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A chiral Schiff-base boron difluoride complex bearing a diethylamino group was synthesized. Its
photophysical properties were investigated and compared with those of its non-substituted analogue.
The complex was found to exhibit solvatofluorochromism with bluish-white emission in moderately
polar solvents and intense blue emission in nonpolar solvent. Circularly polarized luminescence (CPL)
properties were also examined and it was found that the absolute value of the luminescence
dissymmetry factor (gum) increases significantly in the KBr-dispersed pellet state compared to the
solution state. Notably, CPL intensity of the complex enhanced approximately three times upon addition
of CH3zSOszH in CH,Cl,. Density functional theory (DFT) calculations were conducted to further
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Introductions

Circularly polarized luminescence (CPL)** which is defined as
differential emission of left- versus right-circularly polarized light
have attracted increasing attentions over the past decade as an
important phenomenon with potential applications in 3D optical
displays,® biological probes,® asymmetric synthesis,” as well as
CPL lasers.® Among the various CPL-active materials, small
organic molecules (SOMs)® have drawn growing interest owing to
the potential application for circularly polarized organic light-
emitting diodes (CP-OLEDs)."® Numerous examples of CPL-
SOMs with chiral frameworks such as helicenes," cyclophanes™
and binaphthyls* have been developed and several studies have
been reported to establish guidelines for designing molecules that
exhibit high CPL efficiency."*#"#'¥ Controlling CPL characteris-
tics of CPL-SOMs is an important subject in the development of
advanced information technologies.* One of the strategy to ach-
ieve CPL control of SOMs is to design molecules that are sensitive
to conformational changes in response to the external environ-
ment. To date, a variety of SOMs have been developed in which
CPL properties can be controlled depending on the external
environment, such as solvent,” dispersed matrix'® and pH."”
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understand the photophysical properties.

Organoboron complexes have received increasing attention
in recent years due to their efficient and tunable luminescent
properties.'® Such characteristics have led to their wide utiliza-
tion in optical and optoelectronic devices, including organic
light-emitting diodes (OLEDs)." Boron difluoride complexes,
one of the families of organoboron complexes, have been
recognized as promising materials for CPL-SOMs due to their
ease of preparation and modification.”® Various CPL-active
boron difluoride complexes®* containing conjugated -
systems including axial chirality,%% helical chirality***%" and
planar chirality**® have been reported.

As part of our program aimed at the creation of novel func-
tional materials with CPL-activities, we have developed organic
and organometallic complexes bearing chiral Schiff-base
ligands.**=*¥2> Previously, we reported that boron difluoride
complexes with chiral Schiff-base ligands exhibit multi-colour
CPL properties in dilute solution and in the drop cast film
state.?V In the present work, we aimed to develop novel boron
difluoride complexes with controllable CPL properties
depending on the external environment for further applica-
tions. To this purpose, complex 1la bearing a diethylamino
group was newly designed and the photophysical properties of
the complex were compared with the non-substituted analogue
1b (Fig. 1). As a result, it was found that intensity and colour of
CPL can be controlled by varying solvent polarity, dispersed
matrix and pH of the solution. Theoretical calculations revealed
a relationship between their structures and the photophysical
properties including CPL-activities. Herein we describe the
synthesis, structure and photophysical properties of chiral
Schiff-base boron difluoride complexes with a focus on its
tunable CPL properties.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of the boron difluoride complexes studied in this
work.

Results and discussion
Synthesis and structures

The chiral boron difluoride complexes (R)-1a and (S)-1a were
successfully synthesized by the reaction of BF;-OEt, with opti-
cally pure Schiff-base ligands (R)-2a and (S)-2a bearing a dieth-
ylamino group in dry 1,2-dichloroethane (DCE) according to the
reported procedure (Scheme 1).>** The non-substituted
analogues (R)-1b and (S)-1b were also prepared as reference
compounds from the corresponding optically pure Schiff-base
ligands (R)-2b and (S)-2b by the same synthetic methods. The
newly synthesized compounds la and 2a were successfully
characterized by 'H and "*C nuclear magnetic resonance (NMR)
spectroscopy (Fig. S1 and S3, ESIt), infra-red (IR) spectroscopy,
high-resolution mass spectrometry (HRMS) and elemental
analysis, respectively.

Single crystals of (S)-1a were obtained by recrystallization
from a CH,CI,/EtOH solution and the molecular structure was
unequivocally established by X-ray diffraction (XRD) analysis at
113 K. The details of the crystal data and the structure refine-
ment are presented in Table S1 (ESIT). ORTEP* drawings of (S)-
1a are presented in Fig. 2. The boron atoms in (S)-1a adopt
a typical tetrahedral geometry to form a six-membered ring
which is similar to the previously reported boron difluoride
complexes.”” The packing structure and major interactions in
the lattice are shown in Fig. S5 (ESIt). (S)-1a crystallizes in the
chiral monoclinic space group P2;. In the lattice, complex (S)-1a
was fixed three-dimensional intermolecular H-F bonds.

Photophysical properties

Circular dichroism (CD) and UV-vis absorption spectra of (R)-1a
and (S)-1a were recorded in CH,Cl, solution at room tempera-
ture (Fig. 3a and b). The spectra of complexes (R)-1b and (S)-1b
under the same conditions are also shown for comparison.>*?

Ph Ph
- BF;-Et,0
* Et;N *
=N 3 _N\B /F
OH dry DCE o’ F
reflux
R R

(R)I(S)-2a (R = NEt,)
(R)/(S)-2b (R = H)

(R)I(S)-1a: 61% (R = NEt,)
(R)I(S)-1b: 77% (R = H)

Scheme 1 Synthesis of chiral boron difluoride complexes (R)/(S)-1a
and 1b.
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Fig. 2 ORTEP representations of (S)-1a. Left figures: overhead views.
Right figures: side views.
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Fig. 3 (a) CD and (b) UV-vis spectra of 2.0 x 10~ M solutions of 1a
and 1b in CH,Cl, at 298 K.

(R)-1a and (S)-1a showed mirror image CD spectra with their
maxima matching the maxima of the UV-vis absorption spectra.
The low energy band of 1a was increased and bathochromically
shifted compared to that of 1b in both CD and UV-vis absorp-
tion spectra. This is attributed to the participation of n-m*
transition character from the lone pair of the nitrogen atom of
the diethylamino group. The |g.ps| (=A¢/¢) values around the
absorption maxima in the low energy region are calculated to be
1.4 x 10~ (380 nm) for 1a and 1.0 x 10~* (348 nm) for 1b,
respectively. These results indicate that the participation of n-
7* increases ¢ value, resulting in a decrease in the |g,ps| value.
Further consideration will be discussed in a later section with
the results of the theoretical calculations.

Complex 1a exhibited blue to bluish-white luminescence
with moderate emission quantum efficiencies (¢) under UV
excitation at room temperature in dilute CH,Cl, solution, in the
crystalline and in the KBr-dispersed pellet state, respectively
(Fig. 4a). The photophysical data for complexes 1a and 1b are
presented in Table 1. The emission spectra in each state are

RSC Adv, 2022, 12, 34790-34796 | 34791
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Fig. 4 (a) Photographs under UV illumination at 365 nm and (b)
normalized emission spectra of 1a and 1b in CH,Cl, (2.0 x 107* M),
crystalline and in the KBr-dispersed pellet state at 298 K (Aex = 350 nm).
The insets in (b) show the CIE colour coordinates of the emissions (1,
la in CH,Cl,; 2, 1b in CH,Cly; 3, 1a (KBr); 4, 1a (crystal).

shown in Fig. 4b. In the solution state, complex 1a exhibited two
emission bands around 420 and 540 nm, while 1b showed only
one emission band around 430 nm under the same condition.
The emission band around 540 nm in complex 1a is attributed
to the para-quinoidal resonance structure in the excited state
(Scheme 2).>* The first emission band in 1a showed a clear
bathochromic shift in the solid state (A,.x = 472 nm for crystal
and Apax = 463 nm for KBr pellet) compared to that of in
solution state (Amax = 420 nm). The CIE colour coordinates
plotted on the CIE1931 chromaticity chart*® (Fig. 4b, inset)
indicate that the emission colour of 1a and 1b varies between
the blue to white region in each state.

While it has been reported that 1b exhibits identical fluo-
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Scheme 2 Plausible equilibrium of the resonance structures of
complex 1a in the excited state.

solvatofluorochromism depending on the polarity of the
solvents. Fig. 5a shows photographs of 1a in various organic
solvents under UV irradiation. Bluish-white emissions were
observed in moderately polar solvents such as CHCl;, DCE and
THF as well as CH,Cl,. In nonpolar solvents like toluene, 1a
showed intense blue emission with a high ¢ value (0.59)
(Fig. 5a). In highly polar solvents (CH;CN, acetone, DMF and
MeOH), 1a exhibited weak blue emission with a low @ value
(0.01) (Fig. S6 and Table S2, ESIt). The UV-vis absorption spectra
of 1a in various organic solvents are shown in Fig. S7 (ESIY),
where identical absorption spectra were observed in all solu-
tions. From these results, we conclude that the polarity of the
solvents affects the stability of the resonance structures (ben-
zoid- and quinoid-form) in the excited state which is the key to
the dual emission properties of 1a.

The CPL spectra of the enantiomeric samples 1a and 1b in
dilute organic solutions show mirror image spectra (Fig. 6 and
S8, ESIT), and the emission peak maxima of the CPL signals
correspond well to the emission spectra taken under the same
measurement conditions (Fig. 4b and 5b). In general, the effi-
ciency of CPL is usually quantified by means of the lumines-
cence dissymmetry factor (gium = 2AI/I = 2(I, — Ig)/(I, + Ir), in
which I} and Iy are the intensity of left- and right-circularly
polarized luminescence).”® The |g,m| values around the
maximum emission wavelength in CH,Cl, solution are calcu-
lated to be 2.8 x 10~ (426 nm) for 1a and 1.0 x 10~ (433 nm)
for 1b, respectively, which are typical values for small organic
and organometallic molecules.>” The CPL spectra of (R)-1a and
(S)-1a in toluene, CHCl;, DCE and THF also showed g, values
of the 10~ * order (Table 1 and Fig. S8, ESIT). The decrease in the

rescent properties in any solvent>? 1a exhibits

Table 1 Photophysical data for complexes 1a and 1b®

Compound Medium Aabs [NM] Amax” [Nm] o |Ztam|? CIE (x, y)?

1a CH,Cl, 281, 381 420, 539 0.13 2.8 x 10~* (426 nm) 0.23, 0.21
CH,Cl, + CH;SO3H (10 eq.) 267, 346 423 0.12 9.0 x 10~* (426 nm) 0.17, 0.09
Toluene 279, 379 414 0.59 2.3 x 10" (423 nm) 0.17, 0.07
CHCl, 282, 381 417, 534 0.49 2.6 x 10~* (418 nm) 0.18, 0.12
DCE 281, 380 421, 546 0.07 2.0 x 107* (423 nm) 0.25, 0.22
THF 279, 375 417, 550 0.04 2.4 x 10~* (424 nm) 0.22, 0.19
Crystal — 472 0.33 — 0.16, 0.23
KBr pellet — 463 0.30 2.4 x 107° (461 nm) 0.17, 0.20

1b CH,Cl, 354° 433° 0.32¢ 1.0 x 1072 (433 nm) 0.15, 0.08

“ Data were obtained from a 2.0 x 10~* M solution, crystals or KBr-dispersed pellets at 298 K. * 2., = 350 nm. ¢ Luminescent quantum efficiencies
measured using the absolute method with an integrating sphere. ¢ The |gium| values around emission peak maxima are listed. ¢ The data for 1b

(reported in ref. 20d) are provided for comparison.
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Fig. 5 (a) Photographs under UV illumination at 365 nm and (b)

normalized emission spectra of 2.0 x 10~* M solutions of (S)-1a in
various organic solvents at 298 K (1ex = 350 nm). The insets in (b) show
the CIE colour coordinates of the emissions (solvents: 1, toluene; 2,
CHCls; 3, THF; 4, CH,Cl,; 5, DCE).
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Fig. 6 CPL spectra of (R)-and (S)- (a) 1a and (b) 1b in CH,CL, (2.0 x
107* M) at 298 K (e = 350 nm).

|glum| value caused by the introduction of a diethylamino group
corresponds to the decrease in the |g.ps| value calculated from
the CD spectra, which will be also discussed with the results of
theoretical calculations described below. The CPL spectra of (R)-
1a and (S)-1a were also recorded in the KBr-dispersed pellet
state, showing clear mirror image signals. Their maximum
emission |gim| values are calculated to be 2.4 x 107> (461 nm),
which is approximately 9 times higher than the value measured
in solution (Fig. 7). This improvement of CPL chirality in the
KBr-dispersed pellet is considered to be due to the emergence of
supramolecular chirality in the aggregated state.

One of the most important photophysical properties of
complex 1a is the acid-induced CPL enhancement, observed in
CH,Cl, upon addition of an excess CH3;SO3;H. As shown in
Fig. 8a, the addition of excess amounts of CH;SO3;H (10 equiv.)
to a bluish-white emissive solution of complex 1a in CH,Cl,
typically causes the solution to exhibit blue fluorescence at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 CPL spectra of (R)-and (S)-1a in the KBr-dispersed pellet state at
298 K (Aex = 350 nm).

298 K. "H NMR spectrum of complex 1a with CH;SO;H in CDCI;
suggests that 1a is stable under low concentrated acidic solu-
tion (Fig. S107). Fig. 8b and ¢ show changes in the CPL and total
emission spectra of 2.0 x 10~* M solutions of 1a in CH,Cl,. The
addition of CH3SO;H resulted in an increase in CPL intensity
around 420 nm (Fig. 8b). In the total emission spectrum, the
emission band around 540 nm disappeared (Fig. 8c). The
maximum emission |g,m| values in the CPL spectra were
calculated to be 9.0 x 10™* (426 nm), which is approximately 4
times higher than the value measured in the original solution.
The UV-vis spectra of 1a in CH,Cl, with varying equivalents of
CH;3SO;H are shown in Fig. S9 (ESIt), where the decrease of n-
7* transition band around 380 nm was observed. Hence, the
increase in CPL upon acid addition can be attributed to the
decrease of n—m* character in the luminescence process.
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Fig. 8 (a) Photographs under UV illumination at 365 nm, (b) CPL and
(c) normalized total emission spectra of (R)- and (S)-1a in CH,Cl, (2.0
x 10™* M) with and without CH3SOzH at 298 K (Aex = 350 nm).
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Theoretical calculations

To get more insight into the photophysical properties of the
present chiral boron complexes, we performed density func-
tional theory (DFT) and time-dependent (TD) DFT calculations
on the B3LYP/6-31+G(d,p) level, using the Gaussian 16 program.
The optimized structures and frontier orbitals of (S)-1a and (S)-
1b in the S, (ground state) and S, (excited state) states were
estimated using DFT calculations on the basis of the X-ray
structures (Fig. 9). The HOMOs are principally 7 orbitals of
the ligand, including the non-bonding orbital of the dieth-
ylamino group of (S)-1a, whereas the LUMOs are in the ligand
(7c*). The energy levels and electronic configurations of the
singlet states of these complexes were estimated from TD-DFT
calculations (B3LYP/6-31+G(d,p)) (Tables S3 and S4, ESIt). The
major contribution of the electronic configuration of the S;
states is the HOMO-to-LUMO transition, which implies that the
present fluorescence is principally attributable to a mixture of
n-* and m-7* transitions of (S)-1a and the 7-7* transition of
(S)-1b. The S;-to-S, transition energies for S, states were calcu-
lated to be 2.98 eV (416 nm) for (S)-1a and 2.96 eV (419 nm) for
(S)-1b, which is consistent with the emission peak maxima of
the first emission band of the experimental spectra (Amax =
420 nm for (S)-1a and Ay = 433 nm for (S)-1b).

We considered the variation of chiroptical properties of (S)-1a
and (S)-1b from the viewpoint of transition dipole moments
using TD-DFT calculations. The dissymmetry factors ga,s for CD
and gjum for CPL are calculated with the following equation g =
4(|tte| |m| €08 Oe m)/(|1tel* + |1ml®), where |pe|, |um| and e, are the
electric transition dipole moments, magnetic transition dipole
moments and the angles between the two vectors u. and pup,
respectively.”® In the case of CPL-SOMs, || is basically much
smaller compared with |u.| and can be neglected. Thus, the
equation of g can be replaced as follows: g = 4(|um|cos e m)/| e/,
in which the g value is directly proportional to |u,| and inversely
proportional to |u|. Fig. 10 shows the electric and magnetic
dipole moments calculated for the upward Sy-to-S; and the
downward S;-to-S, transitions of (S)-1a and (S)-1b in the opti-
mized geometries. For the upward Sy-to-S; transition, g,p,s values

(a) (b)
LUMO LUMO
\ E
¢

-1.89 -2.48 -2.32 -2.81

HOMO HOMO |

\
3 2 |£
-5.83 -6.59 -5.86 -6.31
1a 1b 1a 1b

Fig. 9 Molecular orbitals (overhead views) and eigenvalues [eV] for the
frontier orbitals of (S)-1a and (S)-1b estimated from DFT calculations
(B3LYP/6-31+G(d,p)) on the basis of the optimized geometries in the (a) So
ground and (b) S; excited states. Hydrogen atoms are omitted for clarity.
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Fig. 10 Electric (u.. orange) and magnetic (uq,, purple) dipole
moments of the (a) So — S transition and (b) S; — S transition for (S)-
la (left) and (S)-1b (right) calculated at the B3LYP/6-31+G(d,p) level.
Calculated values of transition dipole moments (|ue|, |#m| and e m) and
Jum are given under each structure.

were calculated to be —2.8 x 10~* for (S)-1a and —1.0 x 102 for
(S)-1b (Fig. 10a), which is consistent with the results from
experimental CD spectra (—1.4 x 10~* for (S)-1aand —1.0 x 107>
for (S)-1b, Table 1). The scalar values |u.| of (S)-1a is more than 2
times higher than that of (S)-1b, whereas |u,,| was less than half
compared to that of (S)-1b. Following the equation of the g value,
the decrease of the g,;,s value for (S)-1a compared to that of (S)-1b
is attributed to the changes in the scalar values |u.| and |u,,|. For
the downward S;-to-S, transition, gj,m values were calculated to
be —2.8 x 107* for (S)-1a and —1.1 x 107 for (S)-1b (Fig. 10b)
which is consistent with the result from experimental CPL
spectra (—2.8 x 10~ * for (S)-1a and —1.0 x 10 for (S)-1b, Table
1). The small g,y for (S)-1a can be traced back to the nearly
orthogonal electric and magnetic dipole moments: f. ,, = 91°.
The angle 6. ,,, for the downward transition of (S)-1b is 6, ,,, = 94°.
This apparently small change in f. ,, alone would influence the
Zium by a factor of 4 (as cos 94°/cos 91° = 0.07/0.0017). Given the
calculation results, we can be certain that the orientation of
dipole moments in the downward S;-to-S, transitions is a key for
the decrease in gjum for (S)-1a compare to that of (S)-1b. The
enhancement of the CPL intensity with the addition of CH;SO;H
was also attributed to the changes in orientation of dipole
moments, as the protonation of the diethylamino group reduces
the contribution of the n-m* transition character.

Conclusions

In summary, we have demonstrated external environment
sensitive circularly polarized luminescence based on Schiff-base

© 2022 The Author(s). Published by the Royal Society of Chemistry
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difluoride boron complexes. These chiral compounds exhibited
solvatofluorochromism and acid-induced CPL enhancement in
the solution state. The CPL intensity was also enhanced in the
KBr-dispersed pellet state with a gj,m, value of 2.4 x 10~%, DFT
and TD-DFT calculations of the structures and electronic
configurations of (S)-1a and (S)-1b revealed a relationship
between molecular structure and photophysical properties.
Theoretical consideration of the effect of solvent polarity for
solvatofluorochromic behavior observed in 1a is now in
progress.
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