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Ratiometric O2 Sensing Based on Selective Self-Sensitized Photooxidation of Donor-Acceptor Fluorophores
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We report a series of organic fluorophores that undergo selective self-sensitized photooxidation upon light irradiation in air accompanied by a change of fluorescence from yellow to blue on the seconds timescale. The distinct emission changes allow the ratiometric quantitation of O2 concentration. 
The last decade has witnessed considerable progress in designing molecular fluorophores for highly selective spatially-resolved ratiometric quantitation of diverse small-molecule analytes (e.g., H2S, H2O2, NO, CO, HOCl) in complex environments, including living cells.1-9 These methods, whose impressive specificities derive primarily from the selectivities of a chemical reaction between the fluorophore and the analyte, have enabled some of the more exciting and far reaching biochemical studies. A notable exception to this encouraging trend is detection of oxygen.10, 11 Despite the importance of knowing O2 levels in chemistry, biology, food science and chemical process engineering, the existing methods of estimating the concentration of dissolved O2 remain physical rather than chemical in origin. Optical methods rely primarily on quenching of luminescence of complexes of Ru, Ir, Pd or Pt, which in addition to O2 is affected by several other molecules, reducing the utility of such a method for O2 sensing in complex environments.10-16 Additionally, the necessary ratiometric measurements with these complexes require combining them with fluorophores with O2-insentive emission, at considerable synthetic costs.14-16 
Here we describe a series of simple easily accessible molecular fluorophores (1-4, Scheme 1) suitable for ratiometric O2 detection in complex environments. Each donor/acceptor fluorophore contains an electron-deficient difluoroboron β-diketonate moiety linked to an electron-rich olefin. Upon light irradiation, the molecule sensitizes 3O2 to 1O2 that reacts with the olefin C=C bond to yield first a dioxetane, followed by its spontaneous dissociation into acetophenone and/or indanone derivatives. The distinct emission properties of the olefin reactant and the ketone product allow the ratiometric quantitation of O2 concentration. In contrast, all previously reported examples of photooxidation of organic fluorophores generated either non-emissive products and proceeded with insufficient selectivity to be useful for O2 quantitation.


Fig. 1 Self-sensitizing (1-4) and non-sensitizing (5) fluorophores and the underlying photooxidation reaction.
Ratiometric O2 sensing by photooxidation requires a fluorophore that undergoes efficient singlet-to-triplet intersystem crossing (ISC) upon photon absorption. Heavy-atom (e.g., I) substituents accelerate ISC,17-19 but such dyes are often toxic and unsuitable for biological applications. Heavy-atom substitution may be avoided with donor-acceptor (DA) fluorophores20-23 whose HOMOs and LUMOs are spatially separated. Such separation promotes triplet state generation, although the mechanism is debated.24-26 Previously reported DA fluorophores manifest thermally activated delayed fluorescence,14,16,17,19 and room temperature phosphorescence,27, 28 and were suggested to have potential for photodynamic therapy and O2 detection in vitro by emission quenching,20, 29 analogous to that of the heavy-atom complexes mentioned above.
We achieved the necessary HOMO/LUMO separation by connecting electron-deficient difluoroboron β-diketonate to a meta position of an electron-rich stilbene to preclude conjugation of the two moieties. Fluorophores 1-4 and non-sensitizing control 5 in which the two moieties are conjugated (Fig. 1) were synthesized in the overall yield of 42% - 60% by Claisen condensation of an aromatic ketone and an olefin to afford β-diketones, followed by the complexation of BF3. They were characterized by 1H and 13C NMR spectroscopy and high-resolution mass spectroscopy (HRMS) (for details, see Supplementary Information).
E-1 absorbs at 300 - 500 nm with the maximum at 380 nm (Fig. 2a and Table S1) and emits at 470 - 750 nm, with the maximum at 560 nm and fluorescence quantum yield of 32% (Fig. 2b). The absorption and emission spectra of a deoxygenated solution of E-1 change slightly immediately upon the start of irradiation at 365 nm, as a photostationary state of the E and Z isomers of 1 is quickly reached, and remain unchanged over continued irradiation for 5 min (Fig. S1). In contrast, irradiation of an aerated toluene solution of E-1 at the same concentration and photon flux caused a decrease in the intensity of the emission peak at 560 nm and a growth of a new emission peak at 430 nm (Fig. 2b). Correspondingly, the emission color changed from yellow to deep blue (Fig. 2b inset). Similar spectral changes were observed for compounds 2–4, which have only one difluoroboron β-diketonate moiety per photooxidazible olefin C=C bond of different degrees of substitution. Emission bands of 2-4 are centered at 580, 524 and 500 nm, respectively. Upon irradiation in the presence of O2, this long-wavelength emission decreased, and blue fluorescence at ~430 nm emerged (Fig. S2-S4). The observed changes require both O2 and irradiation: the emission spectra were unchanged in the dark under air or upon irradiation of an anaerobic solution. The meta position of the difluoroboron β-diketonate moiety relative to the stilbene C=C bond is critical for achieving self-sensitization: 5, which is analogous to 4 except for the para position of difluoroboron β-diketonate, does not change upon irradiation (Fig. S5).
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Fig. 2 Time-dependent (a) absorption and (b) emission spectra of E-1 in an air-saturated toluene 20 μM solution upon irradiation with 365 nm light. Inset: fluorescence images of the same solution before (left) and after (right) irradiation. (c) Plausible mechanism of self-sensitized photooxidation on example of E-1.
We chose compound E-1 to confirm the probable molecular origin of the observed spectral changes (Fig. 2c). First, we confirmed the generation of singlet oxygen by electron spin resonance (ESR) spectroscopy with 2,2,6,6-tetramethylpiperidine (TEMP) as an 1O2 scavenger. Irradiating a mixed aerated solution of E-1 and TEMP with a 365 nm LED lamp at 0.3 mW cm-2 produced a characteristic ESR signal of TEMPO, which is a known product of reaction of TEMP with 1O2.30, 31 The signal intensity increased with the radiation time (Fig. 3a). No detectable ESR signal was observed by replacing E-1 in the above experiment with 5 (Fig. 3b), which does not self-sensitize, indicating that the generation of 1O2 is necessary for the observed spectral changes.
Second, HRMS of irradiated aerobic sample of E-1 revealed the molecular peak at m/z 782.3457 (Fig. S7), which we ascribed to a dioxetane intermediate, 1-M (m/z calculated for [1-M +NH4+] is 782.3453), in addition to peaks at 750.3535, corresponding to 1, and at 400.1885 corresponding to the product of thermal dissociation of 1-M, 1-P. Chromatographic analysis of this solution yielded 1-P as the only new species, consistent with high lability of alkyl dioxetanes.32, 33 We synthesized 1-P independently and confirmed that its HRMS, 1H and 13C NMR, absorption and emission spectra were identical to 1-P isolated from the irradiated sample of E-1 (Fig. S8). 
Third, spectral changes in the first few seconds of irradiation reflect a rapidly established photostationary state of the E and Z isomers,34-38 which explains why the spectra before irradiation do not pass through the isosbestic points formed by all the subsequent spectra. We synthetized the Z isomer of 1, Z-1, and confirmed that while it is a weaker fluorophore than E-1, its irradiation in aerobic solution generates the same sequence of absorption and emission spectra as does irradiation of originally pure-E solution (Fig. S9). 
The data above clearly establishes that the spectral changes in aerobic irradiated solutions of 1 result from the generation of 1O2. Such self-sensitization is typically associated with efficient singlet-to-triplet ISC in an electronically excited chromophore. The absence of heavy elements in 1 suggests that this ISC may result from a very small singlet-to-triplet energy gap, ΔES1–T1 (ΔEst), which is confirmed by the nearly identical fluorescence and phosphorescence spectra of E-1 (Fig. 3c). The small ΔEst is often observed in DA fluorophores with spatially separated HOMOs and LUMOs and our calculations at the B3LYP/6-31G(d) level of the DFT revealed such separated MOs in 1-4 (Fig. S10). In contrast, 5, whose dioxaborinine group is bound at the para position of the stilbene moiety, does not self-sensitize, has substantially co-localized frontier orbitals and manifests a phosphorescence spectrum that is red-shifted relative to the fluorescent emission by >50 nm (Fig. 3d). The optimized geometries reproduced the small twist between the stiff-stilbene and the dioxaborinine ring in 2 observed in its single-crystal XRD structure (Fig. S12).
The data above suggest that spectral changes in aerobic solutions of 1-4 under light irradiation probably start with the initially populated S1 state undergoing ISC to a nearly-isoenergetic T1 state (Fig. 2c). In the presence of O2, a fraction of this T1 state relaxes by triplet-to-triplet energy transfer to regenerate the dye in the So state and 1O2. The latter adds to the C=C bond of 1-4 to yield dioxetane (e.g., 1-M), whose subsequent thermally-activated dissociation creates the observed new fluorophore, e.g., 1-P. 
[image: ]
Fig. 3 ESR spectra of an air-saturated toluene solution of (a) E-1 (1 × 10-4 M) and (b) 5 (1 × 10-4 M) with TEMP (2 × 10-4 M) after increasingly long irradiation by a 365 nm LED lamp at room temperature. Fluorescence (at room temperature, black line) and phosphorescence spectra (at 77 K, after a 0.1 ms delay, red line) of (c) self-sensitizing E-1 and (d) non-self-sensitizing 5 in toluene solution at 20 μM. The spectral intensities were normalized to 1 to facilitate comparisons.
This mechanism means that the rate of the spectral changes is sensitive to the O2 concentration, i.e., it enables ratiometric detection of O2 with fluorophores 1-4. This conclusion was confirmed by measuring emission of E-1 in a 20 μM toluene solution under 365 nm irradiation at different oxygen partial pressures (Fig. 4). At all irradiation times the ratio of the emission intensities at 430 nm (oxygenated product) and 560 nm (initial dye) was proportional to the initial oxygen partial pressure. 
[image: C:\Users\lenovo\Desktop\Graph6.png]
Fig. 4 The ratio of the emission intensities at 430 nm and 560 nm (I430/I560) of a 20 μM - toluene solution of E-1 containing different concentrations of O2 as a function of irradiation time. Longer irradiations and higher O2 concentrations result in larger conversions of the original dye (emitting at 560 nm) to the oxygenated product, which emits at 430 nm. Lines are least-squares fits of the experimental data demonstrating linear response at a range of irradiation times.


Fig. 5 Chemical structure of 6.
To establish the suitability of the introduced molecular design for ratiometric O2 measurements in living cells we synthesized a water-soluble derivative 6 (Fig. 5). Fig. 6a shows confocal laser scanning microscopy images of HeLa cells incubated with 6 under ambient condition for 15 min, followed by washes to removing extracellular 6. The cells were clearly visible in the red channel (emission at 570-620 nm), but barely detectable in the blue channel (emission at 425-475 nm). Under anaerobic conditions, irradiation with 365 nm light for ~1 min produced no detectable changes in either channel. Irradiation under aerobic conditions decreased fluorescence intensity in the red channel and increased in the blue channel, with the ratio of the red-to-blue channel intensities decreasing from ~40 to ~10. These results support our view that derivatives of fluorophores 1-4 are potentially useful for quantifying oxygen in living cells. 
Measurements of oxygen levels are important not only in physiology and pathology, but also in numerous applications in food sciences and chemical process control. To illustrate the utility of our fluorophores in these contexts, we doped E-1 in a hydrogel, which produced bright orange fluorescence under 365 nm irradiation. Irradiation of the same material for 5 min through a mask of a smiley face transferred this image to the hydrogel by photooxidizing the exposed areas only, engendering them with blue fluorescence (Fig. 6b). 
[image: F:\documents\王建新\O2\Fig 6.png]
[bookmark: _GoBack]Fig. 6  (a-c) Confocal fluorescence and bright-field images of HeLa cells loaded with 6 (1 μM) before (a1-a4) and after irradiation under anaerobic (b1-b4) and ambient oxygen levels (c1-c4): Bright-field images (a1-c1); blue channel (425-475 nm) emission after excitation at 409 nm (a2-c2); red channel (570-620 nm) emission after excitation at 409 nm (a3-c3); the the red/blue channel ratio images (a4-c4). (d) Fluorescence images of polyvinyl alcohol hydrogel doped with E-1 before and after irradiation at 365 nm through a mask of a smiley face in air.
In conclusion, we reported a series of fluorophores whose emission spectra shift hypsochromically by >150 nm on irradiation in aerobic solutions as a result of selective self-sensitized photooxidation. The fluorophores contain an electron-rich aromatic olefin, such as stilbene, substituted at a meta position with a difluoroboron β-diketonate moiety. Photooxidation converts the olefin to a ketone through a labile dioxetane intermediate. These self-sensitizing fluorophores manifest nearly overlapping phosphorescence and fluorescence emissions, suggesting a small singlet-triplet gap, and according to DFT calculations have negligible spatial overlap of the frontier orbitals. Moving the dioxaborinine moiety to the para position of stilbene eliminates self-sensitization, red-shifts the phosphorescence emission compared to the fluorescence one and creates spatially overlapping frontier MOs. The self-sensitizing fluorophores enable quantitation of intracellular O2 concentration by ratiometric fluorescence measurements. We suggest that the general molecular architecture described here and the selective self-sensitized photooxidation that it engenders forms the basis for potential applications in oxygen sensing, photocaged drug delivery system and smart materials.
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