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Visible-light fluorescence photomodulation in azo-BF2 switches
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Azo-BF2 switches 1 and 2 with their extended phenanthridinyl p-system exhibit red-light fluorescence
whose intensity can be photomodulated using visible-light. The para-methoxy group in 2 leads to a
bathochromic shift in the emission band, pushing its tail further to the near infrared region. This group
also changes the isomerization properties in 2, as it does not display the concentration-dependent
isomerization rate change observed in 1, most likely because of a change in mechanism from rotation
to inversion, and weaker p�p interaction in the system.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Photochromic molecules that can reversibly change their fluo-
rescence properties are of great interest in the fields of data stor-
age,1 biomolecule tracking,2 super-resolution imaging,3 among
others.4 It is envisioned that such systems can potentially be used in
the non-destructive readout of stored information, enable non-
intrusive in situ visualization of biomolecules, and augment tem-
poral and spatial resolution by restricting diffraction effects.5 In this
respect, photoactivated green fluorescent proteins (GFP)6 and dia-
rylethene derivatives7 have garnered most attention for their
promising photophysical features, such as high fluorescence
quantum yields and photoconversions, visible to near-infrared
(NIR) light emission, and photoswitchable fluorescence responses.

The fluorescence emission in these systems, which ranges from
far-ultraviolet (UV) to the near-infrared region, mostly relies on UV
light excitation. This adds some limitations to the application of the
fluorophores, because UV light can be easily scattered,8 causes
apoptosis, and has poor tissue and substrate penetration.9 Conse-
quently, there are advantages to shifting the activation wavelength
of photochromic compounds in general,10 and switches that can
photomodulate emission in particular, to the visible or even NIR
region of the electromagnetic spectrum.

We have previously reported on a family of azo-BF2 complexes
(I. Aprahamian).
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that can be directly photoswitched using visible11 and NIR light
sources.12 More recently, we demonstrated that expanding the p-
system in the azo-BF2 switch from a quinolinyl to a phenanthridinyl
ring (1) leads to aggregation, the degree of which can be used in
modulating (through changes in concentration) the isomerization
thermal half-life of the switch.13 As part of our ongoing studies into
this system,14 we discovered that it exhibits red-light fluorescence,
the intensity of which can be photomodulated during (photo)
isomerization. In an effort to further red-shift the activation and
emission wavelengths of the azo-BF2 switch, we synthesized the
para-methoxy (p-OMe) derivative 2 (Scheme 1). Here we report on
the photoisomerization-dependent emission properties of these
two azo-BF2 switches.
2. Results and discussion

The azo-BF2 switch 2 was synthesized following the procedure
reported for synthesizing 1 (Scheme S1).13 In a nutshell, the
hydrazone precursor of 2 was obtained through the condensation
of 2-(phenanthridin-6-yl)acetonitrile with p-anisidine. Treating the
obtained hydrazone with BF3$OEt2 in CH2Cl2 gave us 2 in 9% yield.
This target molecule, and its precursor were fully characterized
using NMR spectroscopy and mass spectrometry (Fig. S1eS6).
2.1. Switchable fluorescence study of azo-BF2 1

The fluorescence emission of 1was studied at low concentration
(9.0� 10�6 M, CH2Cl2), to ensure that it is mainly in the monomeric
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Scheme 1. Chemical structures of azo-BF2 switches 1 and 2.
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form.13 When excited at lex ¼ 508 nm,15 1-E exhibits an intense
emission band at lem ¼ 636 nm (Fig. 1b).16

We speculate that the emission is stemming from the phenan-
thridinyl BF2 core in 1 as the parent quinolinyl-based systems re-
ported so far are not emissive. Upon irradiation at 600 nm, 1-E
isomerizes to give 1-Z, accompanied with a decrease in the in-
tensity of the red emission band.17 The emission band reverts back
to its original intensity when the solution is left to equilibrate under
dark, or upon 430 nm light irradiation, which results in back
Fig. 1. (a) Visible light induced E/Z isomerization of azo-BF2 1; (b) Fluorescence
(lex ¼ 508 nm) spectra of 1-E before and after irradiation with 600 nm light; (c)
Isomerization cycles of 1 (9.0 � 10�6 M) in CH2Cl2 upon alternating irradiation using
600 and 430 nm light sources. The change in the emission intensity at lmax ¼ 636 nm
was monitored.
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isomerization. This reversible fluorescence intensity regulation can
be repeated multiple times by switching the configuration of the
azo-BF2 switch 1 using visible light (Fig. 1c).
2.2. Isomerization of azo-BF2 2

We evaluated the photoswitching efficiency of 2 in CD2Cl2 using
1H NMR spectroscopy. The equilibrated mixture of 2 (under dark)
consists of >99% of the E isomer (Fig. S12a). Upon 650 nm light
irradiation, the E-dominant sample reaches a photostationary state
(PSS650) consisting of 88% Z isomer, with a quantum yield (F) of
52 ± 4% (Fig. S12b). The reverse photoisomerization process (Z/E)
using 480 nm light irradiation yields a mixture consisting of 63% E
isomer with FZ/E of 41 ± 3% (Fig. S13). Previously, we demon-
strated how aggregation influences the thermal relaxation kinetics
of 1.13 To examine whether 2 behaves similarly, concentration-
dependent kinetic studies were performed. We first used dy-
namic light scattering (DLS) to study the aggregation behavior of 2
in solution. No DLS signals were observed at a concentration of
9.0 � 10�6 M. However, when the concentration was increased to
9.0 � 10�3 M, particles with hydrodynamic radii of 17 ± 1 nm
(Fig. S14a) were detected. Irradiation of the sample with 650 nm
light yields a Z-dominant solution, however, the particle size
(18 ± 3 nm) is unaffected (Fig. S14b). The DLS data suggest that 2
might also exhibit different isomerization kinetics because of ag-
gregation. To our surprise, the half-life does not changewhen going
from high (1.9 ± 0.3 h), to low concentrations (1.6 ± 0.1 h)
(Fig. S10eS11). An explanation to the difference in behavior be-
tween 1 and 2 might be the prevalence of inversion, rather than
rotation mechanism in the para substituted azo-BF2 switch, 2. This
explanation is in line with recent DFT calculations, which showed
that the isomerization mechanism in the azo-BF2 switches changes
from rotation to inversion upon para-substitution.18,19

X-ray crystallographic analysis of single-crystals of 2 provided
further insight into its aggregation behavior (Fig. 2). The switch
adopts the E configuration in the solid. Each asymmetric unit
contains two crystallographically independent single-crystal
structures, which are distinguishable by the orientation of the p-
OMe group (Fig. S15). More importantly, these two structures stack
together in a herringbone form through a p-p interaction
(3.7658(1) Å) (Fig. 2). In addition to a different packing mode
(herringbone vs. head-to-head), the p�p interaction in 2 is weaker
than in 1, which is illustrated by the longer p�p interaction dis-
tance (3.7658(1) vs. 3.4956(0) and 3.4658(0) Å) and one less p
interaction. This property might explain why much larger aggre-
gates are observed in 1 than in 2 (for example 92 vs. 17 nm at
~9 � 10�3 M). The less compact and smaller aggregates in addition
to the inversion mechanism, can together explain why the thermal
isomerization rate of 2 is not affected by aggregation.
Fig. 2. Crystal packing through a p-p interaction (black dashes); the hydrogen atoms
have been omitted for clarity.
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Fig. 3. (a) Visible light induced E (deep blue)/Z (purple) isomerization of azo-BF2 2; (b)
UVevis spectra of 2-E (deep blue) and 2-Z (purple) in CH2Cl2 (9.0 � 10�6 M).

Fig. 4. (a) Fluorescence (lex ¼ 543 nm) spectra 2-E before and after irradiation with
650 nm light; (b) Isomerization cycles of 2 (9.0 � 10�6 M) in CH2Cl2 upon alternating
irradiation using 650 and 480 nm light sources. The change in the emission intensity at
lmax ¼ 654 nm was monitored.
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2.3. Fluorescence photomodulation studies

An equilibrated solution of 2 (mainly E form) in CH2Cl2 exhibits
an absorption maximum (lmax) at 583 nm, with an absorption co-
efficient constant (ε) of 15547 M$cm-1 (Fig. 3b). Upon irradiation
with 650 nm light, a new absorption band arises with a
lmax ¼ 545 nm, which is assigned to the Z isomer. This E to Z
photoisomerization yields three isosbestic points at 323, 421, and
543 nm, accompanied by a significant color change of the solution
from deep blue to purple. As expected, the introduction of the para-
OMe group leads to 48 and 44 nm bathochromic shifts in the E and
Z isomers, respectively, compared to the absorption maxima of
non-substituted 1.

Irradiation of 2 at lex ¼ 543 nm results in an emission band
(lem ¼ 654 nm) (Fig. 4a) that is red-shifted by 18 nm relative to the
emission of 1. The emission intensity decreases once 2-E is iso-
merized to 2-Z using 650 nm light irradiation. The initial fluores-
cence intensity cannot be restored because of the incomplete back-
photoisomerization process that results in a low PSS (Fig. S13), and
the relatively long thermal isomerization half-life. The reversible
fluorescence switching at the PSS can be repeated multiple times
upon alternating irradiation using 650 and 480 nm light sources
(Fig. 4b).
3. Conclusion

Replacing the quinolinyl ring in azo-BF2 switches with a phe-
nanthridinyl one leads to emissive photochromic compounds
whose emission can be photomodulated using visible light sources.
As expected the absorption and emission bands of 2 are red-shifted
relative to 1. On the other hand, the thermal isomerization half-life
of 2 is not affected by its aggregation, most likely because of a
change in the isomerization mechanism to inversion, and/or for-
mation of looser aggregates. These results indicate that the pho-
tophysical and isomerization properties of the azo-BF2 switches are
sensitive to slight structural changes. We are currently designing
new azo-BF2 derivatives with the goal of having switches with
Please cite this article in press as: Qian H, et al., Visible-light fluorescenc
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better E/Z band separations to ensure better emission
photomodulation.
4. Experimental section

4.1. Synthesis and characterization of the hydrazone precursor 2-Hz

Hydrochloric acid (0.1 mL, 37%) was added dropwise to an
aqueous suspension of p-anisidine (34 mg, 1.2 equiv, 0.28 mmol,
1 mL). After stirring at 0 �C for 30 min, a pre-cooled solution of
sodium nitrite (NaNO2, 1.4 equiv, 22 mg, 0.32 mmol) in 1 mL water
was added dropwise to the reaction mixture over a period of
30 min, followed by 60 min stirring at 0 �C. Sodium acetate (NaOAc,
7 equiv, 131 mg, 1.6 mmol) in 1 ml water was added to a mixture of
2-(phenanthridin-6-yl)acetonitrile (50 mg, 1 equiv, 0.23 mmol) in
3 ml C2H5OH/CH2Cl2 (4:1). After stirring at r.t. for 60 min, the
resulting suspension was cooled to 0 �C, followed by dropwise
addition of the pre-prepared diazonium salt over a period of
20 min. The resulting reaction mixture was stirred overnight at r.t.
The solutionwas further diluted with water (10 mL), extracted with
ethyl acetate (20 � 2 mL), washed with saturated sodium bicar-
bonate (20 mL) and brine (30 mL), and dried over Na2SO4. The
solvent was removed under reduced pressure and the residue was
subject to silica gel column chromatography using 2:1 hexanes/
dichloromethane as eluent to give 2-Hz as a yellow solid (41 mg,
e photomodulation in azo-BF2 switches, Tetrahedron (2017), http://
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51%). m.p. 191.8e192.5 �C. 1H NMR (500 MHz, CDCl3) d 9.39 (d,
J¼ 8.4 Hz,1H), 9.14 (s, 1H), 8.72 (d, J¼ 8.2 Hz, 2H), 8.60 (t, J¼ 8.5 Hz,
2H), 8.25 (d, J ¼ 8.0 Hz, 1H), 7.95e7.90 (m, 1H), 7.72 (dd, J ¼ 11.1,
4.0 Hz, 1H), 7.34e7.30 (m, 2H), 7.02 (dd, J ¼ 7.1, 5.1 Hz, 2H), 3.87 (s,
3H) ppm; 13C NMR (151 MHz, CDCl3) d 149.78, 143.45, 133.91,
131.69, 130.86, 129.18, 128.00, 127.67, 123.88, 123.60, 122.59, 117.00,
115.29, 111.88, 55.83 ppm; Hi-Res MS (ESI): m/z found [MeHþ] for
C22H17N4Oþ: 353.1397 (calcd. 353.1404).
4.2. Synthesis and characterization of 2

2-Hz (29mg, 0.08mmol) was dissolved in 10mL dry CH2Cl2, and
the solution was transferred into a flame dried round bottom flask
under N2 gas. N,N-diisopropylethylamine (DIPEA, 7 equiv, 0.1 mL,
0.56 mmol) was added to the solution and after 2 h, BF3,OEt2 (10
equiv, 0.1 mL, 0.8 mmol) was added dropwise. The resulting reac-
tionmixturewas stirred under dark for 24 h. The crudemixturewas
concentrated under vacuum, and then subjected to silica gel col-
umn chromatography under dark using hexanes/CH2Cl2 (2:1 to 1:1)
as eluents to give 2 as a purple solid (3 mg, 9%). m.p. 203.1e203.7
οC. 1H NMR (500 MHz, CD2Cl2) d 9.07 (d, J ¼ 8.3 Hz, 1H), 8.51 (d,
J¼ 8.4 Hz,1H), 8.38 (d, J¼ 8.2 Hz,1H), 7.94 (t, J¼ 7.7 Hz,1H), 7.80 (d,
J ¼ 8.5 Hz, 1H), 7.78e7.70 (m, 3H), 7.60 (t, J ¼ 7.8 Hz, 1H), 7.46 (t,
J ¼ 7.6 Hz, 1H), 6.98 (t, J ¼ 6.2 Hz, 2H), 3.84 (s, 3H) ppm; 13C NMR
(151 MHz, CD2Cl2) d 134.77, 134.54, 130.77, 128.99, 127.63, 126.52,
126.48, 126.44, 125.37, 123.21, 123.04, 121.74, 119.02, 115.15, 114.55,
55.76 ppm; 19F NMR (565 MHz, CD2Cl2) d �146.08 (dd, J ¼ 65.2,
29.6 Hz) ppm. Hi-Res MS (ESI): m/z found [MeHþ] for
C22H16BF2N4Oþ: 401.1386 (calcd. 401.1380).
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