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Abstract

Dual emissive luminescence properties of solid-state difluoroboron β-diketonate-poly(lactic acid) 

(BF2bdk-PLA) materials have been utilized as biological oxygen sensors. Dyes with red-shifted 

absorption and emission are important for multiplexing and in vivo imaging, thus hydroxyl-

functionalized dinaphthoylmethane initiators and dye-PLA conjugates BF2dnm(X)PLA (X = H, 

Br, I) with extended conjugation were synthesized. The luminescent materials show red-shifted 

absorbance (~435 nm) and fluorescence tunability by molecular weight. Fluorescence colors range 

from yellow (~530 nm) in 10 – 12 kDa polymers to green (~490 nm) in 20 – 30 kDa polymers. 

Room-temperature phosphorescence (RTP) and thermally activated delayed fluorescence (TADF) 

are present under a nitrogen atmosphere. For the iodine-substituted derivative, BF2dnm(I)PLA, 

clearly distinguishable fluorescence (green) and phosphorescence (orange) peaks are present, 

making it ideal for ratiometric oxygen-sensing and imaging. Bromide and hydrogen analogues 

with weaker relative phosphorescence intensities and longer phosphorescence lifetimes can be 

used as highly sensitive, concentration independent, lifetime-based oxygen sensors or for gated 

emission detection. BF2dnm(I)PLA nanoparticles were taken up by T41 mouse mammary cells 

and successfully demonstrated differences in vitro ratiometric measurement of oxygen.
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INTRODUCTION

Boron containing biomaterials have garnered interest in recent years.1–3 New developments 

include “turn-on” sensors responsive to reactive oxygen species (ROS),4,5 rapidly degrading 

polymers for stimuli triggered drug release,6 fluorescent ion sensors,7,8 near-IR probes,9,10 
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and bioorthogonal fluorescent labels.11,12 These fluorescent dyes use the difluoroboron 

(BF2) unit to restrict intramolecular rotation and vibrational freedom of the β-diketonate 

ligand, producing bright and efficient fluorescence.13,14 Various types of BF2 fluorescent 

materials have been prepared, including β-diketiminate (NBN),15,16 β-ketoiminate 

(NBO),17–21 and β-diketonate (OBO) complexes.22–24 Difluoroboron can also act as an 

electron-accepting group, inducing a strong dipole upon excitation, making the dyes 

sensitive to solvent and media polarity.25–27 Difluoroboron β-diketonates (BF2bdks) are 

particularly interesting because of their exceptional luminescent properties in both solution 

and solid states. The Stokes shifts are large enough so that the dyes do not completely self-

quench when concentrated, and the medium,28 molecular packing,29–32 or dye design33 can 

modulate the solid-state luminescence. The ligand framework also provides a versatile 

scaffold for functionalization by mesogens,34 polymers,35–37 heavy atoms,38 or 

chelators.39,40 Furthermore, BF2 chelates have demonstrated the ability to restrict 

intramolecular twisting of the aromatic-carbonyl moiety to produce rare, metal-free 

phosphorescence in rigid environments.20,41–44

A common application of phosphorescent dyes is optical oxygen sensing.45 Quantifying 

oxygen via phosphorescence can be achieved by lifetime or intensity-based sensing.46 

Lifetime sensing is often deemed more reliable because phosphorescence decay is 

independent of phosphor concentration and is highly sensitive to collisional quenching by 

oxygen.47–49 These methods can be achieved with fluorescence and phosphorescence 

lifetime imaging microscopy (FLIM and PLIM) techniques,50 or even with high-speed 

cameras.51 Intensity based measurements are more easily performed with common 

instrumentation (e.g. fluorescence microscopes or color cameras). Pure intensity techniques 

are dependent on phosphor concentration, which can change throughout experimentation 

depending on dye stability or material heterogeneity.

Difluoroboron dibenzoylmethane-poly(lactic acid) (BF2dbmPLA) is a multi-emissive 

material that produces both intense fluorescence and long-lived phosphorescence upon 

single or multiphoton excitation (Figure 1).52 Using boron dyes as initiators for lactide ring-

opening polymerization (ROP) creates a metal-free, biodegradable, single component 

oxygen sensor, minimizing problems associated with dye leaching and heterogeneity. 

Furthermore, optical properties can be easily tuned by molecular weight (MW).53,54 These 

materials are readily fabricated into nanoparticles suitable for cellular uptake and both in 

vitro and in vivo sensing.55–57 Iodine-substituted difluoroboron dibenzoylmethane 

poly(lactic acid) (BF2dbm(I)PLA) nanoparticles have enabled tumor hypoxia imaging by 

ratiometric techniques.58 This polymer, shows fluorescence in the range of 440–485 nm, and 

phosphorescence at about 530 nm. Blue and green wavelengths like these are easily 

absorbed or scattered in vivo by absorbers in tissues, which limits BF2dbm(I)PLA imaging 

primarily to surfaces.59,60 Thus, red-shifted analogues could potentially increase tissue 

penetration by decreasing the amount of scattered light.61 Additionally, obtaining a palette 

of colors could make these materials more versatile for multiplexing biological sensing 

applications.62 Previous model studies involving anthracene- and naphthylene-derived dyes, 

blended but not conjugated with PLA, showed red-shifted spectral properties.63 Also, 

recently reported naphthyl-phenyl based BF2bdkPLA conjugates were synthesized with red-

shifted dual-emissive optical properties.33
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This study extends our exploration of boron β-diketonate materials by increasing dye 

conjugation using dinaphthoylmethane (dnm). Previously, dnm ligands have been utilized as 

mechanochromic materials,64 two-photon excitable energy donors,65,66 in optoelectronic 

lanthanide complexes67 and in visible light absorbers for temperature sensitive europium 

complexes68 The red-shifted absorption and increased π–conjugation of this ligand make it a 

good candidate for incorporation into oxygen sensing probes. Red-shifted absorbance allows 

for visible light absorption, which is less phototoxic compared to higher energy UV 

excitation. Halides, such as bromide and iodide heavy atoms are introduced to increase 

crossover to the triplet state by enhancing spin-orbit coupling,69,70 for shorter 

phosphorescence lifetimes and increased intensity of triplet emission at the expense of 

fluorescence. This study describes the synthesis and optical characterization of BF2dnmPLA 

materials and probes the effects of halide substitution and polymer molecular weight on the 

optical properties in dilute solutions, thin films, and nanoparticles. The utility of the iodide 

derivative, BF2dnm(I)PLA for cellular oxygen sensing is also demonstrated.

EXPERIMENTAL

Materials

3,6-Dimethyl-1,4-dioxane-2,5-dione (D,L -lactide, Aldrich) was recrystallized twice from 

ethyl acetate and stored under nitrogen. Tin (II) 2-ethylhexanoate (Sn(oct)2, Spectrum), 

boron trifluoride diethyl etherate (Aldrich, purified, redistilled) and all other reagents and 

solvents were used as received without further purification. Solvents CH2Cl2 and THF were 

dried and purified over 3 Å molecular sieves activated at 300 °C according to a previously 

described method.71 All other chemicals were reagent grade from Sigma Aldrich and were 

used without further purification. The compounds 1-(6-(2-((tetrahydro-2H-pyran-2-

yl)oxy)ethoxy)naphthalen-2-yl)ethanone33 and methyl 6-iodo-2-naphthoate72 were prepared 

as previously described. Poly(lactic-acid) was synthesized from ethylene glycol as 

previously described53 (Mn (GPC/MALS) = 13 800 Da, PDI = 1.03).

Methods
1H NMR (300 MHz) spectra were recorded on a Varian UnityInova 300/51 instrument in 

CDCl3, or D6-DMSO. 1H NMR spectra were referenced to the signals for the residual 

protiochloroform at 7.26 ppm, protioDMSO at 2.50 ppm, and protioacetone at 2.09 ppm.

Coupling constants are given in hertz. High-resolution mass spectra of ligands and dyes 

were recorded with a Micromass Q-TOF Ultima spectrometer using electrospray ionization 

(ESI) MS techniques. Polymer molecular weights were determined by gel permeation 

chromatography (GPC) (THF, 25 °C, 1.0 mL / min) using multi-angle laser light scattering 

(MALS) (λ = 658 nm, 25 °C) and refractive index (RI) (λ = 658 nm, 25 °C) detection. 

Polymer Laboratories 5 μm mixed-C columns (guard column plus two columns) along with 

Wyatt Technology (Optilab T-rEX interferometric refractometer, miniDAWN TREOS 

multi-angle static light scattering (MALS) detector, ASTRA 6.0 software) and Agilent 

Technologies instrumentation (series 1260 HPLC with diode array (DAD) detector, 

ChemStation) were used in GPC analysis. UV-vis spectra were recorded on a Hewlett-

Packard 8452A diode-array spectrophotometer. Steady-state fluorescence spectra were 

recorded on a Horiba Fluorolog-3 Model FL3-22 spectrofluorometer (double-grating 
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excitation and double-grating emission monochromator). Time-correlated single-photon 

counting (TCSPC) fluorescence lifetime measurements were performed with a 

NanoLED-370 (λex = 369 nm) excitation source and a DataStation Hub as the SPC 

controller. Phosphorescence lifetimes were measured with a 1 ms multi-channel scalar 

(MCS) excited with a pulsed Xenon lamp (λex = 400 nm; duration <1 ms). Lifetime data 

were analyzed with DataStation v2.4 software from Horiba Jobin Yvon. Fluorescence 

quantum yields (ΦF) for initiator and polymer samples in CH2Cl2 were calculated versus 

anthracene as a standard using a previously described method: ΦF anthracene = 0.27,73,74 

nD
20 EtOH = 1.360, nD

20 CH2Cl2 = 1.424.75 Optically dilute CH2Cl2 solutions of the dyes 

were prepared in 1 cm path length quartz cuvettes with absorbances < 0.1 (a.u.).

Thin films were prepared on the inner wall of vials by dissolving polymers in CH2Cl2 (~2 

mg/mL), then evaporating the solvent under a low N2 flow. Blends of dye-PLA conjugates 

and PLA were prepared by weighing dye-PLA and PLA into vials, dissolving in CH2Cl2 (~2 

mg/mL), then evaporating the solvent under low N2 flow (Table S1). The films were dried in 

vacuo overnight before measurements were taken. Polymers were fabricated into 

nanoparticles by previously described methods.55 Nanoparticle size was determined by 

dynamic light scattering (DLS) on a Wyatt Corporation DynaPro Plate Reader II. 

Ratiometric oxygen sensitivity calibration is performed as previously described.58 Images of 

films and nanoparticles were taken with a Canon EOS 7D camera with handheld UV lamp 

excitation (λex = 354 nm).

1-[6-(2-Hydroxyethoxy)-2-napthyl]-3-(2-naphthyl)-propane-1,3-dione (dnmOH) (1)

The aromatic ketone, 1-(6-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)naphthalen-2-

yl)ethanone was prepared as previously described.33 1-(6-(2-((Tetrahydro-2H-pyran-2-

yl)oxy)ethoxy)naphthalen-2-yl)ethanone (740 mg, 2.35 mmol) and methyl 2-naphthoate 

(526 mg, 2.82 mmol) were weighed in a dry 100 mL round-bottom flask and dissolved in 

anhydrous THF (~ 20 mL). A suspension of anhydrous THF (~10 mL) and NaH (85 mg, 3.5 

mmol) was transferred to the flask via cannula. The reaction mixture was heated at 60 °C 

and monitored by TLC until the limiting reagent (ketone) was consumed. After 1 d, the 

reaction mixture was cooled to room temperature and quenched by drop-wise addition of 

saturated NaHCO3 (aq) (10 mL). THF was removed by rotary evaporation and the 

remaining aqueous layer was acidified with 1M HCl and extracted with CH2Cl2 (2 × 100 

mL). The combined organic layers were washed with distilled water (2 × 100 mL) and brine 

(2 × 100 mL), then dried over Na2SO4, filtered, and concentrated in vacuo. The resulting 

brown, oily residue was dissolved in THF (50 mL) and water (15 mL), and p-TsOH (50 mg, 

0.29 mmol) was added. The reation mixture was heated at 60 °C and monitored by TLC. 

After 18 h, the reaction mixture was cooled to room temperature and THF was removed by 

rotary evaporation. The resulting residue was dissolved in CH2Cl2, washed with distilled 

water (2 × 100 mL), brine (2 × 100 mL), and dried over anhydrous Na2SO4. The solution 

was filtered, and solvent was removed via rotary evaporation. The tan colored crude product 

was purified via recrystallization with 1:1 hexanes/EtOAc to give 1 as a tan powder: 490 mg 

(54%). 1H NMR (300 MHz, CDCl3): δ 17.12 (s, 1H, -OH), 8.58 (s, 1H, 1″-ArH), 8.53 (s, 

1H, 1′-ArH), 8.08 (d, J = 3.0, 1H, 8″-ArH), 8.05 (d, J = 3.0, 1H, 8′-ArH), 8.01 (d, J = 7.2, 

1H, 4″-ArH), 7.95-7.89 (m, 3H, 4′-ArH, 3″-,5″-ArH), 7.83 (d, J = 8.7, 1H, 3′-ArH), 7.59 (m, 
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broad, 2H, 6″-, 7″-ArH), 7.26 (d, J = 8.7, 1H, 7′-ArH), 7.21 (s, 1H, 5′-ArH), 7.13 (s, 1H, -

COCHCO), 4.35 (t, J = 4.2, 2H, -ArOCH2CH2OH), 4.09-4.05 (m, 2H, -ArOCH2CH2OH), 

2.05 (s, 1H, -ArOCH2CH2OH). HRMS (ESI, TOF) m/z calcd for C25H21O4 385.1440 [M + 

H]+; found 385.1433.

1-[6-(2-Hydroxyethoxy)-2-napthyl]-3-(6-bromo-2-naphthyl)-propane-1,3-dione (dnm(Br)OH) 
(2)

The bromine derivative was prepared as described for 1 using methyl 6-bromo 2-naphthoate 

instead of methyl 2-naphthoate. A tan powder was obtained: 340 mg (46%). 1H NMR (300 

MHz, (CD3)2SO): δ 17.34 (s, 1H, -OH), 8.87 (s, 1H, 1″-ArH), 8.81 (s, 1H, 1′-ArH), 8.34 (s, 

1H, 5″-ArH), 8.29 (d, J = 8.4, 1H, 8″-ArH), 8.20 (d, J = 8.7, 1H, 8′-ArH), 8.00–8.15 (m, 

broad, 3H, 3′- ArH, 3″, 4″-ArH), 7.95 (d, J = 8.7, 1H, 7″-ArH), 7.77 (d, J = 8.7, 1H, 7′-

ArH), 7.61 (s, 1H, COCHCO), 7.45 (s, 1H, 5′-ArH), 7.25 (d, J = 8.7, 1H, 4′-ArH), 4.96 (t, J 

= 4.2, 1H, -ArOCH2CH2OH), 4.15 (t, J = 4.2, 2H, -ArOCH2CH2OH), 3.78 (m, 2H, -

ArOCH2CH2OH). HRMS (ESI, TOF) m/z calcd for C25H20O4Br 463.0545 [M + H]+; found 

463.0538.

1-[6-(2-Hydroxyethoxy)-2-napthyl]-3-(6-iodo-2-naphthyl)-propane-1,3-dione (dnm(I)OH) (3)

The iodine derivative was prepared as previously described for 1 with methyl 6-iodo 2-

naphthoate instead of methyl 2-naphthoate. The crude dnm(I)OH product 3 was purified by 

recrystallization with acetone instead of hexanes/EtOAc to yield a tan powder: 98 mg 

(11%). 1H NMR (300 MHz, (CD3)2SO): δ 17.39 (s, 1H, -OH), 8.84 (s, 1H, 1″-ArH), 8.80 (s, 

1H, 1′-ArH), 8.52 (s, 1H, 5″-ArH), 8.27 (d, J = 9.0, 1H, 8″-ArH), 8.18 (d, J = 9.0, 1H, 8′-

ArH), 8.05-7.94 (m, broad, 5H, 3′, 4′-ArH, 3″-, 4″-, 7″-ArH), 7.61 (s, 1H, COCHCO), 7.44 

(s, 1H, 5′-ArH), 7.29 (d, J = 12, 1H, 7′-ArH), 4.95 (t, J = 6.0, 1H, -ArOCH2CH2OH), 4.15 (t, 

J = 6.0, 2H, -ArOCH2CH2OH), 3.78 (m, 2H, -ArOCH2CH2OH). HRMS (ESI, TOF) m/z 

calcd for C25H20O4I 511.0406 [M + H]+; found 511.0421.

BF2dnmOH (4)

The ligand dnmOH (1), (250.0 mg, 0.705 mmol) was added to a dry 100 mL round bottom 

flask under nitrogen, and then dissolved in THF/CH2Cl2 (20/20 mL) to give a deep yellow 

solution. Boron trifluoride diethyl etherate (120 μL, 0.845 mmol) was added via syringe, 

turning the solution bright yellow. The reaction was refluxed at 60 °C and monitored by 

TLC until the ligand substrate was consumed (24 h). Solvents were removed via rotary 

evaporation, generating a yellow solid. The crude material was purified by recrystallization 

with 1:1 EtOAc/acetone to yield a yellow-orange powder: 225 mg (74%). 1H NMR (300 

MHz, (CD3)2SO): δ 9.12 (s, 1H, 1″-ArH), 9.09 (s, 1H, 1′-ArH), 8.40-8.30 (m, 2H, 8′-ArH, 

8″-ArH), 8.01 (d, J = 8.1, 1H, 4″-ArH), 8.16 (m, 3H, 5″-, 3″-ArH, 7′-ArH), 8.06-8.00 (m, 

2H, 3′-ArH, COCHCO), 7.75-7.65 (m, 2H, 6″-, 7″-ArH), 7.51 (s, 1H, 5′-ArH), 7.34 (d, J = 

8.7, 1H, 4′-ArH), 4.98 (bs, 1H, -ArOCH2CH2OH), 4.19 (t, J = 4.8, 2H, -ArOCH2CH2OH), 

4.07 (t, J = 4.8, 2H, -ArOCH2CH2OH). HRMS (ESI, TOF) m/z calcd for C25H20BO4F2 

433.1423 [M + H]+; found 433.1414.
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BF2dnm(Br)OH (5)

The bromide complex 5 was prepared as previously described for 4 using dnm(Br)OH (2) 

instead of dnm(H)OH. A yellow-orange powder was obtained: 35 mg (31%). 1H NMR (300 

MHz, (CD3)2SO): δ 9.12 (s, 1H, 1″-ArH), 9.09 (s, 1H, 1′-ArH), 8.48–8.33 (m, broad, 3 H, 

8″-, 5″-ArH, 8′-ArH), 8.18–8.14 (m, broad, 4H, 4″, 3″-ArH, 3′-ArH, -COCHCO-), 8.03 (d, J 

= 8.7, 1H, 7″-ArH), 7.83 (d, J = 8.7, 1H, 7′-ArH), 7.51 (s, 1H, 5′-ArH), 7.30 (d, J = 8.7, 1H, 

4′-ArH), 4.98 (t, J = 4.2, 1H, -ArOCH2CH2OH), 4.19 (t, J = 4.2, 2H, -ArOCH2CH2OH), 

3.80 (m, 2H, -ArOCH2CH2OH). HRMS (ESI, TOF) m/z calcd C25H18BO4F2BrNa 533.0347 

[M + Na]+; found 533.0340.

BF2dnm(I)OH (6)

The iodide complex 6 was prepared as previously described for 4 using dnm(I)OH (3) in 

place of dnmOH with the following exception: the dnm(I)OH ligand was dissolved in 

anhydrous THF instead of THF/CH2Cl2. A yellow powder was obtained: 31 mg (44%). 1H 

NMR (300 MHz, (CD3)2SO): δ 9.09 (s, broad, 2H, 1″-ArH, 1′-ArH), 8.59 (s, 1H, 5″-ArH), 

8.41 (d, J = 6.0, 1H, 8″-ArH), 8.35 (d, J = 9.0, 1H, 8′-ArH), 8.17-7.98 (m, broad, 6H, 3″-

ArH, 3′-ArH, 4″-ArH, 4′-ArH, 7″-ArH, COCHCO), 7.52 (s, 1H, 5′-ArH), 7.35 (d, J = 12, 

1H, 7′-ArH), 4.98 (t, J = 6.0, 1H, -ArOCH2CH2OH), 4.19 (t, J = 6.0, 2H, -ArOCH2CH2OH), 

3.79 (m, 2H, -ArOCH2CH2OH). HRMS (ESI, TOF) m/z calcd C25H18BO4FI [M − F]+ 

539.0327; found 539.0320.

Polymer Synthesis

Preparative scale reactions to produce BF2dnmPLA (7a–b), BF2dnm(Br)PLA (8a–b), and 

BF2dnm(I)PLA (9a–b) were conducted as previously described.33 Reagent loadings, 

reaction times, and monomer conversions are presented in Table 1. At the end of each 

polymerization, an aliquot was taken to determine monomer conversion by 1H NMR 

spectroscopy. For polymers with low monomer conversion (< 50%), an additional 

precipitation into cold methanol was necessary to remove residual monomer. The polymer 

molecular weights were determined by 1H NMR spectroscopy and GPC (MALS/RI). 

Molecular weights, polydispersity indices (PDIs), and yields are collected in Table 1. Yields 

are corrected for monomer conversion.

BF2dnmPLA (7a)

The dinaphthyl polymer 7a was obtained as a yellow crystalline foam: 325 mg (68%). Mn 

(GPC/MALS) = 12,200 Da, PDI = 1.20; Mn (1H NMR) = 11,800 Da. 1H NMR (600 MHz, 

CDCl3): δ 8.89 (s, 1H, 1′-ArH), 8.77 (s, 1H, 1″-ArH), 8.13 (m, 2H, 8′-ArH, 8″-ArH), 7.96 

(m, broad, 6H, 3′-, 4′-, 5′-ArH, 3″-, 7″-ArH), 7.66 (m, broad, 2H, 7′, 6′-ArH), 7.51 (s, 1H, 

5″-ArH), 7.34 (d, J = 8.7, 1H, 4″-ArH), 7.19 (s, 1H, -COCHCO-), 5.16 (m, broad, 168 H, 

PLA-CH-CH3), 4.59 (t, J = 4.8, 2H, -ArOCH2CH2-), 4.35 (t, J = 4.8, 2H, -ArOCH2CH2-), 

1.57 (s, broad, 543 H, PLA-CHCH3).

BF2dnmPLA (7b)

The dinaphthyl polymer 7b was obtained as a yellow-green rubbery foam: 972 mg (81%). 

Mn (GPC/MALS) = 31,100 Da, PDI = 1.30; Mn (1H NMR) = 38,000 Da. 1H NMR (600 
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MHz, CDCl3): δ 8.89 (s, 1H, 1′-ArH), 8.77 (s, 1H, 1″-ArH), 8.13 (m, 2H, 8′-ArH, 8″-ArH), 

7.96 (m, broad, 6H, 3′-, 4′-, 5′-ArH, 3″-, 7″-ArH), 7.66 (m, broad, 2H, 7′, 6′-ArH), 7.51 (s, 

1H, 5″-ArH), 7.34 (d, J = 8.7, 1H, 4″-ArH), 7.19 (s, 1H, -COCHCO-), 5.16 (m, broad, 517 

H, PLA-CH-CH3), 4.59 (t, J = 4.8, 2H, -ArOCH2CH2-), 4.35 (t, J = 4.8, 2H, -

ArOCH2CH2-), 1.57 (s, broad, 1732 H, PLA-CHCH3).

BF2dnm(Br)PLA (8a)

The bromo-dinaphthyl polymer 8a was obtained as yellow crystalline foam: 212 mg (78%). 

Mn (GPC/MALS) = 12,500 Da, PDI = 1.19; Mn (NMR) = 12,500 Da. 1H NMR (600 MHz, 

CDCl3): δ 8.77 (m, broad, 2H, 1″ -ArH, 1′ -ArH), 8.17–8.11 (m, broad, 3H, 3″-, 8″, -ArH, 8′ 

-ArH), 7.92–7.85 (m, broad, 5H, 3′-, 7′, -ArH, 4″-, 5″, -7″-, ArH), 7.70 (d, J = 9, 1H, 4′ -

ArH), 7.42 (s, 1H, -COCHCO-), 7.18 (s, 1H, 5′ -ArH), 5.31–5.11 (m, broad, 180 H, PLA -

CH-CH3), 4.55 (m, 2H, -ArOCH2CH2-), 4.35 (m, 2H, -ArOCH2CH2-), 1.57 (s, broad, 646 

H, PLA -CHCH3).

BF2dnm(Br)PLA (8b)

The bromo-dinaphthyl polymer 8b was obtained as yellow crystalline foam: 693 mg (41%). 

Mn (GPC/MALS) = 26,000 Da, PDI = 1.21; Mn (NMR) = 26,200 Da. H NMR (600 MHz, 

CDCl3): δ 8.77 (m, broad, 2H, 1″ -ArH, 1′ -ArH), 8.17-8.11 (m, broad, 3H, 3″-, 8″, -ArH, 8′ 

-ArH), 7.92-7.85 (m, broad, 5H, 3′-, 7′, -ArH, 4″-, 5″, -7″-, ArH), 7.70 (d, J = 9, 1H, 4′ -

ArH), 7.42 (s, 1H, -COCHCO-), 7.18 (s, 1H, 5′ -ArH), 5.31-5.11 (m, broad, 355 H, PLA -

CH-CH3), 4.55 (m, 2H, -ArOCH2CH2-), 4.35 (m, 2H, -ArOCH2CH2-), 1.57 (s, broad, 1405 

H, PLA -CHCH3).

BF2dnm(I)PLA (9a)

The iodo-dinaphthyl polymer 9a was obtained as yellow-orange foam: 98 mg (46%). Mn 

(GPC/MALS) = 12,500 Da, PDI = 1.12; (NMR) = 13,000 Da. 1H NMR (600 MHz), 

(CDCl3): δ 8.77 (s, broad, 2H, 1″-ArH, 1′-ArH), 8.36 (s, 1H, 5″-ArH), 8.19–8.10 (m, 2H, 

8″-ArH, 8′-ArH), 7.95 – 7.87 (m, broad, 4H, 3′-, 4′-ArH, 3″-, 4″-ArH), 7.60 (s, 1H, 7″-

ArH), 7.43 (s, 1H, COCHCO), 7.33 (s, 1H, 5′-ArH), 7.19 (d, J = 9, 1H, 5′-ArH), 5.30–5.11 

(bm, 173H, PLA-CH-CH3), 4.62 – 4.55 (m, 2H, -ArOCH2CH2-), 4.37 – 4.34 (m, 3H, -

ArOCH2CH2OH, PLA-OH)), 1.63-1.47 (s, broad, 596H, PLA-CH3).

BF2dnm(I)PLA (9b)

The iodo-dinaphthyl polymer 9a was obtained as yellow-orange foam: 314 mg (83%). Mn 

(GPC/MALS) = 23,200 Da, PDI = 1.19; (NMR) = 27,600 Da. 1H NMR (600 MHz), 

(CDCl3): δ 8.77 (s, broad, 2H, 1″-ArH, 1′-ArH), 8.36 (s, 1H, 5″-ArH), 8.19-8.10 (m, 2H, 8″-

ArH, 8′-ArH), 7.95 – 7.87 (m, broad, 4H, 3′-, 4′-ArH, 3″-, 4″-ArH), 7.60 (s, 1H, 7″-ArH), 

7.43 (s, 1H, COCHCO), 7.33 (s, 1H, 5′-ArH), 7.19 (d, J = 9, 1H, 5′-ArH), 5.30-5.11 (bm, 

346 H, PLA-CH-CH3), 4.62 – 4.55 (m, 2H, -ArOCH2CH2-), 4.37 – 4.34 (m, 3H, -

ArOCH2CH2OH, PLA-OH)), 1.63-1.47 (s, broad, 1290 H, PLA-CH3).
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Cell Culture

4T1 cells (American Type Culture Collection, Manassas, VA) were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum 

(Life Technologies, Carlsbad, CA) in a humidified incubator with 5% carbon dioxide. Cells 

were plated at a density of 10,000 cells per well of a 48-well plate. On the following day, 

cells were loaded with nanoparticles as described.56 Briefly, following media removal, the 

wells were rinsed with PBS plus calcium and magnesium (PBS+Ca,Mg), and media without 

serum was added. Nanoparticle solution (50 μg) was incubated with the cells for 1 h at 37 

°C. Upon uptake completion, cells were rinsed with PBS+Ca,Mg (3X) to remove any 

unbound nanoparticles then growth media was replaced. Plates were placed in incubators at 

either 0.5% oxygen or ambient conditions for 18 h. Hypoxic plates were wrapped in 

parafilm following the incubation period and were unwrapped immediately before imaging 

began.

Microscopic Imaging

Fluorescence optical imaging was performed on an inverted Zeiss Axio Observer 

microscope with a mercury lamp. A QV2 multichannel imager (Photometrics) employed a 

sequence of beamsplitters to separate the emitted fluorescent light from the sample onto 

different quadrants on a Hamamatsu Orca Flash4 CMOS camera. The fluorescence and 

phosphorescence signals were filtered at 505 nm and 565 nm, respectively, with Δλ = 25 

nm.

Image Data Analysis

Acquired images were first cropped to produce individual images of the 505 nm 

fluorescence and 565 nm phosphorescence. Images were corrected to a background 

reference, regions with low signal were removed with a mask, and then spatially aligned 

with an affine transformation. Ratios of the 505 nm image relative to the 565 nm image 

(F/P) were calculated for each time point. The F/P and brightfield images were 

superimposed for visualization.

RESULTS AND DISCUSSION

Synthesis

Difluoroboron dinaphthoylmethane poly(lactic acid) materials, BF2dnm(X)PLA (X = H, Br, 

I) (7–9), are generated from BF2dnm(X)OH initiators (4–6) via bulk polymerization of D,L-

lactide in the presence of stannous octoate (Sn(oct)2) (Scheme 1). The β-diketonate ligands 

1–3 were generated by Claisen condensation using NaH as the base. Corresponding boron 

initiators 4–6 were prepared by addition of boron trifluoride diethyl etherate in CH2Cl2/

THF. Dinaphthyl boron complexes, the iodide-substituted sample in particular, showed 

limited solubility compared to other β-diketonate derivatives such as the previously reported 

napthyl phenyl derivative.33 Consequently, typical column chromatographic methods proved 

ineffective (e.g. silica; EtOAc, THF/hexanes, acetone or THF). Instead, the boron complexes 

were purified by recrystallization with acetone/EtOAc (BF2dnmOH, 4 and BF2dnm(Br)OH, 

5) or pure acetone (BF2dnm(I)OH, 6) and were obtained as yellow-orange powders. Dye-

dye interactions in polymer matrices play a key role in fluorescence properties.53,59 Though 

DeRosa et al. Page 8

Macromolecules. Author manuscript; available in PMC 2016 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



extended π conjugation can lead to greater π stacking and aggregation, presenting challenges 

for purification, fortuitously, this feature presents unique benefits for optical tuning.

Dye-polymer conjugates were synthesized as previously described.33,76 Polymers with 

various molecular weights (Mn (GPC) = 12 – 30 kDa) were generated by controlling the 

reaction time and lactide equivalents. The polymers were characterized by size-exclusion 

chromatography with multi-angle light scattering detection (SEC-MALS) and 1H NMR 

spectroscopy (Table 1). Unlike previously studied BF2dbmOH (phenyl-phenyl) initiators, 

these dinaphthyl dyes did not dissolve in lactide melts of low equivalences until after 

addition of the stannous octoate catalyst and polymerization commenced. Previous studies 

have shown that initial dissolution of the dye in the lactide melt is not crucial for growing 

polymers with narrow polydispersities.33 Previous preparations of low molecular weight 

polymers (5 – 10 kDa) utilized low lactide loadings (i.e. 50 equivalents).53 But under these 

conditions, dinaphthyl initiators had larger than expected MWs and large PDIs. However, 

increasing catalyst loading from 1/50 to 1/40 per initiator led to a decrease in PDI (e.g. 

BF2dnmOH (4), 1/50: PDI = 1.74 versus 1/40: PDI = 1.41). For high lactide equivalences 

(i.e. >200), BF2dnm(X)OH initiators dissolved in the monomer melts more easily and 

narrower PDIs were obtained. As previously described,33,53,58 reactions were typically 

stopped before complete monomer conversion to limit transesterification and thermal 

depolymerization side reactions.

Optical Properties in Solution

The optical properties of boron dyes and polymers were analyzed in dilute CH2Cl2 (Table 

2). Extinction coefficients (ε), quantum yields (ΦF), and fluorescence lifetimes (τF) of 

initiators 4–6 were determined in dilute solutions to minimize aggregation (~10−6 M and 

optical density < 0.10). The dye-PLA conjugates (7–9) dissolved easily under these 

conditions in comparison to dye initiators. Absorption spectra of all dinapthyl initiators and 

polymers are nearly identical, with a slight red-shift in λabs for heavy atom substituted 

materials (λabs polymers: hydrogen (4) = 434 nm, bromine (5) = 436 nm, iodine (6) = 439 

nm; Figure S1) and expected trends in extinction coefficients for initiators and polymers.33 

Luminescence measurements showed green fluorescence for all initiators and polymers (e.g. 

initiators: λem: H (4) = 518 nm, Br (5) = 520 nm, I (6) = 521 nm). The efficiency of singlet 

emission varied substantially as evidenced by quantum yields of 0.66, 0.57, and 0.19 for H, 

Br and I dyes, respectively. Initiators with the heavy atoms Br and I exhibited lower 

fluorescence quantum yields due to enhanced crossover to the triplet state, followed by 

phosphorescence, oxygen quenching, or non-radiative decay in the organic solvent.79 

Fluorescence lifetimes also became shorter with increasing weight of the heavy atom (τF: H 

(4) = 2.47 ns, Br (5) = 2.04 ns, I (6) = 0.74 ns).

Optical Properties of Films

Boron polymers were also studied in the solid state as films. Solution-cast films were 

prepared in vials by dissolving dye-PLA samples in CH2Cl2 followed by slow evaporation 

under nitrogen. Luminescence properties of the samples are summarized in Table 3. The 

increased conjugation of the dinaphthyl dyes (Np-Np) has led to red-shifted fluorescence in 

comparison to naphthyl-phenyl (Np-Ph) and phenyl-phenyl (Ph-Ph) dye–PLA 
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analogues.33,53 For example, for ~12 kDa polymer films without halide heavy atoms 

emission maxima λem are as follows: BF2dnmPLA (Np-Np) = 523 nm, BF2nbmPLA (Np-

Ph) = 461 nm, BF2dbmPLA (Ph-Ph) = 437 nm. For polymers of similar MWs, the presence 

of halide substituents, Br or I, results in slight redshifts in fluorescence (H (7a): 523 nm Br 

(8a): 534 nm I (9a): 535 nm).

The solid-state fluorescence properties of BF2bdks are highly dependent on the molecular 

weight (MW). Changing dye loading in this way is facile method for tuning fluorescence. 

Previously reported dbm (Ph-Ph)53,58 and nbm (Np-Ph)33 substituted PLA polymers 

exhibited red-shifted emission for low MW polymers due to increase dye-dye interactions 

stabilizing excited state dipoles. Longer MW polymers decreased these dye-dye interactions 

resulting in blue-shifted emission in the solid-state. This same trend was observed in this 

study with dnm dyes (e.g. BF2dnmPLA: ~12.2 kDa (7a) = 523 nm and ~31.8 kDa (7b) = 

494 nm. Fluorescence lifetime (τF) is also influenced by polymer MW. In short polymers, 

neighboring fluorophores can stabilize the excited state, producing longer fluorescence 

lifetimes than longer polymers (e.g. BF2dnmPLA: 7a: τF = 11.7 ns, 7b: τF = 7.1 ns). The 

halide can also influence the fluorescence lifetime. Heavy atoms increase the rate of 

intersystem crossing (ISC) to the triplet state by enhancing spin-orbit coupling.69 This 

resulted in less intense fluorescence, shown in the images in Figure 2, and shorter 

fluorescence lifetimes (7a: τF = 11.7 ns, 8a: τF = 6.3 ns, 9a: τF = 1.2 ns).

Delayed emission was investigated for the polymers under a nitrogen atmosphere. Room-

temperature phosphorescence (RTP) was observed for all BF2dnm(X)PLA materials. Iodide 

substituted dyes show the expected trends in phosphorescence wavelength (λP). Emission is 

redshifted with extended conjugation (λP: BF2dnm(I)PLA: 565 nm versus BF2dbm(I)PLA: 

526 nm, ~12 kDa). The hydrogen derivative BF2dnm(I)PLA, however, appears anomalous 

(BF2dbmPLA: 509 nm, BF2nbmPLA 545 nm, BF2dnmPLA (9a): 541 nm, ~12 kDa). This 

can be explained by the fact that delayed emission maxima are comprised of both RTP and 

thermally activated delayed fluorescence (TADF), which is commonly observed in 

BF2bdkPLA materials.52,53,61,63 For example, Klimant et al. recently reported BF2 and 

aluminum (III) chelates of 9-hydroxyphenalanone in polystyrene and Teflon matrices with 

TADF and RTP emissive properties.79 With increased dye conjugation the magnitude of the 

wavelength shift in phosphorescence (ΔλP) is less than the shift in fluorescence (ΔλF). 

Consequently, the fluorescence to phosphorescence energy gap (ΔE) gets smaller for Np-Np 

(dnm) systems versus Np-Ph (nbm) and Ph-Ph (dbm) systems. This has important 

implications for both thermally activated delayed fluorescence and ratiometric sensing with 

these dual emissive materials. While small singlet triplet energy gaps facilitate intersystem 

crossing, they also enhance thermal back population to singlet state. As illustrated by 

BF2dnmPLA (7a), the gap between λF and the delayed emission maximum λDE is very 

small (λF = 523 nm, λDE = 541 nm). For this sample the delayed emission is dominated by 

TADF, which accounts for the unexpected blue shift. This hypothesis is confirmed by low 

temperature measurements where TADF is absent and phosphorescence dominates.80,81 For 

example, delayed emission for BF2dnmPLA (7b) changes from green (509 nm; delayed 

fluorescence plus phosphorescence) at RT to red-orange (580 nm; phosphorescence) at 77K 

(Figures 3 and S2).
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Heavy atoms also influence delayed emission. Like fluorescence λF, the delayed emission 

maxima for the bromide dye 8a (567 nm) and iodide dye 9a (576 nm) are redshifted 

compared to the non-halogenated analogue 7a (541 nm) (Figure S3). Also, the singlet triplet 

energy gaps for the halogenated dyes are greater than for the 7a. Rapid intersystem crossing 

(ISC) for the heavy atom substituted dyes results in short phosphorescence lifetimes (τP) 

(hydrogen (7a) 50.1 ms, bromine (8a) 16.9 ms, iodine (9a) 4.5 ms) and increased 

phosphorescence intensity relative to the hydrogen analogue (Figure 4). Unlike the H dye 

where TADF dominates at room temperature and longer wavelength phosphorescence is 

present at low temperature, for bromine (8b) and iodine (9b) dyes have similar delayed 

emission maxima at room temperature and 77K, however, at low temperature blue region of 

the band corresponding to TADF disappears and the bandwidth narrows.

While materials with narrow singlet triplet gaps and strong TADF are desirable for 

OLED,82–85 they are problematic for ratiometric oxygen sensing, given the need for two 

discrete peaks, namely, stable fluorescence for use as the standard and oxygen sensitive 

phosphorescence as the sensor. Typical ratiometric sensing materials are multicomponent, 

comprised of standard and sensor dyes that are combined in a suitable matrix.86–88 

Fluorescence and phosphorescence wavelengths and signal intensities are easily controlled 

by dye selection, and intensities, by dye loading. In dual emissive dyes such as 

BF2bdkPLAs, different approaches to wavelength and intensity modulation are required. As 

previously described,33,58 halide heavy atom substitution increases phosphorescence 

intensity, which is also affected by molecular weight. Dye loading modulates the singlet to 

triplet energy gap, which for the dinaphthyl materials in this study also helps to addresses 

the TADF issue.

To adapt these materials for ratiometric sensing and achieve two discrete peaks it is 

necessary to increase the singlet-triplet energy gap with dye loading. All dye-polymer 

conjugates, 7a–9a and 7b–9b, exhibit TADF due to considerable overlap in fluorescence 

and phosphorescence peaks. Emission spectra under nitrogen appear as a single broad band 

with the exception of longer 23 kDa polymer 9b in which fluorescence appears as a high-

energy shoulder on the more intense phosphorescence peak. To test whether fluorescence 

and phosphorescence peaks can be separated, more dilute dye/polymer samples are required. 

However, attempts to grow higher molecular weight materials did not yield the targeted 

products. Broad PDIs and dye degradation were observed for higher loadings and longer 

reaction times. Higher molecular weights were not achieved. Previously it was demonstrated 

that spectral properties could be modeled with dye/polymer blends at high dilution.53,63 To 

avoid phase separation at higher dye loadings, in this study dye-PLA/PLA blends were 

prepared. First, it was confirmed that spectral properties of 7b (1.4%) could be replicated by 

blending 7a (3.5%) and PLA. Then samples 7c–9c were prepared in a comparable manner to 

achieve 1% dye loading. Although 1% loadings were not sufficient to produce peak 

separation in the H and Br materials, two discrete peaks are evident in the spectrum for 

BF2dnm(I)PLA/PLA (9c) (Figure S4). Even at 1.0 % dye loading (9c), the phosphorescence 

was 3.4 times stronger than the fluorescence in air. Further dilution to 0.5 and 0.2% dye 

loadings shows slightly better peak resolution (Figure 5). However, both fluorescence and 

phosphorescence blueshift, which may indicate a change from aggregate to monomer 
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emission, and the corresponding drop in intensity with lower dye loadings limits signal 

detection (e.g. lifetimes), making these blends less practical for lifetime and dual mode 

lifetime/intensity imaging methods. With the exception of BF2nbm(Br)PLA (26 kDa, 1.9 

dye loading) which exhibited a fluorescence to phosphorescence intensity ratio (F/P) of 

0.95,33 most boron bdkPLA materials with large singlet triplet energy gaps display weak 

phosphorescence at low dye loadings (i.e. high MWs). For example, BF2dbm(I)PLA (17.6 

kDa, 2.6% dye loading) showed a dramatic decrease in phosphorescence intensity (i.e. F/P = 

1.67). The BF2dnm(I)PLA sample 9c with only 1% dye loading and discrete fluorescence 

and phosphorescence peaks exhibits the most intense relative phosphorescence to 

fluorescence value to date (F/P = 0.26). Thus, extended conjugation and the propensity of 

BF2dnm(I) materials to π–stack89 or aggregate58 results in enhanced optical properties. That 

dual luminescence can be achieved with very low dye loadings, is a promising result for 

ratiometric oxygen sensing.

Nanoparticles

Polymers were fabricated into nanoparticles to investigate their potential as oxygen 

nanosensors. Higher MW polymers 7b–9b were selected for study given longer 

phosphorescence lifetimes that correlate with higher oxygen sensitivity, making all of these 

materials suitable for lifetime imaging methods. Given peak separation in film samples 

(Figures 4 and 5), the iodide polymer 9b and blend 9b/PLA served as the focus of 

ratiometric sensing experiments. Boron nanoparticles (BNPs) were fabricated by 

nanoprecipitation (i.e. solvent displacement) from DMF/H2O by previously described 

methods.55

Nanoparticles were characterized with respect to size and optical properties. Nanoparticle 

size (hydrodynamic radius, RH), polydispersity (PD) and luminescence properties are 

summarized in Table 4. Dynamic light scattering measurements indicated boron 

nanoparticle radii ranging from 29 – 47 nm, suitable for cellular uptake,90–92 and 

polydispersities were also typical for BF2bdkPLA materials.55,56,58 Nanoparticles made 

from dye-polymer conjugates 7b–9b exhibited no changes in optical properties or DLS 

measurements after five days. In contrast, for the blend sample 9b/PLA, changes were noted 

in spectra and DLS data after approximately two hours that became increasing pronounced 

over time. For example, multimodal distributions were evident in DLS measurements and 

phosphorescence intensity decreased. Stereoblock formation93,94 and PEGylation95,96 could 

enhanced blend nanoparticle stability. Absorption properties of BNPs (Table 4) are nearly 

identical to dye solutions (λmax = 435 – 440 nm), and emission properties mirror those of 

films (Figure 6).

Though fluorescence lifetimes are similar for particles and films, phosphorescence lifetimes 

are more sensitive to environmental changes, with BNPs show decreased delayed emission 

lifetimes compared to film counterparts (hydrogen 7b: film τP = 156 ms, BNP τP = 71 ms; 

bromine 8b: film τP = 26 ms, BNP τP = 12 ms; iodine 9b: film τP = 6.3 ms, BNP τP = 5.7 

ms).
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Oxygen Sensing

Given suitability for ratiometric oxygen sensing and imaging, iodide nanoparticles NPI were 

calibrated for oxygen sensitivity (Figure 7) and utilized in tumor cell O2 imaging studies. 

Due to the small ΔE, TADF is evident in NPI as for 9b films. Lifetimes for both delayed 

fluorescence and phosphorescence are independently measureable (τ497 nm = 7.2 ms and 

τ570 nm = 5.7 ms). Data are presented as wavelength versus intensity to illustrate this point, 

rather than the typical wavelength versus normalized fluorescence plots.3,33,58 However, 

fluorescence changes are minimal compared to phosphorescence and calibration plots are 

still essentially linear from 0–5.3% O2 (R2 = 0.981).

Methods for monitoring oxygen levels with boron nanoparticles in in vitro and in vivo 

contexts have been developed by Dewhirst and Palmer.57,97 BNPs were taken up by 4T1 

cells and maintained in two different oxygen environments overnight (~18 hours). The 

cellular luminescence properties were recorded every minute over a 45 minute time course 

(Figure 7 and SI Videos). Cells maintained under normoxia conditions showed a relatively 

steady F/P ratio over this time (~1.1 F/P). BNP-loaded cells incubated under hypoxic 

conditions were exposed to normoxia (air; ambient) and monitored by microscopy. A robust 

increase in the F/P ratio was observed as the oxygen levels equilibrated to room air (0.8 – 

1.2). These changes occurred very slowly in the first ten minutes, but rapidly in the next ten 

minutes as the F/P ratios approach those observed under normoxia conditions. Thus, these 

nanoparticles demonstrated a rapid and dynamic oxygen-sensing activity within cells. 

Interestingly, nanoparticles under either condition demonstrated an upward drift of the F/P 

ratio as the imaging proceeded. This may be due to partial dye degradation over the course 

of the experiment, changes in the dye environment, or other factors that influence polymer 

and nanoparticle properties. We are currently investigating the nature of this signal drift as 

boron materials and imaging parameters are further optimized for sensing applications.

CONCLUSION

A series of hydroxyl-functionalized difluoroboron dinaphthoylmethane dyes were 

synthesized for the bulk polymerization of DL-lactide to yield new dye-PLA conjugates. 

Dyes showed tunable fluorescence, phosphorescence, and thermally activated delayed 

fluorescence in the solid state dependent upon dye loading (i.e. PLA molecular weight). At 

room temperature under N2, thermally activated delayed fluorescence dominated for the 

non-halogenated material, BF2dnmPLA, whereas phosphorescence was more intense for the 

bromine and iodine substituted polymers. Given the propensity of dinaphthyl dyes to 

aggregate, low dye loadings (i.e. higher MW polymers) were required to achieve good 

spectral separation of fluorescence and phosphorescence signals for ratiometric oxygen 

sensing. Boron dye polymers were successfully fabricated into nanoparticles and were 

calibrated for O2 sensing. The nanoparticles can be excited outside the ultraviolet range, 

which is important for biological imaging applications. The hydrogen and bromine 

derivatives show long phosphorescence lifetimes and high sensitivity to O2 quenching, 

making them useful for lifetime based sensing methods. The iodine sample, BF2dnm(I)PLA, 

on the other hand, displays distinct fluorescence and phosphorescence peaks making it 

compatible with ratiometric imaging. These nanoparticles demonstrated the ability both to 
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be loaded into cells and to respond to alterations of oxygen levels. Thus, ratiometric imaging 

with these nanoparticles shows promise in determining intracellular oxygen levels as a 

determinant for therapeutic action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Difluoroboron β-diketonate poly(lactic acid) materials.
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Figure 2. 
Effects of dye loading on fluorescence. Images of polymer film fluorescence (λex = 354 nm) 

and fluorescence spectra (λex = 400 nm) for BF2dnmPLA (7a–c), BF2dnm(Br)PLA (8a–c), 

and BF2dnm(I)PLA (9a–c) under air.
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Figure 3. 
Temperature dependent delayed emission of BF2dnm(X)PLA. Images of BF2dnmPLA (7b) 

and delayed emission spectra BF2dnmPLA (7b) (H), BF2dnm(Br)PLA (8b) (Br), and 

BF2dnm(I)PLA (8b) (I), (λex = 400 nm, 2 ms delay; room temperature (298 K) and liquid 

nitrogen (77K)).
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Figure 4. 
Images and total emission spectra of boron polymers BF2dnmPLA (7b), BF2dnm(Br)PLA 

(8b), and BF2dnm(I)PLA(9b) in air and N2. Photographs were taken with UV lamp 

excitation (λmax = 354 nm); delayed emission images (i.e. delay) were captured after the UV 

lamp was turned off.
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Figure 5. 
Fluorescence to phosphorescence ratio tuning for BF2dnm(I)PLA/PLA blends at different 

dye loadings. (See Table S1 for blend preparation.)
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Figure 6. 
Boron nanoparticles: (A) NPH (7b), (B) NPBr (8b), and (C) NPI* (9b/PLA). Images under 

air, nitrogen and delayed (i.e. under nitrogen after the UV lamp is turned off.) Total 

emission spectra under nitrogen (Prompt) and delayed emission spectra under nitrogen 

(Delay).
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Figure 7. 
Boron nanoparticle oxygen sensing. (A) Images of BNPs made from BF2dnm(I)PLA 9b 
(NPI) in air (fluorescence) and N2 (fluorescence + phosphorescence) (λex = 354 nm). (B) 

Total emission spectra of NPI at O2 levels 0–21%. Arrow indicates decreasing 

phosphorescence at 570 nm with increasing O2. (C) Fluorescence intensity (505 nm) over 

phosphorescence intensity (565 nm) (F/P) calibration plot showing a linear fit in the 0 – 

5.3% O2 range. (D) QuadView microscope quantification of F/P intensity ratio monitored 

for 45 min. (E) QuadView microscope images of NPI within 4T1 cells under normoxia (air; 

ambient). (F) QuadView microscope images of the hypoxia (0.5% O2) to normoxia 

transition.
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Scheme 1. 
Synthesis of Difluoroboron Dinaphthoylmethane-Poly(lactic acid) Conjugates
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