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ABSTRACT. Four novel BODIPY derivatives (π-) functionalized by different polymerizable 

groups, styrene (S), phenyl acrylate (PhA), ethyl methacrylate (EtMA) and ethyl acrylate (EtA) 

have been synthesized. Following a formerly established one-pot RAFT miniemulsion 

polymerization process (Grazon et al. Macromol. Rapid Commun. 2011, 32, 699-705), the 

fluorophores were copolymerized in a controlled way at 2.6 mol% with styrene in water. Based 

on the polymerization-induced self-assembly (PISA) principle, the copolymers assembled during 

their formation into fluorescent nanoparticles. The distribution of the fluorescent monomers 
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along the polymer backbone was monitored by kinetic studies of the copolymerization reaction. 

Fluorescent stationary and time-resolved spectroscopy was then performed on both the 

monomers and the nanoparticles (NPs) and the observed differences are discussed in view of the 

distribution of the fluorescent monomers in the polymer chain. With two of the novel fluorescent 

monomers (πS and πPhA), the brightness of the NPs could be significantly improved (by a factor 

2) compared to particles comprising the other BODIPY monomers. The obtained particles were 

200 to 2000 times brighter than usual quantum dots and 40 to 300 times brighter than most of the 

fluorescent polymeric nanoparticles reported in the literature. 

 

INTRODUCTION 

Fluorescent molecules and nano-objects receive nowadays increasing interest for their high 

potential in sensing, imaging and biomedical applications.1 Most of the organic fluorophores are 

hydrophobic compounds that are not soluble in water-based biological media. They can be 

modified with water solubilizing groups but generally at the expense of the fluorescence 

quantum yield which drops dramatically.2 Furthermore, the toxicity of these compounds is not 

well known. An appealing alternative is to incorporate them in organic or inorganic 

(nano-)particles that are water-dispersible. However, one of the main problems of this approach 

is that the fluorophores can leak out of the particles with time. In order to avoid this shortcoming, 

the best solution is to covalently link the fluorophore to the polymer backbone. This can be 

achieved either by post-modifying the polymer3 with reactive fluorophores or by copolymerizing 

fluorescent monomers with a comonomer. As such, rhodamine4, fluorescein5 or BODIPY-

derived monomers2b have been successfully used to prepare fluorescent nano-objects. 

Nevertheless, when fluorophores are concentrated in a confined space such as a particle, 
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luminescence quenching may appear.6 This usually leads to a decrease in the fluorescence life-

time, quantum yield and therefore the brightness. The latter is a particularly important parameter 

in the design of fluorescent nanoparticles since it takes into account both absorption and 

fluorescence parameters and will determine how the fluorescent nano-objects will be detected in 

single particle fluorescence imaging. 

Recent research in controlled radical polymerization (CRP) has shown that atom transfer 

radical polymerization (ATRP)7 and reversible addition-fragmentation transfer (RAFT)8,9 

polymerization are efficient tools to achieve polymer chains that are functionalized by 

fluorescent dyes either at their α-end (using functional initiators)10 or along the polymer 

backbone by copolymerization with fluorescent monomers.11 Indeed, CRP methods are 

especially appealing compared to conventional radical polymerization since they allow the 

formation of copolymers which are homogeneous both in molar mass and monomer 

composition.12 The microstructure of these copolymers, i.e. the distribution of monomer units 

within the chain, is governed by the relative reactivity of the monomers M1 and M2, expressed 

by the reactivity ratios rM1 and rM2. Depending on these values as well as on the molar fractions 

of the monomers in the feed, “random”, “gradient”, “alternated” or “blocky” structures are 

obtained. 

Hitherto, only few works dealing with the study of the microstructure of fluorescent 

copolymers have been reported. Winnik et al. have studied the incorporation of fluorescent 

benzothioxanthene-based monomers possessing a methacrylate function in polymer particles 

synthesized by emulsion or miniemulsion polymerizations.13 When copolymerized with styrene 

or butyl methacrylate as a comonomer, they demonstrated that the fluorescent monomer was 
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homogeneously distributed along the polymer chains. Nevertheless, the fluorescence properties 

of the obtained nanoparticles were not studied. 

We recently reported the synthesis of bright fluorescent nanoparticles with a core made of 

styrene copolymerized with a BODIPY monomer.14 BODIPY had been chosen as a hydrophobic 

fluorophore,15 as it exhibits attractive spectroscopic characteristics such as an emission spectrum 

tunable from green to red and high fluorescence quantum yields. The synthesis of the 

nanoparticles was achieved directly in water by copolymerizing styrene with a few mol% of a 

phenyl methacrylate BODIPY (πPhMA) derivative in a one-pot RAFT miniemulsion 

polymerization. This process is very attractive since neither ultra-hydrophobic agents nor low 

molar mass surfactants - which may be detrimental to the targeted biological applications - were 

used. The stability of the particles and the control of the chain growth were achieved by the use 

of amphiphilic poly(ethylene oxide)-block-poly(acrylic acid)-block-polystyrene (PEO-b-PAA-b-

PS) copolymers terminated by a reactive trithiocarbonate RAFT agent, which are chain extended 

during the miniemulsion polymerization. In a kinetic study of the copolymerization of the 

BODIPY monomer with styrene, we found that the BODIPY monomer was very rapidly 

incorporated into the polymer backbone, leading to the formation of a composition gradient of 

fluorophores. Fluorescence studies showed that the quantum yield of the fluorophore (0.69 in 

toluene) decreased to 0.20 in the nanoparticles. Parallel research showed that this decrease of the 

quantum yield was due to poorly fluorescent aggregates of BODIPY, maybe resulting from an 

inhomogeneous distribution of the fluorescent monomer in the polymer backbone.16,17 Indeed in 

the literature, the reactivity ratios rS and rPhMA for the copolymerization of styrene (S) with 

phenyl methacrylate (PhMA) - a model monomer for πPhMA - have been reported to be 0.25 
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and 0.5,18 respectively, corroborating the initial enrichment of the chains in fluorescent 

comonomer units. 

In this work, we report the synthesis of BODIPY derivatives possessing various polymerizable 

functions (ethyl acrylate or methacrylate, phenyl acrylate or methacrylate and styrene) and their 

copolymerization with styrene using the formerly established one-pot miniemulsion 

polymerization process.14 The spectroscopic signature of the new BODIPY derivatives was 

analyzed and compared to that of the particles obtained. The individual consumption of the 

different monomers was monitored with respect to styrene allowing us to conclude on the 

microstructure of the copolymers formed. We finally discussed the possibility to establish a 

relationship between their distribution along the polymer chain and the fluorescence properties of 

the particles. To the best of our knowledge this is the first time that such study, namely the 

attempt to control the distribution of a fluorophore along a copolymer backbone by 

systematically varying the nature of the polymerizable function, is reported. Previous 

comparable reports have mainly dealt with the polymerization of different organic fluorophores 

with the same polymerizable function.13,19 

 

EXPERIMENTAL SECTION 

Instrumentation. 1H, 13C, 11B, 19F NMR spectra were recorded in CDCl3 on a JEOL ECS (400 

MHz) spectrometer. All chemical shifts are in ppm and referenced to tetramethylsilane (TMS). 

Coupling constants (J) values are given in Hz. For numbering of protons and carbons in the 

NMR spectra see Figure SI-1. 

The number-average molar mass (Mn), the weight-average molar mass (Mw), and the molar 

mass distribution (polydispersity index Mw/Mn) were determined by size exclusion 
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chromatography (SEC - Mn,SEC) using THF as an eluent at a flow rate of 1 mL.min-1. For 

analytical purposes, the acidic functions of the block or alternated copolymers were turned into 

methyl esters. Therefore, the copolymers were recovered by drying of the aqueous suspensions. 

After dissolution in a THF/H2O mixture and acidification of the medium with a 1M HCl solution, 

they were methylated using an excess of trimethylsilyldiazomethane.20 Polymers were analyzed 

at a concentration of 5 mg.mL-1 in THF after filtration through 0.45 µm pore size membrane. The 

SEC apparatus was equipped with a Viskotek VE 2100 automatic injector and two columns 

thermostated at 40°C (PLgel Mixed, 7.5 mm × 300 mm, bead diameter: 5 µm). Detection was 

made with a differential refractive index detector (Viscotek VE 3580 RI detector) and a UV-vis. 

detector (Waters 486 Tunable Absorbance Detector). The Viscotek OmniSEC software (v 4.6.2) 

was used for data analysis and the relative Mn and Mw/Mn were calculated with a calibration 

curve based on polystyrene standards (from Polymer Laboratories). 

The z-average particle diameter (named Dz) and the particle size distribution (dispersity factor, 

named ), were determined by dynamic light scattering (DLS) of the diluted aqueous 

dispersions, at an angle of 90° at 20°C, with a Zetasizer Nano S90 from Malvern, using a 4 mW 

He-Ne laser at 633 nm. A value of below 0.1 is characteristic of a narrow particle size 

distribution. All calculations were performed using the Nano DTS software.  

UV-visible spectra were recorded on a Varian Cary (Palo Alto, CA USA) double beam 

spectrometer using a 10 mm path quartz cell from Thuet (Bodelsheim, France). Molar extinction 

coefficient (ε) are given at the maximal absorption for each monomer, with an error of 5%. 

Excitation and emission spectra were measured on a SPEX Fluoromax-3 (Horiba Jobin-Yvon). A 

right-angle configuration was used. Optical density of the samples was checked to be less than 

0.1 to avoid reabsorption artifacts. The fluorescence quantum yields ΦF were determined using 
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Rhodamine 590 (ΦF = 0.95 in ethanol) as a reference (error of 15 %).21 The fluorescence decay 

curves were obtained with a time-correlated single-photon-counting method using a titanium-

sapphire laser (82 MHz, repetition rate lowered to 4 MHz thanks to a pulse-peaker, 1 ps pulse 

width, a doubling crystals is used to reach 495 nm excitation) pumped by an argon ion laser from 

Spectra Physics (Mountain View, CA USA). For monomers, the Levenberg-Marquardt algorithm 

was used for non-linear least square fit as implemented in the Globals software (Globals 

Unlimited, Villa Grove, USA). Lifetimes are given with an error of  0.05 ns. In order to 

estimate the quality of the fit, the weighted residuals were calculated. In the case of single photon 

counting, they are defined as the residuals, i.e. the difference between the measured value and 

the fit, divided by the square root of the fit. 2 is equal to the variance of the weighted residuals. 

A fit was said appropriate for 2 values between 0.8 and 1.2. 

For multi-exponential fluorescent decays (nanoparticles), no fit was attempted and the average 

fluorescence lifetimes were calculated by integrating the area below the decay curve as:22 
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Radiative decay rates (kr) and non radiative decay rates (knr) are calculated as:  
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Materials. 2,4-Dimethyl-3-ethylpyrrole (97%, Aldrich, kryptopyrrole), boron trifluoride 

diethyl etherate (2M in diethyl ether, Aldrich), 4-hydroxybenzaldehyde (98%, Aldrich), 

tetrachloro-1,4-benzoquinone (99%, Aldrich, Chloranil), N,N-diisopropylethylamine (99.5%, 

Sigma-Aldrich, DIPEA), 1,8-diazobicyclo[5,4,0]undec-7-ene ( 98%, Fluka, DBU), 
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trifluoroacetic acid (99%, Sigma Aldrich, TFA), acryloyl chloride (97%, Aldrich), triethylamine 

( 99%, Sigma-Aldrich), thionyl chloride (99%, Fluka), 4,4’-azobis(4-cyanopentanoic acid) 

(Aldrich, ACPA), (trimethylsilyl)diazomethane (2M solution in diethyl ether, Aldrich)  were 

used as received. Solvents (Carlo Erba) were of synthetic grade and purified according to 

standard procedures. Methacryloyl chloride (97%, Fluka) and styrene were distilled under 

reduced pressure. 2,2′-Azobis(2-methylpropionitrile) (98%, Sigma, AIBN) was recrystallised 

from chloroform and few drops of petroleum ether. Silica gel 60Å (70-200 mm porosity) was 

bought from SDS.  

Synthesis of BODIPY phenol 6: 2,6-diethyl-4,4-difluoro-8-(4-hydroxyphenyl)-1,3,5,7-

tetramethyl-4-bora-3a,4a-diaza-s-indacene. BODIPY phenol 6 was obtained as described 

elsewhere23 (6.40 g, yield: 80%; 1H NMR (400 MHz, CDCl3): δ = 7.12 (d, 2H, H10), 6.94 (d, 2H, 

H11), 5.23 (s, 1H, -OH), 2.53 (s, 6H, H3’, H5’), 2.30 (q, 4H, H2’, H6’), 1.35 (s, 6H, H1’, H7’), 0.98 

(t, 6H, H2’’, H6’’); 13C NMR (100 MHz, CDCl3): δ = 156.2, 153.7, 138.6, 132.9, 131.3, 129.9, 

128.3, 116.2, 17.2, 14.8, 12.6, 12.0). 

Synthesis of monomer πPhMA 1: 2,6-diethyl-4,4-difluoro-8-(4-(methacryloyloxy)phenyl)-

1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene. The synthesis of monomer πPhMA 1 was 

performed as previously described14, by an esterification of BODIPY phenol 6 with methacryloyl 

chloride (432 mg, yield: 78%; 1H NMR (400 MHz, CDCl3): δ = 7.32 (d, 2H, H10), 7.27 (d, 2H, 

H11), 6.39 (s, 1H, H16’), 5.80 (s, 1H, H16), 2.52 (s, 6H, H3’, H5’), 2.29 (q, 4H, H2’, H6’), 2.08 (s, 3H, 

H15), 1.33 (s, 6H, H1’, H7’), 0.97 (t, 6H, H2’’, H6’’) ppm; 13C NMR (100 MHz, CDCl3): δ = 165.69, 

154.01, 151.44, 139.22, 138.45, 135.78, 133.32, 133.00, 130.90, 129.53, 127.68, 122.58, 18.46, 

17.15, 14.68, 12.60, 11.92 ppm).  
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Synthesis of monomer πPhA 2: 2,6-diethyl-4,4-difluoro-8-(4-(acryloyloxy)phenyl)-1,3,5,7-

tetramethyl-4-bora-3a,4a-diaza-s-indacene. The reaction was carried out using the same 

protocol as for πPhMA 1 using acryloyl chloride to give 565 mg of a pink powder (yield 50%). 

1H NMR (400 MHz, CDCl3): δ = 7.33-7.27 (m, 4H, H10, H11), 6.65 (dd, JH-H = 1.2 Hz, JH-H = 

17.4 Hz, 1H, H15), 6.36 (dd, JH-H = 17.2 Hz, JH-H = 10.3 Hz, 1H, H14), 6.06 (dd, JH-H =1.2 Hz, JH-H 

= 10.5 Hz, 1H, H15), 2.53 (s, 6H, H3', H5’), 2.30 (q, JH-H = 7.8 Hz, 4H, H2', H6'), 1.34 (s, 6H, H1', 

H7'), 0.98 (t, JH-H = 7.3 Hz, 6H, H2'', H6'') ppm. 13C NMR (100 MHz, CDCl3): δ = 164.3 (C13), 

154.0, 151.1, 139.2, 138.4, 133.4, 133.1 (C15), 130.9, 129.5 (C10), 127.8 (C14), 122.4 (C11), 17.2 

(C2', C6'), 14.7 (C2'', C6''), 12.6 (C3', C5’), 11.9 (C1', C7') ppm. 19F NMR (376 MHz, CDCl3): δ = -

145.7 (q, JF-B= 32.3 Hz) ppm. 11B NMR (128 MHz, CDCl3): δ = -0.15 (t, JB-F= 34.5 Hz) ppm. 

HRMS (ESI) m/z [M + H]+ calculated for C26H29BF2N2O2H: 451.2368; found: 451.2359 (100%). 

mp = 175°C. 

Synthesis of BODIPY πEtOH 7: 2,6-diethyl-4,4-difluoro-8-(4-(2-hydroxyethoxy)phenyl)-

1,3,5,7-tetra-methyl-4-bora-3a,4a-diaza-s-indacene. 4-(2-hydroxy-ethoxy) benzaldehyde used 

in this procedure was synthesized according to the literature24 (325 mg, yield: 66%; 1H NMR 

(400 MHz, CDCl3): δ = 9.90 (s, 1H, CHO), 7.85 (d, 2H, JH-H = 8.7 Hz, HAr), 7.03 (d, 2H, JH-H = 

8.7 Hz, HAr), 4.18 (t, 2H, JH-H = 4.6 Hz, CH2), 4.02 (t, 2H, JH-H = 4.6 Hz, CH2) ppm). 

4-(2-hydroxyethoxy) benzaldehyde (1 mmol, 0.17 g) and kryptopyrrole (2 equiv., 2 mmol, 

0.25 g) dissolved in 25 mL of anhydrous dichloromethane were introduced in a round bottom 

flask flushed with argon and equipped with a CaCl2 moisture trap. Then four drops of TFA were 

added to the reaction. The dark reaction mixture was stirred at room temperature until total 

disappearance of the aldehyde (determined by TLC analysis). Chloranil (1 equiv., 1 mmol, 0.24 

g) was added and the reaction stirred for 2 min. Then DIPEA (7 equiv., 7 mmol, 0.9 g) and boron 
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trifluoride diethyl etherate (11 equiv., 11 mmol, 1.56 g) were introduced. After 2h the reaction 

was stopped. The mixture was concentrated under vacuum and purified by chromatography on 

silica gel (dichloromethane, DCM). 318 mg of a pink powder were obtained (yield: 72%). 

1H NMR (400 MHz, CDCl3): δ = 7.18 (d, 2H, JH-H = 6.4 Hz, H10), 7.03 (d, 2H, JH-H = 6.9 Hz, 

H11), 4.16 ( t, 2H, JH-H = 4.6 Hz, H13), 4.03 (t, 2H, JH-H = 4.4 Hz, H14), 2.53 (s, 6H, H3', H5'), 2.30 

(q, 4H, JH-H = 7.6 Hz, H2', H6'), 1.33 (s, 6H, H1', H7'), 0.98 (t, 6H, JH-H = 7.6 Hz, H2'', H6'') ppm. 13C 

NMR (100 MHz, CDCl3): δ = 159.2 (C12), 153.7, 140.2, 138.4, 132.8, 131.3, 129.7 (C10), 128.5, 

115.1 (C11), 69.3 (C13), 61.6 (C14), 17.2 (C2', C6'), 14.8 (C2'', C6''), 12.6 (C3', C5'), 12.0 (C1', C7') 

ppm. 19F NMR (376 MHz, CDCl3): δ = -145.7 (q, JF-B = 32.3 Hz) ppm. 11B NMR (128 MHz, 

CDCl3): δ = -0.15 (t, JB-F = 34.5 Hz) ppm. HRMS (ESI) m/z [M + Na]+ calculated for 

C25H31N2O2F2BNa: 463.2339; found: 463.2342 (100%). 

Synthesis of monomer πEtMA 3: 2,6-diethyl-4,4-difluoro-8-(4-(2-

(methacryloyloxy)ethoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene. 

BODIPY derivative πEtOH 7 (0.43 mmol, 190 mg) was dissolved in 4 mL of DCM in a round 

bottom flask at 0°C. Once the dye dissolved, triethylamine (7 equiv., 3.0 mmol, 0.41 mL) was 

added. At last, methacryloyl chloride (1.5 equiv., 65 mmol, 60 µL) diluted in 1 mL of DCM was 

slowly added to the reaction with a syringe. The reaction was stirred overnight, until 

disappearance of the πEtOH 7 on a TLC plate. The mixture was then washed twice with ~50 mL 

of water and ~50 mL of brine. The organic phase was dried over MgSO4 and concentrated under 

vacuum. The residue was purified by chromatography on silica gel (dichloromethane/petroleum 

ether: 2/1). 100 mg of a pink powder were obtained (yield: 50%). 

1H NMR (400 MHz, CDCl3): δ = 7.17 (d, 2H, JH-H = 7.3 Hz, H10), 7.02 (d, 2H, JH-H = 7.3 Hz, 

H11), 6.19 (s, 1H, H18), 5.62 (s, 1H, H18'), 4.54 (t, 2H, JH-H = 4.1 Hz, H14), 4.29 (t, 2H, JH-H = 3.7 
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Hz, H13), 2.52 (s, 6H, H3', H5'), 2.30 (q, 4H, JH-H = 7.3 Hz, H2', H6'), 1.98 (s, 3H, H17), 1.33 (s, 6H, 

H1', H7'), 0.98 (t, 6H, JH-H = 7.3 Hz, H2'', H6'') ppm. 13C NMR (100 MHz, CDCl3): δ = 167.5 (C15), 

159.1 (C12), 153.7, 140.2, 138.5, 136.1, 132.8, 131.3, 129.7 (C10), 128.6, 126.3 (C18), 115.3 (C11), 

66.1 (C13), 63.1 (C14), 18.5 (C17), 17.2 (C2', C6'), 14.8 (C2'', C6''), 12.6 (C3', C5'), 12.0 (C1', C7') 

ppm. 19F NMR (376 MHz, CDCl3): δ = -145.7 (q, JF-B = 32.3 Hz) ppm. 11B NMR (128 MHz, 

CDCl3): δ = -0.17 (t, JB-F = 32.0 Hz) ppm. HRMS (ESI) m/z [M + Na]+ calculated for 

C29H35N2O3F2BNa: 531.2607, found: 531.2604 (100%). mp = 169°C. 

Synthesis of monomer πEtA 4: 2,6-diéthyl-4,4-difluoro-8-(4-(2-acryloyloxy) 

ethoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indacene. The reaction was carried 

out using the same protocol as for πEtMA 3 using acryloyl chloride for the esterification. 43 mg 

of a pink powder were obtained from 88 mg of BODIPY πEtOH 7 (yield: 44%). 

1H NMR (400 MHz, CDCl3): δ = 7.18 (d, 2H, JH-H = 8.7 Hz, H10), 7.02 (d, 2H, JH-H = 9.1 Hz, 

H11), 6.50 (d, 1H, JH-H = 17.4 Hz, H17), 6.21 (dd, 1H, JH-H = 17.2, JH-H = 10.3 Hz, H16), 5.90 (d, 

1H, JH-H = 10.5 Hz, H17), 2.53 (s, 6H, H3', H5'), 2,30 (q, 4H, JH-H = 7.6 Hz, H2', H6'), 1.33 (s, 6H, 

H1', H7'), 0.98 (t, 6H, JH-H = 7.6 Hz, H2'', H6'') ppm. 13C NMR  (100 MHz, CDCl3): δ = 166.3 

(C15), 159.0 (C12), 153.7, 138.5, 132.8, 131.7, 131.3, 129.7 (C10), 128.6, 128.2, 115.3 (C11), 66.1 

(C13), 63.0 (C14), 17.2 (C2', C6'), 14.8 (C2'', C6''), 12.6 (C3', C5'), 12.0 (C1', C7') ppm. 19F NMR  (376 

MHz, CDCl3): δ = -145.7 (q, JF-B = 32.3 Hz) ppm. 11B NMR (128 MHz, CDCl3): δ = -0.15 (t, JB-F 

= 33.2 Hz) ppm. HRMS (ESI) m/z [M + Na]+ calculated for C28H33N2O3F2BNa: 517.2445, 

found: 517.2447 (100%). mp = 172°C. 

Synthesis of BODIPY πS 5: 2,6-diethyl-4,4-difluoro-8-(4-vinylphenyl)-1,3,5,7-

tetramethyl-4-bora-3a,4a- diaza-s-indacene. First, the 4-vinylbenzoyl chloride was 

synthesized in four steps following literature procedures. 4-Bromomethylbenzoic acid was 
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obtained starting from the 4-methylbenzoic acid (7.90 g, yield: quantitative; 1H NMR (400 MHz, 

CDCl3): δ = 10.62 (bs, 1H, COOH), 8.08 (d, 2H, JH-H = 8.2 Hz, HAr), 7.49 (d, 2H, JH-H = 8.2 Hz, 

HAr), 4.51 (s, 2H, CH2-Br) ppm).25 (4-Carboxybenzyl)triphenylphosphonium bromide was 

obtained starting from 4-bromomethylbenzoic acid (6.49 g, yield: 45%; 1H NMR (400 MHz, 

DMSO-d6): δ = 12.88 (s, 1H, COOH), 7.71-8.01 (m, 17H, HAr), 7.08 (m, 2H, HAr), 5.25 (d, 2H, 

JH-P = 12.01 Hz, CH2-P) ppm).26 4-Vinylbenzoic acid was obtained starting from (4-

carboxybenzyl)triphenylphosphonium (2.14 g, 79%; 1H NMR (400 MHz, CDCl3): δ = 10.60 (bs, 

1H, COOH), 8.07 (d, 2H, JH-H = 8.2 Hz, HAr), 7.50 (d, 2H, JH-H = 8.2 Hz, HAr), 6.77 (dd, 1H, JH-H 

= 10.9, 17.5 Hz, CH=CH2), 5.90 (d, 1H, JH-H = 17.4 Hz, CH=CH2), 5.42 (d, 1H, JH-H = 11.0 Hz, 

CH=CH2) ppm). To obtain the 4-vinylbenzoyl chloride, 4-vinylbenzoic acid (3.38 mmol, 0.5 g) 

was dissolved in 12 mL of chloroform. Then, thionyl chloride (10 equiv., 33.8 mmol, 4.02 g) 

was quickly added followed by one drop of DMF. The solution was heated under reflux for 5h. 

The mixture was purified by a short chromatography on silica gel (DCM). A yellow oil was 

obtained (yield: quantitative). 

1H NMR (400 MHz, CDCl3): δ = 8.08 (d, 2H, JH-H = 8.7 Hz, H10), 7.52 (d, 2H, JH-H = 8.7 Hz, 

H11), 6.77 (dd, 1H, JH-H = 11.0, 17.4 Hz, H13), 5.95 (d, 1H, JH-H = 17.4 Hz, H14), 5.49 (d, 1H, JH-H 

= 11.0 Hz, H14') ppm. 13C NMR (100 MHz, CDCl3): δ= 168.0 (C8), 144.5 (C12), 135.5 (C13), 

132.0 (C9), 131.9 (C10), 126.7 (C11), 118.6 (C14) ppm. 

The 4-vinylbenzoyl chloride (2.0 mmol, 332 mg) was dissolved in 50 mL of dry 

dichloromethane and the solution placed in a round bottom flask under argon. Kryptopyrrole (2.1 

equiv., 4.2 mmol, 570 µL) was then added and the mixture heated under reflux for two hours. 

Once the temperature decreased to room temperature, DIPEA (8 equiv., 16.0 mmol, 2.07 g) was 

added and 15 min later boron trifluoride diethyl etherate (11 equiv., 22 mmol, 3.12 g). The 
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solvent was evaporated under vacuum and the residue purified by chromatography on silica gel 

(DCM). 60 mg of a pink powder were obtained (yield: 7%). 

1H NMR (400 MHz, CDCl3): δ = 7.53 (d, 2H, JH-H = 7.8 Hz, H11), 7.24 (d, 2H, JH-H = 8.2 Hz, 

H10), 6.79 (dd, 1H, JH-H = 10.8, 17.4 Hz, H13), 5.86 (d, 1H, JH-H = 17.4 Hz, H14), 5.35 (d, 1H JH-H 

= 11.0, H14'), 2.53 (s, 6H, H3', H5'), 2.30 (q, 4H, JH-H = 7.56, H2', H6'), 1.32 (s, 6H, H1', H7'), 0.98 

(t, 6H, JH-H = 7.6, H2'', H6'') ppm. 13C NMR (100 MHz, CDCl3): δ = 153.8, 140.1, 138.5, 138.1, 

136.4 (C13), 135.4, 132.9, 130.9, 128.7 (C10), 126.9 (C11), 114.9 (C14), 17.2 (C2', C6'), 14.8 (C2'', 

C6''), 12.6 (C3', C5'), 12.0 (C1', C7') ppm. 19F NMR (376 MHz, CDCl3): δ = -145.7 (q, JF-B = 32.9 

Hz) ppm. 11B NMR (128 MHz, CDCl3): δ = -0.15 (t, JB-F = 33.2 Hz) ppm. HRMS (ESI) m/z [M + 

Na]+ calculated for C25H29BF2N2Na : 429.2284 ; found: 429.2289 (100%). mp = 250 °C. 

Synthesis of fluorescent nanoparticles by RAFT miniemulsion polymerization. The RAFT 

copolymerization of styrene and BODIPY monomers (initial feed 2 mol%) in the presence of 

PEO-b-PAA-C12 macro-RAFT agent in a one-pot phase inversion process was performed as 

described elsewhere.14 

Firstly, the PEO-b-PAA-C12 macro-RAFT agent was synthesised according to reference 14 in 

1,4-dioxane at 80°C under argon atmosphere: In a typical experiment, the PEO-based 

trithiocarbonate macro-RAFT agent14, PEO-C12, (0.5 mmol, 1.21 g, Mn = 2420 g/mol), acrylic 

acid (10 mmol, 720 mg) and DMF (as an internal reference for the 1H NMR determination of the 

monomer consumption in deuterated chloroform) (2 mmol, 146 mg) were dissolved in 4.9 mL of 

1,4-dioxane at room temperature. Then, 0.1 mL of a 0.33 M solution of ACPA in 1,4-dioxane 

was added. The mixture is purged with nitrogen for 30 min in an ice bath, then placed in an oil 

bath thermostated at 80°C to initiate the polymerization. After 90 min, the reaction was stopped 

by immersion of the flask in iced water. The monomer conversion was determined by 1H NMR 
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in CDCl3. The copolymer was dried under reduced pressure in order to remove the residual 

acrylic acid monomer. PEO45-b-PAA18-C12 macro-RAFT agent (Mn,th = 3.7, Mn,SEC
PS = 4.6, 

Mw/Mn = 1.14) composed of a PEO block of Mn = 2.0 kg/mol and a PAA block of Mn = 1.7 

kg/mol was obtained. 

Then, in a typical experiment of the nanoparticles synthesis, 140 mg of PEO-b-PAA-C12 

macro-RAFT (4.0 × 10-5 mol, Mn = 3.7 kg/mol) was dissolved in a mixture of 650 mg of styrene 

(6.3 × 10-3 mol), 2.2 mg of AIBN (1.3 × 10-5 mol) and 58 mg of monomer πPhA 2 (1.3 × 10-4 

mol), in a septum-sealed flask. The mixture was purged with argon for 30 min in an ice bath, and 

then placed in an oil bath thermostatically controlled at 80°C to initiate polymerization. After 70 

min, the reaction was stopped by immersion of the flask in iced water. The conversion of the 

monomers (styrene and BODIPY derivative) was determined by gravimetry and SEC, 

respectively (for details see below). To the cold organic mixture, 5 mL of basic water (pH = 

12.5) was added. An ultrasonic horn (Bandelin electronics, Sonoplus HD 2200) is then placed in 

the biphasic mixture cooled down in an ice bath and powered at 130W for 10 minutes. 

After the miniemulsion formation, the pH decreased to 11. The miniemulsion is purged with 

argon for 30 min in an ice bath, and then placed in an oil bath thermostatically controlled at 80°C 

to re-initiate the polymerization. Sampling is performed at regular time intervals and monomer 

conversions are determined by gravimetric analysis for styrene corrected from the styrene loss  

by evaporation during the sonication process (25 wt% calculated by comparison of 1H NMR 

spectra in CDCl3 and gravimetric analysis (see Figure SI-9); considering this the molar 

percentage of BODIPY monomer was therefore corrected to 2.6 ± 0.1 mol%.30) and by SEC 

using the UV-visible detection for BODIPY monomers (Table 2). 
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RESULTS & DISCUSSION 

Synthesis and characterization of BODIPY monomers. Four novel fluorescent BODIPY 

derivatives possessing different polymerizable functions have been synthesized (Figure 1): 

BODIPY phenyl acrylate (πPhA, 2), BODIPY ethyl methacrylate (πEtMA, 3), BODIPY ethyl 

acrylate (πEtA, 4) and BODIPY styrene (πS, 5) in order to compare them with the previously 

reported phenyl methacrylate BODIPY (πPhMA, 1).14 

 

 

Figure 1. Molecular structure of the BODIPY monomers possessing different polymerizable 

functions. 

 

Monomers πPhMA 1 and πPhA 2 were synthesized starting from a BODIPY bearing a phenol 

function (6) on the meso position (Scheme SI-1). The latter was synthesized via a conventional 

one-pot three steps approach by reacting 2 equivalents of kryptopyrrole with one equivalent of 4-

hydroxybenzaldehyde (yield: 80%).14 To obtain the monomers, a classical esterification of the 

BODIPY phenol 6 was performed in presence of either methacryloyl chloride to obtain the 

monomer πPhMA 1 (yield: 78%), or acryloyl chloride to obtain the monomer πPhA2 (yield: 

50%). 
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Syntheses of monomers πEtMA 3 and πEtA 4 were first attempted from the same BODIPY 

phenol 6. However, all trials to effect a Williamson reaction on the phenol with 2-bromoethanol 

or 2-bromoethyl methacrylate failed and led to the degradation of compound 6. An alternative 

reaction scheme was therefore established (Scheme SI-2), in which 4-(2-

hydroxyethoxy)benzaldehyde was synthesized first by a Williamson reaction of 4-

hydroxybenzaldehyde with 2-bromoethanol. The BODIPY framework 7 was then formed from 

this new aldehyde and kryptopyrrole (yield: 72%). Then, monomers πEtMA 3 and πEtA 4 were 

successfully obtained by esterification of the alcohol with methacryloyl chloride (yield: 50%) 

and acryloyl chloride (yield: 44 %), respectively. 

At last, monomer πS 5 was synthesized via another conventional route for BODIPY synthesis 

(Scheme SI-3),27 using 4-vinylbenzoyl chloride which was synthesized in four steps and 21% 

overall yield starting from 4-methylbenzoic acid using a Wittig reaction as the key step. 

Monomer πS 5 was then obtained by reacting 4-vinylbenzoyl chloride with kryptopyrrole in low 

(7%) but not optimized yield. 
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Figure 2. Absorption (full lines) and fluorescence spectra (dotted lines, λexc = 495 nm) of the 

BODIPY monomer derivatives recorded in toluene. Monomers πPhMA 1 (—), πPhA 2 (—), 

πEtMA 3 (—), πEtA 4 (—) and πS 5 (—). 

 

Absorption and fluorescence spectra of the BODIPY-based monomers recorded in toluene are 

shown in Figure 2 and their spectroscopic properties are given in Table 1. All monomers had a 

maximum of absorption around 527 nm and a maximum of fluorescence emission between 538 

and 540 nm. They all showed a quantum yield (ΦF) around 70%, a usual value for that kind of 

BODIPY.28  

 

Figure 3. Fluorescence decays of the different BODIPY monomers in toluene. Monomers 

πPhMA 1 (—), πPhA 2 (—), πEtMA 3 (—), πEtA 4 (—) and πS 5 (—). The Instrument 

Response Function (IRF) is presented in grey (λexc = 495 nm, λF = 543 nm). 
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In addition, time-resolved fluorescence measurements were performed in toluene (Figure 3). 

Fluorescence decays could be fitted by a monoexponential function (Figures SI-3 to SI-7) and 

lifetimes were found to be between 4.1 and 4.9 ns. Monomer πS 5 had a lifetime shorter than the 

other monomeric derivatives but its radiative decay rate was of the same order (1.73.108 s-1 vs. 

~1.5.108 s-1 for the others). Since all monomers exhibit the same fluorescent framework (same 

substituents on the pyrroles and a phenyl group on the meso position), it is not surprising that 

they display similar spectroscopic properties. This will allow for an easier comparison of the 

spectroscopic properties of the nanoparticles. 

 

Table 1. Spectroscopic properties of the BODIPY monomer derivatives recorded in toluene at 

20°C. 

monomer abs 

/ nm 

F 

/ nm 

F ×10-3) 

L.mol-1.cm-1 

a 

/ ns 

kr 

/ 10-8 s-1 

knr 

/ 10-7s-1 

Bb (10-3) 

L.mol-1.cm-1 

πPhMA 1 528 540 0.69 73 4.9 1.41 6.33 50.4 

πPhA 2 528 540 0.74 79 4.8 1.54 5.42 58.5 

πEtMA 3 527 538 0.75 70 4.8 1.56 5.21 52.5 

πEtA 4 527 538 0.71 74 4.7 1.49 6.38 52.5 

πS 5 527 539 0.71 68 4.1 1.73 7.07 48.3 

aDecay fitted with a monoexponential function (λexc = 495 nm, λF = 543 nm). b Molecular 

brightness, B = ε F. 

 

Synthesis of the fluorescent nanoparticles. We previously reported14 the synthesis of 

fluorescent polymer nanoparticles via controlled radical RAFT polymerization in miniemulsion, 

using a surfactant-free one-pot phase inversion process (Scheme 1). The selected synthetic 

approach relied on the polymerization-induced self-assembly (PISA29) principle where 
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amphiphilic copolymers form during polymerization and assemble simultaneously into core-shell 

particles. In more details, a fluorescent BODIPY monomer (π) was copolymerized with styrene 

(S) in the presence of a poly(ethylene oxide)-b-poly(acrylic acid) macro-RAFT agent, PEO-b-

PAA-C12, first in bulk and - after phase inversion - in miniemulsion. PEO-b-PAA-b-P(S-co-π) 

triblock copolymers formed and self-assembled in situ during the miniemulsion step affording 

well-defined core-shell nanoparticles with a fluorescent core and a biocompatible and reactive 

shell (see cartoons in Figure 4,schematic representation of the NP, and Scheme SI-4 for the 

synthetic approach). In this former study (NP1 in Table 2), the core was made of styrene 

copolymerized with 2.6 mol%30 of monomer πPhMA 1, and the shell was a PEO-b-PAA diblock 

copolymer with a number-average molar mass, Mn, of PEO of 2 kg/mol and that of PAA was 1 

kg/mol. The final particles had a hydrodynamic diameter about 65 nm (σ ~ 0.1) and an 

aggregation number (i.e. an average number of copolymer chains per particle) of 1750 (±250).17 
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Scheme 1.  Synthetic pathway for the synthesis of the fluorescent nanoparticles.  

 

 

Figure 4. Schematic representation of the fluorescent core-shell nanoparticles. 
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Table 2. Experimental results of the different fluorescent nanoparticles (NP) having different 

BODIPY monomers in their cores. 

NP BODIPY 

monomer 

nπa conv.Sb conv.π Mn,thd 

/ kg/mol 

Mn,SECe 

/ kg/mol 

Mw/Mne Dz (σ)f 

/ nm 

NP1 πPhMA 1 3.0 0.99 0.98 16.4 21.0 1.25 65 
(0.08) 

NP2 πPhA 2 2.9 0.95 0.95 16.1 16.1 1.50 60 
(0.13) 

NP3 πEtMA 3 3.2 1.00 0.98 17.3 19.0 1.40 85 
(0.21) 

NP4 πEtA 4 3.2 0.9 0.95 15.3 16.8 1.26 90 
(0.05) 

NP5 πS 5 3.1 0.94 0.92 12.6 13.9 1.46 75 
(0.20) 

a Average number of BODIPY monomers per polymer chain (with a DPn,total about 120 – 
Figure SI-8). b Styrene conversion determined by gravimetry. c BODIPY conversion determined 
by SEC by comparison of the calculated area of the polymer and monomer peaks from SEC 
equipped with a UV-vis detector.14 d Theoretical number-average molar mass (Mn,th) (Mn,th = Mn 

CTA + 1/nCTA× (conv.S×mS
30+conv.π×mπ), where CTA stands for chain transfer agent, conv.S

30
 

and conv.π the individual conversion of styrene and BODIPY monomer and m the mass of 
monomer used in the synthesis). e Number-average molar mass (Mn,SEC) and polydispersity index 
(Mw/Mn) determined by SEC using a polystyrene calibration. f z-average diameter (Dz) and 
dispersity factor (σ) determined by DLS. 

 

Using the same synthetic strategy (Scheme 1, Scheme SI-4), in this work four novel types of 

fluorescent nanoparticles (Table 2) were synthesized by copolymerizing 2.6 mol%30 of the 

different BODIPY monomers 2 - 5 with styrene. The target degree of polymerization, DPn, was 

about 120 in all cases (initial monomer to macro-RAFT agent molar ratio of 160, which leads to 

120 considering the 25% of styrene evaporation).30 The final particle size distributions were all 

monomodal with an average hydrodynamic diameter Dz ranging from 60 to 90 nm. Size 

exclusion chromatography analyses on unpurified crude samples taken from the reaction medium 
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in regular time intervals allowed not only following the consumption of the PEO-b-PAA-C12 

macro-RAFT agent during the polymerization with the formation of well-defined growing PEO-

b-PAA-b-P(S-co-π) triblock copolymers (Figure 5 left, RI response), but also confirmed the 

successful incorporation of the fluorescent comonomer in the triblock copolymer. Indeed, using 

SEC with an in-line UV-vis. detection set at the maximum absorption wavelength of the 

monomers (λabs = 528 nm) made possible the separation of the fluorescent monomer, eluted at 

around 18 mL, from the fluorescent triblock copolymer eluted between 13.5 and 16 mL (Figure 5 

right, UV-vis. response at λ = 528 nm). The absorption of the formed triblock copolymers at 528 

nm undoubtedly confirms the covalent incorporation of the fluorescent monomer in the polymer 

chain. In addition, this detection mode also allows following the fluorescent monomer 

consumption and the calculation of the fluorescent monomer’s individual conversion by 

comparison of both the monomer’s and the polymer’s signal areas. 

 

  

Figure 5. Monitoring of the synthesis of nanoparticles 4 (with EtA) by size exclusion 

chromatography in THF.  Left: RI detection. Right: UV-vis. detection at the maximal absorption 

of the monomer EtA 4 (λ = 528 nm). (macro-RAFT agents : — PEO-C12, — PEO-b-PAA-C12, 

PEO-b-PAA-b-P(S-co-π)-C12 : … end of bulk polymerization, — during miniemulsion 

polymerization, — end of miniemulsion polymerization. 
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Figure 6. Size exclusion chromatograms (UV-vis. detection, λ = 528 nm) in THF for polymer 

chains of nanoparticles with different BODIPY monomers (πPhMA 1 (—), πPhA 2 (—), πEtMA 

3 (—), πEtA 4 (—), πS 5 (—)). 

Figure 6 shows the final SECs for the different NPs samples at the end of the polymerization, 

without purification (Table 2, NP1 to NP5 made with the different fluorescent monomers). For 

all samples, the great majority of the fluorescent monomer molecules was incorporated into the 

polymer chains (Vret ~ 15 mL) and only a negligible fraction was left over (Vret ~ 18 mL). From 

the relative integration of the peaks it was calculated that the individual monomer conversion of 

all BODIPY monomers was high (conv. > 0.90), meaning that the new fluorescent monomers 2-

5 can be copolymerized with styrene under the conditions established before for monomer 1. For 

all fluorescent monomers the calculated (Mn,th) and experimental (Mn,SEC) number-average molar 

mass values were close, and Mw/Mn remained below 1.5, meaning that the polymerization was 

under RAFT control. 
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In order to determine the distribution of the BODIPY monomers along the polymer chains the 

individual conversions of both styrene and of the BODIPY monomers were monitored in the 

course of the nanoparticles synthesis. For each copolymerization system, the molar fraction of 

BODIPY incorporated into the copolymer could then be calculated with respect to the overall 

molar conversion (Figure 7). 

The overall monomer molar conversion was then determined as follows:  

totaltotal

S
Stotal n

n
conv

n

n
convmolconv 

...)(.      Equation 3 

Where conv.S and conv.π are the individual conversion of styrene (determined by gravimetry) 

and of the BODIPY monomer (determined from the areas of the signal of the polymer and the 

monomer in the size exclusion chromatogram using UV-vis. detection, Figure 5, right), and nS, 

nπ and ntotal are respectively the mole number of styrene, BODIPY monomer and the total mole 

number of styrene and BODIPY used in the synthesis. 

 

The symbols in Figure 7 are the experimentally determined average molar fraction of the 

different BODIPY monomers incorporated in the copolymers, plotted as a function of the overall 

molar monomer conversion. Two tendencies can mainly be observed: the BODIPY monomer is 

either quickly incorporated in the polymer chain (πPhMA 1, πPhA 2 and πEtMA 3) leading to a 

gradient of composition in the polymer chain, or the BODIPY monomer is homogeneously and 

quasi randomly distributed in the polymer backbone (πS 5 and πEtA 4). Unlike the other 

monomers, for BODIPY monomers πEtA 4 and πS 5, given the low amount of BODIPY 

monomer in the copolymer (~2.6 mol%), one may assume that the fluorescent monomer units are 

well separated by large polystyrene segments, which could have an impact on the fluorescence 

properties. 
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Figure 7. Evolution of the average molar fraction of BODIPY monomer in the copolymer with 

the overall molar monomer conversion (symbols: experimental values, — calculated with the 

reactivity ratios; initial molar fraction of BODIPY monomer = 2.6 mol%). Monomers πPhMA 1 

(—, rS = 0.25, rPhMA = 0.5018), πPhA 2 (—, rS = 0.38 determined by the Kelen-Tüdös method, 

rPhA estimated at 0.50)31, πEtMA 3 (—, rS = 0.46, rEtMA = 0.3832), πEtA 4 (—, rS = 0.8, rEtA = 

0.233), πS 5 (—, rS = 1, rS = 1). 

As mentioned above, in a controlled radical polymerization, all polymer chains possess 

approximately the same composition and their microstructure is determined by the reactivity 

ratios rM1 and rM2 in the terminal model. Reactivity ratios of simple monomers possessing the 

same polymerizable functions as the new fluorescent monomers have been extensively 

tabulated.18 The fluorophore framework of the BODIPY monomers is not conjugated to the 

polymerizable vinyl groups, and their reactivity should therefore not significantly differ from 

that of the corresponding simple monomer structures in their radical copolymerization with 

styrene (even if steric effects may arise34). The continuous lines in Figure 7 represent the average 

molar fractions calculated by the Skeist equation35 knowing the initial molar fraction of the 
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BODPY monomer and using the reactivity ratios tabulated for the corresponding model 

monomers, i.e. styrene (S) for πS 5, phenyl methacrylate (PhMA) for πPhMA 1 etc.).18,31,32,33 In 

all cases the plots matched well the experimental data points. It can thus be concluded that the 

tabulated reactivity ratios for model monomers are valid to estimate the microstructure in the 

fluorescent copolymer. 

In the next part, the fluorescence properties of the different fluorescent nanoparticles are 

studied. 

 

Spectroscopic characterization of the fluorescent nanoparticles. Absorption and 

fluorescence emission spectra of the nanoparticles are reported in Figure 8. It appears that the 

nanoparticles in water have the same absorption and emission spectra as their monomers 

recorded in toluene. In order to evaluate the formation of poorly fluorescent aggregates, the 

quantum yield and average fluorescence lifetimes (see Equation 1) of the nanoparticles were 

compared (Table 3). Particles with the lowest quantum yield and lifetimes were particles with a 

core made of the monomers πPhMA 1 and πEtA 4 (ΦF < 0.25 and τ < 3 ns). In contrast, particles 

with the highest quantum yield were particles with a core made of πS 5 and πPhA 2 (ΦF > 0.30 

and τ > 3 ns). Particles with a core of πEtMA 3 showed intermediate properties. 
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Figure 8. Spectra of nanoparticles with different BODIPY monomers (πPhMA (—), πPhA (—), 

πEtMA (—), πEtA (—), πS (—) recorded in water. Left: absorption (full lines) and emission 

(dotted lines, λexc = 495 nm) spectra. Right: fluorescence decays (grey line is the instrument 

response function, λexc = 495 nm, λF = 543 nm).  

 

Table 3. Fluorescence properties of different nanoparticles recorded in water. 

NP monomer nπa λabs max 

/ nm 

λF 

/ nm 

ΦFb <τ>c 

/ ns 

B (10-7) 

/ L.cm-1.mol-1 d 

NP1 πPhMA 1 3.0 529 544 0.20 (±0.02) 2.8 7.7 

NP2 πPhA 2 2.9 529 544 0.35 (±0.03) 3.6 14.0 

NP3 πEtMA 3 3.2 528 542 0.28 (±0.02) 2.7 11.0 

NP4 πEtA 4 3.2 528 544 0.23 (±0.03) 2.6 9.5 

NP5 πS 5 3.1 527 542 0.34 (±0.02) 3.1 13.0 

a Average number of BODIPY monomers per chain (nπ = [π]0/[RAFT]0). b Average 
fluorescence quantum yield calculated for two different nanoparticles synthesis and, in 
parenthesis, deviation from the average. c Average fluorescence lifetime (λexc = 495 nm, λF = 543 
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nm) calculated as 










0

0

)(

)(

dttI

dtttI

  (Equation 1). d Nanoparticles brightness, calculated using 

equation 4 with ε taken at λabs max (527 or 528 nm) and Nagg = 1750 (see SI for calculation). 

 

How can the differences in the fluorescence properties be explained? One possible explanation 

which might be considered relies on the differences of the fluorescent monomer distribution in 

the copolymer chain constituting the fluorescent nanoparticles. Gradient compositions lead to an 

increased proximity of the fluorescent monomer which might lead to quenching caused by 

poorly fluorescent intrachain aggregates. In addition, a favorable incorporation of the fluorescent 

monomer from the beginning or at the end of the polymerization might lead to particles where 

the fluorophores are concentrated either in the inner core or close to the hydrophilic shell. 

According to our kinetic study, monomer πS 5 is homogeneously spread along the polymer 

chain and the resulting particles possess high quantum yields and brightness. On the other hand, 

πPhMA 1 is heterogeneously spread along the polymer chain and leads to nanoparticles with 

much poorer fluorescence properties. For these two examples, it seems that a correlation between 

the microstructure of the polymer chains and fluorescence properties exists. 

However, regarding monomer 4 (πEtA), which possesses also a quasi-random distribution of 

the fluorophores in the polymer chain, a poor quantum yield and the lowest average fluorescence 

lifetime of the series were determined. A quasi-random distribution of the BODIPY monomer in 

the polymer chain constituting the nanoparticle (case of monomer πS 5 and πEtA 4) does not 

necessarily lead to the most fluorescent particles, and vice versa, BODIPY monomers which are 

not evenly spread along the polymer backbone (for instance πPhA) do not unavoidably lead to 

the less fluorescent particles. It must therefore be concluded that the fluorescence properties 
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(quantum yield and lifetime) do not exclusively depend on the distribution of the fluorescent 

monomer in the polymer chain, but that other parameters must also be considered, such as the 

organization of the polymer chains in the nanoparticle during the assembly step occurring during 

synthesis, the formation of inter-chain aggregates etc. Indeed, because of the confined space of 

the polymeric chains in the nanoparticles, aggregates of fluorescent monomers between different 

polymer chains may form. Their formation might depend on the BODIPY monomers’ orientation 

in the polymer chain or on differences in solubility of the monomers in the organic phase (made 

of styrene and PEO-b-PAA-C12 macro-RAFT agent), possibly leading to a local phase separation 

during the polymerization process. 

The nanoparticle brightness (B), which is a function of the quantum yield and in practice one 

of the most important features for biological imaging, was also evaluated from equation 4: 

FNB    )(   Equation 4 

where επ is the molar coefficient extinction of the BODIPY monomer at the excitation 

wavelength, Nπ the number of BODIPY per particle (equation SI-3) and ΦF the quantum yield of 

the fluorescent nanoparticle. 

For all systems, brightness values higher than 7×107 cm-1.mol-1.L were obtained (Table 3). 

They were all in the same order of magnitude, but NP containing monomer πPhA 2 and πS 5, 

possessing the best quantum yields, were the brightest ones (respectively 14 × 107 cm-1.mol-1.L 

and 13×107 cm-1.mol-1.L). For comparison, the NP prepared in our former study with monomer 

πPhMA 1 had a brightness of 7.7×107 cm-1.mol-1.L. It is thus possible to increase the brightness 

of the fluorescent nanoparticles by a factor of 1.8, only by changing the nature of the fluorescent 

monomer in the core. 
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Quantum dots are famous for their extremely high brightness making them ideal candidates for 

biological imaging. Generally, quantum dots with a core made of CdSe, CdS or CdTe emitting 

between 370 and 750 nm have a brightness between 6×104 cm-1.mol-1.L and 6×105 cm-1.mol-

1.L.36 The fluorescent nanoparticles NP2 with a core of monomer πPhA 2 are thus 200 to 2000 

times brighter than those quantum dots. Compared to most of other systems based on fluorescent 

organic polymeric nanoparticles, NP2 are on average 40 to 300 times brighter. For instance, Sun 

et al. have synthesized nanoparticles (diameter: 20-25 nm) made of PEO113-b-PVBA46-C12 

(PVBA: poly(4-vinylbenzaldehyde)) functionalized with a fluorescein dye. The best 

nanoparticles have a brightness of 5.1×105 cm-1.mol-1.L.3b Méallet-Renault et al. have loaded 16 

nm diameter polystyrene nanoparticles with a BODIPY derivative dye by the solvent 

displacement method.37 With approximately 76 BODIPY molecules per particle and a quantum 

yield of 0.77, the nanoparticles had a brightness of  3.4×106 cm-1.mol-1.L. 

In conclusion, it is possible to modulate the fluorescence efficiency simply by changing the 

nature of the fluorescent BODIPY monomer, and thus its distribution within the polymer 

backbone. Nevertheless, it is difficult to predict the formation of BODIPY aggregates in the 

fluorescent polymer nanoparticles, by considering exclusively aggregates along the polymer 

backbone (intra-chain aggregates) and disregarding aggregate formation between fluorescent 

polymer chains (inter-chain aggregates). 

Finally, it should be emphasized that the BODIPY monomer with a phenyl acrylate 

polymerizable function (πPhA 2) is the best candidate for future NP design since it is the easiest 

to synthesize leading to ultra-bright NP. 
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CONCLUSIONS 

Five BODIPY derivatives with different polymerizable functions were successfully 

synthesized and their fluorescence properties were studied in toluene. All fluorophores could be 

successfully copolymerized at 2.6 mol% with styrene in a controlled manner via our formerly 

established one-pot RAFT miniemulsion polymerization process in the absence of surfactant. 

This route to form fluorescent polymeric core shell nanoparticles is thus a robust method and 

should be applicable to a large variety of fluorescent molecules. We have further demonstrated 

that the microstructure of the resulting copolymers is governed by the nature of the 

polymerizable function on the BODIPY, and that the fluorescent monomer distribution can be 

predicted by using reactivity ratios tabulated for the corresponding model monomers. 

The fluorescence features of the nanoparticles were studied by stationary and time-resolved 

spectroscopy. Surprisingly, the most fluorescent nanoparticles (in terms of lifetime, quantum 

yield and thus brightness) were not necessarily obtained with the quasi-random polymer 

structure. It must thus be concluded that not only intrachain aggregates of BODIPY monomers 

must be considered, but that fluorophores’ interchain aggregates and maybe the solubility of the 

different fluorescent monomers in the nanoparticle core matrix are of crucial importance for the 

outcome of the fluorescence properties. Nevertheless, simply by changing the nature of the 

polymerizable function on the BODIPY (to a phenyl acrylate or styrene function), the brightness 

of the nanoparticles could be improved by a factor of 2 compared to the formerly studied 

BODIPY monomer bearing a phenyl methacrylate function. Those ultra-bright nanoparticles 

were found to be 200 to 2000 times brighter than usual quantum dots and 40 to 300 times 

brighter than other polymeric nanoparticles reported in the literature. 
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 Supporting Information. Synthetic schemes for BODIPY monomers 1-5 and the fluorescent 

nanoparticles; numbering of protons and carbons of BODIPY monomers 2-5; determination of 

the reactivity ratio rs for the copolymerization of styrene with πPhA 2 by the Kelen-Tüdös 

method; fluorescence decays, fit, Instrument Response Function (IRF) and residuals for all 

monomers; 1H NMR spectra of dried and crude NP4; determination of the aggregation number 

and the number of BOPIDY units per NP. This material is available free of charge via the 

Internet at http://pubs.acs.org.  
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