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ABSTRACT: Unimolecular (Type I) radical photoinitiators (PIs) have transformed
the chemical manufacturing industry by enabling (stereo)lithography for micro-
electronics and emergent 3D printing technologies. However, the reliance on high
energy UV-violet light (≤420 nm) restricts the end-use applications. Herein, boron-
methylated dipyrromethene (methylated-BODIPY) is shown to act as a highly
efficient Type I radical PI upon irradiation with low energy green light. Using a low
intensity (∼4 mW/cm2) light emitting diode centered at 530 nm and a low PI
concentration (0.3 mol %), acrylic-based resins were polymerized to maximum
conversion in ∼10 s. Under equivalent conditions (wavelength, intensity, and PI
concentration), state-of-the-art visible light PIs Ivocerin and Irgacure 784 show no
appreciable polymerization. Spectroscopic characterization suggests that homolytic β-scission at the boron−carbon bond results in
radical formation, which is further facilitated by accessing long-lived triplet excited states through installment of bromine. Alkylated-
BODIPYs represent a new modular visible light PI platform with exciting potential to enable next generation manufacturing and
biomedical applications where a spectrally discrete, low energy, and thus benign light source is required.

■ INTRODUCTION
Visible light has emerged as a promising stimulus to drive
polymerizations for a variety of applications,1−8 particularly in
the biomedical and advanced manufacturing (e.g., 3D printing)
arenas. This arises in part from the inherent spatiotemporal
control, high penetration depth,9 low energy, and discrete
absorption7 it offers to enable benign and wavelength-selective
fabrication of multifunctional soft materials.10 In particular, the
discrete absorption of low energy photons in the visible to near
infrared spectral region results in deeper light penetration into
biological materials (e.g., tissue) and a reduction in photo-
toxicity relative to higher energy ultraviolet (UV) light.11 As a
result, the development of efficient visible light photoinitiating
systems will enable biomaterials fabrication, such as 3D cell
encapsulation for tissue engineering applications. However, a
major hurdle limiting the implementation of visible light driven
polymerizations is its low efficiency relative to UV light driven
processes.3,8 This arises from a difference in the mechanism to
generate initiating species for polymerization, such as radicals,
which has been predominantly restricted to bimolecular
processes for long wavelength light (≥500 nm) (i.e., Type II,
photoredox) and unimolecular processes for short wavelength
light (<500 nm) (i.e., Type I, photolysis).12−14 In-turn, the
requirement for cocatalysts such as tertiary amines,15 iodonium
salts,16 and/or borate salts17,18 in Type II processes are
intrinsically diffusion limited, slowing overall photocuring
rates, increasing complexity and cost, and potentially
decreasing biocompatibility of the concomitant resin for-
mulations.15,19 Therefore, long wavelength (>500 nm) Type I

photoinitiators offer a compelling alternative, yet remain
elusive.
A classic Type I photoinitiator that absorbs visible light

(∼405 nm) is bisacylphosphine oxide (BAPO), which has
been employed industrially in lithography and 3D printing
owing to its high radical generation efficiency (Figure 1).20,21

In analogy to traditional UV-activated aryl ketones, acylphos-
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Figure 1. Juxtaposition of traditional aryl ketone UV- to blue-light
activated Type I radical photoinitiators undergoing α-scission and
present green-light activated boron-methylated BODIPY photo-
initiator undergoing β-scission to induce rapid monomer (M) to
polymer (Pn) formation.
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phine oxides undergo homolytic α-scission (C−P bond) after
photoexcitation,20−22 directly producing a high concentration
of radicals capable of inducing rapid acrylate polymerization
(i.e., curing). However, aryl ketone absorption occurs via a
spin-forbidden n−π* electronic transition, resulting in low
molar absorptivity in the visible region (∼405 nm). Efforts to
red-shift the absorption have been made by replacing the
carbonyl oxygen atom with sulfur or selenium to manipulate
the n-bonding energy,23−25 or by replacing the α-carbon with
germanium (commercial product Ivocerin).26,27 However,
absorption peak maxima in these derivatives remain confined
to wavelengths <450 nm, and their challenging syntheses24,25

and potential toxicity19,28 have hindered widespread use as
single-component photoinitiators in photocurables. Additional
examples of visible light induced polymerizations include those
employing titanocene derivatives (commercial product Irga-
cure 784),29,30 palladium diimine catalysts,31 phenyl iodonium
π-conjugated boron dipyrromethene (BODIPY) salts,32 and
thiocarbonylthio chain transfer agents used in controlled
radical (photoiniferter) polymerization.33,34 Still, absorption
peak maxima are <500 nm and/or have low molar absorptivity
above 500 nm (<1000 M−1 cm−1), necessitating the use of high
light intensities (>50 mW/cm2) and/or photoinitiator
concentrations (>2 wt %) to achieve photopolymerizations
on timescales relevant to lithography and 3D printing
(∼seconds).
Inspired by UV-light induced β-scission observed in N-

heterocyclic carbene boranes,35−38 blue-light (440 nm)
induced β-scission of boracenes,39 and recent utility of
electron-rich boryl radicals as nucleophiles in synthetic
chemistry40−42 it was hypothesized that boron-functionalized
variants of BODIPY fluorophores could provide a novel Type I
photoinitiator platform for rapid and efficient free radical
polymerization. Moreover, it was recently shown that boron-
ethylated BODIPY could be used as a turn-on fluorescent
sensor upon irradiation with a high intensity blue laser (488
nm, ≥28 W/cm2), resulting in substitution of the ethyl
functionality, although the mechanism was not reported.43

Herein, it was discovered that boron-methylated BODIPY
(≤0.6 wt %) acts as a highly efficient Type I photoinitiator
upon exposure to low intensity green light (∼530 nm, <5 mW/
cm2) to induce rapid acrylate polymerizations (<20 s to max
conversion) (Figure 1).

■ RESULTS AND DISCUSSION
A series of BODIPY photoinitiators (PIs) were designed to
increase the excited-state lifetime (halogenation) and poten-
tially result in bond homolysis (boron methylation), while
maintaining ease of synthetic accessibility (Figure 2A).1,44 To
start, meso-methylacetate BODIPY was synthesized from 2,4-
dimethylpyrrole with 2-chloro-2-oxoethyl-acetate, followed by
reaction with boron trifluoride etherate (Scheme S1).
Subsequent hydrolysis of acetate with sodium hydroxide gave
BODIPY-F-H. Alternatively, boron methylation was accom-
plished by treating meso-methyl acetate BODIPY with methyl
magnesium bromide, which simultaneously substituted the
fluorine atoms and cleaved the ester to provide an alcohol,
yielding BODIPY-Me-H. Bromination of the BODIPY-F-H
and -Me-H derivatives was accomplished in an analogous
manner using N-bromosuccinimide (NBS) to provide
BODIPY-F-Br and -Me-Br, respectively. Overall, the synthetic
procedure was modular and only required three facile steps,

making it more accessible relative to those for alternative
visible light PIs, such as acylgermanes (e.g., Ivocerin26,27).
Upon isolation, it was immediately evident that each

compound had a distinct absorption profile, as they were
visually different colors in solution (Figure 2B, inset). To
ultimately assess the reactivity of each BODIPY derivative, it
was deemed necessary to characterize molar absorptivity (ε),
which was accomplished using UV−vis absorption spectros-
copy (Figures 2B and S21). Values were comparable in both
dilute solution (5 μM in CH3CN, 1 cm pathlength, Figure 2B)
and in a representative resin formulation described later (0.1
mol % in isobornyl acrylate, 25 μm pathlength, Figure S21).
From this analysis, the π−π* absorption bands for all
derivatives were found to peak between 500 and 550 nm,
with ε values in excess of 50,000 M−1 cm−1. Notably,
methylation resulted in a ∼5−10 nm hypsochromic (blue-
)shift, while bromination resulted in a ∼20−25 nm bath-
ochromic (red-)shift (Table S1). Subsequently, the spectral
emission profile for blue (470 nm), green (530 nm), and
orange (590 nm) LEDs used herein were characterized to
determine the extent of overlap with the different BODIPY

Figure 2. (A) BODIPY PI synthesis. (i) 1 M NaOH(aq), CH2Cl2/
MeOH (1:2), 3 h; (ii) CH3MgBr, CH2Cl2, 30 min; (iii) NBS,
CH2Cl2, 1 h. (B) UV−vis absorption spectra of BODIPY PIs (top)
and commercial Type I PIs (bottom) in CH3CN (5 μM). Relevant
LED emission traces underlaid. Insets: images of corresponding PIs in
CH3CN (2 mM).
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absorption profiles. Quantification of the relative number of
LED photons absorbed (ΦABS) was accomplished by normal-
izing to the derivative with the greatest amount of overlap,
BODIPY-F-Br. This provided ΦABS values of 0.73, 0.66, 0.87,
and 1.0 for BODIPY-Me-H, -F-H, -Me-Br, and -F-Br,
respectively.
To place these derivatives into context, they were directly

compared with state-of-the-art industrial Type I PIs.
Specifically, UV−vis absorption spectra were collected for
BAPO, Ivocerin, and Irgacure 784 and overlaid with the same
blue and green LEDs (Figure 2B, bottom). Owing to the
“forbidden” n−π* transition that results in radical formation
among these PIs, their S0 to S1 ε values in the visible region
were >40× lower compared to the BODIPYs. Considering the
blue LED with only the commercial PIs, BAPO, Ivocerin, and
Irgacure 784 had ΦABS values of 0.05, 0.1, and 1.0, respectively.
However, in looking at the green LED, BAPO had negligible
absorption, and relative to BODIPY-F-Br, Ivocerin and
Irgacure 784 had ΦABS values of <0.001 and 0.013, respectively
(Table S2). Thus, BODIPY-F-Br absorbed >1000× and 77×
more green LED photons relative to Ivocerin and Irgacure 784,
respectively. Therefore, based solely on absorption (i.e.,
holding reaction quantum yields equal) one would expect
significantly greater radical formation and concomitantly faster
rates of polymerization for a Type I BODIPY PI.
To test this conjecture, the utility of different BODIPY

derivatives as Type I PIs to induce free-radical polymerizations
was examined using real-time Fourier transform infrared (RT-
FTIR) spectroscopy in an attenuated total reflection (ATR)
mode (Figure 3A, and Supporting Information for details).
Isobornyl acrylate (IBOA) was selected as a model system,
owing to its biorenewable sourcing and low volatility.
Monomer to polymer conversion was determined by
monitoring the peak at ∼770 cm−1 (C�C vinylic stretch45)
during LED irradiation. Initial experiments were performed
with 0.3 mol % BODIPY and a green LED intensity of 4 mW/
cm2, which are conditions relevant to contemporary projec-
tion-based 3D printing (e.g., digital light processing6 and liquid
crystal display46). Fully formed resins were purged with an
inert gas (e.g., argon) to remove oxygen as a potential radical
and triplet excited state scavenger. Under these conditions, the
methylated BODIPY derivatives resulted in the fastest
polymerization rates (rp), with BODIPY-Me-Br being ∼16×
faster than BODIPY-Me-H (Figure 3B). Specifically, rp values
were 0.007 M/s (0.1% C�C conversion/s), 0.017 M/s
(0.3%/s), and 0.33 M/s (6.5%/s) for BODIPY-F-Br, -Me-H,
and -Me-Br, respectively (no polymerization was observed for
BODIPY-F-H). Versatility in monomer scope was demon-
strated by polymerizing isobornyl methacrylate, 2-hydroxyethyl
acrylate, and carbitol acrylate (Figures S22−S24, and Table
S3). All polymerizable resins showed an excellent temporal
response and good stability, as no measurable conversion
occurred in the dark, corresponding to the first 15 s of RT-
FTIR spectroscopy measurements. After turning the LED on,
the resin containing BODIPY-Me-Br as the PI reached
maximum monomer conversion in ∼10 s (∼80% for neat
IBOA due to vitrification). Furthermore, long term stability
testing was performed by storing resin comprised of IBOA and
BODIPY-Me-Br (0.3 mol %) at room temperature in the dark
and measuring photopolymerization kinetics via RT-FTIR
spectroscopy each week over the course of one month (Figure
S25). Notably, no significant change in rp, t50, and maximum

monomer conversion was observed, which demonstrates good
BODIPY photoinitiator stability.
Examining the champion BODIPY-Me-Br PI further

revealed that rapid green light-induced polymerizations to
max monomer conversion were possible using a concentration
of 0.1 mol % (3× lower than previous) (Figure 3B). Under this
condition, an rp of 0.18 M/s (3.6%/s) and a time to 50%
conversion (t50) of 11 s (relative to 7 s for 0.3 mol %) were
observed. Note that t50 values are provided as a simple
benchmark for comparison. Additionally, increasing the light
intensity from 4 to 15 mW/cm2 resulted in an rp of 0.58 M/s
(12%/s) and a t50 of 4 s, making it nearly 2× faster. Finally, an
orange LED centered at 590 nm was employed at 15 mW/cm2,

Figure 3. (A) Illustration of the in situ monitoring of monomer to
polymer conversion with ATR-FTIR. (B) Plot of monomer to
polymer conversion versus time for BODIPY PIs upon exposure to a
green LED centered at 530 nm (†or an orange LED centered at 590
nm) in comparison to (C) commercial Type I PIs upon exposure to a
green (530 nm) or blue (470 nm) LED. All PI concentrations were
0.3 mol % (*or 0.1 mol % as noted).
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which resulted in an rp of 0.018 M/s (0.4%/s), comparable to
that measured for BODIPY-Me-H with the green LED at 4
mW/cm2. Notably, under equimolar conditions of BODIPY-
Me-Br, the rp was ∼30× lower in going from green to orange
light irradiation (both at 15 mW/cm2), yet the relative number
of orange photons absorbed was nearly 10,000× lower (Figure
S21). This suggests that the photopolymerization efficiency is
considerably higher under the orange light conditions, which
could arise from competitive side-reactions that occur at higher
excited-state and/or radical densities.
The BODIPY PIs were benchmarked against state-of-the-art

commercial PIs, Ivocerin and Irgacure 784, which have been
reported to operate under blue and green light irradiation
(Figure 3C).27,29 Using equimolar quantities of PI (0.3 mol %)
in IBOA, samples were irradiated with 4 or 40 mW/cm2 blue
and green LEDs, again monitoring with RT-FTIR spectrosco-
py. Under green light irradiation, only the sample containing
Ivocerin exposed at an intensity of 40 mW/cm2 displayed an
appreciable rp of 0.05 M/s (1.0%/s) and a t50 of 45 s, despite
having a ΦABS of 0.07 relative to Irgacure 784 (i.e., absorbing
∼14× fewer green LED photons). Irradiating instead with a
blue LED revealed again only polymerizations occurring with
Ivocerin and not Irgacure under the conditions and timeframe
(∼60 s) examined. With a blue LED intensity of 4 mW/cm2,
the samples containing Ivocerin had an rp of 0.11 M/s (2.2%/
s) and a t50 of 22 s. Increasing the intensity to 40 mW/cm2

resulted in an rp of 0.53 M/s (11%/s) and a t50 of 4 s, which
was comparable to that observed for BODIPY-Me-Br
irradiated with 15 mW/cm2 using a green LED. Overall, at
equivalent concentrations the BODIPY PIs significantly
outperformed current visible light PIs using lower energy
and intensity LEDs.

At this stage, the hypothesis was put forward that free radical
polymerization was caused by light-induced homolytic β-
scission at the boron−carbon bond (B−CH3) for the
methylated BODIPYs. This bond is considered β as it is
separated from π-conjugation by one atom, boron, which is
sp3-hybridized. Additionally, the small extent of polymerization
observed for resins with BODIPY-F-Br was rationalized by
inefficient homolytic β-scission at the meso-methyl C−O
bond, as previously reported for coumarin-based photocages.47

Next, a series of spectroscopic and computational character-
ization techniques were employed to determine the mechanism
(Figure 4). First, electron paramagnetic resonance (EPR)
spectroscopy was used with spin-trapping experiments to
confirm the radical character and associated chemical
composition of the fragmented products. The spin-trapping
agent N-tert-butyl-α-phenylnitrone (PBN, 10 mM) was
dissolved together with BODIPY-Me-Br (5 mM) in CH2Cl2,
and the mixture was irradiated with the green LED for 5 min.
Characterization of the resulting mixture by EPR spectroscopy
revealed one predominant PBN-adduct with hyperfine
coupling constants characteristic of methylation (aN = 15.25,
aH = 3.72),48 and in agreement with simulations (Figure 4A).
This suggested that methyl radicals were being formed, and the
initiation mechanism by •CH3 was also reported in previous
studies.49,50 Additionally, size exclusion chromatography on
poly(IBOA) samples prepared using BODIPY-Me-Br had a
clear UV absorption (350 nm) signal (Figure S31). This
indicated boryl-radical initiation given the lack of other 350 nm
absorbing components in the initial mixture. Further evidence
of β-scission at the B−C bond was obtained using nuclear
magnetic resonance spectroscopy and liquid chromatography−
mass spectrometry characterization, which revealed formation

Figure 4. (A) EPR spectrum for a green-light irradiated sample that contained BODIPY-Me-Br and N-tert-butyl-α-phenylnitrone (PBN) (black
trace), and simulated result of PBN-Me (red trace). (B) Bond dissociation enthalpy (BDE) values determined computationally using density
functional theory. Inset: 3D structures with B−F and B−C bond lengths indicated. (C) Excited state lifetime characterization by transient
absorption spectroscopy. Inset provides fluorescence quantum yield (Φf) values obtained using fluorescence spectroscopy and excited state lifetime
(τ). *Data for BODIPY-F-H was obtained using time-correlated single photon counting fluorescence spectroscopy due to lack of a triplet signal in
transient absorption. (D) Visible light transmittance (Tvis) of a polymer film prepared using BODIPY-Me-Br as the photoinitiator right after
preparation and after an extended irradiation with a green LED centered at 530 nm.
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of B−OCH3 and B−(OH)2 adducts when irradiating the
BODIPY PI in methanol and water, respectively (Figures S32−
S34).
In order for the purported B−C β-scission to occur, the

bond dissociation enthalpy (BDE) would need to be lower
than the input energy, which for 530 nm photons is ∼2.4 eV.
Notably, this matches both the spectral (Figures 2B and S21)
and electrochemical (Figures S26−S29 and Table S4) energy
gaps for the BODIPY PIs. Using density functional theory,
BDE values for the different BODIPY derivatives and Type I
PI benchmarks were estimated. While the classic BODIPY
structures bearing B−F bonds showed a high BDE of ∼5 eV,
replacing the fluorine atoms with methyl groups resulted in a
dramatic decrease in BDE to ∼1.7 eV, irrespective of the
presence or absence of bromine (Figure 4B). This significant
decrease in BDE was also supported by the larger bond length
for B−C (1.63 Å) relative to B−F (1.39 Å) (Figure 4B, inset).
Additionally, the BDE values for the methylated BODIPY PIs
were found to be lower in comparison to the benchmarks,
Ivocerin and Irgacure 784, which were 2.5 and 2.1 eV,
respectively. Despite the low BDE value, the BODIPY PIs were
stable and qualitatively easy to handle on the bench without
prematurely inducing polymerization.
Next, we sought to better understand the role of bromine in

the observed photopolymerization rate enhancement. This was
accomplished by characterizing excited state dynamics using a
combination of fluorescence and transient absorption spectros-
copies (Figures 4C and S35−S43). Initially, fluorescence
quantum yield (Φf) values were determined using rhodamine
6G as a standard, finding that BODIPY-F-H was considerably
more fluorescent (Φf = 0.95) relative to BODIPY-Me-H, -F-
Br, and -Me-Br; Φf = 0.39 ± 0.06, 0.21 ± 0.05, and 0.09 ±
0.02, respectively (Figure 4C inset, Figure S35, and Table S1).
Transient absorption spectroscopy was then employed to
examine the non-radiative excited-state dynamics, which
revealed long-lived populations that were attributed to spin-
triplet states (Figure 4C). Specifically, the excited state lifetime
(τ) values for BODIPY-Me-H, -F-Br, and -Me-Br were found
to be 4.3, 7.0, and 8.1 μs (Figure 4C inset, Figure S41−S43,
and Table S1). Notably, τ is ∼1000× longer for the triplet
excited states relative to the corresponding singlet excited
states (∼1−6 ns), as characterized using time-correlated single
photon counting fluorescence spectroscopy (Figures S37−S40
and Table S1). Based on this result, the competitive non-
radiative decay pathway was attributed to intersystem crossing,
which would indicate that triplet yield increases in going from
BODIPY-Me-H, -F-Br, and -Me-Br. Overall, the PIs
possessing longer triplet lifetimes correlate with faster
polymerization rates. In accord, it was hypothesized that
accessing a higher population of long-lived triplet excited states
increases the likelihood for B−C β-scission to occur per
photon absorbed, providing a useful design principle.
As a final proof-of-concept relevant to photocurable

technologies (e.g., 3D printing), BODIPY-Me-Br was
employed as a PI to rapidly prepare a polymer network
(Figure 4D). A resin comprising 50 wt % IBOA (monomer),
50 wt % trimethylolpropane triacrylate (crosslinker), and the
BODIPY PI (0.3 mol %) was placed into a 100 μm gap
between glass slides, followed by irradiation with the green
LED under ambient conditions (∼5 min). Separating the glass
slides provided a pink plastic film with a visible light
transmittance (Tvis) of 66%. The color from the film was
almost completely removed (bleached, Tvis = 80%) upon

extended irradiation with green light (525 nm, 0.8 W/cm2, 2.5
min), providing an avenue to access colorless and transparent
plastics using low energy green light.

■ CONCLUDING REMARKS
In summary, BODIPY-Me-X represents a novel, efficient
visible light photoinitiator platform to induce rapid radical
polymerizations relevant to the photochemistry community,
with particularly pertinent applications in photocurables (e.g.,
coatings, adhesives, (stereo)lithography, etc.). Based on results
presented herein, we postulate that B−C β-scission in
alkylated-BODIPY derivatives is a general phenomenon, and
thus has exciting potential for improvement owing to the
modularity of this chromophore. For example, enhancements
in radical generation efficiency may be possible through further
tailoring the composition of the “X” and “Z” groups presented,
while π-extended BODIPYs have the potential to enable longer
wavelength, red light (∼1.9 eV) photoinitiation via a Type I
mechanism. As a result, it is anticipated that these derivatives
will enable applications in the biomedical and advanced
manufacturing arenas where selectively absorbed, benign
visible light is paramount, such as in the development of
next generation cell-laden tissue scaffolds for disease modeling
and multimaterial 3D printing to create soft actuators and
stretchable electronics.
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■ ABBREVIATIONS
PI photoinitiator
BODIPY boron dipyrromethene
BAPO bisacylphosphine oxide
NBS N-bromosuccinimide
ΦABS relative photons absorbed
RT-FTIR real-time Fourier transform infrared
ATR attenuated total reflection
IBOA isobornyl acrylate
t50 time to 50% conversion
EPR electron paramagnetic resonance
PBN N-tert-butyl-α-phenylnitrone
BDE bond dissociation enthalpy
Φf fluorescence quantum yield
τ excited state lifetime
Tvis visible light transmittance
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