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Abstract 

Emissive β-diketones (bdks) and difluoroboron complexes (BF2bdks) exhibit multi-

stimuli responsive luminescence, including solvatochromism, viscochromism, aggregation 

induced emission, thermal and mechanochromic luminescence, halochromism and pH sensing. 

In this study, a series of six-membered heterocycle-substituted (piperidine, morpholine, 1-methyl 

piperazine) bdk ligands and boron complexes were synthesized, and their luminescent properties 

were investigated. All the compounds exhibited red-shifted emission in more polar solvents due 

to intramolecular charge transfer as well as higher emission intensity in more viscous 

environments. In response to solubility changes in water/tetrahydrofuran mixtures, while the 

piperazine bdk ligand showed aggregation caused quenching, the piperidine and morpholine 

bdks displayed enhanced emission upon aggregation. In the solid state, all ligands exhibited 

mechanochromism. More dramatic halochromism was observed for the piperidine boron dye 

spin cast film. In solution, for the boron dyes under varying pH values (1-13), different 

protonated and deprotonated forms were analyzed according to the measured emission spectra. 

 

Introduction 

Luminescent small molecules are important tools in biological probing and imaging 

applications [1]. By alteration of core scaffolds or substituent groups, customized luminescent 

dyes can be utilized as sensors in various environments [2]. Among those dyes, considerable 

interest is focused on compounds showing responsive emissions when subjected to external 

stimuli, such as changing polarity [3], viscosity [4], solubility [5] and pH [6], mechanical 

smearing and grinding [7], heating [8] and acid/base vapor annealing [9].  
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 Solvatochromic dyes are sensitive to environmental polarity change and display changes 

in emission colors [10]. After light excitation, these compounds form a dipolar excited state as a 

result of intramolecular charge transfer (ICT) between their electron donor and acceptor groups. 

Interaction of the excited dipole with varying solvent dipoles produces different emission colors 

[11]. Dyes with solvatochromism can be used to probe lipid order in model membranes and 

living cells [12, 13]. While solvatochromism illustrates change in emission wavelength, 

viscochromic dyes show different emission intensities in response to local viscosity changes 

[10]. These compounds contain freely rotating groups that twist in less viscous media, forming a 

twisted intramolecular charge transfer (TICT) state which promotes non-radiative decay of the 

excited molecules [11]. Viscous media prevent bond rotation and therefore increase fluorescence 

intensity. Similarly, dye aggregation due to poor solubility sterically causes restriction of 

intramolecular motions (RIM) such as restriction of intramolecular vibrations (RIV) and 

restriction of intramolecular rotations (RIR) [14, 15]. For luminescent compounds, this 

aggregation can result in aggregation caused quenching (ACQ) through non-radiative pathways 

via π−π bond interactions, unaffected emission, or aggregation induced emission (AIE), that is, 

enhanced emission when dye aggregates [16]. Dyes with AIE have been utilized as biosensors 

for carbohydrates, lipids, proteins, etc. [17]. For mechanochromic luminescent (ML) dyes in the 

solid state, external stimuli such as smearing and grinding can lead to dye emission color change 

[18]. Other stimuli, thermally annealing (TA) and melt quenching (MQ), also result in emission 

wavelength changes due to alteration of the packing mode of the molecules [19, 20]. Typically, 

thermal annealing or heating leads to a more crystalline state, and melt quenching, smearing and 

grinding cause ML dyes to be more amorphous [21, 22]. Different emission colors can be 

observed in amorphous and crystalline states [23]. Dyes with ML properties have shown 
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potential applications in light-emitting diodes and mechanical sensors [19]. Halochromic dyes 

are also capable of displaying altered emission color in response to acid or base vapor treatment 

in the solid state. A possible mechanism is that protonation or deprotonation of the compound 

through acid or base annealing respectively, affects the electron donating process in the molecule 

and thus results in emission wavelength changes [9]. In terms of changing pH values in solution, 

halochromic dyes show responsive emission color or intensity changes [6]. For example, a 

heteroatom-containing halochromic compound, 1-(4-pyridinyl)-1-phenyl-2-(9-carbazolyl)ethene, 

was reported to function as a fluorescent pH sensor in solution [24]. 

 Difluoroboron -diketones (BF2bdks) are a series of luminescent dyes that show 1- and 

2- photon absorption, color tunable emission as well as high quantum yields [25]. Additionally, 

previous reports demonstrate their multi-stimuli responsive luminescent properties both in 

solution and the solid state, indicating promise in sensing and imaging applications [22, 26, 27]. 

Previously, the effects of substituent ring size on the various stimuli-responsive properties were 

investigated, and the relationship between ring size and emission was determined [22]. In this 

study, a series of -diketone (bdk) ligands and BF2bdk dyes with six-membered nitrogen 

heterocycle substituents, piperidine, morpholine, 1-methyl piperazine, were synthesized and 

compared (Fig. 1). Multi-stimuli responsive luminescent properties were investigated, including 

solvatochromism, viscochromism, AIE, thermal and mechanochromism, halochromism and pH 

sensing. The purpose of this study is to explore the effects of different six-membered ring 

substituents on the various optical properties. It is hypothesized that the additional heteroatoms 

on the substituent ring would impact numerous luminescent properties such as solvatochromism 

(different electron-donating groups and ICT), mechanochromic luminescence (different 

intermolecular interactions and packing), and halochromism (different sensitivities to acid/base 
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vapors and pH changes). The optical properties of the -diketone ligands and BF2bdk complexes 

in dichloromethane (DCM), including absorption and emission maxima, extinction coefficients, 

quantum yields and lifetimes, were also measured and compared. 

 

Fig. 1 Chemical structures of six-membered heterocycle substituted -diketone ligands and 

difluoroboron complexes 

 

 

Experimental Section 

Materials 

Solvents, tetrahydrofuran (THF) and CH2Cl2, were dried over 3 Å molecular sieves, 

which were activated at 300 °C before use, as previously reported [28]. All the chemicals used in 

this study were reagent grade and obtained from Alfa Aesar, TCI and Sigma-Aldrich. No further 

purification was needed. Silica TLC plates were used for monitoring reactions. The six-

membered heterocycle substituted ketones used in the synthesis of the bdk ligands were prepared 

via a previously described method [29]. Data for L-pip and D-pip were obtained from ref [22]. 

 

Methods 

1H NMR spectra were measured on a Varian NMRS 600 (600 MHz) instrument with 

CDCl3 solvent. Peaks were referenced to the signal of residual protiochloroform at 7.26 ppm, 
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and units of coupling constant were given in Hz. Mass spectrometry was performed utilizing a 

Micromass Q-TOF Ultima spectrometer, and electrospray ionization (ESI) method was adopted. 

Horiba Fluorolog-3 Model FL3-22 spectrofluorometer was used to take steady-state fluorescence 

spectra with double-grating excitation and emission monochromator. A Hewlett-Packard 8452A 

diode-array spectrophotometer was utilized for measuring UV–Vis spectra as well as extinction 

coefficients. A DataStation HUB SPC controller and a NanoLED-370 excitation source (λex = 

369 nm) were utilized to measure time-correlated single photon counting (TCSPC) fluorescence 

lifetimes, and data were analyzed by software DataStation v2.4 from Horiba Jobin Yvon. 

Fluorescence quantum yields of the morpholine and piperazine bdk ligands (L-mor and L-paz) in 

CH2Cl2 were measured using a dilute quinine sulfate in 0.1 M H2SO4 solution as a standard as 

previously described [30], with the values: ϕF (quinine sulfate in 0.1 M H2SO4) = 0.53 [30, 31], 

λex = 366 nm, nD20 (0.1 M H2SO4) = 1.333, nD20 (CH2Cl2) = 1.424 [32]. Another standard, 

rhodamine 6G in EtOH, was utilized in the quantum yield measurements of the morpholine and 

piperazine boron dyes in CH2Cl2 (D-mor and D-paz) [30], with the values: ϕF (rhodamine 6G in 

EtOH) = 0.94 [33], λex = 488 nm, nD20 (EtOH) = 1.361, nD20 (CH2Cl2) = 1.424 [32]. A TA 

Instruments differential scanning calorimetry (DSC) 2920 Modulated DSC was used to take 

scans for the pristine powders of L-mor and L-paz. A 5 °C/min temperature ramp rate was set to 

record thermograms with the standard mode. For each sample, a second scan was collected and 

reported after the first conditioning cycle. The Universal Analysis Software V 2.3 from TA 

Instruments was utilized for DSC data analysis. A Mettler-Toledo GmbH 8603 pH meter was 

used to measure pH values of aqueous solutions. 
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Computational Details 

The Gaussian 09 suite of programs was used to conduct density functional theory (DFT) 

calculations of the morpholine and piperazine substituted bdk ligands and boron complexes [34]. 

Ground state molecular geometry optimization was performed with B3LYP/6-31+G(d) and a 

Tomasi polarized continuum model in dichloromethane [35]. Vibrational frequency calculations 

were conducted using B3LYP/6-31+G(d), and all the obtained frequencies must be positive to 

continue the next step. Molecular orbital diagrams were then measured utilizing single point 

energy calculations with B3LYP/6-31G(d), and the calculated orbitals were visualized by software 

GaussView 5 [36]. Absorption spectra prediction for all the bdk ligands and difluoroboron 

complexes was conducted using time-dependent density functional theory (TD-DFT) with TD-

B3LYP/6-311+G(d). 

 

Measurements in Solution 

For optical properties, solvatochromism, viscochromism and AIE measurements, stock 

solutions of all the bdk ligands and boron dyes in CH2Cl2 were prepared. Calculated volumes of 

the stock solutions were transferred to empty vials, followed by evaporation of CH2Cl2 in air. A 

required volume of solvent or binary solvent mixture (dioxane/ethyl acetate (EtOAc), water/THF) 

was added to the vial to obtain 10-5 M solutions. Images under UV excitation, absorption and 

emission spectra were then measured. For pH sensing experiments, stock solutions of all the 

compounds were first prepared in DMSO, and appropriate volumes of the stock solutions were 

mixed with 10 mL of aqueous solution with different pH values (1-13), which were prepared using 

DI water, 1 M HCl and 1 M NaOH solutions. 
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Measurements in the Solid State 

For studying thermal and ML properties of the morpholine and piperazine bdk ligands, 

~10-20 mg compound powder was smeared on weighing paper, followed by thermally annealing 

(TA) at 110 °C in an oven for 10 min. The TA temperature was determined between the 

crystallization and melting points. A picture was taken under UV excitation and an emission 

spectrum was measured in the TA state. A heat gun was then used to heat and melt the sample for 

~10 s, followed by cooling the weighing paper in air for 5 min. An image under UV light and an 

emission spectrum were taken in the melt quenched state. The spin cast films for halochromism 

experiments were prepared using 18 × 18 mm microscope coverslips. To fabricate the films, ~20 

drops of saturated dye THF solution (~5 mg dye included) were dropped onto spinning coverslips 

(3000 rpm), followed by vacuum drying the spin cast films for 15 min. 

 

Synthesis 

Protons on the heterocycle substituted phenyl ring are labeled as primed. 

(Z)-3-Hydroxy-1-(4-morpholinophenyl)-3-phenylprop-2-en-1-one (L-mor). The morpholine 

substituted ketone, 1-(4-morpholinophenyl)ethan-1-one (738 mg, 3.6 mmol), and methyl benzoate 

(450 μL, 3.6 mmol), were dissolved in anhydrous THF (20 mL). Sodium hydride in oil dispersion 

(60%, 432 mg, 10.8 mmol) in anhydrous THF (10 mL) was then added into the mixture via cannula 

transfer. The reaction was refluxed at 70 °C for 18 h under N2 protection. When the morpholine 

substituted ketone was completely consumed, as monitored by TLC, the mixture was allowed to 

cool down to room temperature, followed by quenching with 1 M HCl (5 mL). Rotary evaporation 

was then conducted to remove THF. Extraction was performed afterwards with EtOAc (2 × 20 

mL), and water (2 × 20 mL) and brine (2 × 20 mL) washes. For each wash or extraction, 1 M HCl 
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(5 mL) was added to keep an acidic environment. The organic phase was then separated and dried 

with anhydrous Na2SO4, followed by filtration and rotary evaporation of the solvent. 

Recrystallization (CH2Cl2/hexanes) was conducted to purify the crude product to yield a 

yellow/green solid: 877.1 mg, 78.8 %. 1H NMR (600 MHz, CDCl3): δ 17.06 (s, 1H, -OH), 7.96 (d, 

J = 6, 2H, 2, 6-ArH), 7.93 (d, J = 6, 2H, 2', 6'-ArH), 7.52 (t, J = 6, 1H, 4-ArH), 7.47 (t, J = 6, 2H, 

3, 5-ArH), 6.92 (d, J = 6, 2H, 3', 5'-ArH), 6.77 (s, 1H, COCHCO), 3.86 (t, J = 6, 4H, Ar-

N(CH2CH2)2O), 3.32 (t, J = 6, 4H, Ar-N(CH2CH2)2O). HRMS (ESI, TOF) m/z calculated for 

C19H20NO3, 310.1443 [M + H]+; found 310.1448. 

(Z)-3-Hydroxy-1-(4-(4-methylpiperazin-1-yl)phenyl)-3-phenylprop-2-en-1-one (L-paz). The 

piperazine substituted ligand was synthesized using the same method as L-mor. 1-(4-(4-

methylpiperazin-1-yl)phenyl)ethan-1-one was used as the starting ketone replacing 1-(4-

morpholinophenyl)ethan-1-one to yield a yellow solid: 488.0 mg, 67.8 %. 1H NMR (600 MHz, 

CDCl3): δ 17.00 (s, 1H, -OH), 7.95 (d, J = 6, 2H, 2, 6-ArH), 7.93 (d, J = 6, 2H, 2', 6'-ArH), 7.53 

(t, J = 6, 1H, 4-ArH), 7.47 (t, J = 6, 2H, 3, 5-ArH), 6.93 (d, J = 6, 2H, 3', 5'-ArH), 6.77 (s, 1H, 

COCHCO), 3.66 (s, 4H, Ar-N(CH2CH2)2NCH3), 3.01 (s, 4H, Ar-N(CH2CH2)2NCH3), 2.66 (s, 3H, 

Ar-N(CH2CH2)2NCH3). HRMS (ESI, TOF) m/z calculated for C20H23N2O2, 323.1760 [M + H]+; 

found 323.1761. 

(Z)-3-((Difluoroboraneyl)oxy)-1-(4-morpholinophenyl)-3-phenylprop-2-en-1-one (D-mor). The 

morpholine substituted boron complex was prepared by dissolving L-mor (214 mg, 0.69 mmol) in 

anhydrous CH2Cl2 (20 mL), followed by adding boron trifluoride diethyl etherate (111 μL, 0.90 

mmol) via syringe. The reaction mixture was stirred at room temperature for 19 h under N2 

protection. When the reagent ligand was completely consumed, as determined by TLC, cold 
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methanol (-20 °C, 80 mL) was added into the mixture to precipitate the product solid. After stirring 

15 min, the mixture was filtered, and recrystallization (acetone/hexanes) was performed to purify 

the crude product to yield a red/orange solid: 78.4 mg, 31.8 %. 1H NMR (600 MHz, CDCl3): δ 

8.08 (t, J = 6, 4H, 2, 6-ArH, 2', 6'-ArH), 7.62 (t, J = 6, 1H, 4-ArH), 7.51 (t, J = 6, 2H, 3, 5-ArH), 

7.01 (s, 1H, COCHCO), 6.89 (d, J = 12, 2H, 3', 5'-ArH), 3.86 (t, J = 6, 4H, Ar-N(CH2CH2)2O), 

3.44 (t, J = 6, 4H, Ar-N(CH2CH2)2O). HRMS (ESI, TOF) m/z calculated for C19H19BF2NO3, 

358.1426 [M + H]+; found 358.1431. 

(Z)-3-((Difluoroboraneyl)oxy)-1-(4-(4-methylpiperazin-1-yl)phenyl)-3-phenylprop-2-en-1-one 

(D-paz). The piperazine substituted boron complex was prepared using the same method as D-

mor, but L-paz was used in place of L-mor to yield an orange solid: 18.2 mg, 14.9 %. 1H NMR 

(600 MHz, CDCl3): δ 8.08 (t, J = 12, 4H, 2, 6-ArH, 2', 6'-ArH), 7.62 (t, J = 6, 1H, 4-ArH), 7.52 (t, 

J = 6, 2H, 3, 5-ArH), 7.02 (s, 1H, COCHCO), 6.91 (d, J = 6, 2H, 3', 5'-ArH), 3.67 (s, 4H, Ar-

N(CH2CH2)2NCH3), 2.79 (s, 4H, Ar-N(CH2CH2)2NCH3), 2.54 (s, 3H, Ar-N(CH2CH2)2NCH3). 

HRMS (ESI, TOF) m/z calculated for C20H22BF2N2O2, 371.1742 [M + H]+; found 371.1746. 

 

Results and Discussion 

Synthesis and Optical Properties 

The heterocycle substituted -diketone ligands (L) were prepared via Claisen condensation 

[37]. The corresponding difluoroboron dyes (D) were synthesized by reaction of the bdk ligands 

with boron trifluoride diethyl etherate [38]. A series of optical properties for all the compounds 

were measured in 10−5 M CH2Cl2 solutions such as UV−vis absorption (λabs) and emission maxima 

(λem), quantum yields (ϕ), fluorescence lifetimes (τ) and extinction coefficients (ε) (Table 1).  



 11 

Table 1 Optical properties of the six-membered ring substituted -diketone ligands and boron 

complexes in CH2Cl2 

 

Compound 
λabsa 

(nm) 

εb 

(M-1cm-1) 

λemc 

(nm) 
Φd 

τe 

(ns) 

L-pip 400 35 600 497 0.18 1.11 

 L-mor 384 30 700 479 0.51 1.51 

L-paz 381 19 000 470 0.09 0.30 

D-pip 466 60 400 542 0.02 1.81 

 D-mor 449 78 400 532 0.19 1.62 

D-paz 448 39 000 504 0.03 2.60 

      

a Absorbance maxima in air. 

b Extinction coefficient. 

c Fluorescence maxima in air (λex = 369 nm). 

d Quantum yield. 

e Fluorescence lifetime in air (λex = 369 nm LED). 

  Data for L-pip and D-pip were obtained from ref [22]. 

 

According to Table 1, all the BF2bdk complexes show red-shifted absorption and emission 

maxima, higher extinction coefficients and lifetimes, but lower quantum yields than the 

corresponding bdk ligands. Those trends are commonly seen in amine ring substituted bdk ligands 

and BF2bdk dyes [22, 26]. Comparing different rings, for both bdk ligands and boron dyes, the 1-

methyl piperazine substituted compound displays the bluest absorption and emission, and the 

piperidine compound, the most red-shifted, due to different frontier molecular orbitals (FMOs) 

and intramolecular charge transfer processes with the additional heteroatoms. The highest quantum 

yields are observed for the morpholine substituted ligand and dye, and the lowest extinction 

coefficients can be found in the piperazine compounds. The fluorescence lifetime data were fit to 

double exponential decay, indicating multiple emissive species and absorption peaks, which are 

observed in the absorption and emission spectra of all the six-membered ring substituted 

compounds (Fig. S2). More details are discussed in the following computational section. 
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Computational Study 

Density functional theory (DFT) calculations were conducted for geometry optimization 

and molecular orbital energies (Fig. 2 and Table S1). For all the shown compounds in Fig. 2, the 

electron density is distributed throughout the molecule in the lowest unoccupied molecular orbital 

(LUMO), and localized on the heterocycle substituted phenyl ring in the highest occupied 

molecular orbital (HOMO), which is similar to the charge distribution of the piperidine compounds 

in our previous study [22]. For HOMO-1, the morpholine substituted bdk ligand and boron dye 

have the most electron density on the unsubstituted phenyl ring side, however, the piperazine 

compounds show that the charge is localized on the heterocycle. After analyzing the calculated 

excitation energies and oscillator strengths (f), it is shown that the dominating energy transition is 

from HOMO to LUMO (f1: L-mor = 0.8655; D-mor = 1.1442; L-paz: = 0.8581; D-paz: = 0.9863), 

and the minor transition is from HOMO-1 to LUMO (f2: L-mor: = 0.3730; D-mor: = 0.2590; L-

paz: = 0.0211; D-paz: = 0.1862). Multiple energy transitions (e.g. HOMO to LUMO and HOMO-

1 to LUMO) result in different absorption peaks and indicate multiple emissive species (Fig. S2). 

Based on the electron density map of the HOMO and LUMO, the primary energy transition from 

HOMO to LUMO exhibits intramolecular charge transfer (ICT), suggesting solvatochromism for 

all the compounds. 
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Fig. 2 Molecular orbitals of morpholine and 1-methyl piperazine substituted bdk ligands and 

BF2bdk dyes 

 

 

Solvatochromism 

Given the ICT character illustrated by the DFT calculations, solvatochromism was tested 

for all the compounds in a series of solvents with differing polarities (ET(30) values from 33.7 for 

toluene to 46 for acetonitrile) [39, 40]. UV-excited images, absorption and emission spectra were 

taken for 10-5 M solutions of the selected solvents. For example, as shown in Fig. 3 and Table 2, 

L-mor maintained similar absorption wavelengths in different solvents, indicating that the ground 

state energy is essentially unaffected by changing solvent polarity. In more polar solvents, L-mor 

exhibited red-shifted emission, and dark emissions were observed in highly polar solvents such as 

acetone, methanol and acetonitrile, similar to previous findings with L-pip solvatochromism [22]. 

For the heterocycle substituted bdk ligands, both L-mor and L-paz displayed the bluest emission 

in toluene and the reddest in methanol (Fig. 3 and S3, Table 2). For the boronated dyes, the most 

blue-shifted emission of D-mor was shown in toluene and the bluest emission of D-paz was found 

in 1,4-dioxane, while both dyes exhibited the most red-shifted emission in acetonitrile (Fig. S4 and 

S5). In order to compare the solvatochromism effects of all the six-membered ring substituted 
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compounds, Lippert−Mataga plots (Stokes shifts  versus solvent orientational polarizability 

f given TICT state was formed) were produced (Fig. S6). All the bdk ligands display linear 

relationships with positive slopes, substantiating dramatic solvatochromism. However, compared 

to the ligands, the R2 correlation coefficients of the D-mor and D-paz plots are less than 0.5, and 

no clear trend can be found in the D-pip plot, suggesting less dramatic solvatochromism for the 

boron dyes. The slopes in the plots of the bdk ligands (L-pip: 2.7463; L-mor: 3.5208; L-paz: 

2.7978) indicate the most dramatic solvatochromism in L-mor and the least dramatic in L-pip, 

which is probably due to different electron donating abilities of the six-membered heterocycles 

and thus different ICT processes. 

  

Fig. 3 Solvatochromism of L-mor: (a) UV-excited image of emissions in solvents with different 

polarities, (b) absorption spectra and (c) emission spectra in the indicated solvents (λex = 369 nm) 

 

 

Table 2 Absorption and emission maxima of L-mor in different solvents 

 

Maxima Toluene Dioxane Chloroform DCM THF EtOAc Acetone MeOH Acetonitrile 

λabsa (nm) 381 383 381 384 385 381 381 385 385 

λemb (nm) 442 458 465 479 473 472 494 516 501 

          

a Absorption maxima in air. 

b Fluorescence maxima in air (λex = 369 nm). 
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Viscochromism 

For all the compounds, viscochromism experiments were conducted in 1,4-dioxane/EtOAc 

solvent mixtures with the percentage of EtOAc ranging from 0-100% and consistent 10-5 M 

concentration. This solvent pair was chosen because of their different viscosities (EtOAc: 0.45 cP 

at 20 °C; dioxane: 1.37 cP at 20 °C) [41] but similar polarities (ET(30) value of EtOAc: 38.1 kcal 

mol-1; dioxane: 36 kcal mol-1) [40]. Therefore, the effects of changing solvent viscosities (by 

changing solvent mixture compositions) on the bdk ligands and boron dyes were investigated with 

minimizing the solvatochromism effects. According to Fig. S7, for all the compounds, the 

absorption spectra were similar in different solvent compositions, indicating that the ground state 

energy was not affected by environmental viscosity changes. Viscochromism properties of L-mor 

and L-paz are compared in Fig. 4. Upon increasing the fraction of EtOAc and thus decreasing the 

binary solvent viscosity, L-paz showed weakened emission but L-mor did not exhibit dramatic 

fluorescence intensity change. In addition, plots of relative emission intensity (I/I0) against fraction 

of EtOAc (fe) for L-mor and L-paz are present in Fig. 4e and 4f, respectively. The piperazine bdk 

ligand displays a bigger absolute slope than the morpholine ligand (L-mor: 0.0016; L-paz: 0.0073), 

suggesting more dramatic viscochromism in L-paz. Comparing the boron dyes with the bdk 

ligands, D-mor showed more dramatic viscochromism than L-mor, however, in contrast, L-pip 

and L-paz exhibited higher viscosity sensitivity than their corresponding boron complexes 

(absolute slope numbers in the plots of I/I0 versus fe: 0.0016 for L-mor and 0.0061 for D-mor; 

0.0057 for L-pip and 0.0016 for D-pip [22]; 0.0073 for L-paz and 0.0058 for D-paz) (Fig. 4 and 

S8). 
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Fig. 4 Viscochromism: UV-excited images of (a) L-mor and (b) L-paz in dioxane/EtOAc mixtures 

with different fractions of EtOAc (fe), emission spectra of (c) L-mor and (d) L-paz (λex = 369 nm), 

and plots of relative fluorescence intensity (I/I0) versus fractions of EtOAc (fe) for (e) L-mor and 

(f) L-paz. Percentage error range: ±5% 

 

 

Aggregation Induced Emission 

The sensitivity of the bdk ligands and boron dyes to solubility changes was studied in a 

water/THF binary solvent system, where the compounds were well dissolved in THF but poorly 

soluble in water, inducing AIE. A series of solvent mixture compositions, ranging from 0-95% of 

water, were prepared, and the ligand or dye concentration was kept consistent as 10-5 M. UV-

excited images, absorption and emission spectra were taken for all the compounds in different 

solvent compositions (Fig. 5, S9 and S10). The absorption spectra of all the bdk ligands and boron 

complexes showed dramatic absorbance increases at high water fractions (80%, 90% and 95%) 

owing to stronger light scattering, indicating aggregate state formed in those solvent mixtures (Fig. 
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S9). The AIE properties of L-mor and L-paz were analyzed and compared in Fig. 5. Both ligands 

exhibited bright emission in pure THF, followed by relatively dark emissions with increasing water 

fractions from 10-70%. For L-mor at water percentage of 80-95%, enhanced emissions with blue-

shifted wavelengths (dashed spectra) were observed compared to 70% water (Fig. 5c), suggesting 

aggregation induced emission, which is similar to L-pip [22]. However, L-paz displayed quenched 

emission when aggregation happened at water fractions 80-95% (Fig. 5d, dashed spectra). For the 

boron complexes, both D-pip [22] and D-mor showed red-shifted emission with decreased 

intensity in the aggregate state. Aggregation caused quenching was also observed in D-paz without 

affecting the emission wavelength (Fig. S10). 

 

Fig. 5 UV-excited images of (a) L-mor and (b) L-paz in water/THF mixtures with different 

fractions of water (fw), and emission spectra of (c) L-mor and (d) L-paz (λex = 369 nm). The spectra 

at water fractions of 80%, 90% and 95% are displayed in dashed lines 

 

 

Thermal and Mechanochromic Properties 

Responsive luminescent properties of the bdk ligands and boron dyes to heating and 

molecular packing were investigated on weighing paper. Thermally annealed (TA) and melt 

quenched (MQ) states were studied and compared. Samples in the TA state were prepared by 

thermally annealing the compound-treated weighing paper at 110 °C, which was between the 
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crystallization (Tc) and melting temperatures (Tm) determined by differential scanning calorimetry 

(DSC) (Fig. S11). Thus, thermally annealing induced crystallization of the samples, and typically 

blue-shifts the emission [21, 23]. The MQ state was produced by melting and then cooling the 

sample weighing paper in air. Heating above the melting point led to the amorphous state, and 

typically red-shifted emission is observed compared to that in crystalline state [7, 42]. Preliminary 

screening did not show mechano-active properties for the boron complexes, so the bdk ligands 

were analyzed and compared for their thermal and ML properties. For all the bdk ligands, 

bathochromic emission was observed in the MQ state compared to the TA state (Fig. 6). Among 

these ligands, L-pip exhibited the greatest emission wavelength shift (L-pip: 45 nm [22], L-mor: 

23 nm, L-paz: 20 nm). Single crystals of L-mor were grown from THF/n-pentane using a vapor 

diffusion method, and the packing details were analyzed and compared with those of L-pip [22] to 

better understand the relationship between packing structure and ML properties. A complete list 

of intermolecular interactions is included for L-pip (Table S2) and L-mor (Table S3). More 

intermolecular contacts are found in the L-mor crystal structure than L-pip, and L-mor displays 

shorter contact distances than L-pip (C–Harene interactions: 2.738 Å for L-mor and 2.759 Å for 

L-pip; C–HO hydrogen bonding: 2.603 Å for L-mor and 2.619 Å for L-pip) (Fig. 7a and 7b), 

indicating tighter packing and less flexibility in the L-mor structure and thus less dramatic 

mechanochromism than the piperidine ligand. Comparing the unit cells of the two bdk ligands in 

Fig. 7c and 7d, offset dimer formation is observed only in L-pip, which is typically a predictor of 

good ML in -diketone materials [20]. This accounts for more dramatic ML in L-pip than L-mor.   
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Fig. 6 Thermal and mechanochromic luminescence: UV-excited images and emission spectra of 

(a) L-pip, (b) L-mor and (c) L-paz in thermally annealed (TA) and melt quenched (MQ) states (λex 

= 369 nm). Data for L-pip were obtained from ref [22] 

 

 
 

Fig. 7 Single crystal structure details: intermolecular interactions of (a) L-mor and (b) L-pip, and 

the unit cells of (c) L-mor and (d) L-pip. Data for L-pip were obtained from ref [22] 

 

Halochromism and pH Sensing 

Halochromism was investigated in both solution and the solid state. These experiments 

concentrated on the boron complexes for comparison with a previous study [22]. First, in the solid 

state, trifluoroacetic acid (TFA) and triethylamine (TEA) were used to vapor anneal the spin cast 
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films. The piperidine boron dye showed blue-shifted emission after acid annealing (AA) the as 

spun (AS) films, and base annealing (BA) resulted in partial recovery of the emission to green 

[22]. However, for the morpholine and piperazine dyes, less dramatic halochromism was observed 

without shifting the emission wavelength as much as D-pip in the AA and BA states (Fig. 8). A 

possible explanation is that the lone pairs of the additional oxygen or nitrogen atom (i.e. not 

directly attached to the aryl ring) are more basic than the aniline nitrogen, and thus, are protonated 

first. This is reasonable given substituted anilines are highly sensitive to substituent effects. 

Protonation of N or O heteroatoms could hinder further protonation of the aniline nitrogen, leading 

to less molecular orbital change and emission wavelength shift.  

 

Fig. 8 Solid-state halochromism: normalized emission spectra of (a) D-pip, (b) D-mor and (c) D-

paz in as spun (AS), acid annealed (AA) and base annealed (BA) states (λex = 369 nm). Data for 

D-pip were obtained from ref [22] 

 

In order to ensure sufficient interaction between the dye molecules and acid/base, 

halochromism and pH sensing properties of all the boron dyes were also explored in aqueous 

solutions with different pH values, ranging from 1-13. The dyes were dissolved in dimethyl 

sulfoxide and then mixed with water to achieve an overall concentration of 10-5 M, and emission 

spectra were obtained. According to Fig. 9a, at pH 1 and 2, protonation of piperidine caused the 

electron donor to function as an acceptor group instead, and consequently, changed FMO energy 

and blue-shifted the emission (~407 nm). The original D-pip molecules were present with red 

emissions at pH 2-10. For D-mor at pH 1, double protonation occurred at the nitrogen and oxygen 
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sites in the morpholine ring, and hypsochromic emission was observed (~398 nm) (Fig. 9b). From 

pH 2-7, single protonated D-mor on the morpholine oxygen atom (referring to the minor emission 

peak) and the original molecules (referring to the primary emission peak) coexisted in the solutions 

and reached dynamic equilibria. Only the original form of the compound was evident in solutions 

at pH 8-10. Finally, for D-paz, as shown in Fig. 9c and 9d, both single and double protonated forms 

were present at pH 1-4 with emission wavelengths at ~542 nm and ~403 nm, respectively. As pH 

increased from 5-10, both forms were deprotonated to the original molecule and red emission was 

observed. All the boron dyes were hydrolyzed to the corresponding bdk ligands at high pH 10-13, 

and were deprotonated in the basic environments, which is supported by their emission 

wavelengths matching those of the bdk ligands at corresponding pH values (Fig. S12). 

 

Fig. 9 Halochromism and pH sensing properties: emission spectra of (a) D-pip, (b) D-mor and (c) 

D-paz in aqueous solutions with pH values ranging from 1-13 (λex = 369 nm), and (d) proposed 

molecular structures of the piperazine compound at varying pH values 

 

Conclusion 

In summary, a series of β-diketones and difluoroboron complexes were synthesized with 

six-membered heterocycle substituents in the 4-position (i.e. piperidine, morpholine and 1-methyl 

piperazine), and multiple stimuli-responsive luminescent properties were explored. In CH2Cl2, for 



 22 

both bdk ligands and boron dyes, the piperidine compound showed the most red-shifted absorption 

and emission and the piperazine compound the most blue-shifted. The morpholine substituted 

ligand or dye displayed the highest quantum yields than the other two substituents. Intramolecular 

charge transfer character was revealed by density functional theory calculations, indicating 

sensitivity to solvent polarity change for all the compounds. This was verified by solvatochromism 

experiments, where all the ligands and dyes exhibited bathochromic emissions in more polar 

solvents, indicating their potential use in probing polarity change and phase separation in 

biomembranes. Comparing different heterocycle substituted bdk ligands, L-mor exhibited the most 

dramatic solvatochromism and L-pip the least. In addition, all the compounds showed increased 

fluorescence intensity in more viscous solutions, suggesting promise in rigidity or viscosity 

sensing applications. In the aggregate state, L-paz and all the studied boron dyes displayed 

quenched emission, while red-shifted emission was observed for D-mor. Increased emission 

intensity and blue-shifted wavelength were found in L-pip and L-mor when they aggregated in 

high water fractions, which is AIE. Thermal and mechanochromic properties were investigated on 

weighing paper. All the bdk ligands exhibited red-shifted emission in the melt quenched state 

compared to the thermally annealed state, and L-pip showed more dramatic emission wavelength 

shift than the other two ligands, due to loose molecular packing and offset dimer formation. 

Furthermore, halochromism tests on spin cast films suggest more sensitive emission for D-pip to 

acid/base vapor annealing. In aqueous solutions with different pH values (1-13), all the boron 

complexes showed sensitivity to pH change, and various forms of molecule (original, hydrolyzed, 

single and double protonated forms) with varying emissions were present in different pH ranges. 

This property can find application in sensing pH changes in biological systems.  
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Full DFT calculation details, absorption and emission spectra in CH2Cl2, images under UV light, 
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Scheme S1 Synthesis of six-membered heterocycle substituted β-diketone ligands and 
difluoroboron dyes 
 

 

 

Table S1 Optimized ground state coordinates, excitation energies, oscillator strengths 
and predicted UV-Vis absorption spectra of six-membered heterocycle substituted bdk 
ligands and boron complexes. Coordinates are given in Cartesian, in Angstroms. The 
transitions from the highest occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO) are in bold 
 

 
 
E (TD-HF/TD-KS) = -1016.01513179. μ (Debye) = 6.3825 
 C                     1.19964  -1.29401  -0.13934  
 C                     2.279    -0.3358   -0.04701  
 H                     2.05705   0.71234   0.08332  
 O                     1.46008  -2.53393  -0.24554  
 C                     3.59879  -0.73151  -0.09008  
 O                     3.92626  -2.02319  -0.2108  
 C                     4.75629   0.18456   0.00767  
 C                     6.03798  -0.34505   0.24742  
 C                     4.6166    1.57842  -0.13233  
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 C                     7.14571   0.49678   0.35733  
 H                     6.15817  -1.41759   0.35311  
 C                     5.7256    2.41669  -0.02516  
 H                     3.64593   2.01565  -0.34286  
 C                     6.99436   1.88021   0.2229  
 H                     8.12712   0.0711    0.5486  
 H                     5.60001   3.48978  -0.14111  
 C                    -0.20993  -0.85728  -0.10372  
 C                    -1.22961  -1.83185  -0.12282  
 C                    -0.61603   0.49222  -0.05695  
 C                    -2.57171  -1.49257  -0.08986  
 H                    -0.94591  -2.87812  -0.17339  
 C                    -1.95528   0.85259  -0.02539  
 H                     0.11754   1.29161  -0.03964  
 C                    -2.98053  -0.13125  -0.03637  
 H                    -3.31095  -2.28438  -0.13125  
 H                    -2.20698   1.90501   0.03526  
 H                     7.85714   2.53568   0.30638  
 H                     3.04195  -2.52107  -0.24523  
 C                    -4.75296   1.6012   -0.17873  
 C                    -5.36483  -0.76619   0.25582  
 C                    -6.18135   1.62006  -0.71565  
 H                    -4.11483   2.10083  -0.91469  
 H                    -4.68828   2.16982   0.76156  
 C                    -6.55051  -0.08725   0.93534  
 H                    -5.68534  -1.26149  -0.67313  
 H                    -4.99265  -1.54039   0.93377  
 H                    -6.20707   1.14085  -1.70486  
 H                    -6.51904   2.65449  -0.82695  
 H                    -6.23514   0.30971   1.91098  
 H                    -7.34688  -0.81809   1.10345  
 N                    -4.30738   0.2168    0.00123  
 O                    -7.11728   0.97047   0.15255 
 
Excitation energies and oscillator strengths: 
 Excited State   1:      Singlet-A      3.0222 eV  410.24 nm  f=0.8655  <S**2>=0.000 
      82 -> 83         0.70258 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1016.01513179     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      3.8549 eV  321.63 nm  f=0.0252  <S**2>=0.000 
      77 -> 83         0.61405 
      78 -> 83        -0.18345 
      79 -> 83        -0.14825 
      80 -> 83         0.14086 
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      81 -> 83        -0.17632 
  
 Excited State   3:      Singlet-A      3.8687 eV  320.48 nm  f=0.3730  <S**2>=0.000 
      77 -> 83         0.16316 
      81 -> 83         0.65065 
      82 -> 84         0.18685 
 

	
 
 

 
 
E (TD-HF/TD-KS) = -1240.23250197. μ (Debye) = 13.1688 
 C                    -0.90206   0.692    -0.04552  
 C                    -1.91158  -0.27754   0.12641  
 H                    -1.64608  -1.30124   0.33761  
 O                    -1.23905   1.94558  -0.25927  
 C                    -3.24705   0.07152  -0.03198  
 O                    -3.59846   1.32304  -0.23916  
 B                    -2.62852   2.43378  -0.06787  
 F                    -2.89235   3.41013  -1.02144  
 F                    -2.75337   2.95151   1.22883  
 C                    -4.36128  -0.89531   0.00079  
 C                    -5.68094  -0.42034   0.12587  
 C                    -4.14248  -2.28359  -0.09205  
 C                    -6.75198  -1.31196   0.16876  

O O
B

F F
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 H                    -5.85567   0.64744   0.19656  
 C                    -5.21626  -3.17122  -0.05225  
 H                    -3.13913  -2.67727  -0.21608  
 C                    -6.52356  -2.68918   0.0808  
 H                    -7.7646   -0.93215   0.27204  
 H                    -5.03366  -4.2392   -0.13123  
 C                     0.51721   0.405    -0.03462  
 C                     1.45572   1.45643  -0.16686  
 C                     1.03151  -0.90598   0.10413  
 C                     2.81661   1.22272  -0.15711  
 H                     1.09543   2.47237  -0.28594  
 C                     2.38985  -1.15619   0.11719  
 H                     0.36169  -1.75256   0.21097  
 C                     3.33477  -0.09689  -0.01183  
 H                     3.48822   2.06251  -0.28796  
 H                     2.72666  -2.17655   0.25435  
 H                    -7.35878  -3.38363   0.1121  
 C                     5.23211  -1.69481  -0.07147  
 C                     5.66541   0.74684   0.0997  
 C                     6.62581  -1.65395  -0.69213  
 H                     4.60109  -2.31472  -0.71501  
 H                     5.26474  -2.16395   0.92263  
 C                     6.93908   0.23137   0.76327  
 H                     5.88824   1.1685   -0.89107  
 H                     5.26872   1.55175   0.72507  
 H                     6.55706  -1.27753  -1.72275  
 H                     7.04108  -2.66525  -0.72401  
 H                     6.71333  -0.09027   1.78991  
 H                     7.67736   1.03683   0.81097  
 N                     4.67855  -0.33663   0.00337  
 O                     7.54916  -0.84935   0.049 
 
Excitation energies and oscillator strengths: 
 Excited State   1:      Singlet-A      2.7947 eV  443.65 nm  f=1.1442  <S**2>=0.000 
      93 -> 94         0.70406 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1240.23250197     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      3.8206 eV  324.52 nm  f=0.2590  <S**2>=0.000 
      92 -> 94         0.66665 
      93 -> 95         0.20835 
  
 Excited State   3:      Singlet-A      3.9774 eV  311.72 nm  f=0.0257  <S**2>=0.000 
      90 -> 94         0.69050 
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E (TD-HF/TD-KS) = -1035.45776667. μ (Debye) = 8.5057 
 C                    -1.63084   1.33609  -0.10415  
 C                    -2.68015   0.34214  -0.0344  
 H                    -2.42692  -0.70343   0.05561  
 O                    -1.93236   2.56978  -0.17247  
 C                    -4.01128   0.69812  -0.05332  
 O                    -4.3818    1.98217  -0.12331  
 C                    -5.13668  -0.25898   0.02045  
 C                    -6.41982   0.20659   0.36252  
 C                    -4.96254  -1.63061  -0.24339  
 C                    -7.49511  -0.67845   0.45404  
 H                    -6.56569   1.26229   0.56376  
 C                    -6.03968  -2.51179  -0.15538  
 H                    -3.99086  -2.01313  -0.5392  
 C                    -7.30952  -2.04038   0.19709  
 H                    -8.47802  -0.30359   0.72668  
 H                    -5.88903  -3.56646  -0.3693  
 C                    -0.20938   0.94309  -0.09428  
 C                     0.78075   1.94646  -0.15705  
 C                     0.23926  -0.3926   -0.0282  
 C                     2.1325    1.64765  -0.15347  

O O

N

H

N
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 H                     0.46511   2.98286  -0.2208  
 C                     1.58853  -0.71267  -0.02153  
 H                    -0.46914  -1.21248   0.03071  
 C                     2.58553   0.29976  -0.08382  
 H                     2.84569   2.46007  -0.23226  
 H                     1.87273  -1.75523   0.06041  
 H                    -8.14749  -2.72898   0.26556  
 H                    -3.51361   2.50843  -0.15051  
 C                     4.40743  -1.37949  -0.25538  
 C                     4.95019   1.02117   0.1243  
 C                     5.80102  -1.35242  -0.89516  
 H                     3.73375  -1.91734  -0.92904  
 H                     4.42255  -1.92258   0.70201  
 C                     6.19389   0.40217   0.75736  
 H                     5.20959   1.51789  -0.82316  
 H                     4.56679   1.7855    0.80605  
 H                     5.70908  -0.90672  -1.89501  
 H                     6.14508  -2.3822   -1.03474  
 H                     5.90597  -0.03207   1.73463  
 H                     6.92316   1.19522   0.96276  
 N                     3.92124  -0.00654  -0.07773  
 N                     6.80709  -0.60391  -0.11741  
 C                     7.73491  -1.4524    0.62397  
 H                     8.25027  -2.13148  -0.06278  
 H                     8.49037  -0.82372   1.10908  
 H                     7.24145  -2.05619   1.4105 
 
Excitation energies and oscillator strengths: 
 Excited State   1:      Singlet-A      2.9876 eV  415.00 nm  f=0.8581  <S**2>=0.000 
      86 -> 87         0.70274 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1035.45776667     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      3.3897 eV  365.76 nm  f=0.0211  <S**2>=0.000 
      85 -> 87         0.70452 
  
 Excited State   3:      Singlet-A      3.8640 eV  320.87 nm  f=0.0121  <S**2>=0.000 
      81 -> 87         0.59472 
      82 -> 87        -0.33150 
      83 -> 87         0.10119 
      84 -> 87         0.10407 
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E (TD-HF/TD-KS) = -1259.67601265. μ (Debye) = 15.2757 
 C                    -1.28711   0.7244   -0.04852  
 C                    -2.26552  -0.2781    0.12091  
 H                    -1.96594  -1.29587   0.31407  
 O                    -1.66562   1.97043  -0.23927  
 C                    -3.61214   0.03146  -0.01775  
 O                    -4.00433   1.27472  -0.20434  
 B                    -3.06703   2.41139  -0.02507  
 F                    -3.3718    3.39497  -0.95934  
 F                    -3.19367   2.90464   1.28153  
 C                    -4.69616  -0.96954   0.01368  
 C                    -6.02898  -0.53669   0.15118  
 C                    -4.43583  -2.34966  -0.09267  
 C                    -7.07197  -1.46115   0.1928  
 H                    -6.23614   0.52453   0.23209  
 C                    -5.48152  -3.27027  -0.05344  
 H                    -3.42184  -2.71156  -0.22663  
 C                    -6.80215  -2.82992   0.0918  
 H                    -8.09509  -1.11343   0.3054  
 H                    -5.26661  -4.33143  -0.14271  
 C                     0.13857   0.48006  -0.05995  

O O
B

F F

N
N
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 C                     1.04473   1.56055  -0.1902  
 C                     0.69416  -0.81717   0.05397  
 C                     2.41145   1.36758  -0.20171  
 H                     0.65294   2.56681  -0.29092  
 C                     2.05871  -1.02715   0.04428  
 H                     0.05129  -1.68469   0.15973  
 C                     2.97237   0.06126  -0.08325  
 H                     3.05582   2.22872  -0.33042  
 H                     2.4273   -2.0386    0.1634  
 H                    -7.61546  -3.54996   0.12228  
 C                     4.91467  -1.4783   -0.20549  
 C                     5.2736    0.97725   0.02471  
 C                     6.28657  -1.37562  -0.88303  
 H                     4.27224  -2.10666  -0.8282  
 H                     4.99476  -1.95564   0.78215  
 C                     6.57341   0.49204   0.66129  
 H                     5.47056   1.42983  -0.95815  
 H                     4.84691   1.74887   0.67039  
 H                     6.13747  -0.99392  -1.90212  
 H                     6.7065   -2.38196  -0.97722  
 H                     6.33806   0.09369   1.66719  
 H                     7.24049   1.3503    0.80545  
 N                     4.32076  -0.13803  -0.09147  
 N                     7.24628  -0.51132  -0.1711  
 C                     8.25149  -1.24389   0.59284  
 H                     8.80198  -1.92046  -0.06848  
 H                     8.9673   -0.53403   1.02277  
 H                     7.82214  -1.8367    1.42389 
 
Excitation energies and oscillator strengths: 
 Excited State   1:      Singlet-A      2.7458 eV  451.54 nm  f=0.9863  <S**2>=0.000 
      96 -> 98        -0.10907 
      97 -> 98         0.69604 
 This state for optimization and/or second-order correction. 
 Total Energy, E(TD-HF/TD-KS) =  -1259.67601265     
 Copying the excited state density for this state as the 1-particle RhoCI density. 
  
 Excited State   2:      Singlet-A      2.8894 eV  429.09 nm  f=0.1862  <S**2>=0.000 
      96 -> 98         0.69684 
      97 -> 98         0.10801 
  
 Excited State   3:      Singlet-A      3.8200 eV  324.57 nm  f=0.2690  <S**2>=0.000 
      95 -> 98         0.65738 
      97 -> 99         0.23670 
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Fig. S1 Optimized ground state geometries of (a) L-mor, (b) L-paz, (c) D-mor and (d) D-
paz. Tube-like display format is adopted. Hydrogens are deleted for clarity 
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Fig. S2 (a) Absorption and (b) normalized emission spectra of the six-membered 
heterocycle-substituted β-diketone ligands and boron dyes in CH2Cl2 (λex = 369 nm). 
Data for L-pip and D-pip were obtained from ref [1] 
 
 

 
 

 

Fig. S3 Solvatochromism of L-paz: (a) UV-excited image of emissions in solvents with 
different polarities, (b) absorption spectra and (c) emission spectra in the indicated 
solvents (λex = 369 nm) 
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Fig. S4 Solvatochromism of D-mor: (a) UV-excited image of emissions in solvents with 
different polarities, (b) absorption spectra and (c) emission spectra in the indicated 
solvents (λex = 369 nm) 
 
 
 
 
 

 
Fig. S5 Solvatochromism of D-paz: (a) UV-excited image of emissions in solvents with 
different polarities, (b) absorption spectra and (c) emission spectra in the indicated 
solvents (λex = 369 nm) 
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Fig. S6 Lippert–Mataga plots (Dn against Df) of solvatochromism for (a) L-pip, (b) L-
mor, (c) L-paz, (d) D-pip, (e) D-mor and (f) D-paz. Data for L-pip and D-pip were 
obtained from ref [1]. No clear trend is seen for D-pip. Percentage error range:  ±5% 
 
 
 
 
 

 
Fig. S7 Viscochromism: absorption spectra of (a) L-mor, (b) L-paz, (c) D-mor and (d) D-
paz in dioxane/EtOAc mixtures with different fractions of EtOAc (fe) 
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Fig. S8 Viscochromism: UV-excited images of (a) D-mor and (b) D-paz in 
dioxane/EtOAc mixtures with different fractions of EtOAc (fe), emission spectra of (c) 
D-mor and (d) D-paz (λex = 369 nm), and plots of relative fluorescence intensity (I/I0) 
against fractions of EtOAc (fe) for (e) D-mor and (f) D-paz. Percentage error range: ±5%  
 
 

 
Fig. S9 Absorption spectra of (a) L-mor, (b) L-paz, (c) D-mor and (d) D-paz in 
water/THF mixtures with different fractions of water (fw). The spectra at water fractions 
of 80%, 90% and 95% are displayed in dashed lines  
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Fig. S10 UV-excited images of (a) D-mor and (b) D-paz in water/THF mixtures with 
different fractions of water (fw), and emission spectra of (c) D-mor and (d) D-paz (λex = 
369 nm). The spectra at water fractions of 80%, 90% and 95% are displayed in dashed 
lines 
 
 
 
 
 

 

Fig. S11 Differential scanning calorimetry (DSC) curves of (a) L-mor and (b) L-paz 
pristine powders with a temperature ramp rate of 5 °C/min. Second cycles are shown 
after the first conditioning scans  
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Table S2 Single crystal structure details of L-pip: intermolecular interactions with 
labeled atoms and contact lengths in Angstroms. Data for L-pip were obtained from ref [1] 

 
Number Atom 1 Atom 2 Length (Å) 

1 H15 C11 2.776 
2 H15 C12 2.877 
3 C1 H20B 2.759 
4 C10 H20B 2.728 
5 C9 H5 2.838 
6 H9 O2 2.619 

 
 
 
 
Table S3 Single crystal structure details of L-mor: intermolecular interactions with 
labeled atoms and contact lengths in Angstroms 
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Number Atom 1 Atom 2 Length (Å) 
1 O1 O2 2.439 
2 H6 O6 2.403 
3 H8 O6 2.593 
4 H11 H35B 2.322 
5 O1 H21 2.603 
6 N1 H37B 2.725 
7 C9 H33 2.766 
8 C10 H33 2.898 
9 C13 H37B 2.781 
10 C14 H38B 2.876 
11 C15 H38B 2.738 

 
 
 
 
 

 
Fig. S12 Emission spectra of (a) L-pip, (b) L-mor and (c) L-paz in aqueous solutions with 
pH 10-13 (λex = 369 nm) 
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