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a b s t r a c t

A series of meso-C6F5 BODIYs have been successfully synthesized and characterized. Some of them
displayed excellent spectroscopic properties, such as relatively large Stokes shift, high fluorescence
quantum yield, far-red or near infrared region (NIR) emission, and good photostability. In particular, the
dye functionalized with oligo(ethylene glycol) ether-phenyl groups at the 3,5-position of BODIPY core
became water-soluble and its emission located in the NIR region with large Stokes shift. Time-dependent
density functional theory calculations were conducted to understand the structureeoptical properties
relationship. Furthermore, cell staining tests demonstrated that the meso-C6F5 BODPY derivative with
oligo(ethylene glycol) ether-phenyl group was membrane permeable and selectively stained cytosol in
living cells.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, also known as
BODIPY, has gained recognition as one of the most versatile fluo-
rophores over the past two decades.1e4 This dye family display
superior photophysical properties over other dyes, such as large
molar absorption coefficient, high fluorescence quantum yields,
good photochemical, and chemical stabilities. Therefore, they have
diverse applications including biological imaging and labeling,5e7

sensors,8e11 photodynamic therapy reagent,12,13 dye-sensitized
solar cells (DSSC),14e16 and light-emitting materials for electrolu-
minescent devices.17e19

For bio-imaging application, a fluorescent dye with far-red or
NIR emission, large Stokes shift, and water-solubility is highly de-
sired, because it can minimize auto-fluorescence background and
increase penetration of excitation and emission light through tis-
sues.20 BODIPY core usually exhibits visible absorption and emis-
sion (470e530 nm) with small Stokes shift (w10 nm), which is not
ideal for bioimaging in living animals.21 To push the emission
spectra to red and even NIR region, a variety of strategies have been
used: 1) extension of p-conjugation by fusing rigid ring to the
0531@qq.com, zlt1981@126.
pyrrole unit (e.g., replacing pyrrole with isoindole),22e24 2) sub-
stitution of the 3,5-position by styryl groups,25e28 and 3) re-
placement of the 8-carbon atom with nitrogen atom to form aza-
BODIPY dyes.29e31 By these methods, various BODIPY dyes with
emission wavelength ranging from 560 to 820 nm were obtained.
Unfortunately, these compounds showed small Stokes shift and
poor water solubility.1,2 To modulate the spectroscopic properties,
intramolecular charge transfer mechanism is often employed, be-
cause an donor (D) and an acceptor (A) linked to a p-conjugation
(D-p-A) is beneficial for red-shift in the absorption/emission
spectra and large Stokes shift.12,32,33

In this study, we combined two strategies: 1) intramolecular
charge transfer mechanism and 2) extension of p-conjugation all
together to push the absorption and emission spectra to the far-red
and even NIR region. Firstly, a pentafluorophenyl group (C6F5) with
strong electron-withdrawing character was introduced to the
meso-position of BODIPY core, and then aromatic groups were at-
tached to the 3,5-position ofmeso-C6F5 BODIPY by Suzuki Coupling
or Knoevenagel condensation, which is inclined to generate
a pushepull type structure and extension of the p-conjugation. As
a result, the absorption and emission spectra can be pushed to the
far-red or NIR region. To improve the water solubility and cell
permeability ofmeso-C6F5 BODIPY, ethylene glycol ether was linked
to the 4-position of phenyl group. The spectroscopic properties of
these newly synthesized BODIPYs were investigated. Some of them
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exhibited tunable absorption and emission spectra in the far-red or
even NIR region with acceptable fluorescence quantum yields and
large Stokes shifts. Time-dependent density functional theory (TD
DFT) calculations were conducted to get more insight of their op-
tical properties. Furthermore, cell staining experiments were per-
formed to probe their potentials for bioimaging applications.
2. Results and discussion

2.1. Synthesis

The meso-C6F5 BODIPYs with 3,5-aryl groups were synthesized
in two routes, as were shown in Scheme 1. 1) Penta-
fluorobenzaldehyde condensed with 2-arylpyrrole in the presence
of trifluoroacetic acid (TFA) in dichloromethane (DCM) followed by
oxidative dehydrogenation with tetrachloro-p-benzoquinone and
complexation with BF3$Et2O to give the corresponding meso-C6F5
BODIPYs with 3,5-aryl groups 1a in 38% and 1b in 40% yield, re-
spectively. 2) meso-C6F5 substituted 1,3,5,7-tetramethyl BODIPY 2
was synthesized in the same procedure. Then, 2 condensed with 4-
methoxylbenzylaldehyde/3-carbazolealdehyde in the presence of
piperidine and acetic acid to give the desired products in high
yields (78%e92%). The yield has been significantly improved com-
pared to ordinary BODIPY derivative.34e36 The C6F5 group was
a strong electron-withdrawing group, which made the methyl
groups activated. Consequently, the condensation between 3,5-
dimethyl BODIPY and aldehydes were completed in 3 h and affor-
ded the desired products in high yields (78%e92%) even without
the aid of DeaneStark apparatus. This approach was very conve-
nient and effective for construction of double bond by condensation
of BODIPY with aldehydes.
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Scheme 1. Synthetic routes for meso-C6F5 BODIPYs.
2.2. Optical properties

Fig. 1 shown the UVeviseNIR absorption spectra of meso-C6F5
substituted BODIPYs in dichloromethane, and these photophysical
data were listed in Table 1. For the meso-C6F5 substituted 1,3,5,7-
tetramethyl BODIPY (2), the maximum absorption peak (labs) lo-
cated at 517 nm (ε¼3.14�104 M�1 cm�1), which exhibited a bath-
ochromic shift of 16 nm in contrast to those of the congeners with
phenyl substituents.37 A small bathochromic shift was attributed to
inductive effect of the meso-C6F5 group. 2 also displayed a strong
emission band centered at 528 nm (shown in Fig. 2), and its
emission spectrum was mirror to its absorption spectrum with
a small Stokes shift (Dn¼478 cm�1), which was similar to ordinary
meso-aryl BODIPYs. It was noteworthy that the fluorescence
quantum yield of 2 was 0.92, which was improved relative to 0.65
for the common meso-phenyl BODIPY analog.1,37 Such a difference
was mainly attributed to the steric effects and an interaction be-
tween the fluorine of C6F5 group and methyl groups (see
Supplementary data, Figs. S16eS20). In this case, the non-
radioactive relaxation was blocked and the fluorescence quantum
yield was improved.
Fig. 1. (A) Images of meso-C6F5 BODIPYs in DCM; (B) Normalized absorption spectra of
meso-C6F5 BODIPYs in DCM.
By attachment of 3,5-di(tert) phenyl groups at the 3,5-positions
of meso-C6F5 BODIPY, a significant bathochromic shift (w80 nm) in
the absorption spectra was observed. The maximum absorption
band of 1a centered at 585 nm (ε¼7.21�104 M�1 cm�1) and the
maximum emission band located at 613 nmwith amoderate Stokes
shift (Dn¼781 cm�1). Although 1a exhibited high quantum yield
and good solubility in common organic solvents from hexane to
methanol, it was completely insoluble in aqueous solution. To im-
prove the water solubility of meso-C6F5 substituted BODIPY, ethyl-
ene glycol ether was introduced to the 4-position of phenyl group.
Interestingly, thismodification induced a remarkable bathochromic
shift in both absorption and emission spectra. As shown in Fig. 3a,
1b displayed a strong absorption band centered at 607 nm
(ε¼4.36�104 M�1 cm�1) and a characteristic emission band at
652 nmwith a large Stokes shift (Dn¼1137 cm�1). In compound 1b,
alkoxy group served as an electron donator (D) while meso-C6F5



Table 1
The photophysical properties of meso-C6F5 BODIPYs in DCM

labs (nm) ε (M�1 cm�1) lem (nm) F Dn (cm�1)

1a 585 7.21�104 613 0.61 781
1b 607 4.36�104 652 0.40 1137
2 517 3.14�104 528 0.92 478
3a 668 2.31�104 680 0.08 264
3b 702 4.90�104 717 0.003 298

Quantum yields of 1a and 1b were determined by using rhodamine B (quantum
yield¼0.65) as standard in EtOH.38 Quantum yield of 2 was determined by use of
fluorescein (fluorescence quantum yield is 0.90 in 0.1 N NaOH) as a standard. For 3a
and 3b, methylene blue in MeOH (F¼0.03) was used as standard.

Fig. 2. (A) Fluorescent images of meso-C6F5 BODIPYs in DCM taken at room temper-
ature under 365 nm UV light; (B) Normalized emission spectra of meso-C6F5 BODIPYs
in DCM.
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Fig. 3. Normalized absorption and emission spectra of 1b (a) and 3a (b) in DCM.
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BODIPY was a strong electron acceptor (A). Thus, such a D-p-A
structure was benefit for red-shift in the absorption and emission
spectra. Thanks to the ethylene glycol ether group,1b displayed the
far-red region emission and water solubility. The fluorescence
quantum yields of 1b in aqueous solution were also determined, as
were shown in Table S1. In aqueous solution containing 10% DMSO,
the quantum yield of 1b was determined as 0.04%, which was fa-
vorable for bioimaging.

To further tune the absorption and emission to longer wave-
length, 4-methoxylbenzylaldehyde/3-carbazolealdehyde con-
densed with the meso-C6F5 substituted 1,3,5,7-tetramethyl BODIPY
to extend the p-conjugation, resulting in significant red-shifts in
both absorption and emission spectra. As shown in Fig. 3b, the
maximum absorption band of 3a centered at 668 nm
(ε¼2.31�104 M�1 cm�1) and the maximum emission band located
at 680 nmwith a small Stokes shift (Dn¼264 cm�1). The meso-C6F5
BODIPY functionalized with 3-carbazolealdehyde displayed a char-
acteristic absorption band centered at 702 nm
(ε¼4.90�104 M�1 cm�1) and a weak emission band located at
717 nm. Despite remarkable bathochromic shifts in both absorption
and emission spectra, 3a and 3b exhibited much weaker fluores-
cence compared with 1a or 1b. meso-C6F5 group was a strong
electron-withdrawing group, whereas 4-methoxylphenyl and 3-
carbazolyl groups were typical electron-donating groups. In the
excited state, strong intramolecular charge transfer and even
electron transfer would happen between meso-C6F5 BODIPY group
and 4-methoxylphenyl/3-carbazolyl groups, resulting in decreased
quantum yields. In addition, intersystem crossing would take place
due to meso-C6F5 group, which also led to low quantum yields.

1a, 1b, and 2 were high emissive in dichloromethane, and their
fluorescence quantum yields were significantly improved in com-
parison to the non-fluorinated meso-phenyl BODIPYs analog. As
shown in Table 1, the quantum yields of 2, 1a, and 1b in DCM were
0.92, 0.61, and 0.40, respectively. The absorption spectra of 1a
exhibited very weak solvent-dependence, while the absorption
spectra of 3a displayed obvious solvent-dependence (shown in
Supplementary data, Fig. S1). In addition,1a and 1b displayedmuch
larger Stokes shifts in contrast to 3a and 3b, and these Stokes shifts
did not vary much when the solvents were changed frommethanol
to hexane. This observation implied that the large Stokes shifts
were not caused by different permanent dipole moments in the
electronic ground and excited state. Aryl groups in 1a and 1b could
rotate around the CeAr bonds in the excited state, and the geom-
etry of these compounds could be adjusted, which contributed to
a much larger Stokes shift. By contrast, the Aryl groups in 3a and 3b
were linked to double bonds, which restricted their rotations
around the CeAr bonds in the excited state.

Finally, we examined the photostabilities of these meso-C6F5
substituted BODIPYs. The fluorescence intensity of representative
dyes 1b, 2, 3a in DMF solution and fluorescein in 0.1 M NaOH
aqueous solution was measured under continuous irradiation with
a 150 W Xe lamp. After exposure to irradiation for 120 min, the
fluorescence intensity of fluorescein decreased to 86%, whereas 1a
and 2 remained their fluorescence intensity up to 98%, as were
shown in Fig. 4. Therefore, these BODIPYs had excellent
photostabilities.

2.3. DFT calculations

To get more insight of the optical properties of this new type of
meso-C6F5 substituted BODIPY dyes, time-dependent DFT calcula-
tions were conducted at the B3LYP/6e31G*level of theory for the
model compounds.

The calculated frontier molecular orbital profiles and energy
levels were shown in Fig. 5. For 1b and 3a, the HOMO were delo-
calized through pyrrole units of BODIPY core to the aryl groups,
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Fig. 4. Changes of fluorescence intensity (c¼5 mM) under the irradiation of 150 W Xe
lamp.

Fig. 5. Calculated frontier molecular orbital profiles, the HOMO/LUMO energy levels
and optimized geometries of 1b and 3a. To simplify calculation, the ethylene glycol
ether group was replaced by ethoxyl group.

Fig. 6. Confocal fluorescence images of HeLa cells. HeLa cells were co-stained with 1b
(1.0 mM) and Hoechst (10 mM) for 1 h. Fluorescence image was obtained from (a) 1b at
660 nm (lex¼638 nm); (b) Hoechst at 432 nm (lex¼405 nm); (c) Merged image of (a)
and (b); (60� objective lens).
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while the LUMO mainly located on the BODIPY core and meso-C6F5
group, implying an intramolecular pushepull character, which was
benefit for the bathochromic shift in the absorption spectra. Es-
pecially, the LUMO of 3a mainly located on the meso-C6F5 group
and the BODIPY core with a partial disjoint feature, which also
explained the large red shift in the absorption spectra and low
fluorescence quantum yield due to strong intramolecular charge
transfer. The band gaps of 1b and 3a were calculated to be 2.21 eV
and 1.98 eV, respectively.
The geometries of meso-C6F5 substituted BODIPYs have been
optimized using time-dependent DFT calculations, as were shown
in Fig. 5. The six-member ring of BODIPY core was almost planar
and the boron atom was tetrahedral with the two fluorine atoms
perpendicular to the BODIPY plane. The optimized geometry of 1b
in the ground state showed a large twist of the meso-C6F5 group
from the BODIPY plan with a torsion angle of 63.4�. Hence, the
meso-C6F5 group just imposed inductive effect on BODIPY core. In
the optimized geometry of 1b, 4-ethoxylphenyl group was slightly
out of the BODIPY plane with a torsion angle of 28.5�, and the p-
electron was partially delocalized along with BODIPY core, which
resulted in red-shift in the absorption and emission spectra. Be-
sides, 4-ethoxylphenyl group might locate at the same plane with
BODIPY at the excited state by rotation a certain degree, and then it
returned to the ground state, giving rise to a long wavelength
emission with a large Stokes shift.39 In the optimized geometry of
3a, the pentafluorophenyl was nearly perpendicular to the BODIPY
planewith an angle of 76.4�, while two styryl groups almost located
at the same plane with BODIPY core (a torsion angle of 5.6�). In this
case, the p-electrons of 4-methoxylphenyl group were completely
delocalized along with BODIPY core. As a result, the absorption and
emission spectra of 3a fell into the near infrared region, as was
shown in Fig. 3b.
2.4. Confocal fluorescence imaging

Encouraged by the outstanding feature of 1b, epi-fluorescent
microscope was then employed to examine the imaging ability of
1b in living cells. HeLa cells were co-incubatedwith 1b (1.0 mM) and
a commercially nucleus-specific staining probe Hoechst (10 mM) for
1 h. By excitation at 638 nm, a clear cell profile with red color was
obtained from 1b (shown in Fig. 6), implying that 1b could effi-
ciently diffuse into HeLa cells and retained within.40,41 According to
overlay images of blue fluorescence (Fig. 6b) from Hoechst and red
fluorescence from 1b, it was found that 1b selectively stained cy-
tosol. Furthermore, by examining the bright-field image, fluores-
cence image, and overlay image (shown in Fig. 7), we observed that
1b mainly located in cytosol even at low concentration. 1b was an
amphiphilic compound, thus it met the criteria for a selective cy-
tosol probe in terms of size and amphiphilicity. Therefore, 1b could
be used as a novel probe for selectively staining and bioimaging
cytosol.
3. Conclusions

In summary, meso-C6F5 substituted 1,3,5,7-tetramethyl BODIPY
was successfully synthesized and characterized. Motivated by its
bright fluorescence with small Stokes shift, we have further mod-
ified the structure and prepared meso-C6F5 substituted BODIPYs
with extended p-conjugation (1e3), which displayed fluorescence
emission ranging from 528 to 715 nm. By introduction of oligo(-
ethylene glycol) ether substituted phenyl groups at the 3,5-position



Fig. 7. Confocal fluorescence images of HeLa cells. HeLa cells were incubated with 1b
(2.5 mM) for 0.5 h. Fluorescence image was obtained at 660 nm (lex¼638 nm); 60�
objective lens; scale bar: 20 mm.
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of BODIPY core, it became water-soluble and remained appreciable
fluorescence quantumyieldwith large Stokes shift. The cell staining
tests indicated that they were membrane permeable and selec-
tively sustained cytosol in living HeLa cells. All these features made
these dyes attractive for bioimaging applications. In addition, our
synthetic strategies were very convenient and effective for pre-
paring a series of meso-C6F5 substituted BODIPY dyes.
4. Experimental section

4.1. Materials

2,3,4,5,6-Pentafluorobenzaldehyde was purchased from TCI
corporation. 2,4-dimethyl-pyrrole, tetrachloro-p-benzoquinone,
Pd(PPh3)4 were supplied by SigmaeAldrich. Pyrrole, BF3$OEt2,
triethylamine, trifluoroacetic acid, 4-methoxylbenzaldehyde, 6-(2-
formyl-9H-carbazol-9-yl)hexyl acetate, piperidine and acetic acid
were supplied by Aladdin-Reagent Corporation. All these com-
pounds were used directly without further purification. The sol-
vents used for UVevis and fluorescence measurements are of HPLC
grade. Fluorescent images were acquired on a Nikon A1 confocal
laser-scanning microscope with a 60 objective lens.
4.2. Synthesis

4.2.1. Synthesis of 3,5-bis(3,5-di(tert)phenyl)-8-pentafluorophenyl-
4,4-difluoro-4-borata-3a,4a-diaza-s-indacene (1a). 2,3,4,5,6-
Pentafluorobenzaldehyde (49 mg, 0.25 mmol) and 2-(3,5-di(tert)
phenyl)-1H-pyrrole (380mg, 0.52mmol)42 were dissolved in 20mL
of dry DCM in a round bottom flask, and then two drops of tri-
fluoroacetic acid (TFA) were added. The reaction mixture was stir-
red for 3 h at room temperature in nitrogen. After complete
consumption of aldehyde (which was monitored by TLC), tetra-
chloro-p-benzoquinone (63 mg, 0.26 mmol) was added to the re-
actionmixture.1 h later, 2mL of triethylamine and 3mL of BF3$OEt2
were added to the mixture. The resulting mixture was stirred at
room temperature for 1 h. When the reaction was completed, the
solvent was removed under reduced pressure. The residue was
purified by silica gel column chromatography using DCM/hexane
(1/5, v/v) as eluent to give compound 1a as a purple solid (70 mg,
38%). 1H NMR (300 MHz, CDCl3): d 7.76 (s, 4H), 7.52 (s, 2H), 6.76 (d,
J¼4.3 Hz, 2H), 6.65 (d, J¼4.3 Hz, 2H), 1.39 (s, 36H). 13C NMR
(125 MHz, CDCl3): d 162.0, 150.5, 135.9, 131.6, 128.8, 124.3, 123.7,
122.1, 34.9, 31.4. 19F NMR (376 MHz, CDCl3) d �133.90 (m, 2F),
�150.55 (t, 1F), �137.10 (d, 2F), �133.58 (q, 2F). HRMS (EI):
[M]þ¼734.3652; calcd for C43H46BF7N2: 734.3642.

4.2.2. Synthesis of 3,5-bis{4-(2-[2-(2-methoxylethoxyl)ethoxyl])
ethoxylphenyl}-8-pentafluorophenyl-4,4-difluoro-4-borata-3a,4a-di-
aza-s-indacene (1b). 2,3,4,5,6-Pentafluorobenzaldehyde (98 mg,
0.50 mmol) and 2-[2-(2-methoxylethoxyl)ethoxyl]ethox-
ylphenylpyrrole (335 mg, 1.1 mmol) were dissolved in 20 mL of dry
DCM in a round bottom flask, and then two drops of trifluoroacetic
acid (TFA) were added. The reaction mixture was stirred for 3 h at
room temperature in nitrogen. After complete consumption of al-
dehyde (which was monitored by TLC), tetrachloro-p-benzoqui-
none (135 mg, 0.55 mmol) was added to the reaction mixture. 1 h
later, 4 mL of triethylamine and 6mL of BF3$OEt2 were added to the
mixture. The resulting mixture was stirred at room temperature for
1 h. When the reaction was completed, the solvent was removed
under reduced pressure. The residue was purified by silica gel
column chromatography using DCM/methanol (8/1, v/v) as eluent
to give compound 1b as blue oil (167 mg, 40%). 1H NMR (400 MHz,
CDCl3): d 7.90 (d, J¼8.8 Hz, 4H), 6.98 (d, J¼8.8 Hz, 4H), 6.70 (d,
J¼4.4 Hz, 2H), 6.65 (d, J¼4.4 Hz, 2H), 4.19 (t, J¼5.0 Hz, 4H), 3.88 (t,
J¼5.0 Hz, 4H), 3.75 (q, J¼5.0 Hz, 4H), 3.70e3.65 (m, 8H), 3.55 (q,
J¼5.0 Hz, 4H), 3.38 (s, 6H). 13C NMR (125 MHz, CDCl3): d 160.4,
160.0, 139.3, 136.0, 131.3, 128.6, 124.7, 124.0, 123.5, 121.6, 115.9,
114.6, 114.0, 71.9, 70.8, 70.7, 70.6, 69.6, 67.5, 59.0. 19F NMR (376
MHz, CDCl3) d �159.88 (m, 2F), �150.53 (t, 1F), �137.00 (t, 2F),
�133.00 (m, 2F). HRMS (EI): [M]þ¼834.2915; calcd for
C41H42O8N2BF7: 834.2922.

4.2.3. Synthesis of 1,3,5,7-tetra(methyl)-8-pentafluorophenyl-4,4-
difluoro-4-borata-3a,4a-diaza-s-indacene (2). 2,3,4,5,6-
Pentafluorobenzaldehyde (196 mg, 1 mmol) was dissolved in
20 mL of dry DCM in a round bottom flask, and then 2,4-dimethyl-
pyrrole (234 mg, 2.2 mmol) and two drops of trifluoroacetic acid
(TFA) were added. The reaction mixture was stirred for 3 h at room
temperature in nitrogen. After complete consumption of aldehyde
(which was monitored by TLC), tetrachloro-p-benzoquinone
(270 mg, 1.1 mmol) was added to the reaction mixture. 1 h later,
4 mL of triethylamine and 5 mL of BF3$OEt2 were added to the
mixture. The resulting mixture was stirred at room temperature
for 1 h. When the reaction was completed, the solvent was re-
moved under reduced pressure. The residue was purified by silica
gel column chromatography using DCM/hexane (1/6, v/v) to give
compound 2 as a golden solid (136 mg, 33%). 1H NMR (300 MHz,
CDCl3): d 6.06 (s, 2H), 2.57 (s, 6H), 1.72 (s, 6H). 13C NMR (125 MHz,
CDCl3): d157.8, 141.5, 131.0, 122.2, 31.6, 29.7. 19F NMR (376 MHz,
CDCl3) d �159.52 (m, 2F), �150.53 (t, 1F), �146.14 (q, 2F),
�139.25 (q, 2F). HRMS (EI): [M]þ¼414.1141; calcd for C19H14BF7N2:
414.1138.

4.2.4. Synthesis of 3,5-bis(4-methoxylstyryl)-8-pentafluorophenyl-
4,4-difluoro-4-borata-3a,4a-diaza-s-indacene (3a). Compound 2
(82mg, 0.2mmol) and4-methoxylbenzaldehyde (60mg, 0.44mmol)
were dissolved in 25 mL of toluene in a three-neck round bottom
flask. Two drops of piperidinewere added to the reactionmixture in
nitrogen. The reaction mixture was heated to 110 �C, and then two
drops of acetic acid were added. The resulting mixture was refluxed
for 4 h. After the reaction was completed, the toluene was removed
under reduced pressure. The residue was purified by silica gel col-
umn chromatography using DCM/hexane (1/5, v/v) as eluent to give
compound 3a as a green solid (102 mg, 78%). 1H NMR (400 MHz,
CDCl3): d 7.65e7.61 (m, 6H), 7.29 (s, J¼8.0 Hz, 2H), 6.96 (q, J¼8.0 Hz,
4H), 6.70 (d, J¼8.0 Hz, 2H), 3.88 (s, 6H), 1.73 (s, 6H). 13C NMR
(100MHz, CDCl3): 160.8, 160.6, 154.1, 139.7, 137.3, 136.6, 132.8, 129.4,
129.3, 129.2, 118.4, 118.0, 116.9, 114.4, 114.3, 55.4, 51.8. 19F NMR (376
MHz, CDCl3) d �159.78 (m, 2F), �150.84 (t, 1F), �142.20 (q, 2F),
�138.75 (q, 2F). HRMS (ESI): [M]þ¼650.1922; calcd for
C35H26BF7N2O2: 650.1947.

4 . 2 . 5 . S yn t h e s i s o f 3 , 5 - b i s ( 9H- c a r ba zo l - 3 - v i ny l ) ) - 8 -
pentafluorophenyl-4,4-difluoro-4-borata-3a,4a-diaza-s-indacene
(3b). Compound 2 (82 mg, 0.2 mmol) and 6-(3-formyl-9H-carba-
zol-9-yl)hexyl acetate (148 mg, 0.44 mmol) were dissolved in
25 mL of toluene in a three-neck round bottom flask. Two drops of
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piperidine were added to the reaction mixture in nitrogen. The
reaction mixture was heated to 110 �C, and then two drops of
acetic acid were add ed. The resulting mixture was refluxed for
4 h. After the reaction was completed, the toluene was removed
under reduced pressure. The residue was purified by silica gel
column chromatography using DCM/hexane (1/3, v/v) as eluent to
give compound 3b as a green solid (172 mg, 82%). 1H NMR
(400 MHz, CDCl3): d 8.23 (d, J¼8 Hz, 2H), 7.85 (t, J¼8 Hz, 4H), 7.53
(t, J¼8 Hz, 4H), 7.42 (m, 4H), 7.32 (t, J¼8 Hz, 4H), 6.76 (s, 2H), 4.31
(t, J¼6.8 Hz, 4H), 4.04 (t, J¼6.8 Hz, 4H), 3.35 (s, 4H), 2.04 (s, 6H),
1.91 (t, J¼6.8 Hz, 4H), 1.24 (m, 14H). 13C NMR (100 MHz, CDCl3):
171.2, 153.8, 141.2, 140.9, 139.9, 138.4, 133.4, 127.9, 126.1, 125.8,
123.4, 122.9, 120.7, 120.4, 119.9, 119.5, 118.2, 116.4, 109.1, 109.0, 64.4,
52.5, 43.1, 28.9, 28.5, 26.9, 26.4, 25.8, 24.0, 21.0. 19F NMR (376 MHz,
CDCl3) d �159.82 (m, 2F), �150.90 (t, 1F), �142.22 (q, 2F), �138.98
(q, 2F). HRMS (ESI): [M]þ¼1052.4257; calcd for C61H56BF7N4O4:
1052.4284.
4.3. UVeviseNIR absorption and emission spectra
measurements

UVevis spectra were recorded on a Hitachi UV-3310 spec-
trometer. Fluorescence spectra were recorded on a Hitachi FL-4500
fluorometer. Mass spectra were measured on a HP-1100 LCeMS
spectrometer. The 1H NMR and 13C NMR spectra were recorded on
a Bruker AV-400 spectrometer with tetramethylsilane (TMS) as the
internal standard. The chemical shift was recorded in parts per
million and the following abbreviations were used to explain the
multiplicities: s¼singlet, d¼doublet, t¼triplet, m¼multiplet,
br¼broad.
4.4. Computation details

The ground state geometries were optimized by employing the
hybrid B3LYP43 function and a 6e31G** basis set. Vertical excitation
energies were calculated by time-dependent density functional
theory (TD-DFT) at MPW1K44/6e31G** and levels of theory. All
calculations were carried out with Gaussian 09 program
packages.45
4.5. Confocal fluorescence imaging

HeLa cells were cultured in RPMI 1640 medium (Invitrogen)
containing 10% fetal bovine serum, penicillin (100 units/mL),
streptomycin (100 mg/mL), and 5% CO2 at 37 �C. One day before
experiment, cell suspensions were plated at a density of
1.0�104 cells/mL on 35 mm diameter round glass coverslips. Then,
the cells were incubated with 1b (10 mM) for 1 h at 37 �C in 5%
CO2d95% air and washed three times with PBS buffer (0.10 M, pH
7.40) before imaging. Fluorescent images were acquired on a Nikon
A1 confocal laser-scanning microscope with a 60� objective lens.
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