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Thiophene-fused boron dipyrromethenes as energy
efficient near-infrared photocatalysts for radical
polymerizations+
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Laura Estergreen,® Sean T. Roberts (2 *2 and Zachariah A. Page & *2

Rapid near-infrared (NIR) light driven polymerizations have the potential to enable energy-efficient, benign,
and multimaterial manufacturing for applications ranging from tissue engineering to soft robotics. However,
achieving photopolymerization rates with NIR light that are viable for emergent additive manufacturing
technologies (~0.1-1.0 M s™ at light intensities <40 mW cm™) has proven challenging due to its
inherently low energy. Herein, we begin to take down these barriers through a systematic investigation
of four distinct thiophene-fused boron dipyrromethene (BODIPY) photocatalysts. Through extended 7c-
conjugation, the thiophene-fused BODIPYs effectively absorb NIR (>780 nm) light and drive efficient
acrylate polymerizations upon exposure to low-intensity (2.5-40 mW cm™2) NIR light emitting diodes
(LEDs). The installation of bromine atoms is shown to further improve NIR light-fueled
photopolymerization efficiency by a factor of ~1.5x. This enhancement was rationalized by the
formation of long-lived spin-triplet excited states via intersystem crossing, as observed using ultrafast
transient absorption spectroscopy. However, the triplet yields are modest (~6-14%), suggesting efficient
charge transfer from singlet excited states also occurs within the present photosystem. Finally,
optimization of resin formulations containing non-halogenated thiophene-fused BODIPY photocatalysts
is shown to provide unprecedented polymerization rates (0.33 M s™%) upon exposure to an 850 nm LED
at an intensity of 20 mW cm™2. The structure—reactivity relationships identified herein provide key
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Introduction

Light as an energy source to drive chemical reactions has seen
rapid growth in the past decade, owing in part to the spatio-
temporal control it offers and the wide availability of energy-
efficient LEDs. A myriad of phototransformations have been
developed, ranging from photoredox catalysis’ to photo-
deprotection,> and photo-acid and -base generation.* These
transformations have been leveraged in light-driven
polymerizations*” for adhesives, paints, coatings, lithography,
and 3D printing.*** However, high-energy ultraviolet (UV) light
currently serves as the predominant source to activate these
reactions, which has limited the scope of materials that can be
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insights that will inform further design and optimization of energy-efficient,

NIR  light-driven

polymerizations with utility in photocurables for coatings, adhesives, and 3D printing.

produced due to inherent scattering and extraneous absorption
and degradation. While significant progress has been made to
address this shortcoming by developing rapid and efficient
photopolymerizations that are fueled by visible light,* extend-
ing light-driven photopolymerizations into the near-infrared
(NIR) spectral region remains challenging. However, address-
ing this need can enable benign manufacturing for tissue
engineering applications and provide a wide spectral window
for wavelength-selective multimaterial fabrication of soft
robotics owing to the reduced propensity of NIR light to scatter
when transmitting through a material.*>"

Photosystems for light-driven polymerizations can be
generally classified as either Type I or Type II. Type I photo-
systems consist of a photoinitiator that, upon irradiation, will
undergo intramolecular bond homolysis to generate the reac-
tive radical species to initiate polymerization. This process
typically results in rapid initiation, yet it is limited in scope due
to requiring high-energy UV or violet photons.'® Alternatively,
Type 1I photosystems involve an intermolecular process of
either hydrogen bond abstraction, energy transfer, or electron
transfer following light absorption. Thus, Type II photosystems
operating via a redox mechanism, consist of a chromophore
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(e.g., photocatalyst) that interacts with either an electron donor
or donor/acceptor pair post-irradiation to generate the reactive
radical species. This electron cascade enables the use of lower-
energy (longer-wavelength) light, but the diffusion-limited
bimolecular step(s) typically decrease the overall polymeriza-
tion rate relative to unimolecular, Type I photosystems.' The
slow photopolymerization rates in turn limit applicability in
processes requiring rapid photocuring (ie., light-driven
conversion of liquid to solid on timescales of seconds to
minutes), such as stereolithographic 3D printing. Overcoming
this shortcoming necessitates further mechanistic insight into
redox-based, Type II photopolymerizations.

Traditionally, Type II photosystems have been dominated by
xanthenes® and cyanines®"** for blue/green and red/NIR light
photopolymerizations, respectively. Additionally, Lalevée and
coworkers® have demonstrated NIR-enabled photo-
polymerizations using squarines, squaryliums, porphyrins, and
boron dipyrromethenes (BODIPYs) having peak absorption
bands ranging from ~500 to 650 nm. However, the limited NIR
absorption by these compounds (molar absorptivity, ¢, at A =
780 nm is <500 M~ " em ") necessitated the use of high-intensity
lasers (400 mW cm ) and incorporation of thermal initiators to
induce polymerizations that reached maximum monomer-to-
polymer conversion on the minute time-scale (~1.5-5 min
exposure time) (Table S17). In parallel with our efforts, Allonas
and coworkers* demonstrated how tailoring borate coinitiators
(electron donors) together with a penta-methine cyanine dye
complex could enable rapid NIR-fueled photopolymerizations.
The work we present is complementary as it focuses on tailoring
a distinct light-absorbing photoredox catalyst component, and
demonstrates the importance of identifying structure-reactivity
relationships in photosystems to enable rapid and efficient NIR
light-driven polymerizations.

Recently, our group has taken a systematic approach to
examining BODIPY as a scaffold for designing visible light-
activated photoredox catalysts® owing to its synthetic modu-
larity that provides tunable solubility, strong absorption, and
photostability® (Fig. 1). Using BODIPYs excited by low-intensity
green (530 nm) and far-red (740 nm) LEDs, we have demon-
strated rapid acrylate polymerizations (r, = 0.95 and 0.66 M
s~ ', respectively). Key to the success of this endeavor was the
realization of BODIPY halogenation (i.e., heavy-atom effect*”>)
as a general strategy to access long-lived spin-triplet excited
states. This facilitated diffusion-limited photoredox catalysis,
enhancing the photopolymerization efficiency (¥, = photons
absorbed/rate of polymerization).

Building upon this understanding of reactivity in the
visible and far-red spectral regions (~530-740 nm), we aimed
to develop an efficient photopolymerization system the
operates in the NIR range (~780-1000 nm). To that end, we
synthesized a series of m-extended thiophene-fused BODIPYs
capable of effectively absorbing NIR light and examined their
utility as photoredox catalysts to induce polymerization
(Fig. 1). The present photosystem provides high sensitivity to
NIR light (r, up to 0.33 M s~ ', 850 nm LED, I;zp = 20 mW
cm™?) while maintaining temporal control (no polymeriza-
tion in the absence of light). Furthermore, systematic

22260 | J Mater. Chem. A, 2023, 11, 22259-22266

View Article Online

Paper
I‘ S Polymer
V
(NIR LED) _
Photopol rization =
Prior Work: This Work:
v Low intensity visible/far-red light v Low intensity NIR light
polymerizations R CF R
Generation 1 R . R
X _\\c\>—x
_Q,B:T
R FF R

Efficient NIR Light-Induced Polymerization & Structure-Reactivty Relationships,
Identifying the Influence of R’ and X Groups on Polymerization Efficiency

“Heavy- BODIPY i i Thiophene-
Atom Z=CR Z=N ! :BODIPY
Effect”? !
1
visible i

Fig. 1 Overview of the present work that enables low-intensity NIR
polymerizations using thiophene-fused BODIPY catalysts, while
providing key insight into the governing principles behind efficient
conversion of low-energy photons to the formation of radicals.

photophysical characterization using a combination of
steady-state and ultrafast transient absorption spectroscopies
is used to rationalize the observed photopolymerization rate
enhancements for halogenated thiophene-fused BODIPYs
relative to their non-halogenated counterparts. However, it
was also demonstrated that rapid NIR light-driven photo-
polymerizations could be accomplished via optimization of
resin formulations comprising one of the non-halogenated
BODIPY derivatives. These unveiled design principles will
inform future photoredox catalyst design and optimization,
enabling low-energy (i.e., benign) chemical transformations
such as rapid and efficient manufacturing.

Results and discussion

Inspired by prior reports of NIR light-absorbing thiophene-
fused BODIPYs used to generate singlet oxygen for photody-
namic therapy by accessing their triplet excited-state
manifold,**** we synthesized a series of derivatives contain-
ing a meso-trifluoromethyl bridgehead and para-methox-
yphenyl (R-group) substituents (Fig. 2A). The initial
thiophenepyrroles (1) were synthesized via a Knoevenagel-
Hemetsberger®® reaction with ethyl azidoacetate and
thiophene-carboxaldehyde. Saponification of the ester (1) to
the carboxylic acid followed by a coupling reaction with tri-
fluoroacetic anhydride yielded the meso-trifluoromethyl
dipyrrole (2). Lastly, reaction with boron-trifluoride diethyl
etherate gave the non-halogenated BODIPY derivatives
(BODIPY-R'-H), which can be followed by a reaction with
bromine to yield the corresponding halogenated versions
(BODIPY-R'-Br). Ultimately, four derivates were synthesized
and characterized, where R’ is either a hydrogen (-H-),
bromine (-Br-), or para-methoxyphenyl (-Ph-).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) Synthesis of thiophene-fused BODIPYs with images of the
four derivatives dissolved in CH3zCN (10 pM). Reagents and yields: (i)
NaOEt/EtOH, then reflux in toluene (54%); (ii) Br, in CH,Cl, (99%); (iii)
4-methoxyphenylboronic acid and Pd(PPhs)4 in toluene/2 M Na,COs
(94%); (iv) NaOH in EtOH/H,0 (94%); (v) TFA/TFAA, then NEtz, BFsOEt,
in toluene (12%); (vi) Br, in DCM (83%). (B) Normalized BODIPY
absorbance and NIR LED emission profiles. Symbols are indexed for
clarity.

Upon synthesizing the above thiophene-fused BODIPY
derivatives, we next opted to examine their steady-state photo-
physical properties to gain insight into their potential reactivity
as NIR-activated photoredox catalysts (Fig. 2B and Table 1).
Incorporation of the electron rich para-methoxyphenyl substit-
uents in combination with the electron deficient meso-CF;
bridgehead provided a so-called “push-pull” system with
absorbance maxima of 730, 765, 757, and 748 nm for BODIPY-

Table 1 Photophysical properties of thiophene-fused BODIPYs
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H-H, -Br-Br, -Ph-H, and -Ph-Br, respectively as 3-6 uM solu-
tions in CH3CN (Fig. 2B and Table 1). Similar absorbance
profiles were also found for solutions in isobornyl acrylate
monomer (4.74 mM, reaction conditions, vide infra) and in
CH,Cl, and toluene (Table S2 and Fig. S1-S4t). Notably,
bromination of BODIPY-H-H to -Br-Br resulted in a ~35 nm
red-shift, while bromination of BODIPY-Ph-H to -Ph-Br
resulted in a ~15 nm blue-shift. Furthermore, maximum molar
absorptivity (emax) values in dilute solution (3-6 pM, CH,Cl,)
varied considerably for the four derivatives from 161000 =+
3000, 40000 =+ 2000, 85000 =+ 3000, and 46000 =+
1000 M~ ! cm ™! for BODIPY-H-H, -Br-Br, -Ph-H, and -Ph-Br.
Similar trends were observed in isobornyl acrylate, 4.74 mM
(Fig. S5-S8t). Variable-temperature UV-vis absorption spec-
troscopy of BODIPY-Br-Br in 1,2-dichlorobenzene (7 uM and
138 uM) from 0 to 100 °C resulted in no significant change in
the spectral profile, suggesting the reduced ¢ is intrinsic and not
a result of aggregation (Fig. S91). These results signify the
importance of carefully quantifying spectral profiles for dyes
used to drive photochemical reactions to determine structure-
reactivity relationships that inform design principles. Over-
laying the absorbance profiles with two LEDs having peak
emission wavelengths (Aem ) of ~780 and ~850 nm shows
excellent overlap for the ~780 nm LED and modest overlap for
the ~850 nm LED (Fig. 2B), suggesting NIR light excitation
could be used effectively to induce polymerization.

The thiophene-BODIPY derivatives were next examined as
NIR photoredox catalysts (Fig. 3). The other Type II photosystem
components present in the resin were a borate salt (Borate V,
0.1 mol%) as the electron donor and a diphenyliodonium salt
(HNu 254, 1.0 mol%) as the electron acceptor (Fig. S10t), which
were selected as effective co-initiators based on our prior
reports.**** A Rehm-Weller analysis®** was performed to identify
the most likely mechanism for photoredox catalysis with the
present 3-component system. Excited-state oxidation (E, ) and
reduction (E,,;) potentials for the thiophene-fused BODIPYs
were estimated using the singlet excited state energy, Esi,
calculated from the crossover in absorption and fluorescence
(emission) profiles, in combination with ground state redox
potentials obtained from cyclic voltammetry (Table 1 and
Fig. S1-S4t), with the latter being used to determine electro-
chemical oxidation of Borate V (0.43 V) and reduction of HNu
254 (—1.19 V)*® (Fig. S11-S14 and Table S3t). Using these
results, a negative change in free energy (AG) was calculated for
reductive quenching (AG,eq) in all four cases, while the free

BODIPY-R-X Amax” (NM) ema M ' em ™) Es,” (eV) E.°(eV) EL . (eV) AGx" (eV) AGyed? (eV)
-H-H 730 161 000 + 3000 1.67 —0.98 1.02 0.08 —0.72
-Br-Br 765 40 000 + 2000 1.53 —0.46 1.25 0.24 —0.64
-Ph-H 763 85000 + 2100 1.57 —0.82 0.95 0.32 —0.47
-Ph-Br 748 46 000 + 1000 1.57 —0.74 0.77 0.61 —0.94

% Measured using UV-vis absorption spectroscopy in CH,Cl, (3-6 uM). Averages provided from 3 samples with +1 standard deviation from the
mean. ? Identified as the absorption and fluorescence (emission) crossover point. © Calculated from Es; and ground state redox potentials (see
Cyclic Voltammetry Data in the ESI). ¢ Calculated using the Rehm-Weller equation (see Rehm-Weller Analysis section in the ESI for details).

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 22259-22266 | 22261


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta04462a

Open Access Article. Published on 13 September 2023. Downloaded on 7/31/2024 2:10:04 PM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

A
monomer ~ NIRLED

D\ A= S
| ( |

0 *“;L< ;

N
v

polymer

Donor + Acceptor co-initiators

A

~

Detector

- ATR Crystal
_~Controlled
IR / & Quantified LED th W,
=T

Beam Exposure

780 nm | BODIPY-HH] - —— - -©O- O
LED ‘ON’} heo(mWIcm?)| 40.0 20.0 100 50 25

[02]
o

|
[t A Sy

Double Bond Conversion (%)

100 120 140 160

0 '20'40.60'8I0
Time (s)

(]

780 nm LED ‘ON’

X 80

c ]

il

8

o 60

z

8 e
1 BODIPY-Br-B

T 401 & e

o 4 14 LED I

o ] & _ NmWicm?) (Mis)

o ] o T8 400  0.140

S 20 1—&— 20.0 0.093

8 1 1—O— 10.0 0.067
1 1-O— 50  0.033

ok 1-S- 25 0,019
0 60 80 100 120 140 160
Time (s)

Fig. 3 (A) lllustration of real-time Fourier transform infrared (RT-FTIR)
spectroscopy using attenuated total reflectance (ATR) and irradiating
with NIR light from the bottom-up to convert isobornyl acrylate
monomers to polymer. Photopolymerization with a 780 nm LED at
variable intensity (/ ep) for (B) BODIPY-H-H and (C) BODIPY—-Br—Br.
Grey bar represents the initial dark period prior to turning the light ‘'ON’
and the point at which each trace crosses the dashed line represents
the time to reach 50% monomer conversion (tsp). Symbols are indexed
for clarity.

energy change for oxidative quenching (AG,,) was positive. This
result indicates that electron donation from Borate V to
photoexcited BODIPY is the most likely initial mechanistic step
in photoredox catalysis.

For the polymerizations, isobornyl acrylate (IBOA, 4.74 M)
was selected as a representative monomer owing to its bio-
renewable sourcing and low volatility (Fig. 3A). Additional
monomers were also evaluated to demonstrate the versatility of
the present NIR light-reactive photopolymerization systems
(Fig. $15-5177). The rate of polymerization (r,) was monitored
using a unique real-time Fourier transform infrared (RT-FTIR)
spectroscopy setup in an attenuated total reflectance (ATR)
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configuration, where light exposure occurs from the same face
of the ATR crystal as the incident IR beam (Fig. 3A, S18 and
S197). This setup facilitates tunable and quantifiable light
dosage from the NIR LEDs by mitigating non-uniform attenu-
ation that would arise from a more traditional top-down irra-
diation approach.

Initial photopolymerizations were undertaken with BODIPY-
H-H and -Br-Br (0.1 mol%) using the 780 nm NIR LED at
intensities ranging from 2.5 to 40 mW cm > (Fig. 3B and C, and
Table S17). This LED intensity (/1 gp) range was selected given its
relevance to emergent light-based 3D printing technologies - as
digital light processing (DLP) systems typically provide <40 mW
em 2 and liquid crystal display (LCD) systems <10 mW cm™ 2.3
Also relevant to photocurables is the time it takes to convert
from a liquid resin to a solid network (i.e., gel point), which can
be correlated to double bond (C=C) conversion for a particular
resin. Thus, we chose to characterize and report r, in M s~ !
along with the time to reach 50% C=C conversion post-light
exposure (t5y), which provides metrics for comparison across
different photopolymerization conditions (e.g., intensity) and
photosystems. Note that monofunctional acrylates were
selected here to avoid gelation for ease of cleaning the ATR
crystal, yet the monomers will react in an analogous fashion to
multifunctional acrylics for photocurables.

Starting with BODIPY-H-H, samples were prepared by dis-
solving all photosystem components in IBOA, degassing the
mixture with inert gas to remove oxygen that inhibits poly-
merization, and placing the mixture on the ATR crystal
(Fig. S2071). Excellent temporal control of photopolymerization
was observed, with no polymerization occurring during the first
10 seconds of the RT-FTIR spectroscopy measurement in the
absence of light, followed by immediate polymerization upon
irradiation with a 780 nm LED (Fig. 3B). Increasing I g, from 2.5
to 40 mW cm ™ resulted in an ~8x increase in ry,. Specifically, r;,
values were 0.005 £ 0.001, 0.009 £ 0.001, 0.017 £ 0.001, 0.027 £
0.002, and 0.038 + 0.003 M s~ ' for 2.5, 5, 10, 20, and 40 mW
em™?, respectively (Fig. 3B inset). Furthermore, a t5, value of
~70 seconds was measured for the highest I g, tested (40 mW
cm™?).

Performing the same characterization with BODIPY-Br-Br
under otherwise identical conditions resulted in a =4 x increase
in r, relative to resins with BODIPY-H-H (Fig. 3C). Specifically,
rp values were 0.019 £ 0.006, 0.033 £ 0.006, 0.067 £ 0.003, 0.093
+ 0.009, and 0.14 £ 0.001 M s~ * for 2.5, 5, 10, 20, and 40 mW
%, respectively (Fig. 3C inset). Additionally, a t5, value of ~15
seconds was measured when using an I zp = 40 mW cm™ 2,
while also being <60 seconds at much lower intensities; ¢50 = 48
seconds using an Iygp = 5 mW cm™2

Resins containing BODIPY-Br-Br were irradiated using an
850 nm LED equipped with a 775 nm longpass filter (I;gp = 40
mW cm %) to mitigate excitation by non-NIR photons
(Fig. S217), while monitoring with RT-FTIR spectroscopy. This
provided an r, = 0.070 & 0.007 M s~ (Fig. S22). However,
resins with BODIPY-H-H showed little-to-no polymerization
under these conditions (Fig. S2271). At this stage, the faster
polymerization kinetics measured for BODIPY-Br-Br relative to
-H-H were attributed at least in part to its stronger NIR light

cm

This journal is © The Royal Society of Chemistry 2023
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absorption. Additionally, it was hypothesized that the halogens
may facilitate intersystem crossing (ISC) to long-lived triplet
excited states, which could further enhance r, (vide infra).
Using analogous photopolymerization conditions, resins
comprising BODIPY-Ph-H or -Ph-Br were characterized using
RT-FTIR spectroscopy (Fig. 4 and Table S11). Owing to their
similar and appreciable absorption overlap with the 850 nm
LED output profile, it was decided to systematically compare
polymerizations at this lower-energy exposure (again equipped
with a 775 nm longpass filter) as opposed to the 780 nm LED.
Both derivatives demonstrated good temporal control with
rapid responses to 850 nm NIR light. For BODIPY-Ph-H, r,
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Fig. 4 Photopolymerization with an 850 nm LED at variable intensity
(I.ep) for (A) BODIPY—Ph—H and (B) BODIPY—Ph-Br. (C) Photo-poly-
merization comparison between BODIPY-Ph—H and —Ph-Br at an
I ep that results in an equivalent photon absorption rate by each. Grey
bar represents the initial dark period prior to turning the light ‘'ON" and
the point at which each trace crosses the dashed line represents the
time to reach 50% monomer conversion (tsg). Symbols are indexed for
clarity.
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values as a function of I; zp were 0.008 £ 0.002, 0.015 =+ 0.002,
0.028 + <0.001, 0.062 + 0.004, and 0.091 =+ 0.003 for 2.5, 5, 10,
20, and 40 mW cm >, respectively (Fig. 4A inset). Additionally,
a tso value of 27 seconds was measured at 40 mW cm 2. In
comparison to BODIPY-Ph-H, the -Ph-Br analogue had an r,
that was ~1.2 x larger, with a maximum value of 0.11 &+ 0.02 M
s~ ' and a t5, of 17 seconds at an I gp, of 40 mW cm > (Fig. 4B).
Notably, the slight blue shift in absorption and moderate
decrease in molar absorptivity of the brominated (-Ph-Br)
derivative resulted in ~1.5x fewer 850 nm LED photons
absorbed relative to the non-halogenated one (-Ph-H) at an
equimolar concentration. This suggested that halogenation
results in a >1.2x increase in photopolymerization efficiency.

To better compare the intrinsic photopolymerization effi-
ciencies of resins comprising these two photoredox catalysts,
the number of photons absorbed by each equimolar photo-
system was equated through controlling Lgp (Fig. 4C, and
Tables S4 and S57). Based on the overlap of the absorption
cross-section by each BODIPY with the 850 nm LED emission
profile, an I; g, of 10 mW ¢m 2 for BODIPY-Ph-Br was found to
provide an equivalent photon absorption rate as an LED set to
an intensity of ~6.6 mW c¢cm ™ for BODIPY-Ph-H. Under these
conditions, resins with BODIPY-Ph-Br polymerized ~1.5x
faster relative to those containing BODIPY-Ph-H. Specifically,
rp values of 0.041 + <0.001 and 0.027 =+ 0.007 M s~ ' were
measured for the halogenated (-Ph-Br) and non-halogenated (-
Ph-H) derivatives, respectively. Thus, the incorporation of heavy
atoms was shown to result in a statistically significant increase
in NIR photopolymerization efficiency.

Our data highlights that the brominated thiophene-fused
BODIPYs BODIPY-Br-Br and BODIPY-Ph-Br exhibit enhanced
photopolymerization rates relative to their non-brominated
analogues, BODIPY-H-H and BODIPY-Ph-H respectively.
These performance gains are observed even after accounting for
differences in the spectral overlap of each BODIPY with the
output of the 780 and 850 nm LEDs used as light sources for
photopolymerization, suggesting that the performance gains of
BODIPY-Br-Br and BODIPY-Ph-Br reflect changes in their
excited state dynamics induced by the presence of bromine
atoms. To ascertain the origin of these changes, we used
ultrafast transient absorption spectroscopy (TA) to interrogate
the excited state dynamics of the 4 thiophene-fused BODIPYs
(Fig. 5).

TA spectra of BODIPY-Br-Br recorded 1 ps following
photoexcitation (Fig. 5A) show a broad negative photobleach
peak at 765 nm that is attributed to depletion of its ground state
given that it mirrors BODIPY-Br-Br's steady-state absorption
spectrum. At longer wavelengths, a small negative shoulder was
observed at ~860 nm, as well as positive bands peaked at 995
and 1060 nm. These features are respectively assigned to stim-
ulated emission and induced absorption bands associated with
BODIPY-Br-Br's S; state. As time progresses, the stimulated
emission and S; induced absorption bands decay in concert
and, in their place, a broad induced absorption appears from
~800 nm to the limit of the NIR window probed (~1120 nm).
Triplet sensitization experiments (Fig. 5A inset) indicated that
these features arise due to formation of BODIPY-Br-Br's T,
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Fig. 5 TA spectra of (A) BODIPY-Br-Br and (B) BODIPY-Ph-Br.
Dashed lines denote the ground state absorption spectra of each
molecule for comparison with the ground state bleach. The insets in
each figure compare transient spectra of the T, state of each molecule
measured via triplet sensitization to species-associated decay spectra
(SADS) that highlight the state formed by each molecule over ~1 ns. (C)
Dynamics of the ground state bleach (GSB) recovery of BODIPY—-Br—
Br and BODIPY-Ph-Br. The residual population seen at long delay
times (dashed lines) represents the fraction of photoexcited molecules
that undergo ISC to access the T; state used to estimate triplet yield,
®1. Symbols are indexed for clarity.

state. Importantly, TA spectra of BODIPY-H-H (Fig. S25}) show
no evidence of ISC occurring upon photoexcitation. Rather,
photoexcited BODIPY-H-H molecules return to the ground
state (Sp) with a timescale of ~3 ns, which matches the S;
excited state lifetime captured in time-resolved emission
experiments (Fig. S17).

Notably, as BODIPY-Br-Br's T, state was formed, its ground
state bleach underwent a concomitant decay to less than 20% of
its initial amplitude (Fig. 5C). One potential explanation for this
decay is that induced absorption bands associated with
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BODIPY-Br-Br's T; state spectrally overlap with its ground state
bleach, which would lead to a partial cancellation of these
features as the T, state is formed. Alternatively, ISC to form the
T, state could compete with direct relaxation to the ground
state, Sy, from S;. We favor the latter explanation for several
reasons. First, prior reports of halogenated BODIPYs have sug-
gested that minimal spectral overlap occurs between their
ground state absorption and triplet induced absorption
spectra.”>*® These reports appear to be supported by our data as
BODIPY-Br-Br's ground state bleach shows minimal spectral
evolution as it relaxes (Fig. S277). If an induced absorption band
from BODIPY-Br-Br's T, state grew in that partially cancelled its
ground state bleach, this band would therefore need to directly
match the lineshape of BODIPY-Br-Br's ground state bleach to
preclude a spectral perturbation in the bleach lineshape, which
is unlikely.

Fitting our TA data using a global target analysis model, we
found BODIPY-Br-Br's intersystem crossing rate to be 0.372
ns ! while the rate of S; relaxation to S, was 2.29 ns_*, which
together gave a triplet yield of 14% (see “Transient Absorption
(TA) Characterization” section, page S36 in the ESI} file for
details). However, once formed, the triplet exhibited a lifetime
of 1.2 ps. Thus, while only 14% of photoexcited BODIPY-Br-Br
molecules form their T, state, this fraction persists for a lifetime
that is approximately 400x longer than that of photoexcited
BODIPY-H-H molecules (Table S6T). We hypothesize that this
long-lived fraction of photoexcited BODIPY-Br-Br molecules
contributes to the enhanced photocatalytic performance of
BODIPY-Br-Br over BODIPY-H-H.

Comparing the TA spectra of BODIPY-Ph-Br (Fig. 5B) and
BODIPY-Ph-H (Fig. S257) leads to a similar set of conclusions
regarding the impact of bromination on the photoexcited
dynamics of thiophene-fused BODIPYs. Halogenation to BOD-
IPY-Ph-Br enhances its ability to undergo ISC relative to BOD-
IPY-Ph-H. Notably, we found that while BODIPY-Ph-Br
exhibits a slightly faster ISC rate relative to BODIPY-Br-Br
(0.556 ns™ " vs. 0.372 ns™’, respectively), BODIPY-Ph-Br shows
a reduced triplet yield (&) of 5.5% (Fig. 5C), due to an accel-
eration of its S; — S, decay rate (9.54 ns™ ') relative to BODIPY-
Br-Br (2.29 ns~'). We hypothesize that the faster S; decay of
BODIPY-Ph-Br is tied to the additional nuclear degrees of
freedom introduced by its pendant phenyl groups. Rotation of
such groups appended to other BODIPY derivatives has been
suggested to facilitate nonradiative decay from S; to S,.*” The
lower triplet yield found for BODIPY-Ph-Br relative to BODIPY-
Br-Br also explains the more moderate gain in r;, observed for
BODIPY-Ph-Br over BODIPY-Ph-H (1.5x) relative to those
measured for BODIPY-Br-Br over BODIPY-H-H (4 x).

Given the less than unity @1 values of BODIPY-Ph-Br, and
BODIPY-Br-Br, we decided to systematically examine if co-
initiator (Borate V) and photoredox catalyst concentration
could be adjusted to improve r;, by inducing a higher rate of
reactive collisions involving catalyst molecules in their S;
state (Fig. 6 and Table S17). To this end, resins containing
BODIPY-Ph-H were optimized given the lack of long-lived
triplet states, relatively small decrease in r,, and ease of
synthesis compared to BODIPY-Ph-Br. As a baseline, resins

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Effect of electron donor (borate) and photoredox catalyst
(BODIPY—-Ph—-H) concentration on the rate of polymerization using an
850 nm LED with a 775 nm longpass filter set to an incident intensity of
20 mW cm™2. Grey bar represents the initial dark period prior to
turning the light ‘'ON" and the point at which each trace crosses the
dashed line represents the time to reach 50% monomer conversion
(tso). Symbols are indexed for clarity.

comprising BODIPY-Ph-H had a high r, from which to build;
rp = 0.062 + 0.004 M s~ using an Ijzp = 20 mW cm ™~ and
a [Borate V] and [BODIPY-Ph-H] = 0.1 mol%. Incrementally
increasing the [Borate V] up to 10x resulted in a correspond-
ing increase in r, of up to ~3x (Fig. 6, S34, and Table S77).
Specifically, r, values of 0.092 & 0.02, 0.11 £ 0.006, 0.14 =+
0.02,and 0.19 & 0.01 M s~ * for a [Borate V] of 0.1, 0.2, 0.4, 0.6,
and 1.0 mol% were measured, respectively. With these rates,
the t50 value was decreased from ~31 to ~12 seconds in going
from 0.1 to 1.0 mol% Borate V. From there, increasing
[BODIPY-Ph-H] incrementally by 10 x using 1.0 mol% [Borate
V] resulted in an additional ~2 x increase in r, (Fig. 6, S35 and
Table S77). Specifically, r, values of 0.19 + 0.03, 0.24 + 0.02,
0.26 + 0.03, and 0.33 + 0.06 M s ' for a [BODIPY-Ph-H] of
0.2, 0.4, 0.6, and 1.0 mol% were measured, respectively. This
lead to a further decrease of ¢5, from ~12 seconds to only ~5
seconds. This result is competitive with the best reported NIR
photopolymerization system to-date, which has a r;, of 1.68 M
s™!, albeit a maximum double bond conversion of <40%,
using an 850 nm LED at [; gp = 40 mW cm 2.2 Notably, unlike
the prior system, no additional solvent was required to
dissolve the photoredox catalyst herein. Thus, NIR photo-
polymerizations operating with BODIPY-based photoredox
catalysts can be effectively optimized by tailoring the
concentration of each individual redox-active component,
which will facilitate applications in rapid, low-energy pho-
tocurable technology (e.g., coatings, adhesives, and 3D
printing).

Conclusions

Thiophene-fused BODIPYs were demonstrated to be effective
photoredox catalysts for efficient NIR light-driven polymeriza-
tions. Four derivatives were examined having either two (BOD-
IPY-X-X) or four (BODIPY-Ph-X) para-methoxyphenyl (= Ph)
substituents and four or two bromine atoms (X = Br),
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respectively. Characterization of optoelectronic properties and
associated Rehm-Weller analysis for the present photosystem
indicated that reductive quenching was a likely electron transfer
mechanism to form initiating radicals for polymerization.
Photopolymerization kinetics were monitored using RT-FTIR
spectroscopy with simultaneous irradiation from NIR LEDs
having peak emission wavelengths of 780 or 850 nm and
exciting at different intensities from 2.5-40 mW cm >
Systematic photopolymerization comparisons using RT-FTIR
revealed that incorporation of bromine atoms resulted in
a ~1.2-3.6x increase in ry, reaching values in excess of 0.1 M
s~'. Furthermore, ultrafast TA measurements of the thiophene-
fused BODIPYs unveiled several key parameters, including that
their singlet excited states were short-lived (<3 ns), and BODIPY
halogenation facilitated ISC to long-lived (>1 ps) triplet excited
states. However, due to the competitive S; — S, decay rates,
triplet yields of the halogenated BODIPYs were modest (~6-
14%). Taken together with the high r, values achieved using
non-halogenated BODIPY photocatalysts, these results suggest
that electron transfer from S; is relatively efficient in this
photosystem, despite its short lifetime. In turn, increasing the
concentration of photosystem components to address potential
diffusion limitations for resins containing the non-halogenated
BODIPY-Ph-H derivative resulted in a ~6x increase in r, (0.06
to 0.33 M s ') and ~6x decrease in 5, (31 to 5 seconds) using
a low-intensity (20 mW cm™?) 850 nm LED. Going forward,
combining photoredox catalyst optimization with chemical
modifications to co-initiators to, for example, lower the oxida-
tion potential of the electron donor is anticipated to result in
further improvements in NIR light-driven photopolymerization
efficiency. Such advancements will enable the integration of
NIR light photocurable resins into emergent manufacturing
technologies, such as 3D bioprinting and multimaterial-
printing, for the energy efficient fabrication of next generation
materials.
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