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Abstract

Photophysical modulation of triarylboranes (TABs) through Lewis acid-base interactions is a fundamental approach in sensing anions. Yet,
design principles for anion-responsive TABs displaying significant red-shift in absorption and photoluminescence (PL) have remained
elusive. Herein, a new strategy for modulating photophysics of TABs in red-shift mode has been presented, endowing a nitrogen-bridged
triarylborane (phenazaborine: PAzB) with contradictory dual role as a Lewis acid and an electron donor. Following the strategy, a PAzB
derivative connected with an electron-deficient azaaromatic has been developed, and it displays distinct red-shift in absorption and PL in
response to an anion. Spectroscopic analyses and quantum chemical calculations have revealed the formation of tetracoordinated borate
upon addition of fluoride, narrowing the HOMO-LUMO gap and enhancing charge transfer character in the excited state. This approach has
also been demonstrated in solid-state films.

Introduction

Since triorganoboranes (R3B) possess a vacant 2p orbital on the boron center, they exhibit pronounced Lewis acidity
and have thus been widely employed in organic synthesis!' and catalysis sciencel?. Specifically, triarylboranes (TABs),
which feature extended m-electron systems as the organic fragment (R = Ar), possess exceptional capability not only for
accepting electrons but also for absorbing light in the near-ultraviolet to visible spectrum, owing to their delocalized -
systems spanning the entire molecule. As a result, TABs have been extensively utilized in materials science, finding a
variety of applications such as electron transporting materials, nonlinear optical materials, and two-photon-exited
fluorescent materials.[*!

In conjunction with intrinsic Lewis acidity and photo-absorbing capability, TABs offer substantial potential
for modulating photophysical properties through Lewis acid-base interactions. Complexation of TABs with a Lewis base
at the trivalent boron center perturbs its electronic structure, resulting in the breaking of conjugation, structural
deformation, and an increase in electron density. By leveraging these phenomena, a wide array of TABs that are capable
of sensing Lewis bases have been developed, which are typically classified into three distinct strategies (Figure la—c).
Of particular importance is the detection of fluoride, as it has significant implications for healthcare and environmental
pollution.™ As a pioneering work in the field of TAB-based colorimetric sensing materials for fluoride, Yamaguchi and
Tamao developed tris(9-anthryl)borane.’”) Upon complexation with fluoride, the p,-m* conjugation between the
anthracene units and the boron center is interrupted, resulting in a change in solution color from orange to colorless. A
similar design approach based on the concept of “interrupting conjugation” (Figure 1a) has been applied to n-extended
dibenzoboroles, which display a significant blue-shift of fluorescence in the visible light region upon the addition of
fluoride and electron-donating solvent such as DMF.!® Lewis base sensors based on TAB or its polymeric form in a
“blue-shift” or “turn-off” mode have been most widely explored.”! The binding event of fluoride to the electrophilic
boron center offers an additional avenue for modulating photophysical properties through changing energy transfer (ET)
pathway, resulting in a ratiometric change in both absorption and photoluminescence as illustrated in Figure 1b. Takeuchi
and Shinkai have developed a conjugate of porphyrin and tris(durene)-cored TAB, with the porphyrin serving as the
energy acceptor (EA) and the TAB serving as the energy donor (ED).['% Inhibiting charge-transfer (CT) from an electron
donor (D) to the TAB as an electronic acceptor (A) through complexation with a Lewis base is also commonly utilized



strategy for modulating photophysical properties of TAB compounds, as illustrated in Figure 1c. Conjugated donor-m-
acceptor (D—n—A) luminescent compounds, comprising of TAB as the acceptor and triarylamines as the donor, exhibit
a blue shift in photoluminescence wavelength upon coordination of fluoride to the boron center.!!!? This is due to the
saturation of the vacant 2p orbital of the boron center upon complexation with fluoride, leading to a “blocking CT” mode
and an increase in the intensity of blue-shifted emission from locally excited (LE) state of the donor. For example, Wang
et al. reported on a D-n—A TAB compound that has an N-(1-naphthyl)phenylamino moiety as the donor and B(mesityl),
moiety as the acceptor, along with a 1,8-bis(4,4’-biphenyl)naphthalene unit as the m-linker, which exhibited green
emission via through-space CT (TSCT) from the donor to the acceptor.[?! The green emission ratiometrically turned to
blue with an increase in intensity as a function of the amount of fluoride added, as a result of the inhibition of TSCT
(Figure 1c). By incorporating an extended m-system as the linker in the D-n—A system, multiple emission modes can be
achieved through Lewis acid-base interactions (Figure 1c).'¥) As mentioned above, the majority of known TABs exhibit
a “blue-shift” of absorption and PL or “turn-off” of PL upon interaction with a Lewis base, mediated by the disruption
of pr-m* conjugation or the inhibition of CT (Figure la—c).’'¥ In sharp contrast, TABs that exhibit a red-shift of
absorption and/or PL in response to a Lewis base, such as fluoride and cyanide, have been rarely explored, owing to the
lack of rational design principles for such materials.'>! Such anion-responsive TABs would offer new opportunities to
detect anions in a complementary manner to hitherto reported materials.

Herein, we disclose the development of TAB compound 1 that displays a distinct red-shift in absorption and
PL upon the interaction with a Lewis basic anion, which is enabled by a novel design strategy for narrowing the HOMO-
LUMO energy gap and enhancing charge-transfer in the excited state through reversing the intrinsic role of TAB from
an electronic acceptor to an electronic donor (as illustrated in Figure 1d).') More importantly, the substantial
enhancement of CT in the excited states enables the red-shifting of emission even in solid-state host-guest systems,
leading to modulation of PL in film state from blue to deep-red and near-infrared (NIR) region.
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Figure 1. a)—) Previous and d) our strategies for modulating photophysical properties of TABs with fluoride. €) The HOMO/LUMO energies
of 1 and its borate form [1-2F]*" estimated by the DFT method calculations.

Results and Discussion

In order to endow a TAB compound with the contradictory dual role as a Lewis acid and an electronic donor, we designed
an orthogonally-connected compound comprising of two 1,4-phenazaborines (PAzBs) and dibenzo[a,j]phenazine
(DBPHZ) (1 in Figure 1d). Given that PAzB possesses a l4m-clectron system, it serves as a B,N-analogue of
anthracene!!’? and adopts a planar structure.!!’*!71 On one hand, electronic resonance between the nitrogen and boron
centers results in ambipolar electronic distribution (-N'=C-C=B-), thus the PAzB family exhibits distinct
physicochemical properties.['”! We envisaged that the structural flatness and ambipolar electronic structure of PAzB
would enable its utilization as an electron donor, given that the boron compound is connected with an appropriately
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electron-deficient unit. The introduction of a highly electron-deficient functional group, such as ammonium,
phosphonium, and diarylboron functionality, on the periphery of PAzB unit drastically enhances K, values to the order
of 10° M, thereby enabling sufficient capture of fluoride in organic solvents.!'8) We focused on DBPHZ as the electron-
deficient unit, which exhibits a high electron affinity comparable to that of tris(8-hydroxyquinolinato)aluminium
(Algs)." Additionally, the highly planar structure of DBPHZ and PAzB enables a perpendicular geometry of D and A
units in a D—A-D architecture.?” Thus, we hypothesized that the connection of PAzB and DBPHZ units increases Lewis
acidity of the trivalent boron center, due to the disconnection of m conjugation across D and A fragments via orthogonal
geometry and a subsequent effective withdrawal of electrons through C—N o single bond (i.e., inductive effect). The
mesityl (Mes) group was selected as an aryl moiety on the boron atom, due to kinetic stabilization of the compound.
The geometry optimization of the designed molecule 1 at the ground state, as determined by quantum chemical
calculation based on the density functional theory (DFT) at the LC-oPBE level with 6-31G(d,p) in THF basis set,
revealed that the PAzB adopts a completely planar structure, and the D—-A—D molecule adopts a perpendicular geometry
as anticipated (Figure 1e; for the detailed description on theoretical calculations, see the SI). It is worth noting that the
HOMO and LUMO are localized on the PAzB and DBPHZ unit, respectively (Figure 1e). This suggests that the PAzB
serves as the electron donor in this molecular system, as designed. The HOMO-LUMO energy gap for its fluoride adduct
[1-2F]* was found to be narrower than that for 1 (Figure le), indicating the feasibility of red-shift of absorption spectrum.

The synthesis of D-A-D compound 1 is illustrated in [Eq. (S1-S4)]. The protection of the nitrogen atom of bis(2-
bromophenyl)amine (S1) with a methoxymethyl (MOM) group was followed by lithium-bromine permutation and
trapping the resulting dilithium species with MesB(OMe), (S3)! to afford N-MOM phenazaborine (S4) [Eq. (S2)].
Deprotection of the N-MOM group furnished donor S5 in a high yield [Eq. (S3)]. Phenazaborine S5 was then subjected
to a Pd-catalyzed double Buchwald-Hartwig amination with 3,11-dibromo-dibenzo[a,j]-phenazine (S6),!'°! successfully
yielding the target D-A-D compound 1 in a high yield (60%) [Eq. (S4)]. The compound 1 was fully characterized by
nuclear magnetic resonance (NMR) and infrared (IR) spectroscopy, mass spectrometry (MS), and elemental analysis
(EA). Furthermore, all the 'H and '*C NMR signals were assigned by two-dimensional (2D) NMR spectroscopy (Figure
S1-S3).

A single crystal suitable for X-ray crystallographic diffraction analysis was grown from a biphasic solution of #-
hexane and Et,0O. The unit cell includes two independent molecules (Table S1; one of the molecules are shown in Figure
2). The sum of the C-N—C bond angles [X(C—N-C)] and C-B-C bond angles [Z(C—B-C)] are 360° (Figure 2a),
indicating that the PAzB unit is entirely planar. The B-C bond lengths within the 1,4-azaborine ring (1.52-1.53 A) are
also in good agreement with previously reported PAzB compounds.!”’ The PAzB and DBPHZ planes are nearly
orthogonal to each other (ca. 79° and 89°, Figure 2a), in agreement with theoretical calculation. This would facilitate
suppression of electronic conjugation between the donor and acceptor units, thereby increasing the Lewis acidity of the
boron center through the C—N connecting bond. With regard to the geometry around the B center, the B-Mes ring is also
perpendicular to the PAzB plane (Figure 2a). The U-shaped DBPHZ units are spatially isolated in the packing structure,
owing to the perpendicular geometry of the molecule (Figure 2b). In the packing structure, close CeesH and Cee*N
contacts were found (Figure S4).

Figure 2. a) Molecular geometry and b) packing structure of 1 in the single crystal. Thermal ellipsoids are set at the 50% probability level. [Z(C-
N1-C)] = 359.9(9)°; [[J(C-N2-C)] = 360.0(0)°; [Z(C-B1-C)] = 359.9(9)°, [X(C-B2-C)] = 359.9(1)°; N1-C1 = 1.40(1) A; C1-C2 = 1.41(0) A; C2—
Bl = 1.53(0) A; B1-C3 = 1.52(8) A; C3-C4 = 1.40(8) A; C4-N1 = 1.39(4) A; N2-C6 = 1.39(1) A; C6-C7 = 1.41(3) A; C7-B2 = 1.53(2) A; B2~
C8 =1.52(9) A; C8-C9 = 1.41(6) A; C9-N2 = 1.40(6) A.

To clarify the intrinsic photophysical properties of compound 1 in a diluted solution, UV-Vis absorption and
PL spectra were acquired in various solvents (CyH: cyclohexane, Tol: toluene, Diox: 1,4-dioxane, EtOAc: ethyl acetate,
THEF: tetrahydrofuran, CHCl;s: chloroform, Ace: acetone, and DMF: N, N-dimethylformamide) (Figure 3 and S5; Table
1 and S2). In all the solvents, compound 1 exhibited a strong, sharp absorption at around Aws 296 nm, as well as vibronic
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structured absorptions between Aaps 350 and 450 nm (Figure 3). Comparison with the absorption spectrum of the
individual D and A components and their mixture (D:A =2:1) in THF (Figure S6 and Table S3) revealed that the longest
absorption maximum (A.ps =419 nm) is attributed to the local excitation of the acceptor (Aabs =416 nm). A more detailed
examination of the absorption spectra revealed the presence of a tail band between 420 to 440 nm, which is not present
in the spectrum of an admixture of D and A (D:A = 2:1) (Figure S6). Thus, this observed new band in this regime is
ascribed to an intramolecular charge-transfer (ICT) transition from the donor to the acceptor. The simulated absorption
spectrum derived from the nuclear ensemble model®?! including 10 excited states displays similar behavior (Figure S10),
with a main peak at 366 nm followed by a lower intensity tail at the 430 nm mark. Analysis of the absorption ensemble
indicates that the So to S; transitions are mainly localized in the acceptor unit, with occasional vibrationally-induced CT
states being responsible for the lower energy absorption band (Figure S11).

Although the absorption spectra were not affected by the polarity of the organic solvent, the PL spectrum was
drastically red-shifted as a function of solvent polarity, from the blue to the red region (i.e., positive
solvatoluminochromism) (Figure 3). The Lippert-Mataga plots clearly show a good linear correlation between the
orientation polarizability of the solvent (Af) and the Stokes shift (the inset graph in Figure 3). The dipole moment in the
excited state, estimated from the Lippert-Mataga plot (u&x = 30.01 Debye), is significantly higher than that in the ground
state (1 = 2.59 Debye). Furthermore, the emission from 1 is clearly different from the admixture of D and A (D:A =
2:1) (Figure S6), and its spectrum has a Gaussian-type broad shape, suggesting that the D-A—D compound 1 exhibits
CT characteristics in the excited state. These results proved that the PAzB serves as donor in the triad system.

Simulations for the emission spectrum of compound 1 proved challenging. Excited state calculations predicted
emission from excitations localized in the acceptor unit at around 515 nm. Being a localized excitation, it was insensitive
to changes in solvent polarity and thus at odds with experimental results. This indicates that other equilibrium geometry
should exist, perhaps due to solvent interactions not captured by standard PCM method. The use of an S, optimized
geometry to produce a new ensemble revealed, however, the existence of S; states with strong CT character. When we
consider contributions from these conformations with CT character, we obtain broad Gaussian-like spectra whose peaks
move from 429 nm in 1,4-dioxane to 458 nm in THF (Figure S12). This amount of red-shift is smaller than the observed
experimentally, which indicates an underestimation of the strength of the CT states of compound 1. On the other hand,
emission rates from simulated spectra are estimated at ca. 10% s (1.4£0.5 % 10* s in 1,4-dioxane and 9 £2x 107 s™!
in THF), which are consistent with the measured excited state lifetimes (Table S2).
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Figure 3. Steady-state UV-Vis and PL spectra of diluted solutions (c = 10 M) of 1. The inset photograph and graph show PL of each
solution under the irradiation of a UV-lamp (Aex = 365 nm) and the Lippert-Mataga plot, respectively.

Table 1. Summary of photophysical propetties of diluted solution of 1 (¢ = 105 M)

solvent Jabs (nm) eMlem™) Aem (nm)t] @p 1P
CyH 388,418 60000, 53000 440 0.23
Tol 396, 420 46000, 42400 463 0.26
Diox 395, 419 60500, 56500 485 0.23



EtOAc 394,417 37400, 34300 539 0.11

THF 395,419 61500, 56300 543 0.14
CHCl; 395,419 49900, 42700 552 0.13
Ace 394,417 49500, 44100 597 0.08
DMF 396, 419 51400, 50500 617 0.02

[a] Excited at Aexc =365 nm. [b] The absolute photoluminescence quantum yield acquired with an integral sphere

Importantly, the addition of a Lewis basic anion (20 equiv) to the THF solution of 1 drastically changed the
photophysical properties (Figure 4). To ensure the solubility of anions as a Lewis base in THF, tetrabutylammonium
salts (n-BusN"A") were employed as the source of Lewis base. When a hard and small or liner-shaped anion such as
hydroxide (HO"), acetate (AcO"), cyanate (NCO"), cyanide (CN"), and fluoride (F~) was added, the color of the solution
containing 1 changed from pale yellow to pink (as seen in the inset photograph in Figure 4a). This colorimetric change
is caused by a distinct red-shift of the absorption spectrum as designed (Figure 4a). The absorbance at 252, 395, and 419
nm decreased, while the absorption band between 280 to 360 nm increased. Additionally, a new broadband emerged in
the vicinity of 500 nm (Figure 4a), which is ascribed to the difluoride adduct of 1 ([1-2F]* [(n-BusN)2]*"). Absorption
spectrum simulations of the difluoride adduct [1-2F]*~ confirmed the presence of a low intensity band near the 500 nm
mark (Figure S13). Further analysis of the ensemble demonstrates that the S to S, transition of [1-2F]*~ displays strong
CT character (Figure S14). The addition of a larger anionic species such as chloride (C17), bromide (Br"), nitrate (NO3"),
triflate (TfO™), and a neutral Lewis base (e.g., Et:N, pyridine, and DABCO) did not alter the absorption spectrum in any
discernible manner (Figure S7a).

In addition to the colorimetric behavior, a significant alteration in PL. was observed upon the addition of a
Lewis base capable of forming a complex with 1 (Figure 4b) in THF. The green emission of 1 (Aem= 539 nm) turned to
orange (Aem = 592 nm) upon the addition of HO™ (Figure 4b). Similar significant red-shift in PL were observed in the
cases of addition of AcO™ and NCO™ (Figure 4b). In contrast, fluoride and cyanide resulted in the quenching of emission
(“turn-off” of PL) (Figure 4b). Notably, in 1,4-dioxane, a less polar solvent than THF, the PL of 1 displayed a
significantly red-shifted emission (peak at 590 nm) upon the addition of TBAF (Figure S8). Fluorescence spectrum
simulations (Figure S15) predicted the fluorescence of [1-2F]*~ at 625 nm in 1,4-dioxane, in good agreement with
experimental results. An estimated emission rate of 631 X 10° s~! was obtained, a significant reduction when compared
with calculated fluorescence rates for compound 1, which help explain the lower measured quantum yields. Figures 4c
and d depict the differences in emission properties and electronic structure of the first excited states of compounds 1 and
[1-2F]* in 1,4-dioxane. For the emission in THF, simulations pointed at a fluorescence peak at 766 nm with a calculated
rate of 2.3+0.2 X 10° s (Figure S15). Emission at such low wavelengths are expected to be strongly quenched by
internal conversion, following the energy gap law!?*!, which could explain why no emission was observed experimentally
in this case. Importantly, the addition of BF; to the “turn-off” solution recovered the PL in a reversible way (“turn-on”)
(Figure S9a). The colorimetric change was also reversible upon the same protocol (Figure S9b), indicating the
coordination of fluoride to 1 is chemically reversible processes. It is also worth noting that the bases that did not show
colorimetric change did not exhibit change in emission either (Figure S7b).
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Figure 4. a) UV-vis absorption and b) PL spectra of 1 in the absence and presence of a Lewis base (n-BusN"A") in THF. The inset photograph
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The change in chemical species through the addition of a Lewis base was investigated utilizing NMR
spectroscopy (Figure 5 and S22-S24). The addition of fluoride (10 equiv of TBAF) as a Lewis base resulted in a
significant shift of the aromatic resonances to the higher field region, while preserving the splitting pattern of the signals
(Figure 5; the assignment of the 'H and *C nuclei of [1-2F* [(n-BusN)2]** was conducted by 2D-NMR spectroscopic
analysis. For the details, see the Figure S22-S24 in the SI). It is noteworthy that the magnitude of the signal shift |Ad is
considerably larger for the 'H nuclei attributed to the donor (H*~HE 0.21-0.85 ppm) than those for the acceptor (H"-H'
0.06-0.24 ppm) (for the detailed values, see Table S4). Additionally, it is intriguing to note that only the 'H nuclei of
0-CHj of the B-Mes group (H¢) shifted to the lower field, from 2.0 ppm to 2.2 ppm (Figure 5).** Given the proximity
of the 0-CHj and boron-coordinated fluoride on the tetra-coordinated boron center (2.40 A < the sum of Van der Waals
radii of H and F: 2.60 A) in the optimized Sy geometry, hydrogen bonding He**F could be operative in the adduct [1-
2F ] [(n-BusN),]** (Figure S16).



— — T = T 1 mr[rrrrrrrrvrmnq\"m
10.0 9.0 8.0 7.0 60242220
Figure 5. Change in 'H NMR spectrum of 1 upon the addition of fluoride (10 equiv) in THF-ds.

In order to explore the origin of the substantial upfield-shift of the 'H nuclei in the donor unit, the NICS,, (1)
values of the 1,4-azaborine and fused benzene ring in the donor unit were investigated by the DFT method calculations
(Figure S17). Whereas the NICS,, (1) value of the 1,4-azaborine ring underwent a marked transformation from —4.26
ppm (aromatic) to +1.00 ppm (non-aromatic) upon coordination with fluoride at the boron center, the NICS, (1) value
of the peripheral benzene ring remained unchanged (—10.63 ppm to —10.16 ppm) (Figure S17). Since the aromaticity of
the fused benzene rings did not change upon formation of borate, it can be inferred that the increase in electron density
on the donor unit resulting from the action of fluoride led to the significant shift of the donor 'H nuclei to the higher field
region. This hypothesis was further supported by the electrostatic potential (ESP) mapping of 1 and [1-2F]*[(n-
BwN),J*" (Figure S18). The presence of a ''B NMR resonance of 1 at +58.5 ppm (Figure S25a) indicated that
compound 1 has a planar tricoordinated boron center, which is in consistent with the structure observed by the X-ray
crystallographic analysis. Following the addition of fluoride, a new signal appeared at +1.6 ppm, which is indicative of
the formation of sp*-hybridized tetracoordinated borate of phenazaborine [1-2F]* [(n-BusN),]** (Figure S25b).!7¢]

Cyclic voltammetry enables the assessment of changes in the HOMO/LUMO energy of the D-A—D compound.
The cyclic voltammogram of 1 in CH,Cl, revealed a reversible reduction process (“*Eonset = —1.71 V vs Fc/Fc*) and an
irreversible oxidation process (**Eonset = +0.92 V vs Fc/Fe') (Figure S26a). The HOMO and LUMO, calculated using the
redox potential, are —6.02 eV and —3.39 eV, respectively. The LUMO energy is nearly identical to that of DBPHZ (-
3.22 eV),["” supporting the localization of the HOMO and LUMO on the D and A, respectively. The cyclic
voltammogram obtained in the presence of fluoride (TBAF) displayed a drastic negative shift in both the reduction
potential ("*“Eonset =—2.21 V vs Fc/Fc*) and the oxidation potential (**Eonset = —0.61 V vs Fe/Fc*) when compared with 1
(Figure S26b); the HOMO and LUMO energy of [1-2F]* [(n-BusN),]*" is estimated to be —4.49 eV and —2.89 eV,
respectively. It should be noted that the oxidation potential shifted much more negatively (A®*Egnset = —1.53 V) than the
reduction potential (A™Eqnset =—0.50 V). This further supports the coordination of fluoride to the boron center to form
borate, which is much more easily oxidized, due to an increase in electron density. The theoretically calculated
HOMO/LUMO energy levels of 1 (=5.7 eV/-2.7 eV) and [1-2F]* [(n-BuN)2]** (4.3 eV/-2.2 eV) in CH,Cl, (Figure
1d) are qualitatively consistent with the experimental results.

To assess the binding capability of 1 with fluoride, titration experiments were conducted using UV-Vis
absorption spectroscopy (Figure 6a). The absorption spectrum undergoes gradual changes as a function of the amount
of TBAF added. As the amount of fluoride added increases, the absorbance at 252, 395, and 419 nm decreases (blue
arrow in Figure 6a), while the absorbance at 298 nm increases (red arrows in Figure 6a). It is noteworthy that a new
absorption band at approximately 500 nm emerged, which should be ascribed to the absorption of [1-2F]* [(n-BusN),]**~
(and/or [1-F] [n-BusN]"). Plotting the difference in absorbance at Aas 500 nm (A4so) against [F]o/[1]o yields the
titration curve (the inset graph in Figure 6). Although the precise binding constants for fluoride is difficult to determine
by the UV-Vis titration, fitting the curve with a non-cooperative 1:2 binding model (Figure S27, K1 = 4K)/*>] estimated
K1 =3.31(0.21) x 10° M"and K> = 0.83 (£0.05) x 10° M. It is noteworthy that these values are comparable to those
of bridge-atom-free TABs,'¥) demonstrating the well-balanced design for Lewis acidic electron donor. To investigate the
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efficacy of the acceptor unit on the nitrogen atom of phenazaborine on the photophysical change in the addition of
fluoride, B-Mes phenazaborine having an electronically neutral aryl moiety (N-Ph PAzB)?” was titrated with fluoride
(Figure 6D, for the synthesis, see [Eq. (S5)]). Upon the addition of fluoride, the vibronic-structured absorptions between
340 and 405 nm (So—S; transition with multi-resonance intramolecular CT character) and a sharp strong absorption at
253 nm (So—S7 transition with n—nt* character) were decreased, and there was a rise of absorption at 293 nm (S¢—Ss4
transition of the corresponding fluoroborate with t—n* and CT character) (Figure 6b, Figure S19-S21). As a whole, the
absorption spectra were blue-shifted, as commonly observed with TABs.[ Comparison of the photophysical behavior
of 1 and N-Ph PAzB clearly showcase that significant red-shift in absorption spectrum upon the addition of fluoride is
ascribed to the presence of acceptor unit at the nitrogen atom of phenazaborine structure. The binding constant of N-Ph
PAzB for fluoride in THF was extracted from the titration curve obtained with the absorbance at A =390 nm (Figure
S28) to be K=7.03 (£0.63) x 10* M!, which is one order lower than those of 1. The drastic increase in binding constants
can be attributed to the inductive electron-withdrawing effect of DBPHZ unit as designed. The orthogonal D-A-D
geometry further reinforces the inductive effect by shutting off m-conjugation between the D and A, thereby augmenting
the Lewis acidity of the PAzB unit and its non-cooperative Lewis acidic characteristics. From these titration experiments,
we can deduce that the minimum detection limit of fluoride with 1 is at least 1.52 ppm (5.81 uM) in THF.
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Figure 6. UV-Vis absorption titration of a) 1 (the inset shows titration plots and fitting curve) and b) N-Ph PAzB in THF (¢ = 10° M) as a
function of the amount of TBAF added.

To explore the feasibility of utilizing D-A-D compound 1 for solid-state applications, we examined its solid-state
properties. Compound 1 displays green emission (Aem = 511 nm, @pr 0.14) in the solid state (Figure S29). Compared to
a dilute solution of 1 in cyclohexane (Aem = 440 nm, @pr 0.23), the emission peak is slightly red-shifted by 3158 cm™!
and the photoluminescence quantum yield (PLQY) is lower. This suggests that, despite its orthogonal D—A-D molecular
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geometry, some electronic interactions between molecules are operative in the solid state evident by the X-ray
crystallographic analysis (Figure S4), leading to slight aggregation-caused quenching (ACQ).

The success in enhancing the CT process of compound 1 in solution through Lewis acid-base interactions prompted
us to investigate its solid-state applications. Spin-coating a mixture of 1 (1 wt%) and a polymer matrix in an organic
solvent onto a quartz plate, followed by drying under vacuum, resulted in a film (for the detailed procedure, see the SI).
The polystyrene (PS) and poly(methyl methacrylate) (PMMA) films containing 1 displayed blue (Aem = 465 nm, @pr.
0.20) and green (Aem = 535 nm, @p 0.15) emission, respectively (Figure 7a). Similar to solvatochromism in solution, the
polar matrix enables emission in the lower energy regime, due to the stabilization of 'CT state in the excited state.
Notably, the films fabricated by the mixture of 1, TBAF, and a matrix displayed a distinct red-shift in PL spectra when
compared with polymer films containing only 1 (shift in wavenumber is 5402 cm™ for PS film; 4072 cm™' for PMMA
film, Figure 7a), indicating the preservation of fluoroborate [1-2F]* [(n-BusN)>]** even in the matrix. It should be noted
that the PL was not quenched in the matrix, probably due to the suppression of molecular vibration in the rigid
environment. Additionally, it should be noted that the emission of 1 + TBAF in PMMA film was observed in the deep-
red to near-infrared (NIR) region with a sufficient PLQY (Figure 7a). Further modulation of photophysical properties of
1 was implemented by varying the equivalent of TBAF for fabricating films (Figure 7b and Figure S29). The PL spectrum
of the film gradually transformed from a single peaked Gaussian-type shape in the blue region to a dual peaked emission
as a function of the amount of TBAF added (Figure S30). In the presence of TBAF more than 50 equivalents, the redder
emission at around 570 nm red-shifted to 625 nm. The PL intensity ratio of blue to orange emission decreased, and the
film containing 500 equivalents of TBAF displayed a single Gaussian-type PL emission at Aem 621 nm (Figure S29). By
making use of change in PL spectrum, the emission color of the film is tunable (Figure 7b). Since the emission in the
blue region ascribed to D-A-D compound 1 is overlapped with the excitation spectrum of the film fabricated with 1 +
TBAF (Figure S31), the Forster resonance energy transfer (FRET) would be operative to lead to significant red-shifted
emission from the admixture of 1 and its borates.

a)
—1inPS
— 1+TBAF in PS
621 nm — 1+TBAF in PMMA
(3:50”%) (@5, 0.06) 684 nm
L (@ 0.07)
3
&
£
-2
400 500 600 700 800 900
A (nm)
b) amount of TBAF (equiv)
0 10 50 100 500
high ll[ emission energy low

Figure 7. a) PL spectra of 1 (1 wt%) in PS (in sky-blue), 1 in PMMA (in moth green), 1 +TBAF (500 equiv) in PS (in orange), and 1+TBAF
(100 equiv) in PMMA films (Aex = 365 nm); b) photographs of 1 with varied TBAF content in PS films taken under the irradiation of UV-
lamp (Aex = 365 nm).

Conclusion

In conclusion, a novel triarylborane 1 has been developed that exhibits a red-shift in both its absorption and
photoluminescence spectra in response to anionic species. This achievement was accomplished by judiciously
reconciling the dualistic properties of phenazaborine as both an electron donor and a Lewis acid. Coordination of anionic
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species to the boron center resulted in a marked enhancement of the HOMO energy, which in turn led to a reduction in
the HOMO-LUMO gap and the subsequent colorimetric red-shift. Additionally, the strong interaction with fluoride ions
facilitates an enhancement in the charge-transfer character of the excited state, leading to a red-shift in
photoluminescence in solution and solid state. This novel approach holds promise for modulating the photophysical
properties of triarylborane-based organic materials.
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* modulation of
solid-state emission
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Based on a novel strategy for modulating photophysical properties by balancing contradictory role of phenazaborine as
a Lewis acid and an electron donor, an anion-responsive triarylborane compound has been developed. The developed
compound displayed significant red-shift in absorption and photoluminescence in solution. This approach has also been
successfully applied to modulation of emission color in polymer films.

« red-shift in absorption/emission
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