(0)) of (R)-1, (R)-2, and (R)-3
are calculated as -55°, -61°, and -53°,'" respectively. No
significant difference in these 0 angles between (R)-1, (R)-2, and
(R)-3 is obtained theoretically, suggesting that the origin of the
opposite CPL/CD signs cannot be simply ascribed to different

75 conformations around the central C-C rotational bond.
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Fig. 8 Calculated excitation wavelengths (/) and rotational strengths (R)
s for a) (R)-1 and b) (R)-2. Unit of rotational strength: 10 erg-esu-cm/G.

The electronic excitation spectra of (R)-1 and (R)-2 are
employed theoretically as that of (R)-3 was done previously.'
Fig. 8 shows calculated rotational strengths of (R)-1 and (R)-2 as

10 a function of excitation wavelengths (1) (Figs. 8a and 8b). These
calculations suggest that (R)-1 and (R)-2 should have negative
CD signals at the long-wavelength edge of the spectra (~330 nm
and ~340 nm, respectively). The experimental CD spectra of (R)-
1 and (R)-2 in CHCI, are consistent with these theoretical results.

is The calculated CD intensities at these wavelengths can be
explained as a result of non-coplanar monoaryl geometry of these
molecules and reflected from the coupling of m-n* electronic
transitions over each of the naphthalene and phenanthryl rings. In
contrast, (R)-3 has a weak positive Cotton CD signal at the long-
wavelength edge in the CD spectrum (~340 nm)."’ These CD
calculations agree well with the experimental CD characteristics.
For practical use as a CPL emitter, a detailed characterization
of solid-state chiroptical properties is important. We recently
studied the solid-state chiroptical properties of several chiral
2s fluorophores doped into poly(methyl methacrylate) (PMMA)
glassy matrices.***¢1%12 The CPL spectra of (R)-1 and (R)-2
dispersed in spin-coated PMMA films clearly exhibit CPL and
PL properties, as shown in Figs. 9 and 10 (black lines),
respectively. (R)-1 and (R)-2 in PMMA films emit at A.,, 372 and

30 376 nm and have @ 0.16 and 0.19, respectively. The CPL
spectra between (R)-1 and (S)-1, and between (R)-2 and (S)-2 are
near mirror images of each other. (R)-1 and (R)-2 in PMMA films
exhibit CPL in the order of |gew ~1.7x107 and ~7.9x10%%
respectively.
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Fig. 9 CPL (upper panel) and PL (lower panel) spectra for (R)-1 (black
lines) and (S)-1 (grey lines) in the PMMA films.
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Fig. 10 CPL (upper panel) and PL (lower panel) spectra of (R)-2 (black
lines) and (S)-2 (grey lines) in PMMA films.

For 1 and 2, a subtle enhancement in the @; value in the
PMMA films compared to @f in the CHCI; solution was
observed due to suppression of thermal deactivation modes
because 1 and 2 are embedded into the glassy PMMA matrix. As
reported previously, (R)-3 in PMMA has @ 0.14 and |g.,
~1.4x107, which is similar to (R)-1 and (R)-2.**'° 1t is worth
noting that relationships between (R)-1 and (R)-3 and between
(R)-2 and (R)-3 maintain their opposite sign in their CPL spectra:
a negative sign for (R)-1 and (R)-2, conversely, a positive sign for
(R)-3"°.

The CD and UV-Vis spectra of 1 and 2 dispersed in spin-
coated PMMA films were measured (Figs 11 and 12). CD and
UV-Vis spectral profiles of (R)-1 and (R)-2 in PMMA are similar
to those observed in the CHCI; solution at longer wavelengths.
The |gcp| values in the first Cotton CD bands of (R)-1 and (R)-2
are ~1.9x10 at 336 nm and ~5.2x10™ at 361 nm, respectively.
The CD spectra of (S)-1 and (S5)-2 in the PMMA films are almost
mirror images of those of the corresponding (R)-1 and (R)-2.

The solid-state chiroptical results indicate that the CPL and CD
signals in PMMA films originate dominantly from the
intramolecular interactions within the isolated molecule itself
rather than from intermolecular interactions between multiple
molecules. Additionally, the CPL sign even in PMMA can

4|Journal Name, [year], [vol], 00—00
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change in response to the internal axial bonding position of biaryl
units.
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s Fig. 11 CD (upper panel) and UV-Vis (lower panel) spectra of (R)-1
(black lines) and (S)-1 (grey lines) in the PMMA films.
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Fig. 12 CD (upper panel) and UV-Vis (lower panel) spectra of (R)-2
(black lines) and (S)-2 (grey lines) in the PMMA films.

1o Conclusions

Chiral biaryl fluorophores (R)-1 and (R)-2 exhibit fluorescence
properties in fluidic CHCl; solution and glassy PMMA film
states. Despite the same axial chirality in the biaryl unit, the CPL
and CD signs of the biaryl fluorophores are reversed in both
1s CHCl; and PMMA film by changing the internal axial bonding
position to the biaryl units. These results led to facile control of
the CPL sign of the biaryl fluorophores in solution and PMMA
states by altering the direction of dipole moments in the chiral
biaryl units. Since chiral fluorophores with opposite point
2 chirality are not always accessible, the present knowledge of
biaryl fluorophores might provide more flexible ideas in
developing novel chiral organic fluorophores. In developing
practical chiral fluorescent systems, the facile controllability of

chiroptical properties shown in this work is crucial.
25
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