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Diamagnetic achiral pyrene and phenanthrene derivatives
substituted with electron-donating hydroxyl/methoxy groups and
electron-withdrawing carboxylic acid groups exhibited clear
magnetic circularly polarised luminescence (MCPL) spectra at 360—
410 nm in dilute solvents upon the application of N-up and S-up
Faraday geometries under an external magnetic field of 1.6 T. Their
MCPL signs were also susceptible upon application of the same
Faraday geometry.

Recently, chiral compounds,
supramolecular complexes, organometallic substances, and
helical polymers have been designed to achieve a high-
performance circularly polarised luminescence (CPL) with
relatively high dissymmetry ratios (gcp.) in the near-UV, visible,
and near-infrared regions.[%2l These luminophores have the
potential to enable the development of sophisticated photonic

and optoelectronic devices.[!3l Nevertheless, luminophores

numerous organic

with suitable stereogenic elements (centres, plane- or axial-
dissymmetry elements, etc.) are required to afford a CPL with
controllable handedness.

The application of an external static magnetic field is a
versatile physical technique that can generate ambidextrous
chiroptical signals from achiral substances. This novel approach
relies on Faraday’s discovery that a static magnetic field can
induce the ambidextrous magnetic optical rotation (MOR) of
lead-containing glass in its ground state (GS). The MOR
depended on the Faraday geometry, in which north (N)-up or
south (S)-up magnetic fields are parallel to the incident light
beam. This magneto-optical phenomenon of certain substances
is known as the Faraday effect.
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Recently, the Faraday effect has been employed to generate
magnetic circularly polarised luminescence (MCPL) signals from
paramagnetic inorganic substances (e.g., Eu3*, Tb3*, Pr3*, and
Cu*) in their excited state (ES) with a Faraday geometry.[4
However, most studies use only one Faraday geometry between
N-up and S-up ones because it is difficult to simultaneously
configure both N-up and S-up geometries.

These ambidextrous MOR experiments by Faraday, in
addition to recent MCPL experiments using one of two Faraday
geometries, led us to conclude that ES-diamagnetic achiral
pyrenes (Pys) with and without a hydroxyl group exhibit mirror
symmetric MCPL in dilute fluidic and solidified solutions at 25 °C
upon the application of both N-up and S-up geometries under
an external field of 1.6 T (originating from a palm-sized
permanent magnet). The application of N-up and S-up
geometries is only possible by alternating the position of the
magnet, which is placed in the CPL sample compartment with a
0° forward scattering angle of the incident beam. Interestingly,
sign inversion took place in the resulting MCPL due to the
peripheral position of the hydroxyl group in the Py ring. As
expected, the MCPL spectral sign inverts with a change in the
Faraday geometry; i.e., the MCPL handedness at the N-up
geometry is opposite to that at the S-up geometry.l5!

However, it is important to determine whether the peripheral
position-dependent MCPL sign inversion is specific for Pys or if
it is a general tendency displayed by all fused aromatic systems
with topologies. Thus,
experimentally studied the MCPL characteristics of six Py

circular and arc-shaped we
derivatives with a circular m-network and two phenanthrene
(Phe) derivatives with an arc-shaped m-network. Electron-
donating (ED, hydroxy and methoxy for 1a—1b, 2a-2b, and 3a—
3b) and electron-withdrawing (EWD, carboxylic acid for 1c, 2c,
and 3c) groups were substituted at the 1- and 2-positions of the
Py rings and the 3-position of the Phe rings (Fig. 1).

Herein, we demonstrate that the photoexcited Py and Phe
derivatives in dilute organic solvents at 25 °C demonstrate clear
mirror-symmetric MCPL spectra in response to N-up and S-up
geometries. In addition, the MCPL sign inverts from the ED to
EWD groups of Py and Phe at the same N-up (or S-up) geometry,
while 1- and 2-substituted Pys display opposite MCPL

handedness. Furthermore, the MCPL handedness inverts by
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changing the substituent (from ED to EWD) in 3-substituted
(phenanthrenes) Phes, and regardless of the substituent
positions, the absolute MCPL magnitudes of the Pys bearing ED
substituents are slightly larger than those of the Pys bearing
EWD substituents. Among all Py derivatives tested, the
unsubstituted Py affords the largest MCPL magnitude.[>"!
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1¢, X = COOH 2¢, X = COOH 3¢, X=COOH

Fig. 1. Achiral pyrene (Py) and phenanthrene (Phe) units substituted with
electron donating (ED) and electron withdrawing (EWD) groups.

Six Py derivatives bearing ED and EWD groups, 1a—-1c, were
purchased from Tokyo Chemical Industry Co., Ltd., while 2a-2c
were prepared following a previously reported method!®!
(Schemes S1 and S2 in the Sl). In addition, three Phe derivatives
were employed, where 3a and 3b were synthesised as
described in the SI (Schemes S3 and S4), while 3¢ was purchased
from Sigma-Aldrich (Tokyo, Japan).

The MCPL and the corresponding photoluminescence (PL)
spectra of 1-3 were simultaneously obtained at N-up and S-up
geometries under an external magnetic field of 1.6 T. Regardless
of the substituents present, if any, the Py family demonstrates
a clear MCPL spectra at the N-up geometry under the 1.6 T
magnetic field in a dilute chloroform (CHCIs) solution (Fig. 2).
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Fig. 2. MCPL (upper panel) and PL (lower panel) spectra of the (a) 1a
(black),**! 1b (red), and 1c (blue) luminophores, and the (b) 2a (black),*! 2b
(red), and 2c (blue) luminophores in CHCl; (1.0 x 10™* M) at the N-up

geometry under a 1.6 T magnetic field.
The maximum wavelength (Apcp) of the MCPL spectra was

between 384 and 405 nm, corresponding to the 0-0’ band of
the monomeric Py species. As expected, the MCPL handedness

4| J. Name., 2012, 00, 1-3

changed at the 1.6 T S-up geometry, indicating that a change in
the Faraday geometry induces a sign inversion in the MCPL of
these Pys. As a result, regardless of the substituents present, all
Pys demonstrated N-up-/S-up-dependent mirror symmetrical
MCPL spectra (Figs. S10-S27, in the Sl).

The MCPL handedness of the Pys substituted with ED
(hydroxy for 1a and 2a and methoxy for 1b and 2b) and EWD
(carboxy for 1c and 2c) groups was found to be different. In
addition, the 1- and 2-peripheral positions show opposite MCPL
spectral signs, i.e., the (=)-sign MCPL for 1a and 1b and the (+)-
sign for 1c in 1-Pys, while in contrast, the (-)-sign for 2c and the
(+)-sign for 2a and 2b in 2-Pys when the same N-up geometry is
applied.

The dissymmetry ratio (gmepr, T-1) of MCPL can be expressed
as gwer. = (IL— R)/[(IL + Ir)/2] per Tesla, where I, and I are the
intensities of the left- and right-handed MCPL, respectively,
upon excitation with unpolarised incident light.

The value of gycp. as a function of the wavelength and at a
specific Aycp. are plotted in Fig. 3 and summarised in Table 1,
respectively. In the case of 1-Pys, the ED groups boost the
| gmcepL | value five-fold relative to the EWD group: 1.1 x 103 T1
for 1b while 0.23 x 103 T-! for 1c. On the other hand, in the case
of 2-Py, ED and EWD groups had little effect on the |gmcp|
value, i.e., 1.5 x 103 T1for 2b and 1.2 x 103 T-1 for 2c.

Table 1. MCPL characteristics of dilute solutions of 1a—1c, 2a-2c, 3a—-3c, and
the corresponding unsubstituted Pys in CHCl; (1.0x10™* M) and Phes in THF
(1.0x1073 M) at the N-up Faraday geometry under a magnetic field of 1.6 T.
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Entry Solv. MCPL luminophore AmiceL/ NmM gwcpL /103 T2
1(5b] CHCl3 la 388 -1.4
2 CHCl3 1b 384 -1.1
3 CHCl3 1c 393 +0.24
4lsb] CHCl3 2a 388 +1.4
5 CHCl3 2b 386 +1.5
6 CHCl3 2c 405 -1.2
7 THF 3a 380 -0.9
8 THF 3b 377 -0.7g
9 THF 3c 369 +0.65
1000 CHCl3 Py 374 -8.2
1106 THF Phe 349 -1.0

In addition, we evaluated the MCPL and PL characteristics of
2a—2c in CHCIl; solution at a higher concentration (1.0 x 1072 M)
to verify the excimer-origin MCPL and PL spectra (Figs. S16, S20,
and S24 in the Sl). Significant redshifts were observed in the
MCPL signals at the 0—0’ band; however, no clear excimer-origin
MCPL signals were found at ~450-500 nm. These MCPL signals
may arise from the presence of J-type slip-stacked dimeric
and/or higher associated species in the GS. The gucp. values for
2a, 2b, and 2c at the N-up geometry were determined to be 1.2
x 1073, 1.2 x 1073, and 2.8 x 1073 T, respectively. Signals
corresponding to the GS-dimeric and/or associated species of
Pys may be observed when the corresponding ES-species are
perturbed by the external magnetic field.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. The value of gucp. as a function of the wavelength associated with the
PL spectra of (a) 1a(black), 1b (red), and 1c (blue), and (b) 2a (black), 2b (red),
and 2c (blue) in CHCI3 (1.0 x 10* M) at the N-up Faraday geometry under a
1.6 T magnetic field.

All Phe derivatives of 3a—3c in solution of THF were found to
exhibit mirror symmetric MCPL spectra between 340 and 400
nm at both the N-up and S-up geometries (Figs. S28-S36 in the
Sl1). Although their |gmcp.| values (0.77 x 1073 T-1for 3a, 0.78 x
1073 T for 3b, 0.65 x 1073 T for 3c) are similar, the MCPL
spectral signs of 3a/3b and 3c are different at the same N-up
geometry. It should be noted that 3c is scarcely soluble in CHCI;
(Fig. 4).
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Fig. 4. (a) MCPL (upper panel) and PL (lower panel) spectra of 3a (black), 3b
(red), and 3c (blue), and (b) the gmcp. as a function of wavelength of 3a
(black), 3b (red), and 3c (blue) in THF (1.0 x 10~ M) at the N-up geometry

under a 1.6 T magnetic field.

This journal is © The Royal Society of Chemistry 20xx
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Then, for theoretical analysis, we proposed an empirical
relationship between the gycp. values of the Pys and Phes as
functions of the Hammett parameters, including 6, and 6, to
determine the degree of electronic and resonance effects in the
ED and EWD groups of the substituted benzene derivatives!”]

(Fig. 5).
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Fig. 5. Relationship between the gycp. values and the Hammett parameters
(6, and 6r,) for (a) 1-Py and 2-Py; &, (red) and 6, (blue), and for (b) 3-Phe; 6,
(red) and 6., (blue).

More specifically, the dependence of the MCPL handedness
and sign inversion on the nature of the substituents (ED/EWD)
and their peripheral positions suggests that the electronic and
resonance effects of the aromatic systems may affect the ESI8l,
We proposed an empirical relationship between the gycp. value
and the Hammett parameters (6, and 6.) for substituted
benzene derivatives. The gycp. values of the Pys as functions of
6, and 6, are plotted in Fig. 5(a). The plot between the gmcp. of
1-Pys and 6, shows a good linear correlation (red filled circles),
and a similar linear result was observed for 2-Pys (blue filled
squares), but with the opposite slope. Likewise, a good linear
correlation was observed between the gycp. values of the 1-/2-
substituted Pys and &,, (red-filled and blue-filled squares).
Furthermore, a linear relationship is also observed between the
gmce. Value of the 3-substituted Phes and 6, and 6, (Fig. 5(b)).
These findings suggest that the electronic perturbation caused
by ED and EWD substituents in the ES-aromatic systems affect
the dissymmetry ratio of MCPL. The Hammett parameters for
the GS may therefore be related to the degree of spin-orbit
coupling in the ES-aromatic systems.

Finally, MCPL properties of Pys and Phes with ED and EWD
group in dimethyl sulfoxide (DMSO) solution state were studied.
Although the MCPL wavelength was slightly changed according
to the solvent type, MCPL behaver and gycp. values were similar
to in CHCl; solution state (Figs. S37-S44, in Table 2 and SI).
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Table 2. MCPL characteristics of dilute solutions of 1a-1c, 2a-2c and 3a-3cin
DMSO (1.0x107* M) at the N-up Faraday geometry under a magnetic field of
1.6T.

Entry Solv. MCPL luminophore AmceL/ nm 8wcpL/ 1073 T2
1 DMSO 1a 409 -1.0
2 DMSO 1b 390 -0.94
3 DMSO 1c 409 +0.25
4 DMSO 2a 390 +0.94
5 DMSO 2b 384 +1.9
6 DMSO 2c 403 -1.5
7 DMSO 3a 373 -0.85
8 DMSO 3b 361 -0.8
9l6l DMSO 3c 374 +0.83

In summary, we verified that dilute solutions of six Py and
three Phe derivatives bearing electron-donating and electron-
withdrawing substituents exhibited mirror-symmetric MCPL in
the UV-visible region upon the application of both N-up and S-
up Faraday geometries under an external magnetic field of 1.6
T. Notably, the MCPL signs of the Pys and Phes bearing electron-
donating groups differed from those of the corresponding
compounds bearing electron-withdrawing groups. Moreover,
the MCPL signs of 1- and 2-substituted Pys were found to be
opposite to one another. Additionally, we interpreted the
relationship between the MCPL sign inversion characteristics
and the Hammett parameters (6, and &,) in a series of
substituted benzene derivatives. The present study provides
useful insights for the prediction of the MCPL handedness of
substituted aromatic systems.
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