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ABSTRACT: A set polyethylene glycol (PEG)-appended
BODIPY architectures (BOPEG1−BOPEG3) have been
prepared and studied in CH2Cl2, H2O:CH3CN (1:1) and
aqueous solutions. BOPEG1 and BOPEG2 both contain a
short PEG chain and diﬀer in substitution about the BODIPY
framework. BOPEG3 is comprised of a fully substituted
BODIPY moiety linked to a PEG polymer that is roughly 13
units in length. The photophysics and electrochemical
properties of these compounds have been thoroughly
characterized in CH2Cl2 and aqueous CH3CN solutions. The
behavior of BOPEG1−BOPEG3 correlates with established
rules of BODIPY stability based on substitution about the
BODIPY moiety. Electrogenerated chemiluminescence (ECL) for each of these compounds was also monitored. BOPEG1,
which is unsubstituted at the 2- and 6-positions dimerized upon electrochemical oxidation while BOPEG2, which contains ethyl
groups at the 2- and 6-positions, was much more robust and served as an excellent ECL luminophore. BOPEG3 is highly soluble
in water due to the long PEG tether and demonstrated modest ECL activity in aqueous solutions using tri-n-propylamine (TPrA)
as a coreactant. As such, BOPEG3 represents the ﬁrst BODIPY derivative that has been shown to display ECL in water without
the need for an organic cosolvent, and marks an important step in the development of BODIPY based ECL probes for various
biosensing applications.

■

application has led to the wide adoption of these ﬂuorophores
for many biological imaging and other optical studies.4−8
Although BODIPY derivatives have been utilized for
biological imaging studies, the overwhelming majority of
BODIPY photophysical and electrochemical studies have
been carried out in organic solvents, while complementary
studies in water are scarce.9−13 Emblematic of this are studies
dealing with electrogenerated chemiluminescence (ECL) of
BODIPY dyes.14 ECL is a widely used technique for blood
testing with multibillion dollar annual revenues.15−17 Polypyrridyl complexes such as Ru(bpy)32+ are typically used as
ECL emitters for such applications and are characterized by
emission centered at roughly 610 nm.18−23 A suite of ECL
probes with output signals that vary in energy would permit for
imaging of multiple labeled biological species simultaneously.
Accordingly, current eﬀorts are aimed at the development of
new ECL probes, which display emission responses that span
the visible region and include various nanostructures,24−26
metal polypyrridyl complexes,27 porphyrins,28 and other

INTRODUCTION
Boron-dipyrromethane (BODIPY) dyes represent an important
class of molecule characterized by strong absorption and
emission proﬁles in the visible region, high photostability and
small Stokes shift.1−3 Moreover, the intensity and energy of
BODIPY emission can be tuned through the addition of
properly placed electron donor and/or acceptor substituents
about the chromophore periphery. For instance, prior work has
shown that appending electron donating substituents to
positions 2 and 6 of the BODIPY core (Scheme 1) shifts the
absorption and emission proﬁles to lower energy wavelengths,
while electron-withdrawing functionalities have the opposite
eﬀect. Furthermore, variation of the BODIPY substitution
pattern dramatically impacts the molecule’s emission quantum
yield and redox properties. The ability to tailor the photophysical properties of the parent BODIPY dye to a given
Scheme 1. Numbered BODIPY Skeleton
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Chart 1

organic ﬂuorophores.29−32 BODIPY derivatives are promising
candidates in this regard, since their emission output can be
synthetically tuned by varying the substituents about the
ﬂuorophore and often display higher solubilities than many
other polycyclic hydrocarbons of similar size. Accordingly, the
ECL response of BODIPY derivatives substituted by simple
alkyl or aromatic groups has been recorded in organic
solvents.33−37 However, the dearth of water-soluble BODIPY
derivatives has precluded analogous studies in aqueous
solutions and has limited the development of such species as
ECL probes for biological applications. To date, there have
been no reports of ECL using BODIPY dyes in water.
A common strategy for the water solubilization and
protection of many proteins, pharmaceuticals and other
molecules of biotechnological interest is covalent tethering of
polyethyleneglycol chains (PEGylation).38−41 Very recently,
this general approach was applied to the synthesis of watersoluble BODIPY derivatives.12,13 We have prepared a similar set
of BODIPY−PEG (BOPEG) conjugates in which both the
substituents about the ﬂuorophore periphery and nature of the
PEG chain are systematically varied. These compounds are
shown in Chart 1. Furthermore, we have undertaken a detailed
study of the photophysics and electrochemical properties of
these compounds in both nonpolar organic solvents and water.
Moreover, we report the ECL response for each of the BOPEG
derivatives, including the ﬁrst reported ECL spectrum of a
BODIPY derivative under aqueous conditions.

and carbon spectra are referenced to the carbon resonances of
the solvent (CDCl3 = δ 77.23). All chemical shifts are reported
using the standard δ notation in parts-per-million; positive
chemical shifts are to higher frequency from the given
reference. Low-resolution gas chromatography/mass spectrometry (LR-GCMS) data were obtained using an Agilent gas
chromatograph consisting of a 6850 Series GC System
equipped with a 5973 Network Mass Selective Detector. LRESI MS data was obtained using either a LCQ Advantage from
Thermoﬁnnigan or a Shimadzu LCMS-2020. High-resolution
electrospray ionization (HR-ESI) mass spectrometric analyses
were performed by the University of Delaware Mass
Spectrometry Facility or the Mass Spectrometry Laboratory
at the University of Illinois at Urbana−Champaign.
Absorbance and Emission Spectroscopy. Absorption
and emission measurements were recorded in either CH2Cl2 or
water using 1 cm screw cap quartz cuvettes (7q) from Starna.
UV/visible (UV/vis) absorption spectra were acquired using a
DU 640 spectrophotometer (Beckman) and ﬂuorescence
spectra were obtained using a double-beam QuantaMaster
Spectroﬂuorimeter (Photon Technology International) equipped with a 70 W Xe lamp. Slit widths were maintained at 0.5
mm for all emission experiments. All spectral data acquisitions
were made at 25.0 ± 0.05 °C.
Electrochemistry and Electrogenerated Chemiluminescence. Electrochemistry experiments were carried out
using a standard three-electrode setup. Experiments in CH2Cl2
were conducted using a 0.0314 cm2 platinum disk working
electrode, a platinum auxiliary electrode, and a silver wire
quasireference electrode. Experiments in aqueous solutions
employed an analogous setup with a glassy carbon (area =
0.071 cm2 or 0.2 cm2) working electrode. A straight working
electrode (disk oriented horizontally downward) was used for
the cyclic voltammetry (CV) measurements, and an L-shaped
electrode (disk oriented vertically) was used for the ECL
experiments. Working electrodes were polished prior to every
experiment with 0.3 μm alumina particles dispersed in water,
followed by sonication in ethanol and water for several minutes.
Electrochemical measurements employing methylene chloride
were conducted in an argon ﬁlled glovebox using a conventional electrochemical apparatus with a Teﬂon plug containing
three metal rods for electrode connections. Glassware for
electrochemistry was dried for 1 h at 120 °C prior to transfer to
the glovebox. Supporting electrolytes used for electrochemistry
experiments were 0.1 M tetrabutylammonium hexaﬂuorophosphate (TBAPF6) for experiments in methylene chloride,
tetramethylammonium perchlorate (TMAP) for 50% aqueous
acetonitrile, and phosphate buﬀer for studies in water.
Ferrocene was used to calibrate the Ag wire quasireference

■

EXPERIMENTAL SECTION
General Considerations. Reactions were performed in
oven-dried round-bottomed ﬂasks unless otherwise noted.
Reactions that required an inert atmosphere were conducted
under a positive pressure of N2 using ﬂasks ﬁtted with SubaSeal rubber septa. Air and moisture sensitive reagents were
transferred using standard syringe or cannulae techniques. Silica
gel 60 (40−63 μm, 60 Å, 230−400 mesh) and glass plates
coated with silica gel 60 with F254 indicator were used for
column and analytical thin-layer chromatography, respectively.
Reagents and solvents were purchased from Sigma Aldrich,
Acros, Fisher, Strem, or Cambridge Isotopes Laboratories.
Solvents for synthesis were of reagent grade or better and were
dried by passage through activated alumina and then stored
over 4 Å molecular sieves prior to use.42 All other reagents were
used as received. Triethylene glycol methyl ether tosylate (2)
was prepared using a previously published method.43
Compound Characterization. 1H NMR and 13C NMR
spectra were recorded at 25 °C on a Bruker 400 MHz
spectrometer. Proton spectra are referenced to the residual
proton resonance of the deuterated solvent (CDCl3 = δ 7.26)
5600
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electrode (QRE) taking the Fc/Fc+ potential as 0.342 V vs
SCE.44 CV and chronoamperometry experiments were carried
out with a CHI instruments model 660 electrochemical
workstation.
ECL transients and simultaneous CV-ECL measurements
were made using a multichannel Eco Chemie Autolab
PGSTAT100 (Utrecht, The Netherlands) instrument. ECL
recorded using annihilation methods were obtained by pulsing
the applied potential (∼80 mV past the peak potential) in 0.1 s
increments for 60 s. The slit width was set to be 0.5 cm for
these experiments. ECL spectra recorded using benzoyl
peroxide, ammonium or potassium persulfate and tri-npropylamine (TPrA) as coreactants, and were obtained by
stepping to 80 mV from the reduction or oxidation peak of the
BOPEG derivative at a pulse frequency of 1 Hz with a step time
determined by experimental conditions. ECL spectra were
recorded with a Princeton Instruments Spec 10 CCD camera
(Trenton, NJ) with an Acton SpectPro-150 monochromator
cooled with liquid nitrogen to −100 °C. The CCD camera was
calibrated by using an Hg/Ar pen-ray lamp from Oriel
(Stratford, CT). ECL-potential signals were recorded using a
photomultiplier tube (PMT, Hamamatsu R4220, Japan) and
ECL quantum yield measurements for each BOPEG were
obtained using Ru(bpy)32+ as a standard. Voltage for the PMT
(−750 V) was provided by Kepco Power Supply (New York,
NY), and the signal from the PMT to the potentiostat was
transferred through a model 6517 multimeter (Keithley
Instruments, Inc., Cleveland, OH).
1-Azido-2-(2-(2-methoxyethoxy)ethoxy)ethane (3).
Triethylene glycol methyl ether tosylate (2) (500 mg, 1.6
mmol) and NaN3 (1.25 g, 19.2 mmol) were dissolved in a 5 mL
solution of 30% aqueous methanol. The reaction solution was
heated at 80 °C with stirring for 15 h, after which time, the
aqueous mixture was cooled to room temperature and extracted
four times with CH2Cl2. After drying the organic phase over
Na2SO4, the solvent was removed under reduced pressure to
produce 180 mg of a clear oil (59%), which was carried forward
without further puriﬁcation. 1H NMR (400 MHz, CDCl3, 25
°C) δ/ppm: 3.62−3.56 (m, 6H), 3.49−3.47 (m, 4H), 3.32 (t,
2H), 3.30 (s, 3H). 13C NMR (101 MHz, CDCl3, 25 °C) δ/
ppm: 77.16, 71.65, 70.40, 70.38, 70.32, 69.78, 58.71, 53.38,
50.39. νmax (CH2Cl2)/cm−1 2108 (s, N3).
2-(2-(2-Methoxyethoxy)ethoxy)ethanamine (4). To
1.55 g (8.2 mmol) of azide 3 dissolved in a solution of
tetrahydrofuran (THF; 10 mL) and water (1.2 mL) was added
2.68 g (10.2 mmol) of PPh3. The resulting solution was stirred
under air for 6 h, following which, the solvent was removed
under reduced pressure. The crude product was puriﬁed on a
silica column using CH2Cl2 and MeOH (5:1) containing 2%
Et3N as the eluent to generate 708 mg of a clear oil (53%). 1H
NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 3.66−3.61 (m, 6H),
3.56−3.53 (m, 2H), 3.52−3.48 (t, J = 8.0 Hz, 2H), 3.37 (s, 3H)
2.86 (s, 2H). 13C NMR (101 MHz, CDCl3, 25 °C) δ/ppm:
77.16, 71.73, 70.41, 70.34, 70.08, 58.88, 29.52. HR-ESI-MS: [M
+ H]+ m/z: calcd for C7H18NO3, 164.1281; found, 164.1274.
tert-Butyl 4-Formylbenzoate (6). 4-Formylbenzoic acid
(5) (1.5 g, 10 mmol) and 2.68 g of N,N′-dicyclohexylcarbodiimide (13 mmol) were dissolved in 100 mL of CH2Cl2. To
this solution were added 10 mL of tert-butanol (104 mmol) and
10.1 g of DMAP (82.6 mmol). The resulting solution was
stirred for 14 h prior to being ﬁltered to remove any insoluble
materials. After removing all volatiles under reduced pressure,
the resulting crude material was puriﬁed on a silica column

using 10% hexanes in CH2Cl2 as the eluent to yield 860 mg
(42%) of the desired product as a white solid. 1H NMR (400
MHz, CDCl3, 25 °C) δ/ppm: 10.09 (s, 1H), 8.13 (d, J = 8.2
Hz, 2H), 7.92 (d, J = 8.6 Hz, 2H), 1.61 (s, 9H). 13C NMR (101
MHz, CDCl3, 25 °C) δ/ppm: 191.95, 164.77, 138.90, 137.15,
130.13, 129.53, 82.15, 28.24. GCMS [M]+ m/z: Calcd for
C12H14O3, 206.0. Found, 206.
8-(4-Carboxyphenyl)-1,3,7,9-tetramethyl-BODIPY (7).
To 400 mg of t-butyl 4-formylbenzoate (6) (1.94 mmol)
dissolved in 60 mL of CH2Cl2 was added 0.44 mL of 2,4dimethylpyrrole (4.27 mmol), and the resulting solution was
sparged with N2 for 10 min. Following the addition of 52 μL
(0.71 mmol) of triﬂuoroacetic acid, the resulting solution was
stirred under a nitrogen atmosphere for 18 h at room
temperature. Tetrachloro-1,4-benzoquinone (477 mg, 1.94
mmol) was added to the reaction, which was stirred for an
additional 20 min, after which, 1.75 mL of triethylamine (TEA;
12.6 mmol) and 2.63 mL of BF3·OEt2 (21.4 mmol) were added
to the stirred solution. The resulting mixture was stirred for an
additional 45 min, and the solvent was then removed under
reduced pressure. Puriﬁcation of the crude purple solid by
chromatography on silica was accomplished using a mobile
phase of ethyl acetate and CH2Cl2 (1:1) to deliver 560 mg of a
red solid. Yield 68%. 1H NMR (400 MHz, CDCl3, 25 °C) δ/
ppm: 8.24 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 6.00 (s,
2H) 2.57 (s, 6 H), 1.37 (s, 6H). 13C NMR (101 MHz, DMSO,
25 °C) δ/ppm: 166.92, 155.28, 142.72, 140.81, 138.34, 131.83,
130.11, 128.32, 121.56, 14.23, 13.94. ESI-MS [M − H]−, m/z:
Calcd for C20H18BF2N2O2, 367.14. Found, 367.
(8-(4-Carboxyphenyl)-2,8-diethyl-1,3,7,9-tetramethyldipyrromethane (8). This compound was prepared following
the same procedure as that used for the synthesis of BODIPY
acid 7, using 380 mg t-butyl 4-formylbenzoate (6) (1.84 mmol)
and 0.50 mL of 2,4-dimethyl-3-ethylpyrrole (3.69 mmol). All
other reagents were scaled appropriately, and the crude material
was puriﬁed by chromatography on silica using a mobile phase
of ethyl acetate and CH2Cl2 (1:1) to deliver 380 mg of a red
solid. Yield 49%. 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm:
8.21 (d, J = 7.1 Hz, 2H), 7.41 (d, J = 7.1 Hz, 2H), 2.50 (s, 6H),
2.26 (q, J = 7.4 Hz, 4H), 1.23 (s, 6H), 0.94 (t, J = 7.4 Hz, 6H).
13
C NMR (101 MHz, CDCl3, 25 °C) δ/ppm: 170.24, 154.57,
141.84, 138.60, 138.23, 133.34, 131.09, 130.38, 129.75, 129.14,
17.26, 14.87, 12.80, 12.09. ESI-MS [M − H]−, m/z: Calcd for
C24H26BF2N2O2, 423.21. Found, 423.
8-(4-(N-Succinimidoxycarbonyl)phenyl)-1,3,7,9-tetramethyl-BODIPY (9). Carboxylic acid BODIPY derivative 7
(0.47 mmol, 172 mg) was dissolved in 12 mL of
dimethylformamide (DMF). N-Hydroxysuccinimide (0.71
mmol, 82 mg) was added followed by the addition of N-(3dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(0.71 mmol, 136 mg). The reaction was stirred at room
temperature for 18 h, following which time the solvent was
removed under reduced pressure. Column chromatography was
used to purify the product with hexanes and ethyl acetate (2:1)
giving 128 mg of a red solid. Yield 56%. 1H NMR (400 MHz,
CDCl3, 25 °C) δ/ppm: 8.26 (d, J = 8.2 Hz, 2H), 7.49 (d, J =
8.2 Hz, 2H), 6.00 (s, 2H) 2.94 (s, 4H), 2.56 (s, 6H), 1.37 (s,
6H); 13C NMR (101 MHz, CDCl3, 25 °C) δ/ppm: 169.40,
161.47, 156.54, 143.03, 142.28, 139.38, 131.53, 130.88, 129.22,
125.92, 121.93, 25.90, 15.06, 14.83. ESI-MS [M + H]+, m/z:
Calcd for C24H23BF2N3O4, 466.17. Found, 466.
8-(4-(N-Succinimidoxycarbonyl)phenyl)-2,8-diethyl1,3,7,9-tetramethyl-BODIPY (10). Carboxylic acid BODIPY
5601
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sequentially with 1 M HCl (3 × 80 mL) and brine, dried over
Na2SO4, and concentrated under reduced pressure. The crude
product was puriﬁed by column chromatography on silica using
5% CH3OH in CH2Cl2 to deliver 7.5 g (58%) of the title
compound as a colorless oil. 1H NMR (400 MHz, CDCl3, 25
°C) δ/ppm: 7.78 (d, J = 8.3 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H),
4.18−4.10 (m, 2H), 3.71−3.50 (m, 31H), 3.37 (s, 2H), 2.44 (s,
2H), 2.00 (s, 1H). 13C NMR (101 MHz, CDCl3, 25 °C) δ/
ppm: 144.86, 132.95, 129.88, 128.02, 71.95, 70.76, 70.63, 70.59,
70.54, 69.31, 68.69, 59.09, 53.55, 21.71. Mass spectral analysis
showed the PEG chain to be roughly 12−14 units in length.
This distribution was centered around a polymer chain 13
glycol units long. HR-ESI-MS: [M + Na]+ m/z: calcd for
C34H62NaO16S, 781.3651; found, 781.3634.
Poly(ethylene glycol) Methyl Ether Azide (13). A
combination of 1.0 g (1.42 mmol) of poly(ethylene glycol)
methyl ether tosylate (12) and NaN3 (1.1 g, 17 mmol) were
dissolved in 1.5 mL of methanol and 3.5 mL of deinoized water.
The reaction was then heated at 80 °C with stirring for 15 h.
After cooling the solution to room temperature, the aqueous
mixture was extracted four times is CH2Cl2. The organic
extracts were combined, dried over Na2SO4 and concentrated
under reduced pressure to deliver the desired azide as a clear
oil. 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 3.66−3.61
(m, 36H), 3.55−3.51 (m, 4H), 3.36 (t, 2H), 3.35 (s, 3H). 13C
NMR (101 MHz, CDCl3, 25 °C) δ/ppm: 72.06, 70.83, 70.80,
70.76, 70.69, 70.18, 59.20, 50.80. Mass spectral analysis showed
the PEG chain to be roughly 12−14 units in length. This
distribution was centered around a polymer chain 13 glycol
units long. APCI-MS: [M + Na] + m/z: calcd for
C27H55N3NaO13, 652.36; found, 652. νmax (CH2Cl2)/cm−1
2109 (s, N3).
Poly(ethylene glycol) Methyl Ether Amine (14).
Poly(ethylene glycol) methyl ether azide (13) (660 mg, 1.12
mmol) was dissolved in 10 mL of THF and 1.2 mL of water.
To this solution was added 365 mg (1.4 mmol) of PPh3, and
the reaction was stirred at room temperature for 8 h. Following
removal of the solvent under reduced pressure, the product was
puriﬁed by column chromatography on alumina using 10%
CH3OH in CH2Cl2 to deliver 424 mg (67%) of the title
compound as a colorless oil. 1H NMR (400 MHz, CDCl3, 25
°C) δ/ppm: 3.83 (br, 44H), 3.53 (br, 4H), 3.36 (br, 3H), 2.87
(br, 2H). 13C NMR (101 MHz, CDCl3, 25 °C) δ/ppm: 72.95,
71.77, 70.44, 70.41, 70.36, 70.11, 58.90, 53.47, 41.56. Mass
spectral analysis showed the PEG chain to be roughly 12−14
units in length. This distribution was centered around a
polymer chain 13 glycol units long. HR-ESI-MS: [M + H]+ m/
z: calcd for C27H58NO13, 604.3903; found, 604.3902.
BOPEG3. Amine 14 (93 mg, 0.16 mmol) was dissolved in 5
mL of CH2Cl2 and added to 43 mg (0.08 mmol) of BODIPY
synthon 10 that was dissolved in 5 mL of CH2Cl2. TEA (120
μL, 0.86 mmol) was added to the reaction, which was stirred at
room temperature for 15 h. Following dilution of the reaction
with additional CH2Cl2, the crude mixture was washed with
water and dried over Na2SO4. After removal of the solvent
under reduced pressure, the product was puriﬁed via column
chromatography. Puriﬁcation involved ﬂash chromatography on
silica using CH2Cl2 containing 3% CH3OH as the mobile
phase, followed by a second gravity column on alumina using
CH2Cl2 containing 0.5% CH3OH as the eluent to deliver 40 mg
(51%) of the desired BODIPY derivative as a red solid. 1H
NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 7.99 (d, J = 8.2 Hz,
2H), 7.37 (d, J = 8.1 Hz, 2H), 3.70 (d, J = 11.5 Hz, 6H), 3.67−

derivative 8 (54 mg, 0.13 mmol) was dissolved in 10 mL of
DMF and 23 mg (0.2 mmol) of N-hydroxysuccinimide was
added to the solution followed by 38 mg (0.2 mmol) of N-(3dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC). The resulting reaction mixture was stirred at room
temperature for 10 h, following which time the solvent was
removed by rotary evaporation. The product was puriﬁed by
column chromatography on silica using hexanes and ethyl
acetate (2:1) as the mobile phase to deliver 43 mg of the title
compound in 65% yield. 1H NMR (400 MHz, CDCl3, 25 °C)
δ/ppm: 8.27 (d, J = 8.3 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 2.96
(s, 4H), 2.54 (s, 6H), 2.31 (q, J = 8.0 Hz, 4H), 1.27 (s, 6H),
0.98 (t, J = 7.5 Hz, 6H); 13C NMR (101 MHz, CDCl3, 25 °C)
δ/ppm: 169.72, 161.84, 155.09, 143.46, 138.47, 138.14, 133.77,
131.70, 130.50, 129.78, 125.96, 26.18, 17.52, 15.07, 13.06,
12.59.
BOPEG1. To 50 mg (0.11 mmol) of BODIPY synthon 9
dissolved in 5 mL of CH2Cl2 was added 5 mL of CH2Cl2
containing 38 mg of amine 4 (0.23 mmol). To the reaction was
added 130 μL (0.93 mmol) of TEA, and the resulting solution
was stirred at room temperature for 15 h. The reaction was
then diluted with additional CH2Cl2 and washed with water.
After the organic fraction was separated, it was dried over
Na2SO4 and the solvent was removed by rotary evaporation.
The crude product was puriﬁed by column chromatography on
silica using CH2Cl2 and ethyl acetate (4:1) as the eluent to
deliver 60 mg of the desired compound as a red solid. Yield is
quantitative. 1H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 7.96
(d, J = 8.3 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 5.98 (s, 2H), 3.66
(m, 10H), 3.55 (m, 2H), 3.34 (s, 3H), 2.55 (s, 6H), 1.36 (s,
6H). 13C NMR (101 MHz, CDCl3, 25 °C) δ/ppm: 166.71,
155.94, 143.00, 140.56, 138.26, 135.04, 131.08, 128.23, 121.49,
114.45, 71.96, 70.58, 70.48, 70.23, 69.89, 59.05, 39.98, 14.67.
HR-ESI-MS: [M + H]+ m/z: calcd for C27H34BF2N3O4,
514.2699; found, 514.2628
BOPEG2. To 47 mg (0.09 mmol) of BODIPY synthon 10
dissolved in 5 mL of CH2Cl2 was added 5 mL of CH2Cl2
containing 33 mg of amine 4 (0.20 mmol). To the reaction was
added 120 μL (0.86 mmol) of TEA, and the resulting solution
was stirred at room temperature for 15 h. The reaction was
then diluted with additional CH2Cl2 and washed with water.
After the organic fraction was separated, it was dried over
Na2SO4, and the solvent was removed by rotary evaporation.
The crude product was puriﬁed by column chromatography on
silica using CH2Cl2 and ethyl acetate (4:1) as the eluent to
deliver 48 mg (98%) of the desired compound as a red solid.
1
H NMR (400 MHz, CDCl3, 25 °C) δ/ppm: 7.96 (d, J = 8.2
Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 6.99 (s, 1H), 3.70 (dd, J =
8.1, 5.6 Hz, 8H), 3.69 − 3.65 (m, 2H), 3.55 (dd, J = 5.6, 3.5 Hz,
2H), 3.34 (s, 3H), 2.53 (s, 6H), 2.29 (q, J = 7.5 Hz, 4H), 1.26
(s, 6H), 0.97 (t, J = 7.5 Hz, 6H). 13C NMR (101 MHz, CDCl3,
25 °C) δ/ppm: 166.79, 154.29, 139.25, 139.02, 138.30, 134.97,
133.16, 130.56, 128.80, 128.00, 72.05, 70.70, 70.62, 70.37,
69.93, 59.15, 40.03, 29.84, 17.19, 14.73, 12.67, 12.03. HR-ESIMS: [M − F]+ m/z: calcd for C31H42BFN3O4, 550.3252; found,
550.3246.
Poly(ethylene glycol) Methyl Ether Tosylate (12). To
10.0 g (18.2 mmol) of poly(ethylene glycol) methyl ether (15)
(Average Mn 550) dissolved in 40 mL of CH2Cl2 was added 5.1
mL (36.4 mmol) of TEA. To this stirred mixture was added, in
dropwise fashion, a solution of 5.2 g (27.3 mmol) of tosyl
chloride dissolved in 40 mL of CH2Cl2. The reaction was
stirred for 24 h at room temperature and then washed
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Scheme 2. Synthesis of BOPEG1 and BOPEG2.

(a) Tos-Cl, NEt3; (b) NaN3, MeOH; (c) THF, H2O; (d) tBuOH, DCC, DMAP; (e) 1, TFA; 2, p-chloranil; 3, BF3·OEt2, NEt3; (f) NHS, EDC,
DMF; (g) 4, NEt3, DCM.

Scheme 3. Synthesis of BOPEG3

(a) Tos-Cl, NEt3; (b) NaN3, MeOH; (c) PPh3, THF, H2O; (d) 14, NEt3, DCM.

3.57 (m, 26H), 3.54 (dd, J = 5.6, 3.6 Hz, 2H), 3.37 (s, 3H),
2.53 (s, 6H), 2.29 (q, J = 8 Hz, 4H), 1.25 (s, 6H), 0.97 (t, J =
7.5 Hz, 6H); 13C NMR (101 MHz, CDCl3, 25 °C) δ/ppm:
167.09, 154.55, 139.46, 139.39, 138.61, 135.24, 133.43, 130.84,
129.04, 128.41, 72.35, 71.03, 70.98, 70.96, 70.63, 70.32, 59.50,
40.38, 30.15, 17.51, 15.08, 12.99, 12.36. Mass spectral analysis
showed the PEG chain to be roughly 12−14 units in length.
This distribution was centered around a polymer chain 13
glycol units long. HR-ESI-MS: [M + Na]+ m/z: calcd for
C49H78BF2N3NaO13, 988.5488; found, 988.5486.

Substitution with NaN3 generated the corresponding terminal
azide (3), which was subsequently converted to amine 4 by
reduction with PPh3 in aqueous THF.
The BODIPY based synthons were prepared by adapting
standard synthetic methodologies for the ﬂuorescent dyes.
Initial attempts to prepare BODIPY-carboxylic acids 7 and 8
directly from 4-formylbenzoic acid (5) and the appropriate
pyrroles failed due to the insolubility of the aldehyde in the
typical chlorinated solvents used for BODIPY synthesis.
Accordingly, we converted 5 to the tert-butyl ester to improve
the solubility of the aldehyde building block. Esteriﬁcation of 4formylbenzoic acid (5) with tert-butanol using DCC and
DMAP delivered aldehyde 6.45 Condensation of 6 with either
2,4-dimethylpyrrole or 2,4-dimethyl-3-ethyl pyrrole using TFA
as an acid catalyst, followed by oxidation with p-chloranil and
addition BF3·OEt2 cleanly generated BODIPY derivatives 7 and
8 in 68% and 50% yield, respectively (Scheme 2).
The synthesis of the PEGylated BODIPY constructs was
completed in two succinct steps. The BODIPY carboxylic acids
(7 and 8) were ﬁrst activated by conversion to the
corresponding N-hydroxysuccinimide esters (9 and 10) using

■

RESULTS AND DISCUSSION
Synthesis and Characterization. Synthesis of the three
BOPEG derivatives of Chart 1 began with BOPEG1 and
BOPEG2. The synthetic route to these compounds is
presented in Scheme 2. The preparation of these two
homologues is highly parallel with BOPEG1 and BOPEG2
diﬀering only in the substitution of the 2,6-positions on the
indacene framework. The syntheses began with the conversion
of triethylene glycol monomethyl ether (1) to the corresponding tosylate (2) by treatment with tosyl chloride and base.
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a standard EDC coupling method.46 Subsequent incubation of
9 or 10 with amine 4 cleanly delivered the desired BOPEG1
and BOPEG2 derivatives in quantitative yield. The third PEG
appended BODIPY derivative was prepared similarly, except
that a signiﬁcantly longer PEG chain was employed to ensure
that BOPEG3 would be water-soluble. As shown in Scheme 3,
poly(ethylene glycol) methyl ether of average Mn = 550 (11)
was converted to the corresponding amine (14) following the
identical strategy used for amine 4 (vide supra). This approach
aﬀorded a PEG chain averaging 12−13 glycol units in length
with a terminal amino group (14). Incubation of 14 with
BODIPY derivative 10 cleanly delivered BOPEG3 in good
yield.
BOPEG Photophysics. Basic photophysical characterization of the BOPEG derivatives of Chart 1 was undertaken to
determine how the PEG substituents inﬂuence the electronic
structure of the BODIPY dye. Steady state UV/vis and
ﬂuorescence data for each of the compounds studied is
reproduced in Table 1. In general, the PEG groups do not

Table 2. Electrochemical Parameters for BOPEG Dyes in
CH2Cl2
E1/2 (vs SCE)

λabs (nm)

ε × 104 (M−1cm−1)

λem (nm)

ϕfl

Es (eV)

BOPEG1
BOPEG2
BOPEG3

352, 503
370, 520
371, 519

0.70, 7.9
0.70, 7.8
0.68, 7.5

515
535
537

0.82
0.70
0.59

2.41
2.32
2.31

A/A−

A/A+

λmax (nm)

ΦECL

E0−0 (eV)

BOPEG1
BOPEG2
BOPEG3

−1.21 V
−1.36 V
−1.36 V

1.11 V
0.94 V
0.95 V

532
534
551

0.005
0.20
0.002

2.32
2.30
2.31

derivative displays single electron oxidation and reduction
waves, the potentials and reversibility of which are impacted by
dye substitution and PEG chain length. For example, BOPEG1
exhibits a reversible Nernstian reduction (Figure 2a−c) and
some degree of irreversibility upon oxidation. This irreversible
oxidation is consistent with instability of the BODIPY radical
cation due to dimerization through the unsubstituted positions
on the indacene framework, as observed previously.14,47 At
faster scan rates, the oxidation process appears more reversible
due to suppression of the dimerization kinetics (Figure 3h,p).
The appearance of a second set of oxidation peaks at 1.03 and
1.27 V vs SCE, further supports this dimerization mechanism.
Digital simulations are also consistent with a radical radical
cation (rrc) mechanism,48,49 which is a well-established
dimerization mechanism for BODIPY dyes lacking substituents
at the indacene 2- and 6-positions. Relevant parameters for
dimerization of BOPEG1 are summarized by eqs 1−5 below.

Table 1. Photophysical Parameters for BOPEG Dyes in
CH2Cl2
dye

ECL

dye

R−H 2 → R−H 2•+ + e− E1/21 = 1.11 V

markedly aﬀect the observed BODIPY photophysics, which are
typical of the pyrrole substitution pattern. BOPEG1 displays
characteristic electronic absorbance and emission proﬁles
common to BODIPY derivatives, which are unsubstituted at
the 2- and 6-positions,1 with absorbance and emission maxima
at 503 and 515 nm, respectively, in CH2Cl2 (Figure 1a).
BOPEG2 and BOPEG3 display similar spectral proﬁles that
are shifted ∼20−30 nm to longer wavelengths due to the ethyl
groups at the 2- and 6-positions of the BODIPY framework
(Figure 1b,c). Variation of PEG chain length does not attenuate
the dye photophysics. All three BOPEG dyes display small
Stokes shifts of 12−15 nm, and relatively high ﬂuorescence
quantum yields, which range from 59 to 82%. Both of these
observations are typical of BODIPY derivatives. Interestingly,
increasing the length of the PEG chain is manifest in lower
ﬂuorescence quantum yields. The BOPEG photophysics are
also largely invariant to solvent polarity, as absorbance and
ﬂuorescence spectra with similar proﬁles to those obtained in
CH2Cl2 were also obtained in polar solvents such as MeCN or
water (Figure S1, Supporting Information).
BOPEG Electrochemical Properties. The electrochemical
properties of each of the three BOPEG dyes have been studied
in CH2Cl2 and are summarized in Table 2. Each BOPEG

(1)

R−H 2•+ + R−H 2•+ → H 2R−RH 2 2 +
kdim = 400 M−1 s−1

(2)

4 −1
H 2R−RH 2 2 + → HR−RH + 2H+(fast) k > 10 s

(3)

HR−RH → HR−RH•+ + e− E1/2 2 = 1.03 V

(4)

HR−RH•+ → HR−RH2 + + e− E1/2 2 = 1.27 V

(5)

Successful ﬁtting of the simulations at two concentrations (1.0
and 2.2 mM), as shown in Figure 3, is accomplished with a
dimerization constant of 400 M−1 s−1, which is relatively small
compared to the analogous process for simple BODIPY
homologues14,33 and is reﬂected by the disappearance of the
dimer oxidation waves as scan rates approach 1.0 V/s (Figure
3h,p).
BOPEG2 exhibits reversible single electron oxidation and
reduction waves at virtually identical potentials (Table 2). CV
traces for these experiments are reproduced in Figure S2 of the
Supporting Information. The length of the PEG chain
appended to the BODIPY moiety impacts the observed

Figure 1. Absorption and ﬂuorescence spectra of 2 μM CH2Cl2 solutions of (a) BOPEG1, (b) BOPEG2, and (c) BOPEG3.
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Figure 2. Cyclic voltammograms of 2.4 mM BOPEG1 at a scan rate of 0.1 V/s: (a) ﬁrst scan negative; (b) ﬁrst scan positive; (c−e) scan rate study
for 0.1 V/s (black line), 0.25 V/s (red line), 0.5 V/s (blue line), and 1.0 V/s (green line). CV measurements employed 0.1 M TBAPF6 in CH2Cl2 as
the supporting electrolyte and a platinum disk electrode (A = 0.0314 cm2).

Figure 3. Experimental (solid line) and simulated (dashed line) traces for oxidation of (a−h) 2.2 mM and (i−p) 1 mM of BOPEG1: (a,e,i,m) scan
rate 0.1 V/s; (b,f,j,n) 0.25 V/s; (c,g,k,o) 0.5 V/s; (d,h,l,p) 1 V/s. CV measurements employed 0.1 M TBAPF6 in CH2Cl2 as the supporting
electrolyte and a platinum disk electrode (A = 0.0314 cm2). Simulated data: diﬀusion coeﬃcient of the dye is 7 × 10−6 cm2/s; uncompensated
resistance is 800 Ω; capacitance is 3 × 10−7 F. The dimerization constant was set equal to 400 M−1 s−1 with a deprotonation constant of 1010 s−1.
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Figure 4. ECL (red) and ﬂuorescence (black) spectra for 2.2 mM BOPEG1 obtained (a) by annihilation or (b) in the presence of 10 mM BPO; (c)
annihilation results for 2.2 mM BOPEG2. Spectra obtained for 2.2 mM BOPEG3 by (d) annihilation and (e) in the presence of 10 mM BPO.
Stepping time = 1 min, frequency = 10 Hz, platinum working electrode (A = 0.0314 cm2) in 0.1 M TBAPF6 in CH2Cl2.

signal was obtained upon reduction of CH2Cl2 solutions of
BOPEG1 in the presence of a benzoyl peroxide (BPO)
coreactant (Figure 4b),50−52 presumably following the pathway
outlined below (eqs 10−14).

electrochemistry in CH2Cl2. Although BOPEG3 displays
oxidation and reduction waves in CH2Cl2 at potentials that
are similar to those observed for BOPEG2, these processes are
less reversible due to the large molecular weight and length of
this compound’s PEG chain (Figure S3), which may insulate
the BODIPY unit from the electrode. Although we did not
observe the formation of a ﬁlm of BOPEG3 on the electrode
surface during electrochemistry experiments, the lack of
reversibility in the CVs may also be due to adsorption of this
BODIPY derivative at the electrode surface. Each of the
BOPEG derivatives displays an electrochemical highest
occupied molecular orbital to lowest unoccupied molecular
orbital (HOMO−LUMO) gap of ∼2.3 eV, which is good
agreement with the E0−0 values obtained from the BOPEG
photophysics (Table 1).
Electrogenerated Chemiluminescence of BOPEG Derivatives. ECL studies for each of the BOPEG derivatives were
conducted in a variety of solvents, including CH2Cl2, aqueous
acetonitrile and water. In general, the ECL spectra recorded for
each of the BOPEG derivatives are similar to the normal
ﬂuorescence proﬁles recorded for each BODIPY derivative
when corrected for a small inner ﬁlter eﬀect.34 Initial
experiments were carried out for BOPEG1 in CH2Cl2 by
pulsing at 10 Hz (for 1−30 min) to generate radical ions, but
their subsequent annihilation only produced low light levels
(Figure 4a). The general mechanistic scheme established for
ECL by an annihilation mechanism is embodied by eqs 6−9.
BOPEG + e− → BOPEG•−

(6)

BOPEG − e− → BOPEG•+

(7)

BOPEG•− + BOPEG•+ → BOPEG* + BOPEG

(8)

BOPEG* → BOPEG + hv

(9)

BOPEG + e− → BOPEG•−

(10)

BOPEG•− + BPO → BOPEG + BPO•−
•−

BPO

−

→ C6H5CO2 + C6H5CO2

BOPEG•− + C6H5CO2•
→ BOPEG* + C6H5CO2−

BOPEG* → BOPEG + hv

•

(11)
(12)

(13)
(14)

BOPEG2 displays relatively high ECL annihilation quantum
yields in CH2Cl2 (Table 2). The eﬃciency of the annihilation
pathway for this compound (Figure 4c) is a result of the
reversible oxidation and reduction of the BODIPY moiety.
BOPEG3 displays an ECL quantum yield that is markedly
lower than that observed for BOPEG2 despite the fact that
both these systems have identical substitution patterns. This
may be due to slow ET kinetics or adsorption of BOPEG3 at
the electrode surface, as the low ECL eﬃciency observed for
this compound reﬂects the irreversibility associated with
oxidation and reduction of this large BODIPY derivative
(vide supra). Accordingly, annihilation experiments employing
BOPEG3 only produce weak emission (Figure 4e), while
reduction in the presence of BPO generates a much stronger
ECL signal (Figure 4f). Note that each of the ECL spectra of
Figure 4 are very similar to the normal BOPEG ﬂuorescence
spectra when corrected for a small diﬀerence inner ﬁlter
eﬀect.37
The ECL properties of the BOPEG derivatives were also
surveyed in aqueous solutions. The relatively short length of the
PEG chains of BOPEG1 and BOPEG2 limits the solubility of
these compounds in water and dictated that our ECL studies be

The weak ECL produced through the annihilation mechanism
for BOPEG1 can be rationalized in terms of the instability of
the BOPEG1•+ species (vide supra). By contrast, a strong ECL
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the conditions outlined in Figures 5 and 6 is noisy due to
hydrogen evolution at the electrode surface.53 This hydrogen
evolution side reaction also serves to slowly passivate the
cathode,53 leading to loss of ECL after roughly 60 min. Similar
experiments were carried out using TPrA as an oxidative
coreactant. Under these conditions, BOPEG2 displayed
negligible ECL regardless of the concentration of dye or
TPrA (Figure 6d). Similarly, no ECL response is observed in
the absence of either persulfate or BOPEG dye (Figure 6c).
In contrast to the other BOPEG derivatives studied,
BOPEG3 displays excellent solubility in water up to millimolar
concentrations. This improved solubility in water is due to the
extended length of the PEG chain of this derivative, as
compared to the relatively short PEG units incorporated into
BOPEG1 and BOPEG2. The water solubility imparted by the
PEG polymer of BOPEG3 has allowed an investigation of the
ECL properties of this derivative in water, without the need for
an organic cosolvent. As shown in Figure 7, BOPEG3 displays

conducted in 50% aqueous solutions of MeCN. Given the poor
solubility of these derivatives, CV-ECL measurements proved
useful in detecting the small ECL signals obtained under these
conditions. Using ammonium or potassium persulfate (20 mM)
as the reductive coreactant,53 ECL was generated for BOPEG1
and BOPEG2 (Figures 5 and 6) following the mechanism
outlined by eqs 15−18.
BOPEG + e− → BOPEG•−

(15)

BOPEG•− + S2O82 − → BOPEG + SO4•− + SO4 2 −

(16)

BOPEG•− + SO4•− → BOPEG* + SO4 2 −

(17)

BOPEG* → BOPEG + hv

(18)

Figure 5. Simultaneous ECL−CV measurements for 2 mM BOPEG1
in (a) 50% aqueous MeCN with 20 mM ammonium persulfate and
(b) 20 mM potassium persulfate in 0.1 M phosphate buﬀer (pH =
7.4). CV traces are shown in black with the corresponding ECL
response in red.

Figure 7. (a) Simultaneous ECL−CV experiment for an aqueous
solution of 1 mM BOPEG3 containing 5 mM TPrA at a scan rate of 1
V/s. The CV trace is shown in black with the ECL response in red. (b)
ECL spectrum recorded for an aqueous 1 mM solution of BOPEG3
(red) overlaid onto the ﬂuorescence spectrum of the BOPEG dye. A
glassy carbon electrode with an area of 0.071 cm2 was used for ECLCV measurements, while a glassy carbon electrode with area of 0.2 cm2
was employed to record the entire ECL spectrum. For both sets of
experiments, 0.2 M NaNO3 was used as the supporting electrolyte, and
0.1 M phosphate buﬀer was employed to maintain a solution pH of
7.0.

a notable ECL response in aqueous solutions containing 5 mM
TPrA as a coreactant that generates a reductant on oxidation.
Simultaneous ECL−CV experiments demonstrate that an ECL
signal is evident at potentials more positive than ∼1.0 V versus
SCE (Figure 7a). This response is consistent with the measured
potential for the formation of BOPEG3•+ at 0.95 V versus SCE
(Table 2). Figure 7b overlays the ECL proﬁle obtained for
BOPEG3 under these conditions onto the ﬂuorescence
spectrum recorded for this water-soluble dye. The emission
maximum under these conditions is shifted slightly to the red of
550 nm, which is consistent with the recorded ﬂuorescence
spectrum (Figure 1d). Accordingly, this marks ﬁrst example of
ECL recorded for a BODIPY-based system under purely
aqueous conditions. The strength of the ECL signal displayed
by BOPEG3 in water is modest, with a measured ECL
eﬃciency that is roughly 1% of that obtained using Ru(bpy)32+
under analogous conditions. This ECL response is likely limited
by the irreversibility of BOPEG3 oxidation, as judged by the
voltammograms shown in Figure S3. Nonetheless, the
demonstration that properly designed BODIPY derivatives
that contain PEG functionalities can be used for ECL in water
is noteworthy.

Figure 6. Simultaneous ECL−CV measurements for 2 mM BOPEG2
in (a) 50% aqueous MeCN with 20 mM ammonium persulfate, (b) 20
mM potassium persulfate in 0.1 M phosphate buﬀer (pH = 7.4), (c) 2
mM BOPEG2 in 50% aqueous MeCN without coreactant, and (d) 0.2
mM BOPEG2 in 50% aqueous MeCN containing 10 mM TPrA. Scan
rate = 1 V/s; 0.1 M TMAP was employed as the supporting electrolyte
when using 50% aqueous MeCN as the solvent. CV traces are shown
in black with the corresponding ECL response in red.

The simultaneous CV−ECL experiments clearly implicate
persulfate reduction, as the ECL signal is strongly correlated to
SO4•− formation at potentials more negative than −1.4 V vs
SCE. Similarly, no ECL response is observed in the absence of
either persulfate or the BOPEG dyes. The data recorded under
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SUMMARY AND FUTURE DIRECTIONS
A set of BODIPY derivatives containing water-solubilizing PEG
chains of varying length have been prepared and studied in
detail. These BOPEG systems exhibit photophysical and
electrochemical properties that are attenuated by variation of
the BODIPY substitution pattern and size of the PEG
solubilizing groups. The ability of these constructs to serve as
ECL luminophores in aqueous environments has also been
gauged. While BOPEG1, which lacks substituents at the 2- and
6-positions of the BODIPY core, only functions as an ECL
emitter under reductive conditions using BPO as a cosensitizer,
BOPEG2 and BOPEG3, which are fully substituted BODIPY
derivatives, are more versatile.
BOPEG3 is a fully substituted BODIPY derivative that
displays excellent water solubility. The electrochemical properties of this compound are well suited for ECL. In the presence
of a coreactant, BOPEG3 displays electrogenerated chemiluminescence in water. Although the ECL eﬃciency of
BOPEG3 is modest compared to more commonly employed
ruthenium polypyrridyl systems, this study has demonstrated
for the ﬁrst time that properly constructed BODIPY
architectures can serve as ECL probes under aqueous
conditions. Given the ease with which the photophysical
properties of BODIPY dyes can be tailored via synthetic
elaboration of the indacene framework, this work opens the
door to the assembly of an array of ECL emitters that span the
visible and near-IR regions. Construction of such a library may
allow for simultaneous ECL detection of multiple labeled
analytes under physiological conditions. It is with this goal in
mind that our laboratories are pursuing the elaboration and
study of water-soluble BODIPY derivatives.
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