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Abstract

New difluoroboronB-carbonyl cyclic ketonate complex€nB (n = 2, 16), in which
carbazole was linked to difluoroborg@ndiketonate directly, an®CnB (n = 2, 16),
where two terminal carbazole units were bridged Jyyl groups to link to
difluoroboron pB-diketonate core, were synthesized. They exhibitedersible
mechanofluorochromic (MFC) behavior under grindiagfing or heating treatment.
Particularly, the emission ®@C2B andDC16B emerged in the range of 650-850 nm
in the solid-state. They gave red and rose-red Hasgence in the as-synthesized
crystals and in ground powders, respectively, dumhFC processes. Such MFC
materials emitting NIR (near-infrared) light wereldom reported. In addition,
compared withC2B, C16B showed high-contrast mechanofluorochromism because
the long alkyl chain might decrease the strengthz-af interactions in the as-
synthesized crystals, leading to the emission appeat the high-energy region (483
nm). The disassembling of parts afaggregates and the improvement of the
molecular planarity led to relative obvious redfsbi the emission (509 nm) upon

grinding.
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1. Introduction

As one kind of stimuli-responsive luminescent ofigan materials,
mechanofluorochromic (MFC) dyes have received mattdntion on account of their
potential applications in sensors, memory chipsa daiorage and security ink8.
Generally, the emitting colors of MFC compounds baraltered induced by external
forces of stretching, grinding, pressing and simegff It has been known that the
changes in the molecular packing or/and moleculanfarmation driven by
mechanical forces are responsible for the MFC hehavand the
mechanofluorochromism is often reversibfe.However, the design of MFC dyes is
still challenging because the aggregation-causedang (ACQ) often results in the
decrease of the emission intensity in the soliteSt&olid-state NIR-emitting dyes
were seldom reported since the molecules with ingl excited states often contain
extended conjugated systems or donor/acceptor igiethich would lead to strong
TETT interactions as well as ACQ efféctt should be noted that the difluoroborpn
diketonate (Bkbdk) complexes are attractive fluorophoteand a number of MFC
materials based on Bsdk have been documented to date. Fraser and daeergor
found that the solid-state emission of difluorobofadiketonate complexes bearing
arenes changed upon the stimulation of mecharocat$® Sketet al. synthesized the
difluoroboron complex of 1-phenyl-3-(3,5-dimethokgmyl)-propane-1,3-dione, and
two kinds of polymorphs were obtained. By controléaalteration of the molecular
arrangements through external forces, varying ssihte emission was achieved from
the same dy& Liu et al. revealed that the force induced formation of eiwéssi-
aggregates and energy transfer Hraggregates were responsible for the
mechanofluorochromism of difluoroboron dibenzoylhzete in the solid-staté.Our

group previously reported that some TEA type difluoroboron B-diketonate
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complexes with ICT emission exhibited MFC behavfoup to data, limited studies
focused on MFC materials with NIR emissidnwhich may have promising
applications in bioimaging and security ink$> Moreover, the length of the alkyl
chains were found to be another factor to affeetNtFC properties® With these in
mind, we synthesized new carbazole modified dithbaron p-carbonyl cyclic
ketonate complexe€nB and DCnB (n = 2, 16, Scheme 1), which exhibited

reversible MFC behavior.

2. Experimental Section.

2.1. Materials and methods

'H NMR and®*C NMR spectra were measured using a Mercury Plsisuiment at
400 MHz and 101 MHz using CD£and DMSOeé as solvent. FT-IR spectra were
measured using a Nicolet-360 FT-IR spectrometentgrporation of samples in KBr
disks. The UV-vis absorption spectra were obtaimed a Shimadzu UV-3100
spectrophotometer. Fluorescent emission spectra wbtained on a Cary Eclipse
fluorescence spectrophotometer. Mass spectra weeened with Agilent 1100 MS
series and AXIMA CFR MALDI-TOF (Compact) mass speunteters. C, H, and N
elemental analyses were taken on a Vario EL cubmeital analyzer. XRD patterns
were obtained on an Empyrean X-ray diffraction mstent. The single crystal of
C2B was obtained in 1,4-dioxane andhexanevia solvent diffusion, and selected for
X-ray diffraction analysis on a Rigaku RA XIS-RA DPldiffractometer using
graphite-monochromated Mok radiation § = 0.71073 A). The crystal was kept at
room temperature during data collection. Differahgcanning calorimetry (DSC)

curves were obtained on a Netzsch DSC 204F1 aatingerate of 16C/min.



THF and toluene were dried over sodium and benzupte under nitrogen.
CHCl, was dried over calcium hydride. The other chersieald reagents were used
as received without further purification. Compouddsnd2 were prepared according

to the reported procedur&s.

2.2. Synthesis

9-Ethyl-9H-carbazole-3-carbonyl chloride (3a) *?°

The solution of 9-ethyl4d-carbazole-3-carboxylic acid4, 1.0 g, 4.2 mmol ) in
CH.Cl, (10.0 mL) was cooled at ®. Then, SOGI (0.5 mL, 4.3 mmol) was added,
followed by adding four drops of dry DMF. The mirtuwas warmed to room
temperature and stirred at room temperature farl8dmould be noted that the excess
SOCL was removed completely under vacuum when the icgaetas finished. The
residuum of 9-ethylH9-carbazole-3-carbonyl chlorid€q) was not further purified

and used directly in the next step.
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Scheme 1 Synthetic routes fo€2B, C16B, DC2B andDC16B.



9-Hexadecyl-9H-car bazole-3-carbonyl chloride (3b)

Following the synthetic procedure 8k, compound3b was synthesized from 9-
hexadecyl-8i-carbazole-3-carboxylic aci(b, 1.00 g, 2.3 mmol) and SOQD.25

mL, 3.5 mmol), and it was used directly in the n&befp without further purification.

2,2-Difluoro-4-methyl-5,6,7,8-tetrahydro-2H-24* 31*-benzo[d] [1,3,2] dioxaborinine

(4) 12b

LDA (2 M in THF, 12.70 mL, 25.40 mmol) was addeddiy THF (10.0 mL) in 100
mL flask under N atmosphere, and the mixture was cooled tc’&Z.8Cyclohexanone
(2.7 mL, 25.40 mmol) in dry THF (5.0 mL) was theidad dropwise. After stirring at
-78 °C for 1 h, acetyl chloride (1.00 g, 12.70 mmol)dry THF (5.0 mL) was added
dropwise. After that, the solution was allowed tarm to room temperature and
stirred at room temperature for another 18 h. Theure was quenched by HCI (2 M),
and the crude product was extracted with ethyladeet3x 50 mL). The organic
layers were combined and dried with anhydrous Mg2®@er removal the solvent, a
yellow solid, 1-(2-hydroxycyclohex-1-ene-1-yl)ethdrone was complexed with
boron trifluoride diethyl etherate complex directly detail, the crude intermediate
was dissolved in dry Ci€l, (25 mL), and boron trifluoride diethyl ether (3.3 m
25.40 mmol) was added. The mixture was refluxedeurath atmosphere of nitrogen
for 2 h. Excess C¥Cl, was removed under vacuum to give the crude prodiath
was purified by column chromatography (silica geH,Cl,/petroleum ether, v/v =
10/1), followed by recrystallization from the mixedlvent of CHCI./petroleum ether
to afford4 (1.42 g) in 59 % yield. m.p. 73.9-74°C. 'H NMR (400 MHz, CDC}) &

2.58 (t,J = 5.9 Hz, 2H), 2.39 (] = 5.6 Hz, 2H), 2.30 (s, 3H), 1.82-1.75 (m, 4H))Fi



S7, ESI). *C NMR (101 MHz, CDGJ) 5 191.88 (s), 190.01 (s), 108.99 (s), 32.44 (s),

23.13 (s), 22.24 (s), 21.91 (s), 20.89 (s) (Fig.E=H/).18

3-(2,2-Difluoro-5,6,7,8-tetrahydro-2H-21% 3)*-benzo[ d] [ 1,3,2] dioxaborinin-4-yl)-9-

ethyl-9H-carbazole (C2B)

Following the synthetic procedure df complex C2B was synthesized from the
ligand (9-ethyl-$-carbazol-3-yl)(2-hydroxycyclohex-1-en-1-yl)methaeo which
was prepared frorBa (1.00 g, 4.20 mmol), cyclohexanone (0.87 mL, 8#@ol) and
LDA (4.20 mL, 8.40 mmol) in dry THF, and boron kibride diethyl etherate
complex (1.1 mL, 8.40 mmol) in dry GBI, (25 mL). The crude product was purified
by column chromatography (silica gel, &H/petroleum ether, v/v = 10/1), followed
by recrystallization from the mixed solvent of &Hy/petroleum ether to affor@2B
(0.85 @) in 55 % yield. m.p. 174.5-175.0. *H NMR (400 MHz, CDCJ) & 8.68 (s,
1H), 8.14 (dJ = 7.7 Hz, 1H), 8.01 (d] = 8.7 Hz, 1H), 7.55 () = 5,6 Hz, 1H), 7.46
(dd,J = 13.2,0 = 8.5 Hz, 2H), 7.34 (t) = 7.4 Hz, 1H), 4.43-4.38 (m, 2H), 2.81Jt=
5.8 Hz, 2H), 2.72 (t) = 6.5 Hz, 2H), 1.93-1.87 (m, 2H), 1.75-1.71 (m)2H47 (t,J

= 7.2 Hz, 3H) (Fig. S9, ESI **C NMR (101 MHz, CDGJ) § 189.94 (s), 184.48 (s),
142.88 (s), 140.62 (s), 128.16 (s), 126.93 (s), I4s), 123.34 (s), 122.87 @= 1.8
Hz), 120.81 (s), 120.53 (s), 109.24 (s), 108.25)(d,13.5 Hz), 37.94 (s), 32.95 (s),
26.79 (s), 23.11 (s), 21.33 (s), 13.82 (s) (Fig0,S&S[). MALDI-TOF MS: m/z:
calculated for GiH.BF.N,O,: 367.2; found: 365.3 [M-2](Fig. S11, ES); FT-IR
(KBr, cm™): 2925, 2848, 1530, 1473, 1367, 1034, 747. ElemalACalcd. (%) for

C21H20BF2NO,: C, 68.69; H, 5.49; N, 3.81. Found: C, 68.38; 43% N, 3.93.

3-(2,2-Difluoro-5,6,7,8-tetrahydro-2H-24* 31*-benzo[ d] [ 1,3,2] dioxaborinin-4-yl)-9-

hexadecyl-9H-carbazole (C16B)



Following the synthetic procedure df complexC16B was synthesized from the
ligand (9-hexadecylH9-carbazol-3-yl)(2-hydroxycyclohex-1-en-1-yl)methaeo
which was prepared frorfib (1.00 g, 2.30 mmol), cyclohexanone (0.48 mL, 4.60
mmol) and LDA (2.30 mL, 4.60 mmol) in dry THF, athdron trifluoride diethyl
etherate complex (0.58 mL, 4.60 mmol) in dry £ (25 mL). The crude product
was purified by column chromatography (silica geH,Cl,/petroleum ether, v/v =
10/1), followed by recrystallization from the mixedlvent of CHCI./petroleum ether

to affordC16B (0.80 g) in 62 % yield. m.p. 91.0-91°6. *H NMR (400 MHz, CDC})

§ 8.69 (s, 1H), 8.15 (dl = 7.7 Hz, 1H), 8.01 (d] = 3.8 Hz, 1H), 7.55 () = 7.3 Hz,
1H), 7.45 (tJ = 9.6 Hz, 2H), 7.34 (] = 7.4 Hz, 1H), 4.33 () = 7.2 Hz, 2H), 2.82 (t,
J=5.9 Hz, 2H), 2.72 (t) = 6.6 Hz, 2H), 1.92-1.85 (m, 4H), 1.77-1.71 (m)2H24

(d, J = 4.8 Hz, 26H), 0.88 (1] = 6.8 Hz, 3H) (Fig. S12, E5I **C NMR (101 MHz,
CDCl;) § 189.91 (s), 184.50 (s), 143.41 (s), 141.11 (s3,12(s), 126.91 (s), 124.14
(s), 123.32 (s), 122.79 (d,= 3.7 Hz), 120.77 (s), 120.52 (s), 109.49 (s),.46§s),
108.31 (s), 43.45 (s), 32.96 (s), 31.94 (s), 29dER, J = 23.8, 11.2, 6.4 Hz), 28.93
(s), 27.25 (s), 26.83 (s), 23.14 (s), 22.71 (s)3&@Xs), 14.14 (s) (Fig. S13, EBI
MALDI-TOF MS: m/z: calculated for gHssBF,NO,: 563.6; found: 561.6 [M-2]
(Fig. S14, ES); FT-IR (KBr, cmi'): 2916, 2849, 1543, 1490, 1474, 1373, 1038, 741.
Elem. Anal. Calcd. (%) for £H4sBF.NO,: C, 74.59; H, 8.59; N, 2.49. Found: C,

74.35; H, 9.04; N, 2.39.

9-Ethyl-3-((E)-2-((E)-8-((9-ethyl-9H-car bazol-3-yl )methylene)-2,2-difluoro-5,6,7,8-

tetrahydro-2H-24* 34%-benzo[ d] [ 1,3,2] dioxaborinin-4-yl vinyl )-9H-carbazole (DC2B)
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Compoundég! (0.63 g, 3.35 mmol) anth (0.75 g, 3.35 mmol) were dissolved in dry
toluene (20 mL), and four drops of piperidine wadeled. The mixture was refluxed
for 2 h. Water (80 mL) was added to the cooled temluand the mixture was
extracted with ChKCl, (3 x 50 mL). The organic layers were combined and dnehd
anhydrous MgS@ After removal the solvent, the crude product vpasified by
column chromatography (silica gel, @E./petroleum ether, v/iv = 10/1), followed by
recrystallization from the mixed solvent of gE,/petroleum ether to affordC2B
(0.98 g) in 49 % yield. m.p. 278.0-2790. 'H NMR (400 MHz, CDCJ) 6 8.27 (d,J

= 17.8 Hz, 3H), 8.16-8.10 (m, 3H), 7.71 (k= 8.6 Hz, 1H), 7.56 (d] = 8.6 Hz, 1H),
7.50 (t,J = 7.4 Hz, 2H), 7.39-7.27 (m, 6H), 7.00 (= 15.1 Hz, 1H), 4.32-4.25 (m,
4H), 2.90 (t,J = 5.5 Hz, 2H), 2.71 (t) = 6.0 Hz, 2H), 1.90-1.84 (m, 2H), 1.44-1.39
(m, 6H) (Fig. S15, ES). °C NMR (101 MHz, DMSQOdg) & 176.67 (s), 175.33 (s),
149.13 (s), 142.09 (s), 140.24 {t= 15.5 Hz), 129.52 (s), 128.46 (s), 128.18 (s),
126.56 (d,J = 20.6 Hz), 126.01 (s), 125.60 (s), 124.47 (s]3.62 (s), 123.03 (s),
122.65 (s), 122.28 (d] = 7.8 Hz), 120.86 (s), 120.06 (s), 119.68 (s),.244(s),
109.93 (s), 109.67-109.26 (m), 54.89 (s), 43.72 3%)33 (s), 26.74 (s), 22.78 (s),
22.18 (s), 21.80 (s), 13.77 (s) (Fig. S16, TESMALDI-TOF MS: m/z: calculated for
CagH33BF2N,0,: 598.5; found: 596.8 [M-2](Fig. S17, E§b; FT-IR (KBr, cm):
2928, 2847, 1740, 1581, 1473, 1231, 1189, 1108,,1923, 731. Elem. Anal. Calcd.

(%) for GsgH33sBF2N2O,: C, 76.26; H, 5.56; N, 4.68. Found: C, 75.87; H35N, 5.05.

3-((E)-(2,2-Difluoro-4-((E)-2-(9-hexadecyl-9H-car bazol -3-yl )vinyl)-6, 7-dihydr o-2H-
21* 323-benzo[ d] [ 1,3,2] dioxaborinin-8(5H)-ylidene)methyl)-9-hexadecyl -9H-

carbazole (DC16B)

10



The synthetic method foDC16B was similar to that forDC2B except using
compound#t (1.00 g, 2.4 mmol) andb (0.22 g, 2.4 mmol) as reactants. The crude
product was purified by column chromatography ¢ailgel, CHCl./petroleum ether,
viv = 10/1), followed by recrystallization from thanixed solvent of
CHCl,/petroleum ether to affo@C16B (1.00 g) in 42 % yield. m.p. 152.3-1530.
'H NMR (400 MHz, CDCY) § 8.31 (d,J = 17.9 Hz, 3H), 8.21 (s, 1H), 8.13 (dct
11.6, 7.7 Hz, 2H), 7.73 (d,= 7.5 Hz, 1H), 7.59 (d] = 8.1 Hz, 1H), 7.50 (t} = 7.4
Hz, 2H), 7.38 (] = 8.2Hz, 4H), 7.30 (dd] = 15.7, 7.9 Hz, 2H), 7.04 (d,= 15.1 Hz,
1H), 4.23 (dd,J = 13.5, 6.8 Hz, 4H), 2.95 (@,= 5.2 Hz, 2H), 2.76 (t] = 6.0 Hz, 2H),
1.92-1.84 (m, 6H), 1.24 (d,= 5.1 Hz, 52H), 0.88 (1] = 6.8 Hz, 6H) (Fig. S18, ESI
%C NMR (101 MHz, CDGJ) § 176.66 (s), 176.30 (s), 148.86 (s), 142.60 (s)..33!
(s), 140.91 (tJ = 26 Hz), 129.67 (s), 127.90 (s), 127.29 (s), 42€s), 126.22 (s),
125.70 (s), 123.90 (s), 123.55 (s), 123.04 (s),8@d,J = 4.6 Hz), 120.70 (d] = 52
Hz), 120.09 (s), 119.72 (s), 113.70 (s), 109.29 8 Hz), 109.05 (s), 108.63 (d=
16 Hz), 99.98 (s), 43.15 (s), 31.95 (s), 29.82-@%m), 29.36 (dJ) = 16 Hz), 28.92 (d,
J = 20 Hz), 27.25 (dJ = 16 Hz), 27.04 (s), 23.45 (s), 22.71 (s), 2280 14.15 (s)
(Fig. S19, ES). MALDI-TOF MS: m/z: calculated for §HgsBF.NO,: 991.2; found:
989.2 [M-2] (Fig. S20, ES); FT-IR (KBr, cnil): 2920, 2850, 1248, 1740, 1581,
1749, 1255, 1193, 1112, 1029, 967, 728. Elem. Abalcd. (%) for GsHgoBF2N2Ox:

C, 79.97; H, 9.05; N, 2.83. Found: C, 79.59; H]1918, 3.17.

3. Resultsand Discussion

3.1. Synthesis

The synthetic routes td\-alkylcarbazole modified difluorobororf-diketonate

complexe<CnB andDCnB (n = 2, 16) are shown in Scheme 1. Compounr#¥ and
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3-4'" ere prepared according to the reported procedTineschlorination oPa and
2b with SOC} afforded3a and3b, respectively, without further purification. Itahd
be noted that the excess S@@Iust be removed completely before use in the next
step. After the enol anion was generated from ¢y@tanone in presence of LDA, the
a-acylation reaction underwent witda to yield the ligand (9-ethyl¥9-carbazol-3-
yl)(2-hydroxycyclohex-1-en-1-yl)methanone, which svaomplexed with boron
trifluoride diethyl etherate directly without fueh purification to yieldC2B in 55 %
yield**® Similarly, C16B was synthesized from cyclohexanone, LDA aBiol
followed by complexation with boron trifluoride digyl etherate complex, in 62 %
yield. Compound4 was synthesized from cyclohexanone, LDA and acadtidride,
followed by complexed with boron trifluoride diethgtherate complex. Then, the
Knoevenagel condensation reaction between compodirzsh&l 1 in the presence of
piperidine in anhydrous toluene gab€2B andDC16B in a yield of 49 % and 42 %,
respectively® The target molecules were characterizedbNMR, *C NMR, FT-IR,
MALDI-TOF mass spectrometry and C, H, and N elemkeanalyses. The single
crystal structure o€2B (CCDC 1810906) further confirmed the moleculaucture.
The bond length of (O)C1-C6 in aliphatic six-membiag was 1.383 A, which was
shorter than the bond length of C6-C7(0) (1.41%de Fig. 4a), so we deduced that
cyclohexenol was involved i€2B. In the FT-IR spectrum oDC2B, a vibration
absorption peak at 965 €mvas detected, meaning ttrans-form of the vinyl groups.
Similarly, the vinyl groups iDC16B also existed in thegans-form. The synthesized

complexes are soluble in common solvents of THF,@Hand toluene.

3.2. Photophysical properties in solutions

12



The UV-vis absorption and fluorescence emissiornctspeof CnB and DCnB in
different solvents are shown in Fig. 1 and Fig. (EBIT), and the corresponding
photophysical data are summarized in Table S1'jE&Iwas clear thaC2B gave
two absorption bands located at 329 nm and 400ntmluene, which were attributed
to n-n* transitions. With increasing the solvent polatity absorption band at ca. 400
nm was red-shifted to a certain extent. Particyldhe fluorescence emission band of
C2B gave significant red-shift with increasing the gttty of the solvents. For
example, the emission was located at 451 nm iret@uand shifted to 539 nm in

DMSO. Thus, the Stokes shifts increased with irgirgathe solvent polarities, and

I'oll!r.'ne b 1.0+ Toluene
—— THF —— THF
= DCM — DCM
—— DMF 0.8+ —— DMF

—— DMSO —  DMSO

Normalized Absorbance
Normalized Intensity

0.0

T v T d T Y T )
350 400 450 500 550

Wavelength (nm)

Normalized Absorbance
Normalized Intensity

0.0 " " v r . . 7
400 500 600 700

Wavelength (nm)

Wavelength (nm)

Figure 1. Normalized UV-vis absorption spectra 62B (a) andDC2B (c), and
fluorescent emission spectra@2B (b, Aex = 400 nm) andDC2B (d, Aex = 530 Nm) in

different solvents (5.0 x 10mol/L).
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they were 2827 cthand 5897 cilin toluene and DMSO, respectively. BesideaB
was highly emissive in THF with a fluorescence quanyield @g) of 0.81 using
9,10-diphenylanthracene in benzedg € 0.85) as the standard, it was only 0.07
in DMSO. The broadening and the red-shift of thassian band, the decreasing of
@r and the increasing Stokes shift (2827-5897 cmwith increasing thesolvent
polarities illustrated the occurrence of ICT ©2B in polar solvent§® As depicted in
Fig. Sla-b (ES), complexC16B gave similar UV-vis absorption and fluorescence
emission spectra t€2B due to the same conjugataeskeletons. When twdN-
alkylcarbazolyl-vinyl units were linked to the difiroboronp-diketonate core, the
absorption and emission bands were red-shifted aosdpwithCnB on account of
the enhanced degree of conjugation. As shown in Eigd, DC2B gave a weak
absorption at 339 nm and a strong absorption atbd4vith a shoulder at 515 nm
due to m-n* transitions in toluene. With increasing the solvepolarities, the
structured absorption bands were combined into whi&sh was red-shifted to 552 nm,
561 nm and 567 nm in DCM, DMF and DMSO, respecyivBloreover, the emission
of DC2B appeared at 577 nm in toluene, and was red-shiftgddincreasing solvent
polarity due to the strong interaction between textitate and solvent molecufés.
For example, the ICT emission &fC2B was red-shifted to 647 nm in DMSO.

DC16B exhibited similar electronic spectra to thos®@f2B in solutions.
3.3. Density function theoretical calculations

The Quantum chemical calculations were performedC2B andDC2B by density
functional theory (DFT) calculations at the B3LYR®6G level so as to reveal their
electronic structures. As shown in Fig. 2, the HO&@ LUMO ofC2B were mainly

distributed in the carbazole unit (electron doraor)l difluorobororp-diketone moiety
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Figure 2. Energy levels and molecular orbital surfaces endptimized ground-state

structures.

(electron acceptor), respectively, suggesting@Miype skeletonDC2B is a typical
D-n-A-n-D molecule, in which difluoroboronB-diketone acts as an electron
withdrawing group, two carbazole groups are electtonors, and the vinyl moieties
are involved az-bridges. It was found that the HOMO BC2B was located at the
vinyl carbazole linked to cyclohexane and the LUM@s distributed in the acceptor
and vinyl groups. Therefore, it was understand#ide ICT emission was detected for
CnB andDCnB. Meanwhile, the calculated LUMO energy levelDs£2B was lower
than C2B, but HOMO energy level oDC2B was higher thail€2B because of the
extended conjugation @C2B. The low band gap fdbC2B was in accordance with

that its absorption and emission emerged in lowgneegion compared witG2B.

On the other hand, the absorption wavelengig)( oscillator strengthsf)(and
dominant excitation characters €2B and DC2B were calculated with the TD-

DFT/B3LYP/6-31G(d) functional. It was clear thaethmaximum absorption peaks
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were derived from HOMO-LUMO transitions (Table SBecause the frontier orbital
plots of HOMOs and LUMOs fo€2B andDC2B were mainly located at the donor
and acceptor units, respectively, they possesséar peconjugated skeletons. It

suggested that the ICT emission might be observed.
3.4. Mechanofluorochromic properties

As shown in Fig. 3aC2B emitted strong green light in the as-synthesizedme, and
the grinding led to the emitting color becominglg®ish green. The emission band
was red-shifted to 519 nm in the ground powderspayed with that at 504 nm in the

as-synthesized sample. When the ground powdersfumied with CHCI, vapor for

a c i, R
1.0 10 (-r.(;f,*. ground .“:‘" # ::R. M
-;‘: kY '\._‘;‘ \i"_. K
o e
' fumed e
08 06 i ﬂ,’ﬁ = 3
Hah iV v 2
2 =
Z 06 g 06
5 g .
= —— as-synthesized = —_ as—synéhesnzed
13 b —— ground ks 0ad — ?romzj
E — fumed F — fume
£ E
z <]
z
0.2 = 024
0.0 T T T T - 0.0 T T T T T Y
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength(nm)

as-synthesized

as-synthesized

£ 5 1

o -

2 &

= w w

fumed 1 fumed
T T T T T ¥ T ¥ T L) T ¥ T E T
5 10 15 20 25 30 5 10 15 20 25 30
20(degree) 26(degree)

Figure 3. Normalized fluorescent emission spectraC@B (a) andC16B (c) excited

at 400 nm, and XRD patterns G2B (b) andC16B (d) in different solid-state.
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4 s or heated at 16 for 5 s, the emitting color could be recoveredjteen. Such
changes could be repeated several times underingiaechd solvent fuming/thermal
treatment (Fig. S3a, E9) suggesting a fully reversible MFC processes.aSdo
reveal the MFCmechanism, the single crystal @2B was obtained by slow
evaporation from the solution in dioxane/cyclohexafs shown in Fig. 4, we could
find that the dihedral angle between carbazole difidoroboron3-diketone moiety
was 25.8 in single crystal ofC2B. It was similar to the DFT calculations, which
disclosed the dihedral angle of 28.1° between @albaand difluoroborofi-diketone
plane inC2B (Fig. S2, ES)). It was clear that the molecul€2B were packed in a
face-to-face mode, and the distance between twaceadi carbazole rings was 3.532
A in the single crystal. Thereford;aggregates were involved in the single crystal of
C2B, in which the hydrogen bonds of-BIIF and C-HIIi were also formed. In
detail, one of the fluorine atoms in the centralenale formed a hydrogen bond with
hydrogen in cyclohexanone ring (2.571 A), and tistadce for GHIE was 2.820 A.
The single crystal structure suggested that meltiplermolecular interactions would
suppress the intramolecular rotation in the criisal state, leading to strong

luminescence o€2B in the solid-state. XRD patterns GBB in different solid-state

Figure 4. Molecular configuration (a) and single crystalsture ofC2B (b).
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were depicted in Fig. 3b. The as-synthesized sawipe2B gave several sharp and
strong diffraction peaks, illustrating well-orderexystalline structure. However, most
of the diffraction peaks disappeared upon grindsw,we deemed that the ordered
crystalline structures were transformed into an mmous state under external
mechanical force. After fuming with GBI, vapor, the diffraction peaks similar to
those in the as-synthesized crystals emerged aljaimeant that the reversible MFC
process ofC2B was originated from the transformation betweenstafiine and
amorphous states. Furthermore, the UV-vis spedtr&2B in different solid-state
were obtained in order to confirm the MFC mechanigm absorption band at 454
nm was detected faC2B in the as-synthesized crystals and was blue-shitiet24
nm in the ground powders (Fig. S5a, BSCompared with the absorption at 400 nm
of C2B in toluene, the red-shift of 54 nm was detectedteras-synthesized crystals,
suggests the presencelediggregates in the crystals; a feature which ecitord with
the result based on the single crystal structure.déemed that parts dfaggregates
were destroyed in the ground powders, so the atigorpf the ground powders was
blue-shifted upon grinding. However, the emissidrth@ ground powders of2B
emerged in low-energy region compared with the yashesized crystals, which
might be due to greater planarity in ground powasight be better than that in as-

synthesized crystals.

Although the conjugated skeletons ©16B andC2B were the same;16B with
long carbon chain in carbazole unit showed hightte@t MFC behavior compared
with C2B. The as-synthesized crystals@i6B emitted blue fluorescence centered at
483 nm, and the emitting color of the ground powdeas changed into bluish green
with a maximal emission peak at 509 nm (Fig. 3chrdbver, the reversible MFC

processes could be also realized upon the treatofegtinding and fuming with
18



CH.Cl, vapor for 3 s or heating at G for 2 s (Fig. S3b, ESL In addition, exposure
of the ground powders @16B under the vapor of THF or CH{flor several seconds
also induced the recovery of the emission to 483(Rig. S4, ES)). Although the
emission of the ground powders was blue-shiftednufsomed with the vapor of
C,HsOH or CHOH, it could not be fully recovered, which might thee to the poor
solubility of C16B in CHsOH or CHOH. Unfortunately, we could not gain the
single crystal structure a216B. The XRD patterns o€16B in different solid-state
also illustrated that the transformation betweeystalline and amorphous states was
reasonable for the MF@Gehaviorof C16B (Fig. 3d). Additionally, the absorption at ca.
421 nm ofC16B in the as-synthesized crystals was observed ing54 (EST), and
was ascribed to the electronic transition from thggregated molecules (the
absorption at 401 nm f@16B in toluene). When the as-synthesized crystalS1&B
were ground, the absorption was blue-shifted to #h6 The changes of the
electronic spectra o€16B during MFC processes were similar @B, e.g., the
grinding lead to a red-shift of the emission andlae-shift of the absorption.
However, why daC16B andC2B exhibit different MFC properties? Firstly, the tpn
alkyl chain in C16B might decrease the strength »frt interactions in the as-
synthesized crystals, so that its emission bangeapd at the high-energy region
compared withC2B, for instance, the emission Gl6B in crystals was located at 483
nm. Upon grinding, the disassembling of partsi-@ggregates and the improvement
of the molecular planarity led to the red-shiftloé emission o€16B to 509 nm. The
high-contrast mechanofluorochromism@i6B was mainly originated from the high-

lying excited state in the as-synthesized crystals.

When two terminal carbazole units were bridged lyylvgroups to link to

difluoroboron -diketonate cores, the large extended conjugatioDGnB induced
19



their solid emission to red-shift to the NIR regioks shown in Fig. 5apC2B

emitted red light centered at 714 nm in the askmgized sample, which was blue-

shifted to 703 nm (rose red) in the ground powd&rse emitting color could be

recovered to red when the ground powders were fum#dCH,CI, vapor for 8 s or

heated at 240C for 5 s. The MFC behavior was reversible under tteatment of

grinding/fuming or heating (Fig. S3c, EBIThe XRD patterns dbC2B in different

solid-state also illustrated that the transformatibetween the crystalline and

amorphous states led to the reversible MFC pragse(trig. 5b). Meanwhild)C2B

gave two strong absorption bands located at ca.nfpd@nd ca. 590 nm in the as-

synthesized crystals. No obvious shift was detefdethe two absorption bands after
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grinding the as-synthesized crystalsC2B, except for the slight change of their
relative intensities (Fig. S5¢, ESl It is suggested that the isolated and aggregated
molecules oDC2B were involved in both the as-synthesized crysal$ the ground
powders. The grinding might change the ratio of tbatents of the isolated and
aggregated molecules, leading to the change ofethiting colors.DC16B also
exhibited reversible MFC properties (Fig. 5¢c-d &ng. S3d, E§D, and the emitting
colors changed from red centered at 734 nm in a#isgized crystals to rose red
centred at 720 nm in ground powders. It should dtedhthat the emission peaks in
as-synthesized and fumed samplesDdI16B were fully overlapped, while the
emission band fobC2B in the fumed sample was broader than in the agsgized
crystals. We deemed that the long alkyl chainDi€@16B might lead to looser
molecular packing in crystals compared wiik2B, which would be beneficial for
the recovery of luminescence. XRD pattern®f16B in different solid-state further
illustrated that the transformation between cryisial and amorphous states are
responsible for MFC properties (Fig. 5d), which Idobe further proved by DSC
curves ofDC16B in different solid-state. As shown in Fig. S6 (BSthe ground
powders of DC16B gave exothermic peaks at ca. 73@, except for the peaks
corresponding to the melting points, meaning tha¢ @morphous state was
metastablé? It should be noted that the emission band€i6eB andDC16B in the
solid-state emerged in the range of 650-850 nmh SMEC materials with NIR

emission was seldom reported.

4. Conclusions
In summary, new difluoroboror3-carbonyl cyclic ketonate complexes were
synthesized, and they gave ICT emission in thedstlte. Interestingly, reversible

MFC processes were detected for the four synthésmenplexes. In detail, the
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emission ofC2B emerged at 504 nm in crystals, and was red-shiftéd 9 nm upon
grinding. The emitting color could be recoveredyteen from yellowish green upon
fuming the ground powders with GEI, vapor. XRD patterns o€2B in different
solid-state illustrated that the transformationwlsn the crystalline and amorphous
states were responsible for MFC behavior. Howe@&6B showed a red-shift of 26
nm upon the grinding as-synthesized crystals inboigd powders, exhibiting relative
high-contrast mechanofluorochromism compared wi@BB. The reason might
include the following points. The long alkyl chain C16B would decrease the
strength ofz-1t interactions in the as-synthesized crystals, sb its emission band
appeared at high-energy region (483 nm). The dsalsking of parts ofi-aggregates
as well as the improvement of the molecular plapded to the red-shift of the
emission ofC16B to 509 nm upon grinding. Interestingly, in the ca§®C2B and
DC16B, in which two carbozole units were bridged by Vimyoieties to link to
difluoroboronp-diketonate core, their emission appeared in thgeaf 650-850 nm
in the solid-state, and gave red and rose-red lessience in the as-synthesized

crystals and in ground powders, respectively.
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Highlights:

* New difluoroboronB-carbonyl cyclic ketonate complexes beariglkylcarbazole

were synthesized.

*» The synthesized difluorobororg-diketonate complexes showed reversible

mechanofluorochromism.

* NIR dyes emitted red and rose red light during mae@ofluorochromic processes.

» Dye C16B showed high-contrast mechanofluorochromism congparth dyeC2B.
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Highlights For

M echanofluor ochromism of NI R-emitting dyes based on

difluoroboron g-carbonyl cyclic ketonate complexes

* New difluoroboron B-carbonyl cyclic ketonate complexes bearing N-alkylcarbazole

were synthesi zed.

* The synthesized difluoroboron p-diketonate complexes showed reversible

mechanofluorochromism.
* NIR dyes emitted red and rose red light during mechanofluorochromic processes.

» Dye C16B showed high-contrast mechanofluorochromism compared with dye C2B.



