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Graphic Abstract for: 

Mechanofluorochromic Behaviors of β-Iminoenolate Boron 

Complexes Functionalized with Carbazole 

 

 

Noble β-iminoenolate boron complexes exhibit totally different mechanofluorechromic properties 

due to the excimer and monomer tranformation. 
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Carbazole and tert-butylcarbazole functionalized β-iminoenolate boron complexes CB and 

TCB with different mechanofluorochromic (MFC) properties have been synthesized. It was 

found that the as-synthesized crystal of CB emitted orange light under UV illumination 

because of the appearance of the emission from the monomers and the excimers. After 

grinding for a while, the ground powder 1 of CB emitted bright yellow light since the ratio 

of the emission intensity from excimers/monomers decreased. Further grinding for a long 

time, the excimers disappeared and the obtained amorphous ground powder 2 emitted dark 

green light. However, TCB emitted sky blue light in the as-synthesized crystal because no 

excimer was formed due to the steric hindrance of tert-butyl. After grinding, the amorphous 

ground powder of TCB emitted bright green light derived from excimer. It should be noted 

that the fluorescent quantum yield of TCB in amorphous solid state reached 0.53, which was 

the highest one for the β-iminoenolate boron complexes that have ever been reported. In 

addition, the emission changes of CB and TCB in different solid states were reversible upon 

repeating treatment of mechanic grinding and fuming with CH 2Cl2. Therefore, the obtained 

β-iminoenolate boron complexes might be used as sensors and memory chips on the basis of 

the solid fluorescence response to external mechanical force and organic solvent.  

Introduction 

Organic solid-state luminescent materials have received much 

attention due to their potential applications in organic light-

emitting diodes (OLEDs),1 organic light-emitting field-effect 

transistors (OLEFETs),2 organic solid-state lasers3 and organic 

fluorescent sensors.4 Much efforts have been made in designing 

π-conjugated compounds with strong solid emission. In general, 

the fluorescent emission properties of the dye molecules in 

dilute solutions can be easily predicted by means of quantum 

chemical calculations. However, the emission of the 

chromophores would often become complicated in solid states 

since the conformations of the molecules and the molecular 

packing modes in solid states would affect the solid emission. 

Recently, the mechanofluorochromic (MFC) emissive organic 

materials, whose emitting colors change in response to external 

mechanical forces (such as grinding, crushing, rubbing, etc.) 

and can be restored to the original states by annealing or 

fuming with organic vapors, have gained an increasing interest5 

because such kind of “smart” materials may be employed in 

luminescence switches,6 mechanosensors,7 data storage,8 

security inks,9 and optoelectronic devices.10 Till now, it has 

been found that the derivatives of tetraphenylethene,11 9,10-

divinylanthracene12 and oligo(p-phenylene vinylene)13 exhibit 

MFC properties because of their loose molecular packing in 

crystals which can be damaged easily under external stimuli. 

For example, Löwe et al. found cyano-substituted oligo(p-

phenylene vinylene) derivatives could change their emission 

colors under stretching when they were blended in linear low-

density polyethylene.14 We have reported that the emission of 

the benzoxazole derivatives bearing non-planar triphenylamine 

or  phenothiazine moiety could be tuned by grinding.15 Fraser et 

al have synthesized a series of β-diketone boron complexes 

with MFC behaviors.16 As an analogue of β-diketone boron 

complexes, β-iminoenolate boron complexes often show strong 

emission in solutions and solid states. To the best of our 

knowledge, the MFC property of β-iminoenolate boron 

complex has not been reported. Therefore, we designed new 

carbazole and tert-butylcarbazole functionalized β-iminoenolate 

boron complexes CB and TCB, and the design strategies 

involved the following points. Firstly, D-π-A type conjugated 

compounds usually showed strong ICT emission, so carbazole 

unit was introduced due to the strong electron donating ability 

and strong luminance.17 Secondly, in the reported β-

iminoenolate boron complexes, the nitrogen-based ligands 

included quinolone, pyrimidine and pyrazine.18 However, as an 

electron-deficiency unit, pyridine was not used as a ligand in β-

iminoenolate boron complex. We deemed that the introduction 

of pyridine would increase the electron withdrawing ability of 

β-iminoenolate boron unit, favoring for ICT emission. Thirdly, 

we have previously found that tert-butyl can tune the self-

assembling properties of carbazoles via enlarging the distance 
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between carbazole rings, leading to loose molecular packing in 

organogels,19 which has been proved of importance in MFC 

properties. Herein, we found that the UV-vis absorption and 

fluorescent emission spectra of the two complexes in solutions 

were similar besides small red-shift of TCB compared with CB 

due to the electron-donating of tert-butyl groups. However, 

their solid emission behaviors were quite different. The as-

synthesized crystal CB and TCB emitted orange and blue light 

under UV irradiation, respectively. After grinding the as-

synthesized crystal CB for a while, it changed into yellow 

emitting powder and further into green-emitting powder after 

grinding with stronger force. In the case of TCB, it emitted 

bright green light after grinding. The fluorescent decay curves 

of CB revealed that the excimers were formed in the as-

synthesized crystal, so the emitting color of CB was quite 

different from that of TCB, which could not form excimers in 

the as-synthesized crystal due to the steric hindrance of tert-

butyl. Additionally, the emission changes of CB and TCB in 

different solid states were reversible upon treated by repeating 

mechanic grinding and fuming with CH2Cl2 (or heating). 

Therefore, the obtained β-iminoenolate boron complexes might 

be used as sensors and memory chips on the basis of the solid 

fluorescence response to external mechanical force and organic 

solvent. 

 

Experimental Section 

Measurement and characterization: 1H and 13C NMR spectra 

were measured with a Mercury Plus instrument at 400 MHz and 

100 MHz by using DMSO-d6 as the solvent in all cases. IR 

spectra were measured with a Nicolet-360 FT-IR spectrometer 

by incorporation of samples in KBr disks. The UV-vis 

absorption spectra were obtained on Shimadzu UV-3100 

spectrophotometer. Fluorescent emission spectra were obtained 

on a Cary Eclipse fluorescence spectrophotometer. Cyclic 

voltammetry (CV) spectra of CB and TCB were obtained on a 

CHI 604C voltammetric analyzer with a scan rate at 50 mV/s. 

A three electrode configuration was used for the measurement: 

a platinum button as the working electrode, a platinum wire as 

the counter electrode, and a saturated calomel electrode (SCE) 

as the reference electrode. The solution of (C4H9)4NBF4 in 

CH2Cl2 (0.1M) was used as the supporting electrolyte. Mass 

spectra were obtained with Agilent 1100 MS series and 

AXIMA CFR MALDI-TOF (Compact) mass spectrometers. C, 

H, and N elemental analyses were performed with a Perkin–

Elmer 240C elemental analyzer. XRD patterns were obtained 

on an Empyrean X-ray diffraction instrument. Single crystal of 

CB was selected for X-ray diffraction studies in a Rigaku 

RAXIS-RAPID diffractometer. Fluorescence lifetimes were 

obtained on a Edinburgh Instrument FLS920 fluorescence 

spectrophotometer, and all the samples were excited at 400 nm. 

The ground powder was prepared by grinding samples with a 

pestle in the morta. Ground powder 1 of CB was obtained by 

grinding the as-synthesized crystal of CB for 30 s. Ground 

powder 2 of CB was obtained by grinding ground powder 1 for 

another 5 min. Ground powder of TCB was obtained by 

grinding the as-synthesized crystal of TCB for 30 s. 

 

Synthesis: THF was dried over sodium and diphenyl ketone. 

CH2Cl2 was dried over calcium hydride. The other chemicals 

and reagents were used as received without further purification. 

The synthetic routes for -iminoenolate boron complexes CB 

and TCB were shown in Scheme 1. Firstly, the esters of methyl 

4-(9H-carbazol-9-yl)benzoate 120 and methyl 4-(3,6-di-tert-

butyl-9H-carbazol-9-yl)benzoate 219a were synthesized 

according to the reported procedures. Then, the condensation 

coupling reactions between 2-methylpyridine and esters 1-2, 

respectively, afforded the corresponding -iminoenolate 

intermediates, which were complexed with boron trifluoride 

diethyl ether directly without further purification to yield the -

iminoenolate boron complexes CB and TCB. The target 

molecules were characterized by 1H NMR, 13C NMR, MALDI-

TOF mass spectrometry, FT-IR and C, H, N elemental analyses 

(see Supporting Information). It was found that the synthesized 

-iminoenolate boron complexes were dissolved in CH2Cl2, 

THF, and so on. 

  
Scheme 1. Synthetic routes for -iminoenolate boron complexes CB and TCB. 

 

3-(4-(9H-carbazol-9-yl)phenyl)-1,1-difluoro-1H-pyrido[1,2-

c][1,3,2]oxazaborinin-9-ium-1-uide (CB): NaH (60 %, 0.60 g, 

15.14 mmol) was added to a solution of 2-methylpyridine (1.10 

mL, 12.62 mmol) in THF (50mL) at 0 C. Then, compound 1 

(1.90 g, 6.31 mmol) was added and the mixture was stirred at 

room temperature for 30 min. After the mixture was refluxed 

under an atmosphere of nitrogen for 24 h, it was cooled to room 

temperature. After that, the mixture was acidified with dilute 

HCl and a yellow solid was collected by suction filtration. 

Then, the solid was dried under vacuum followed by dissolved 

in CH2Cl2 (50 mL). Boron trifluoride diethyl ether complex 

(4.00 mL, 31.55 mmol) and triethylamine (4.40 mL, 31.55 

mmol) were added to the above solution, which was stirred at 

room temperature for 24 h. Water was added (200 mL) in order 

to quench the reaction. The organic layer was separated and 

dried over Na2SO4. After removal of the solvent, the crude 

product was purified by column chromatography (silica gel, 

petroleum ether/ethyl acetate, v/v = 3/1) to afford CB (0.96 g) 

as an orange solid. Yield 39%; m.p. 264.0-266.0 C; 1H NMR 

(400 MHz, DMSO-d6)  8.60 (d, J = 4.0 Hz, 1H), 8.27 (t, J = 

7.0 Hz, 6.0 Hz, 4H), 8.23 (s, 1H) 7.81 (d, J = 8.0 Hz, 2H), 7.74 

(d, J = 8.0 Hz, 1H), 7.62 (t, J = 7.0 Hz, 6.0 Hz, 1H), 7.49 (m, 

4H), 7.33 (t, J = 8.0 Hz, 8.0 Hz, 2H), 7.08 (s, 1H) (Figure S13); 
13C NMR (100 MHz, DMSO-d6)  159.73, 150.97, 143.49, 

140.40, 140.19, 139.49, 133.00, 128.25, 127.05, 126.88, 

123.71, 123.50, 122.51, 121.08, 120.92, 110.28, 94.70 (Figure 

S14); IR (KBr):  = 724, 754, 805, 910, 917, 1029, 1099, 1128, 

1168, 1230, 1450, 1491, 1512, 1544, 1605, 1629, 2365, 2850, 

2922 cm-1; MALDI-TOF MS: m/z: calculated for 

C25H17BF2N2O: 410.14; found: 408.8 (Figure S15); elemental 

analysis (%) calculated for C25H17BF2N2O: C 73.20, H 4.18 , N 

6.83; found: C 73.36, H 4.21, N 6.86.  
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3-(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-1,1-

difluoro-1H-pyrido[1,2-c][1,3,2]oxazaborinin-9-ium-1-uide 

(TCB): By following the synthetic procedure for CB, the 

intermediate was synthesized by compound 2 (1.50 g, 3.51 

mmol) and 2-methylpyridine (0.69 mL, 7.02 mmol) in THF. 

Then the intermediate was reacted with boron trifluoride diethyl 

ether complex (2.20 mL, 17.55 mmol) in the presence of 

triethylamine (2.45 mL, 17.55 mmol) in CH2Cl2. The crude 

product was purified by column chromatography (silica gel; 

CH2Cl2) to afford TCB (0.51 g) as a light yellowish green 

solid. Yield 31%; m.p. 280.0-282.0 C; 1H NMR (400 MHz, 

DMSO-d6)  8.57 (s, 1H), 8.32 (d, J = 1.6 Hz, 2H), 8.28 (m, 

1H), 8.22 (d, J = 8.0 Hz, 2H), 7.80 (d, J = 8.0 Hz, 2H), 7.73 (d, 

J = 8.0 Hz, 1H), 7.61 (m, 1H), 7.52 (m, 2H), 7.44 (d, J = 9.0 

Hz, 2H), 7.06 (s, 1H), 1.44 (s, 18H) (Figure S16); 13C NMR 

(100 MHz, DMSO-d6)  159.83, 151.02, 143.43, 140.36, 

140.04, 138.52, 132.42, 128.18, 126.48, 124.33,123.67, 122.41, 

117.25, 109.73, 94.52, 34.99 32.26 (Figure S17); IR (KBr):  = 

758, 801, 912, 1030, 1263, 1366, 1470, 1516, 1550, 1604, 

1631, 2362, 2863, 2955 cm-1; MALDI-TOF MS: m/z: 

calculated for C33H33BF2N2O: 522.3; found: 523.6 (Figure 

S18); elemental analysis (%) calculated for C33H33BF2N2O: C 

75.87, H 6.37, N 5.36; found: C 76.10, H 6.40, N 5.39. 

 

Results and discussion 

UV-vis Absorption and Fluorescent Emission Spectra in 

Solutions 

The UV-vis absorption and fluorescent emission spectra of CB 

and TCB in different solvents were shown in Figure 1, and the 

corresponding photophysical data were summarized in Table 

S1. It was clear that each -iminoenolate boron complexe gave 

two strong absorption bands at ca. 292 nm and ca. 390 nm in 

solutions (Figure 1a and 1c). The absorption at ca. 292 nm 

coming from π-π* transition did not shift with increasing the 

polarity of the solvents, but the absorption at ca. 390 nm 

attributed to charge transfer (CT) transition, which was 

confirmed by solvent-dependent fluorescent emission spectral 

changes, blue-shifted with increasing solvent polarity. For 

example, the CT bands of CB and TCB emerge at 392 nm and 

401 nm in cyclohexane, and blue-shifted to 381 nm and 391 nm 

in DMSO, respectively, which might be due to the less 

conjugation degree of -iminoenolate boron complexes resulted 

from larger dihedral angle in more polar solvents.15a It should 

be noted that in the same solvent a red-shift of the absorption 

band of TCB compared with CB was detected (Table S1) on 

account of the introduction of electronic donating group of tert-

butyls to carbazole unit in TCB. As shown in Figure 1c and 1d, 

in cyclohexane the emission bands of CB were located at 426 

nm and 450 nm, and TCB gave two emission bands at 434 nm 

and 460 nm. The red-shift of the emission for TCB compared 

with CB was also ascribed to the weak electron donating ability 

of tert-butyl. Moreover, the emission bands for CB and TCB 

red-shifted obviously with increasing the solvent polarities. For 

example, CB emitted blue light centered at 458 nm in THF and 

green light located at 496 nm in DMSO (Figure 1b and Figure 

S1). Combined with the large Stokes shifts (2036-6085 cm-1), 

the broadening and red-shift of the emission bands, we 

suggested that intramolecular charge transfer (ICT) transitions 

for CB took place in more polar solvents. It should be noted 

that CB gave two isolated emission peaks in non-polar solvents 

(cyclohexane and toluene), indicating that two separated close-

lying excited states existed. We deduced that the emission of 

CB in cyclohexane and toluene was from the locally excited 

(LE) state.21 Similarly, the emission of TCB in cyclohexane 

came from LE state, and the emissions in other solvents, 

including toluene, THF, CH2Cl2 and DMSO, were due to ICT 

transition. Because the molecular polarities of the synthesized 

-iminoenolate boron complexes were in the order of CB  

TCB, we could find that the ICT emission band of TCB 

appeared at lower energy region than that of CB. For instance, 

TCB emitted cyanine light (478 nm) in THF and yellow light 

(533 nm) in DMSO (Figure 1d and Figure S2). The  

 

Figure 1. UV-vis absorption spectra of CB (a) and TCB (c), and fluorescent 

emission spectra of CB (b) and TCB (d) excited at 384 nm in different solvents (1 

× 10−5 mol/L). 
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fluorescence quantum yields (ΦF) of CB and TCB were 

measured using 9,10-diphenylanthracene in benzene (ΦF = 

0.85) as standard. The ΦF for CB exhibited negative 

solvatokinetic effect22 besides in DMSO, for example, it was 

only 0.16 in cyclohexane and increased with the increasing of 

the solvent polarity. The ΦF of CB reached 0.67 in DMF. As to 

the ΦF of TCB, negative solvatokinetic effect was also found in 

the solvents of cyclohexane, toluene, THF, CH2Cl2. The ΦF of 

TCB reached the maximum of 0.65 in CH2Cl2, but decreased to 

0.25 and 0.15 in DMF and DMSO (positive solvatokinetic 

effect in DMF and DMSO), respectively. The positive and 

negative solvatokinetic effects have also been found in 

stilbenoid derivatives and other ICT compounds with n-* and 

-* electronic configurations.23 In general, when energy level 

of excited state in polar solvent reduced due to the solvation 

effect, the energy gap would reduce and non-radiative transition 

would increase. Thus, the fluorescent quantum yield decreased 

in polar solvent, which was called positive solvatokinetic effect. 

On the other hand, when the compound with n electron was 

excited, several excited energy states existed and the proximity 

effect of n-* and -* would cause energy loss and reduced the 

quantum yield. Therefore, the separation of the energy levels of 

n-* and -* as well as the weakened proximity effect in polar 

solvents led to the negative slvatokinetic effect of ΦF for CB 

and TCB in some polar solvents. 

Electrochemical Properties 

As shown in Figure S3, it was clear that CB and TCB exhibited 

two reversible reduction processes, and the half-wave potentials 

of CB were located at −2.17 V and −2.34 V (vs Fc/Fc+), while 

those of TCB were located at −2.19 V and −2.37 V (vs Fc/Fc+), 

respectively (Table 1). The reason that the reductive half-wave 

potential of TCB was lower than CB was due to the stronger 

electron donating ability of tert-butyl carbazole than carbazole. 

Additionally, the HOMO and LUMO energy levels were 

calculated using the empirical equations: ELUMO = - (Ered + 4.8) 

and EHOMO = ELUMO - Eg, in which Eg was estimated from the 

onset of the absorption spectrum (Eg = 1240 / λonset). It was 

found that the HOMO energy levels of CB and TCB were -5.53 

eV and -5.38 eV, and the LUMO energy levels were -2.63 eV 

and -2.61 eV, respectively (Table 1).  

Table 1. Electrochemical data and HOMO/LUMO energy levels of CB 

and TCB. 

 Ered 
(V)a 

LUMO 
(eV)b 

HOMO 
(eV)b 

Eg 
(eV)c 

LUMO 
(eV)d 

HOMO 
(eV)d 

CB -2.17, 

-2.34 

-2.63 -5.53 2.90 -2.42 -5.57 

TCB -2.19, 
-2.37 

-2.61 -5.38 2.77 -2.30 -5.31 

a Ered = reduction potential; Fc/Fc+ was used as external reference. 

b Calculated using the empirical equation: ELUMO = - (Ered + 4.8) and EHOMO = 
ELUMO - Eg. 

c Estimated from the onset of the absorption spectra (Eg = 1240 / onset). 

d Obtained from quantum chemical calculation using TDDFT/B3LYP/6-31G. 

 

Theoretical Calculation 

 

We carried out the density functional theory (DFT) calculations 

for -iminoenolate boron complexes by Gaussian 09W 

program24 using DFT/B3LYP/6-31G method to reveal the 

electronic structures of CB and TCB. The frontier orbital plots 

of the HOMO and LUMO were shown in Figure 2. We could 

find that the LUMO was mainly distributed in the acceptor of 

-iminoenolate boron unit for CB and TCB, and the HOMO of 

CB was located in the whole molecule. With increasing the 

polarity of TCB, the HOMO of TCB was mainly located in 

tert-butyl carbazole unit. As a result, the intramolecular charge 

transfer would occur in the D--A type -iminoenolate boron 

complexes. Moreover, the calculated energy levels of HOMO 

and LUMO for CB and TCB were close to those based on CV 

results (Table 1). 

 

 

Figure 2. The frontier orbital plots of the HOMO and LUMO of CB and TCB. 

 

Mechanofluorochromic Properties 

 

As discussed above, the synthesized -iminoenolate boron 

complexes exhibited similar fluorescent emission properties in 

solutions. However, from Figure 3 we could find that the 

emitting colors of CB and TCB either in as-synthesized crystal 

or in ground powders, which were obtained by means of 

mechanic grinding, were quite different under UV illumination. 

Meanwhile, the emission switch could be achieved by repeating 

treatment of mechanic grinding/fuming with CH2Cl2 or heating. 

In order to study such morphology-dependent and molecular 

structure-dependent solid emission properties, the fluorescent 

emission spectra of CB and TCB in different solid states were 

given in Figure 4 and Figure 7. Upon illuminated by the light of 

365 nm, the as-synthesized crystal of CB emitted orange light 

with two emission bands at 465 nm and 553 nm, and the 

emission intensity at 553 nm was ca. twice as high as that at 

465 nm. After ground for a while, the crystal turned into ground 

powder 1 with bright yellow emission, and the emission bands 

were located at 465 nm and 550 nm. Although the emission 

peaks of CB in ground powder 1 did not shift obviously 
compared with the as-synthesized crystal, the ratio of the 

emission intensities at 465 nm and 550 nm turned to ca. 1/1. 

Further grinding the ground power 1 of CB, only one broad 

emission band centered at 487 nm appeared in the ground 

powder 2, emitting dark green light. It should be noted that the 

emission of the ground powder 2 of CB could be split into two 

bands at 460 nm and 545 nm after fumed with CH2Cl2 for 5 s or 

heated for a certain time, and we signed it as the fumed sample. 

We found that the higher was the heating temperature, the 

shorter was the recovery time. It would take 2 min for the 

recovery from ground powder 2 to ground powder 1 at 80 C, 
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and the recovery time could be shortened to 20 s and 10 s at 

100 C and 120 C, which were much lower than its melting 

point (264.0-266.0 C), respectively. Although the emission 

intensity at 460 nm was not same as that at 545 nm (in a ratio of 

3/2), the fumed sample of CB still emitted bright yellow light, 

which was similar to ground powder 1. Thus, the fumed sample 

was regarded as ground powder 1. The transformation between 

ground powder 1 and 2 was reversible under grinding/heating 

or fuming treatment (Figure S4). In addition, the fluorescence 

quantum yield of CB in ground powder 2 increased to 0.25 

from 0.19 in as-synthesized crystal. 

 

Figure 3. Photos of CB and TCB in different solid states under UV light (365 nm).  

 

 

Figure 4. Fluorescence emission spectra of CB in different solid states (λex = 365 

nm). 

To verify the MFC phenomenon was induced by the 

morphology, XRD patterns of CB in different solid states were 

shown in Figure 5. The as-synthesized crystal gave sharp and 

strong peaks because of the ordered organization of CB 

molecules. When the as-synthesized crystal was ground to 

powder 1, the diffraction peaks were still sharp and strong, 

suggesting some crystal structures were maintained. After 

further ground, the diffraction peaks of the ground powder 2 

became very weak, meaning the amorphous state. Upon fuming 

with CH2Cl2 or heating ground powder 2, the diffraction peaks 

recovered, illustrating that certain amount of the crystalline 

structures reformed. Thus, the solid fluorescence switch of CB 

could be achieved via grinding/fuming (or heating) treatment, 

and the different emitting colors of CB in solid states resulted 

from the transformation between crystalline and amorphous 

states. 

 

 

 
Figure 5. XRD patterns of CB in different solid states. 

 

Furthermore, the single crystal of CB was obtained by 

evaporation of the solution in dichloromethane/methanol to 

reveal the molecular packing mode in crystals, which would 

affect its emission. We found that the XRD pattern and 

fluorescent emission spectrum of CB in single crystal were 

similar to those in as-synthesized crystal (Figure 4 and 5), and 

deduced that similar molecule stacking modes might be 

involved in the as-synthesized crystal and in single crystal. As 

shown in Figure 6, we could find that the interactions between 

pyridine and the benzene connected to carbazole happened, and 

the distances of C(Ar)•••C(Ar) were 3.32 Å and 3.50 Å (Figure 

6c), corresponding to the distance of - interaction. Moreover, 

the hydrogen bonds of C(Ar)-H•••F, C(Ar)-H•••O and C(Ar)-

H•••B were formed in the single crystal. In detail, one of the 

fluorine atoms in the central molecule formed hydrogen bond 

with the hydrogen atom in the pyridine ring of the adjacent 

molecule (2.51 Å), and the other fluorine atom interacted with 

the hydrogen atom on the 4-position of carbazole in the other 

adjacent molecule via hydrogen bond (2.52 Å). In addition, the 

4-position hydrogen atom of carbazole formed hydrogen bond 

with the boron and nitrogen atoms in the central molecule with 

distances of 3.05 Å and 2.70 Å, respectively. Based on the 

single crystal structure of CB, we deduced that the emission 

band at 533 nm in as-synthesized crystal came from the 

excimers, and the one located at 465 nm might be due to the 

electronic transition of the isolated molecules, which could be 

confirmed by their fluorescence lifetimes. The luminescence 

decay curve of CB in the as-synthesized crystal monitored at 

465 nm gave an average lifetime of 0.81 ns (Figure S5), which 

was similar to the fluorescence lifetime of 0.75 ns for the 

emission at 470 nm in dilute toluene (Figure S6). Therefore, we 

deemed the emission at 465 nm from the monomers. However, 

the average lifetime for the emission peak at 553 nm was much 

longer than that at 465 nm, and reached 16.11 ns (Figure S7), 

and we ascribed it as the emission of the excimers. When 

ground into powder 1, the as-synthesized crystal of CB turned 

into small crystals and certain amount of monomers 

disappeared. Thus, the emission intensity at 553 nm due to the 

excimers decreased and the emission at 465 nm from 

monomers increased. After further ground, the crystalline 

structure was almost damaged and no emission from the 

excimers could be detected, so only one broad emission band 
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centered at 487 nm emerged in the amorphous ground powder 2. 

Moreover, upon fuming with CH2Cl2 or heating the ground 

powder 2, the sample gave two isolated emission bands (465 

nm and 545 nm), meaning new excimers were formed again. 

The reason why the ratio of the emission intensities at ca. 460 

nm and ca. 550 nm in the fumed sample was higher than that in 

the as-synthesized crystal was that the amount of the excimers 

in the fumed sample was less than that in the as-synthesized 

crystal. Therefore, the -iminoenolate boron complexes with 

varied solid emissions tuned by mechanical force stimuli and 

organic solvent fuming may be employed in sensors and 

memory chips. 

 

 
Figure 6. Single crystal structure of CB. a) side view, b) hydrogen bonds between 

the molecules and c) π-π interactions in crystal. 

It was interesting that TCB showed totally different MFC 

properties from CB. As shown in Figures 3 and 7, TCB emitted 

blue light centered at 462 nm in the as-synthesized crystal and 

emitted bright green light located at 501 nm in ground powder 

upon excited at 365 nm. The ground powder gave an emission 

at 501 nm with ΦF of 0.53, which was higher than that in the as-

synthesized crystal (0.29). Notably, the ΦF of the obtained 

ground powder TCB was the highest one for the -

iminoenolate boron complexes that have ever been reported. 

When the ground powder was fumed with CH2Cl2 for 5 s, the 

emission returned to 463 nm, similar to the as-synthesized 

crystal. Additionally, heating also could make the emission of 

the ground powder recover to 463 nm. It took 10 min to recover 

at 135 C, and only 60 s, 30 s and 10 s were needed for the 

recovery at 145 C, 160 C and 190 C, which were lower than 

the melting point (280.0-282.0 C), respectively. The 

transformation between the as-synthesized crystal and the 

ground powder of TCB was also reversible under grinding and 

heating/fuming treatment (Figure S8). To reveal the 

relationship between the morphologies and the solid emission 

behaviors, the XRD patterns of TCB in different solid states 

were shown in Figure 8. The as-synthesized crystal gave 

several sharp and strong peaks, which disappeared in the 

ground powder, meaning that the crystal was damaged 

intoamorphous state. After fumed with CH2Cl2 or heated, the 

amorphous state converted to crystalline state in accordance 

with the recovery of diffraction peaks. We also intended to gain 

the single crystal of TCB, but failed.  

 

 
Figure 7. Fluorescence emission spectra of TCB in different solid states (ex = 365 

nm). 

 

To explain the different MFC behavior of TCB compared with 

CB, the fluorescence decay curves of TCB in toluene and in 

different solid states were shown in Figure S9-12. We found 

that the average fluorescence lifetime of the emission at 462 nm 

for TCB in as-synthesized crystal was 1.89 ns, which was 

similar to that of the emission at 454 nm in dilute toluene (1.65 

ns). Therefore, we deduced that the emission of TCB in as-

synthesized crystal was coming from the monomers. Moreover, 

the lifetime of emission at ca. 480 nm (shoulder) in as-

synthesized crystal was 1.99 ns, closing to that at 462 nm. It 

further illustrated that TCB existed as monomers in as-

synthesized crystal. However, the lifetime of the emission at 

501 nm for TCB in the ground powder increased to 5.28 ns, 

suggesting the formation of excimer. In our previous work, we 
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have found that tert-butyl could enlarge the distance between 

the adjacent carbazole molecules in the aggregated state.19 In 

the case of TCB, the introduction of tert-butyl would prevent 

the formation the excimers in the crystalline state due to the 

steric hindrance. After ground, the molecules might stack 

together to some extent, and the excimer could be formed, as a 

result, the fluorescence quantum yield of TCB increased 

significantly (0.53) in ground powder compared with that in as-

synthesized crystal.  

 

 
Figure 8. XRD patterns of TCB in different solid states. 

 

Conclusions 

In summary, we synthesized carbazole and tert-butylcarbazole 

functionalized -iminoenolate boron complexes CB and TCB. 

It was found that they exhibited strong emission in solutions, 

and the ΦF of CB and TCB in CH2Cl2 were 0.58 and 0.65, 

respectively, using 9,10-diphenylanthracene in benzene as 

standard. Notably, their solid emissions were dependent not 

only on the morphologies but also on the molecular structures. 

For instance, the as-synthesized crystal of CB emitted orange 

light with two emission bands at 465 nm and 553 nm under UV 

irradiation. The fluorescent decay curves illustrated that the 

emission at 465 nm came from the monomers, and the emission 

at 553 nm was due to the formed excimers. After grinding the 

as-synthesized crystal for a while, the ground powder 1 

composed of small crystals and certain amount of monomers 

emitted bright yellow light since the emission intensity of 

excimers decreased and emission of monomers increased. 

Further grinding for a long time, the obtained amorphous 

ground powder 2 of CB emitted dark green light on account of 

the disappearance of the excimers. It was interesting that TCB 

emitted sky blue light centered at 462 nm under UV irradiation 

in as-synthesized crystal because no excimers were formed due 

to the steric hindrance of tert-butyl. After grinding, the 

amorphous ground powder of TCB emitted bright green light 

derived from excimers. Notably, the fluorescent quantum yield 

of TCB in amorphous solid state reached 0.53, which was the 

highest one for the -iminoenolate boron complexes that have 

ever been reported. Herein, we provided a strategy to design 

new boron complexes with high solid emission via restraining 

the formation of the aggregates by introduction of bulky 

groups. Additionally, the emission changes of CB and TCB in 

different solid states were reversible upon treated by repeating 

mechanic grinding and fuming (or heating), so that such solid 

fluorescence response to external mechanical force and organic 

solvent made -iminoenolate boron complexes be potentially 

applied in sensors and memory chips. 
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