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Boron dipyrromethenes (BODIPYs) are versatile dyes with diverse structures and associated optoelectronic properties. Their

integration into soft materials (polymers) has enabled a myriad of applications from biological/enviromental (e.g., imaging,

DOI: 10.1039/x0xx00000x

sensing, and therapy) to organic electronic devices and synthesis/degradation. The story herein is meant to guide the reader

from the bottom-up, starting with general syntheses of BODIPYs, followed by a discussion of photophysical and

electrochemical properties as they relate to structure. These structure-property relationships are then connected to three

light driven transformations that are central to the utility of BODIPYs in materials science: 1) electron/energy transfer; 2)

triplet formation, and 3) photolysis. Next, the synthetic integration of BODIPYs as strucutral motifs in both mt-conjugated and

non-mt-conjugated polymers is described, along with prescribed methods to tailor their optoelectronic properties. These

properties are then correlated to recent utility of BODIPYs within polymer science, both fundamental — examination of

polymer dyanmics and self-assembly — and applied — biomedicine, optoelectronics, chemosensors, small molecule

photoredox catalysis, and photo-polymerization and -degradation. The end of this review provides a summary of the rich

history and outlook on the exciting future opportunities for this burgeoning field of BODIPYs in polymer chemistry.

1. Introduction

Boron dipyrromethenes (BODIPYs) were prepared
serendipitously by Treibs and Kreuzer in 1968 as they were
attempting to synthesize an acylated pyrrole from
dimethylpyrrole with acetic anhydride using BF3-OEt; as a Lewis
acid.! Since the discovery, BODIPYs have found applications in a
myriad of areas from imaging and therapy to organic electronics
and synthesis.215 In a seemingly disparate vein, nearly fifty
years prior represents the celebrated birth of polymer science,
when Hermann Staudinger raised up his “macromolecular
hypothesis” in 1920.16.17 Now, after 100 years, both natural and
synthetic polymer materials have become indispensable and
ubiquitous in modern society, ranging from their utility in food
packaging to fabrics for spacecraft composites.18-22 |t was thus
inevitable that polymers and BODIPYs would be integrated to
combine attractive macromolecular (e.g., biocompatibility and
processability) and optoelectronic (e.g., luminescence and
redox) properties intrinsic to each, respectively. Systematic
structural variations to BODIPYs has enabled fine-tuning of
photophysical and electrochemical properties, which has
furthered their utility in polymer science as dyes for
fluorescence imaging of natural macromolecules, such as
protein and DNA, as charge transporting units in electronic
devices, such as transistors and solar cells, and as light triggered
catalysts for the on-demand preparation and degradation of
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polymers. To harness the beneficial properties of BODIPYs most
efficiently in polymer science, it requires a thorough
understanding of structure-property relationships. Thus, in
order to accelerate research in this exciting field, we present an
overview of BODIPYs in polymer science, a tutorial of sorts, to
clearly connect how compositional motifs relate to their utility
in both recent and emerging applications.

2. Synthesis, Optoelectronic Properties, and

Reactivity of BODIPYs

This section focuses on how to select BODIPYs with desired
properties. The synthetic
(aza)BODIPY derivatives are reviewed first (section 2.1). Thanks
to contributions from synthetic organic chemists, there have
been assorted methods to prepare BODIPYs with various
functional groups on its framework. We next examine
substituent effects on both photophysical and electrochemical
properties of functional BODIPYs, intending to help readers
understand the underlying structure-property relationships
(section  2.2).  Finally, three common light-driven
(photochemical) reactions for BODIPYs, including
electron/energy transfer, triplet formation, and photolysis are
described (section 2.3).

routes to access well-known
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Scheme 1. Chemical structures of BODIPY- and azaBODIPY-frameworks, including
IUPAC numbering. Note the difference at the “8” meso-bridged position from carbon
to nitrogen represents the only compositional change resulting in a distinct red-shift
in absorption going from BODIPY to azaBODIPY.

2.1 Preparation and functionalization of BODIPY

The synthetic pathways toward functionalized BODIPY and its
analogue, azaBODIPY, have been the theme of several
comprehensive review articles.23-26  Thus, only general
procedures are provided here, and readers are encouraged to
refer to the extensive reviews for more detailed information
regarding their synthetic preparation. As illustrated in Scheme
1, the frameworks of BODIPY and azaBODIPY are nearly
identical, yet the subtle change of the atom at the “8” or meso-
bridged position from the 6t element on the periodic table,
carbon, to its neighbour nitrogen (the 7t element) results in
dramatic differences in properties. Most notably is the distinct
~100 nm red-shift in absorption in going from traditional BODIPYs to
analogous azaBODIPYs.8 Since these two unsubstituted
frameworks are difficult to access due to the instability of their
intermediates, most BODIPYs and azaBODIPYs have at least one
substituent on the peripheral pyrrole units. However, the
installation of functional groups can dramatically alter several
properties, including energy levels that relate to the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) and thus optical absorption, emission,
and redox potentials (described later). The synthesis of
substituted BODIPYs and azaBODIPYs can be divided into two
general categories: pre-functionalization or post-
functionalization, for the installation of substituents before or
after the formation of the framework, respectively.

Pre-Functionalization
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Scheme 2. Representative pathways for the pre-functionalization of BODIPY- and
azaBODIPY-frameworks, towards symmetric (a)/(c) and asymmetric (b)/(d)

derivatives.
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Several classic methods for accessing pre-functionalized BODIPY
and azaBODIPY frameworks are shown in Scheme 2.2:8
Symmetric BODIPYs (represented by compound 1) can be
synthesized in a stepwise reaction between a substituted
pyrrole and aldehyde, with an acid-catalyzed condensation
followed by oxidation (Scheme 2a). The resulting
dipyrromethene intermediate then coordinates with boron
trifluoride to afford the final product (1). Alternatively,
asymmetric BODIPYs (2) can be prepared from 2-acylpyrrole
and a functionalized pyrrole (Scheme 2b). Similar strategies
have also been applied to the preparation of pre-functionalized
azaBODIPYs 3 and 4 (Schemes 2c and 2d).

An assortment of reactions has been developed for the post-
functionalization of BODIPY frameworks (Scheme 3).23 Here,
several well-established methods are described using BODIPY
for reference, while noting that these approaches also apply to
the derivatization of azaBODIPY. Through resonance analysis, it
is apparent that the “C2” and “C6” positions on the BODIPY
framework carry the greatest partial negative charge, making
these positions the most reactive to electrophilic aromatic
substitution (SeAr). One of the most common derivatives from
this type of reaction is halogenated BODIPY, 5. As will be
disclosed in following sections, these compounds not only have
unique photophysical properties, but also can serve as
intermediates for further transformations, such as transition-
metal catalyzed cross-coupling reactions. Alternatively, the
methyl substituents on the “C1”, “C3”, “C5” and “C7” positions
are acidic enough to undergo a Knoevenagel condensation with
aryl aldehydes.27.28 The resulting styryl-substituted derivatives,
6, have extended m-conjugation which results in a bathochromic
(red) shift in absorption relative to the precursor.
Functionalization of boron can also be accomplished. As
revealed by computation, the two electronegative fluorine
atoms make boron quite electrophilic.2 Thus, hard
nucleophiles, including alkoxides, Grignards, organolithiums,
and acetylides, have been used to directly functionalize the 4-
position (boron) to furnish another important class of BODIPY
derivatives, 7.30-32

ex/ NXS
X=Cl,Br,|

Post-
Functionalization

SgAr

Ar'CHO

Knoevenagel
Condensation

Nucleophilic
S
Substitution

Scheme 3. Representative pathways for post-functionalization of BODIPY
frameworks towards three different classes: halogenated, styryl-substituted, and
boron-functionalized BODIPYs.

This journal is © The Royal Society of Chemistry 20xx
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2.2 Photophysical and electrochemical properties

Absorption-Emission, HOMO-LUMO Energies and Redox Potentials
In addition to their facile preparation, BODIPYs are powerful as
dyes, their tunable and optimal
spectroscopic properties. The BODIPY framework often shows a
sharp S; (singlet) peak in the visible region (>500 nm) with an
extremely large (over 100,000 M-1cm-1) extinction coefficient
(emax) that arises from its vertically-allowed Franck-Condon
transition.23334 Moreover, BODIPYs tend to be highly
fluorescent with narrow emission bands, where unsubstituted
BODIPY providing near quantitative (~100%) emission quantum
yield and a moderate excited-state lifetime of ~6 ns.34
Moreover, the properties of BODIPYs can be manipulated by
installing various functional groups. In 2014, Pefia-Cabrera,
Urias-Benavides, and co-workers were able to tailor the
wavelength of maximum absorption (A7%%°) and energy gap (E,)
of BODIPY derivatives by attaching different functional groups
onto the meso-bridged (“C8”) position (Figure 1a).35> As
supported by density-functional theory (DFT) calculations, the
LUMO energy levels were found to be more sensitive to the “C8”
substitution relative to the HOMO energy levels, which
remained nearly unchanged (Figure 1b). This phenomenon was
rationalized by the significant depletion of electron density at
the “C8” position in the LUMO compared to the HOMO.
Therefore, electron-donating groups will typically increase the
HUMO-LUMO E, by destabilizing (and raising) the LUMO energy
level, while electron-withdrawing groups stabilize (and lower)
the LUMO, thus decreasing the Ej,.

In 2010, Cosa and co-workers examined the substituent effects
at “C2”, “C6”, and “C8” positions on both the photophysical and
electrochemical properties of BODIPYs.36 Overall, it was shown
that the redox potentials, absorption, and emission spectra
were all impacted by changes at these positions, demonstrating
the versatility and tunability of BODIPY. For example,
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Figure 1. The impact of functionalization at the meso-bridged (“C8”) position on
BODIPY absorption and energy levels. a) Chemical structures of various “C8”
functionalized BODIPYs and their corresponding wavelength of maximum absorption
(22*); b) Corresponding HOMO/LUMO energy levels determined using DFT.

Reproduced from ref. 35 with permission from Wiley-VCH, copyright 2013.

This journal is © The Royal Society of Chemistry 20xx
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introducing electron-withdrawing groups at the “C2” and “C6”
positions led to an increase in both reduction and oxidation
potentials, across a wide (~0.8 V) potential range (Figure 2). In
a subsequent study, the same group further examined inductive
effects by performing a Hammett analysis to relate the BODIPY
reduction and oxidation potentials to functional groups at the
“C2”, “C6” and “C8” positions, finding the same trend.37

While the emphasis of BODIPYs is often placed on their
fluorescent behavior (S;=>Sp transition), certain functional
groups have been used to control the ratio of populated singlet-
to-triplet excited states (described later). However, little-to-no
observable room temperature phosphorescence is typically
observed for BODIPYs, even though the triplet excited-state
yields can be in excess of 60%.38

2.3 Molecular Photochemistry of BODIPYs

Electron/Energy Transfer. Because of its structural rigidity, the
non-radiative relaxation of BODIPY’s first singlet excited-state is
slow, leading to high quantum yields for both photochemical
and photophysical reactions. Researchers have leveraged this to
utilize BODIPYs in numerous applications, from bioimaging and
chemosensors to optoelectronics. Here, common mechanisms
applied towards these, and related, end-use applications are
described.33

Intramolecular Charge Transfer (ICT). As disclosed in the
previous section, the optoelectronic properties of BODIPY are
very sensitive to the electron donating/withdrawing effects of
substituents. It has also been demonstrated that the absorption
and emission profiles of BOIDPYs in dilute solution are greatly
impacted by the solvent polarity (solvatochromism). The
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Figure 2. The impact of functionalization at the peripheral “C2” and “C6” positions
along with the meso-bridged (“C8”) position on BODIPY energy levels. The general
trend is that subtle electronic inductive effects result in significant changes in energy.
Here, electron withdrawing groups on the “C2” and “C6” positions are shown to
lower both HOMO and LUMO energies. Reproduced from ref. 36 with permission
from American Chemical Society, copyright 2010.
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solvatochromism is rationalized by the large intramolecular
charge-transfer (ICT) character present in the singlet excited-
state of many BODIPYs (Scheme 4a). Typically, positive
solvatochromism is observed, which corresponds to a red-shift
of both absorption and emission upon increasing the solvent
polarity, which is explained by the stabilization of the ICT state
(lowering its energy) and not the ground-state, thus lowering
the E4 (ICT->So) (Scheme 4a). The sensitivity of BODIPY to
polarity-shifts has been used in sensor applications, such as
detecting organic solvent vapours, ionic strength, and metal
ions, where perturbations in the ICT state results in a visible
absorption and/or emission color change.

Photoinduced electron transfer (PET). In general, molecules in
their photo-excited state are both better reductants (lower
ionization potential) and oxidants (higher electron affinity)
relative to their corresponding ground-states. PET typically
occurs after a photo-excited donor (*D) and acceptor (A) (or D
and *A) collide (Scheme 4b). The rate of electron transfer
intuitively rises with increasing temperature, as the number of
collisions increase, and plateaus upon reaching a diffusion-
limited regime. The highly tuneable HOMO and LUMO energies
of BODIPY make it an excellent candidate for light-driven
chemical reactions, such as photoredox. Different from the
collision-induced PET, molecules where electron donor (D) and
acceptor (A) groups are covalently attached [(D)-(Spacer)-(A)]
PET occurs directly, with a rate that decreases exponentially as
the spacer length increases. In biosensing, covalent attachment
has become a common method to achieve emission quenching
via PET, which can be altered by separating the D/A through the
selective reaction with a target solute (i.e., “turn-on” sensing).

Dexter Energy Transfer. Dexter energy transfer is a short
distance process (~A), which can be perceived intuitively as the
simultaneous exchange of electrons between the D* and A (or
A* and D) that results in the D and A* (or A and D*) (Scheme
4c). As such, Dexter energy transfer is sometimes termed as
“Electron Exchange”. Like with PET, its rate and efficiency
depend greatly on the orbital overlap (collision), which
decreases exponentially with the distance between the D and
A

a) ICT b) PET c) Dexter energy
transfer
Increase Polarity
IFEgN —
s, CNH— __ ‘L/_\'— - = — -
— ~
T ee| | = N e
s ool e D* D
pr A A* A
S, — — —
s direct orbital overlap ‘m
d) FRET (collision)
- —_ dipole-dipole interaction

cx e R

Scheme 4. Electron/energy transfer mechanisms. a) Effect of solvent polarity on

intramolecular charge transfer (ICT) states; b) Schematic representation of
photoinduced electron transfer (PET) and c) Dexter energy transfer that rely on close
contact (or “collision”) between a donor (D) and acceptor (A) compound; d)
Schematic representation of Forster resonance energy transfer (FRET). D* or A*:

excited state donor or acceptor, respectively.

4| J. Name., 2012, 00, 1-3

Forster Resonance Energy Transfer (FRET). FRET is a long
distance (1 nm-6 nm) dipole-dipole energy transfer process,
originating from the oscillating electric field of D* then transfer
to A. We can visualize the FRET mechanism as a transmitter-
antenna and receiver-antenna where the energy transfer
operates through space between chromophores and does not
require direct orbital overlap (collision) taking place (Scheme
4d). The other factor aside from the spatial distance is the
“overlapping of states” that is more intuitively viewed as the
overlapping of the donor emission spectrum and acceptor
absorption spectrum. Combining these two factors, the rate or
efficiency of FRET drops inversely to the sixth power of distance
(o< 1/R®) and grows as the absorption/emission spectra overlap
more. Using BODIPYs, researchers have applied FRET in
biosensing in combination with ICT. For the combined FRET/ICT
cases, the chromophores were originally weakly coupled (off-
state) and subsequently turned on upon trapping a target
analyte resulting in ICT and greater spectral overlap.

Triplet Formation. The triplet excited-state population for
unsubstituted BODIPY is negligible (<0.1%), as predicted by El-
Sayed’s rule: intersystem crossing (ISC) between two electronic
states with different multiplicities is forbidden by the
conservation of angular momentum. However, one method to
overcome this rule and increase the triplet population is by
installing atoms of high atomic number (or heavy atoms) to the
BODIPY framework, such as halogens (e.g., Cl, Br, and 1).3° These
heavy atoms induce strong spin-orbit coupling to facilitate the
spin-forbidden transition (e.g. ISC), which has been so aptly
named the “heavy atom effect”. One prevalent application of
this mechanism among BODIPYs is the generation of reactive
singlet oxygen (103), which results from triplet energy transfer
(or sensitization) to molecular oxygen that uniquely resides in a
triplet ground state (30,) (Scheme 5). Due to its high reactivity
and ease of photochemical generation, singlet oxygen has been
applied in many areas, such imaging, photodynamic therapy
(PDT), and photocatalysis.#? In the following discussion, the
singlet oxygen generation @ (10;) is used as an approximation
for triplet quantum vyield of functionalized BODIPYs. Here we
highlight a few prime and emergent examples of triplet
generation in BODIPYs and point the readers toward other
review articles focused on the topic for a more in-depth
discussion.413,41

Recently, Costero and co-workers examined the impact of the
heavy atom effect on singlet oxygen generation efficiency in
halogenated vs non-halogenated BODIPYs by monitoring the
decay rate of a known !0, quencher, DPBF (1,3-
dipehnylisobenzofuran).42 The ® (10,) for non-halogenated,

S m—_ i)
M\%‘_ T, ] i) Absorption.
| i 0, ii) Fluorescence.
\\,,\L iii) Intersystem Crossing.
iv) iv) Energy Transfer
S, %0,

Scheme 5. Simplified Jablonski diagram for photophysical processes found in various
BODIPY systems. Sp: ground-state. S;: First excited singlet state. T: First excited triplet
state. 30,: ground-state oxygen. 10,: singlet-state oxygen.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Increasing the quantum yield (®) of singlet oxygen (10,) generation through

halogenation for a) BODIPY and b) azaBODIPY. The high atomic number halogens

enhance intersystem crossing rates to increase the triplet yield, which reacts with

molecular oxygen (30,) to generate singlet oxygen. Reproduced from ref. 42 and 43

with permission from American Chemical Society, copyright 2004 and 2013.
brominated, and iodinated BODIPYs were found to be
approximately 0, 0.2, and 0.6, respectively (Figure 3a). This
demonstrated the significance of the particular halogen on
triplet generation, which was attributed to faster ISC rates in
going from -Br to -1, due to stronger spin-orbit coupling. On the
other hand, triplet state generation of non-halogenated and
brominated azaBODIPY derivatives was investigated by O’Shea
and co-workers (Figure 3b).#3 The brominated derivative
showed a marked improvement in the singlet oxygen
generation quantum yield (® = 0.66) relative to the non-
halogenated analogue (® = 0). Thus, halogenation appears to
be a universal strategy to improve triplet yields and in-turn
singlet oxygen generation efficiency.

Photolysis. Recently, the utility of BODIPYs as photo-protecting
groups has received increased attention.** In general,
photocaged compounds carry “cargo” that is released when
“cages” (chromophores) absorb photons of a particular energy
or wavelength that cleaves the bond connecting the two
together (i.e., photolysis).4> While o-nitrobenzyl photocages are
the most commonly utilized systems, they are limited to
activation by wavelengths primarily in the ultraviolet region (<
400 nm).** Attractively, BODIPY photocages have strong and
tunable absorption in the visible region (> 500 nm).4 For
BODIPYs, photolysis results from the mixing of half-filled m and
1* orbitals with filled 6 and empty o* orbitals upon excitation.33
In the literature, the relative efficiency of “cargo” release used
to compare different photocages is often defined as the
maximum extinction coefficient (emax) multiplied by the
chemical quantum yield (®), and termed the “uncaging cross-
section”.

Traditional BODIPY photocages tether the cargo molecules
through a carbonate/carbamate linkage on the meso-bridged
position, which heavily weakens the C-O bond and
consequently lowers the o* energy to facilitate excited-state

This journal is © The Royal Society of Chemistry 20xx
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Scheme 6. General photouncaging mechanism of a meso methyl BODIPY containing
a leaving group (LG) in a protic solvent (methanol, MeOH), which reacts with the
carbocation intermediate.

cleavage. After B-cleavage, a thermal decarboxylation step that
emits CO; is required to release the cargo molecule.

Since both carbonate and carbamate linkages can be cleaved by
cellular esterases, it might result in undesirable background
deprotection. To solve this problem, Weinstain and co-workers
demonstrated the first example of direct uncaging of phenols
by breaking an ether linkage.*” Subsequently, Winter, Smith,
and co-workers expanded this methodology to the direct
release of aliphatic alcohols.*8

Recently, Klan, Winter, and co-workers systematically designed
and synthesized over 30 BODIPY photocage compounds to
identify how structure/composition impacts the uncaging
efficiency (Figure 4a).*° Ultimately, halogenation of the
periphery and alkylation of the boron were found to be the
most effective strategies. Specifically, iodination of the BODIPY
photocages dramatically enhanced the efficiency more than
40x, which was rationalized by the greatly extended triplet
lifetime during which photolysis could occur. Additionally, alkyl-
boron BODIPY photocages showed higher uncaging efficiency
due to the less electron-withdrawing nature of carbon relative
to fluorine, which better stabilizes the positive charge
generated at the meso-bridged position (Scheme 6). Both

(0]
) T
Decrease in uncaging
cross-section g

@

max

= N\ =
N‘B’+ N‘B’+
FF FF
Ena® ~ 241 Ena® ~ 25

Increase in uncaging
cross-section €, ®

R = benzyl,

R’ = methoxy-phenyl Med
Eman® ~ 3

e Emn® ~ 41 Emad ~ 3573

R = benzyl,
R’ = methoxy-phenyl

Increase in uncaging cross-section g, ®

Figure 4. Substituent effects on uncaging crossections for functionalized BODIPYs. a)
effect of the leaving group (top) and pyrrole iodination and boron methylation
(bottom). b) Effect of extended m-conjugation, boron methylation, and ring fusion for
BODIPYs with red-shifted absorption. Reproduced from ref. 49 and 50 with
permission from American Chemical Society, copyright 2017 and 2018.
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Figure 5. Chemical structures for BODIPY photocages with less common photolysis

mechanisms occurring at the boron position for compound 8 and the “C2” and “C6”
periphery for compound 9.

strategies were shown to work for a variety of “cargo”, where
better leaving groups exhibited higher uncaging efficiencies
(e.g., chloride > acetate > methoxide).

In an attempt to leverage the aforementioned effects on
derivatives capable of absorbing more benign wavelengths of
light, such as far-red (~700-780 nm) and near infrared (> 780
nm), potentially useful in biological applications, Winter, Smith,
and co-workers increased the m-conjugation via styryl
functionalization. While this shifted the A7} from 515 to 661
nm, it unfortunately had a low uncaging cross-section, limiting
their applicability (Figure 4b).5° The same group very recently
overcame this challenge by conformationally restraining the
BODIPY photocages, to inhibit unproductive conical
intersections that otherwise decrease the excited state
lifetime.5! Locking the conformation resulted in an impressive
~80-fold increase in uncaging efficiency relative to the styryl
counterparts (Figure 4b).

Although less common, it is noteworthy to point to the few
examples in the literature that have demonstrated
photouncaging at positions other than the meso-bridged site
(Figure 5). Specifically, Urano and co-workers synthesized
BODIPY-caged histamine 8 where the leaving group was on the
boron,52 and Zhang and co-workers showed a BODIPY
photocage, 9, bearing oxime ester groups capable of
photoreleasing carboxylic acids.>3

3. BODIPY-based Polymer Materials

In the third section, we provide an overview on the synthetic
incorporation and resultant photophysical properties of
BODIPYs covalently attached to a polymer framework.
Incorporation into polymers is often accomplished to leverage
the distinct advantages they offer over their small molecule
counterparts, including improved processability, mechanical
flexibility, and biocompatibility. This section is divided into two
parts, mt-conjugated/cross-conjugated (section 3.1) and non-Tt-
conjugated (section 3.2) BODIPY polymers. Within each part an
emphasis is placed on structure-property relationships,
including absorption-emission spectra, redox potential, and
HOMO-LUMO energy gap, in an attempt to provide a roadmap
for readers interested in tailoring such properties for a
particular application, with contemporary applications
discussed in detail in section 4.

6 | J. Name., 2012, 00, 1-3

3.1 n-conjugated/cross-conjugated BODIPY polymers

Organic m-conjugated polymers combine unique optoelectronic
properties with processability to produce lightweight and
potentially flexible/stretchable light emitting diodes,>* field-
effect transistors,5> solar cells,¢ photodetectors,>” and
electrochemical transistors.>®8 The tunability of BODIPY’s
photophysical properties provides a natural intersection with -
conjugated polymers, making it an attractive building block to
be incorporated into the electronically coupled framework. To-
date, this has been accomplished through a number of synthetic
methods and provided n-conjugated and cross-conjugated (i.e.,
partial electron delocalization along the backbone) BODIPY
(co)polymers with a range of microstructures (Scheme 7).5°

Oxidative coupling polymerizations. Oxidative Csp2-Csp2 bond
formation was one of the first methods used to produce m-
conjugated polymers and has also found utility with BODIPY
building blocks.60 Oftentimes, this type of polymerization is
triggered using chemical oxidants, like FeCls, or by applying
anodic potential. While the polymerization mediated by
chemical oxidants is generally performed in the bulk as a
homogeneous solution to produce solution processable -
conjugated polymers, electropolymerizations are typically
performed on surfaces, depositing often insoluble t-conjugated
polymer films of controllable thickness on the anode.%!
Potentiodynamic techniques, such as CV, are popular for
carrying out electropolymerizations, as they provide
mechanistic insight into the redox processes occurring during
the early stages of polymerization, and additionally facilitate the
examination of the electrochemical behaviour for as-deposited
polymer films directly after electrodeposition.62-64 However,
this method is often restricted to polymers with limited
solubility, and thus processability, as well as challenges
associated with scalability.

Transition-metal catalyzed cross-coupling polymerizations.
The more frequently employed synthetic route to BODIPY-
based m-conjugated polymers, relies on transition-metal
mediated cross coupling reactions, such as Sonogashira, Suzuki,
Stille, Kumada, Negishi, and Yamamoto.65-6¢ Various polymer
microstructures have been accessed through these techniques,
including homopolymers,®° random or alternating
copolymers,’® and side-chain (aza)BODIPY polymers (Scheme
7).71 Furthermore, hyperbranched and microporous BODIPY mt-
conjugated polymer structures have also been reported.’2 The
BODIPY

building blocks “~}
~C-C Coupling [ 5 E : J
+ -€

Polymerization
random or alternating copolymer

(aza)BODIPY
homopolymer

Other - 1

conjugated ) )

monomers side-chain
(aza)BODIPY

Scheme 7. General method to synthesize m-conjugated (aza)BODIPY-based
polymers and common architectures.
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synthetic versatility of BODIPYs has enabled the incorporation
at different positions, such as at the periphery, meso-bridged,
or boron sites, resulting in structural isomers with unique
photophysical properties.’3-75

Analogous to other m-conjugated polymers, planarization and
interchain interactions of BODIPY-based polymers can result in
significant perturbations to the optoelectronic properties in
going from solution to thin films. The resulting difference in
optical energy gap can be further amplified through subsequent
thermal or solvent annealing processes, which have been
leveraged for certain organic electronic applications (discussed
later). However, here emphasis is placed on the impact of
molecular engineering, or in other words, how changing the
composition or structure of BODIPY units in m-conjugated
polymers leads to considerable property changes.

Substituent effects. As observed with small molecule BODIPYs,
changing the composition at the meso-bridged position of
BODIPYs in m-conjugated polymers can have a dramatic impact
on absorption and emission. For example, Chujo and co-workers
synthesized  twisted phenylene-azaBODIPY  alternating
copolymers by covalent attachment through aryl substituents
on the “C3” and “C5” position (Figure 6a).76 In comparison to
the BODIPY-polymer, P1, the azaBODIPY-polymer analogue, P2,
showed a nearly 100 nm red-shift in peak absorption (in
solution), indicating that the inclusion of nitrogen at the meso-
bridged position results in a substantially reduced HOMO-
LUMO energy gap, consistent with that observed for small
molecule (aza)BODIPYs. Similarly, altering the meso-bridged
substituent from methyl (P3) to trifluoromethyl (P4) in a
benzodithiophene-alt-BODIPY copolymer resulted ina ~150 nm
red-shift in peak absorption (in the solid-state) (Figure 6b).77
The red-shifted absorption for both the nitrogen and
trifluoromethyl functionality is thought to arise from an
electron withdrawing inductive effect, which results in a
decrease in LUMO energies without significantly perturbing the
HOMO energy levels. This hypothesis is supported by
computation, where a nodal plane is observed at the meso-
bridged position for the ground state HOMO, yet a large
molecular orbital coefficient appears at the same position in the
LOMO state. Therefore, incorporation of an electron
withdrawing group at the meso-bridged position is thought to
be a universal method to decrease the LUMO energy level and
in-turn lower the energy gap of BODIPY-based m-conjugated
polymers.

The impact of planarization at the meso-bridged position can
also result in a change in properties. This was demonstrated by
Liu and co-workers using phenyl-substituted BODIPY polymers
(P5 and P6), where one contained ortho-dimethyl substituents,
P5, twisting the phenyl ring out of plane, and the other
contained electron donating methoxy substituents, P6 (Figure
6c).”8 While only a subtle, <10 nm red-shift was noted
(attributed to the electron donating methoxy groups), a
significant increase in fluorescence quantum yield was observed
for the twisted polymer, P5 (in solution). This effect was
attributed to a restriction in motion of the twisted phenyl ring
in P5 due to steric interactions between the methyl substituents

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Structure-optical relationships of representative m-conjugated BODIPY-
based polymers. (a) Chemical structures for poly(phenylene-alt-(aza)BODIPY), P1 and
P2, showing a red-shifted absorption in solution when replacing the methine bridged
group with an aza bridge; (b) Chemical structures for poly(benzodithiophene-alt-
BODIPY), P3 and P4, showing a red-shifted solid-state absorption in going from a
methyl to a trifluoromethyl substituent at the meso-bridged position; (c) Chemical
structures for poly(fluorene-alt-BODIPY), P5 and P6, showing an increase in
fluorescence quantum yield (in solution) by restricting motion of the phenyl
substituent at the meso-bridged position; (d) Chemical
poly(bithiophene-alt-BODIPY), P7 and P8, showing a red-shifted solid-state
absorption in replacing the methyl substituents with hydrogen at the “C1” and “C7”
positions. Note that absorption (Abs.) reported represents the peak wavelength,

structures  for

while the bandgaps were measured using the low energy band-edge on the
absorption spectra. Reproduced from ref 76, 77, and 78 with permission from
American Chemical Society, copyright 2009, 2014, and 2018. Reproduced from ref 79
with permission from Wiley-VCH, copyright 2013.
and polymer backbone, which suppresses radiationless decay
pathways that are present in P6 having greater free rotation at
the meso-bridged position. Therefore, restricting the free
rotation of meso-bridged groups appended to BODIPY can be
employed as a method to enhance photoluminescence
quantum vyields, potentially useful in lighting or imaging
applications.
Besides altering the functionality at the meso-bridged position,
substituents on other positions of the BODIPY framework have
also been shown to impart a significant influence on the
polymer properties. Facchetti, Stoddart, Usta, and co-workers
synthesized bithiophene-alt-BODIPY copolymers P7 and P8, and
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discovered a ~250 nm red-shift in absorption (in the solid state)
by simply altering the substituents at the “C1” and “C7” from
methyl (P7) to hydrogen (P8), as shown in Figure 6d.7° It was
hypothesized that the large red-shifted absorption resulted
from an increased backbone planarity, resulting in improved n-
1t stacking in thin films.

Pendent BODIPYs. To examine the impact of a different n-
conjugated polymer architecture on photoluminescence
properties Burgess and co-workers prepared a series of cross-
conjugated poly(fluorene-co-phenylBODIPY) materials where
the BODIPY unit resided as a side-chain in ~19-25 mol% relative
to fluorene (Figure 7a).80 The underlying hypothesis was that
energy harvested via the strong absorptivity of the major
fluorene component would be transferred to BODIPY for longer
wavelength emission. Indeed, after excitation at 358 nm, these
BODIPY-incorporated polyfluorenes emitted brightly at 517 nm
(P9) and 677 nm (P10), where the ~160 nm emission red-shift
resulted from enhanced planarity and partial electron
delocalization into the pendent BODIPY on P10. The
demonstrated utility in bioimaging was accomplished with
these polymers by fabricating polymer nanoparticles from them
and embedding them into cells, as shown in Figure 7b. Another
method that has been employed to incorporate cross-
conjugated BODIPY side-chains and tailor optoelectronic
properties of the polymer main-chain is through post-
polymerization modification, such as through a Knoevenagel
condensation reaction on “C1”, “C3”, “C5”, and “C7” methyl
substituents or boron-oxygen complexation.8!

Planarization and Donor-Acceptor Effects. As red-shifting
absorption/emission is desirable for a number of applications in
both imaging and organic electronics, unique methods to this
end have been developed, beyond what has been described
previously. For example, incorporating an acetylene or vinylene
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a) b) 32

LUMO
-3.7

m-Donor
-4.2

Bandgap
47

Energy (8V)

HOMO

-5.2

-5.7

D-A hybrid 62

c)

OR

P12

a) Energy Transfer

Energy Transfer

vs

Exci: 358 nm Exci: 358 nm

Em: 517 nm Em: 677 nm

Figure 7. Side-chain BODIPY m-conjugated polymers with energy transfer for
fluorescence imaging. a) Structures of polyfluorenes with different BODIPY pendent
groups having green (P9) and red (P10) emission; b) Confocal image of Clone 9 rat
liver cells with P9 (left) and P10 (right). Data and images were adopted with
permission from reference 80. Copyright (2011) American Chemical Society.

bridge between BODIPY results in a pronounced bathochromic
shift (>150 nm) in absorption/emission, which is attributed to
planarization, and thus extension of the maximum Tm-
conjugation length to reduce the bandgap.”®

The bandgap can also be reduced by combining electron rich
donor (D) repeat units with electron deficient acceptor (A)
units.82:83 For D-A conjugated polymers the HOMO is primarily
located on the donor unit, while the LUMO resides primarily on
the acceptor unit. In addition to stabilization of the lower
energy gap quinoid-like form that occurs along the polymer
backbone in D-A structures, energy level hybridization between
the donor and acceptor also reduces the bandgap (Figure 8a).
Drawn by these merits, numerous m-conjugated D-A polymers

LUMO LUMO

s’ energy gap

energy gap 1.60eV
1.86
energy gap
1.64 eV Hmo
K S A P13
HOMO
P11 =
HOMO
P12
— CyHg

Figure 8. Donor-acceptor (D-A) n-conjugated BODIPY polymers produced by Sonogashira coupling. a) D-A orbital hybridization to narrow the bandgap. b) Energy level diagram

for P11, P12 and P13. c) Chemical structures for polymers P11, P12, and P13. Incorporation of PDI as an acceptor resulted in lowering both the HOMO and LUMO energy

levels, while incorporating DTP as a donor raised the HOMO energy level. HOMO: highest occupied molecular orbital; LUMO: lowest occupied molecular orbital; D = donor

(green); A = acceptor (orange); PDI = perylene diimide; DTP = dithienopyrrole. Reproduced from ref. 84 with permission from American Chemical Society, copyright 2011.

Reproduced from ref. 85 with permission from the Royal Society of Chemistry, copyright 2012.
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incorporating (aza)BODIPY units have been published. Given the
versatility of (aza)BODIPYs examples exist where the BODIPY
serves as either the donor or acceptor group in the conjugated
polymer. For example, Thayumanayan and co-workers
performed a systematic examination on a series of alternating
acetylenic BODIPY copolymers, synthesized via Sonogashira
polycondensation, where the composition of the BODIPY repeat
unit was held constant (Figure 8c).848> In comparison to the
BODIPY homopolymer control, P11, incorporation of perylene
diimide, PDI, as a mt-acceptor (P12) stabilized (and thus lowered
the energy of) both HOMO and LUMO energy levels, reducing
the energy gap from 1.86 eV (P11) to 1.64 eV (P12) (Figure 8b).
In contrast, copolymers comprising the same BODIPY repeat
unit with dithienopyrrole (DTP) as an electron rich donor (P13)
resulted in an increase in the HOMO energy level and little
change in the LUMO energy level, resulting in a net decrease of
the energy gap to 1.60 eV. (Figure 8b). Results from CV analysis
confirmed that P13 (with DTP) possessed the highest HOMO
energy. It was noted that the LUMO energy levels of these
BODIPY polymers remain invariant regardless of the choice of
comonomer, suggesting that the BODIPY moiety had a primary
influence on LUMO levels of the polymer (Figure 8b).

A number of other D-A nt-conjugated BODIPY polymers exist in
the literature, as well as azaBODIPYs, with a notable extreme
set of polymers prepared by Chochos and co-workers using
Stille polycondensation. In this example an ultra-low optical
energy gap of ~0.85 eV (~1.25 eV electrochemical energy gap)
with poly(quarterthiophene-alt-thienylBODIPY), P14, was
achieved (Figure 9).86 In addition to incorporating a strong
electron rich quarterthiophene donor repeat unit, the bandgap
was further reduced by incorporating a thienyl substituent at
the meso-bridged position on the BODIPY repeat unit leading to
mn-extension, and by removing the substituents often present on
the pyrrole periphery to enhance planarization. The charge
transporting characteristics of these polymers were also
examined in thin film transistors, demonstrating their utility
with modest hole mobility values (us = 104 cm2 V-1 s1),

Chiroptical BODIPYs. Although m-conjugated polymers have

largely been exploited for their unique fluorescence (imaging)
and charge transporting (organic electronics) properties,

;
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Figure 9. Absorption spectrum and chemical structure for an ultra-low bandgap
poly(quarterthiophene-alt-thienylBODIPY). The combination of a strong donor-
acceptor pair and planarization/extended conjugation from the lack of pyrrole
substituents contributes to the reduction in bandgap. Reproduced from ref. 86 with
permission from the Royal Society of Chemistry, copyright 2018.

This journal is © The Royal Society of Chemistry 20xx

Polymer Chemistry:

another unique and exciting property recently demonstrated
with BODIPY-based m-conjugated polymers is polarized
emission, with potential utility in photoelectric devices.8”
Introducing m-conjugated chiral repeat units has been used to
afford chiroptical properties, specifically circularly polarized
luminescence. For example, Cheng, Li, and co-workers reported
a series of chiral binaphthyl-BODIPY n-conjugated polymers via
Sonogashira cross-coupling and showed efficient circularly
polarized luminescence (CPL) of red light with high fluorescence
quantum yields of ~25% (Figure 10).88

3.2 Non-rnt-conjugated BODIPY polymers

Synthesis. In contrast to conjugated polymers where BODIPY is
typically located in the main-chain, non-nt-conjugated polymers
often append BODIPYs as side-chains through two general
methods, “grafting-through” (Scheme 8a) and “grafting-to”
(Scheme 8b). The first method, grafting-through, is where
BODIPYs are functionalized with polymerizable moieties (e.g.,
(meth)acrylate-,8° (meth)acrylamide-,° and styrene®?), typically
off the meso-bridged position, and incorporated directly into
the main-chain via polymerization. Although most of the
grafting-through pathways are based on radical chain-growth
mechanisms, there are a few references relying on olefin
metathesis polymerizations (e.g., acyclic diene metathesis®2 and
ring opening metathesis polymerizations?3). The other method
is “grafting-to”, which is a post-polymerization modification
approach. Besides traditional coupling reactions, “click
chemistries”, including Cu'-catalyzed azide/alkyne cycloaddition
(CuAAC),%* thiol-ene,%> thiol-Michael,®® and Diels-Alder
reactions,®?” have been used to functionalize polymers with
BODIPYs. In addition to side chain functionalization, BODIPYs
can also be positioned at chain ends or the middle of a chain via
direct polymerization from BODIPYs functionalized with
initiators.%8 As the incorporation of BODIPYs in non-m-
conjugated polymers does not result in extension of the m-
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Figure 10. Chiral photoluminescence (CPL) of helical m-conjugated BODIPY. The
incorporation of R/S-methylenedioxy-binaphthyl results in the formation of a helix
that outputs circularly polarized light. Inset shows photoluminescence from P15.
Circular dichroism spectrum adapted from reference 88. Copy right (2016) American
Chemical Society.
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Scheme 8. Synthetic pathways to access non-conjugated polymers incorporating
(aza)BODIPYs

system, certain optical properties are indistinguishable
between monomeric BODIPYs and their corresponding
polymers. However, photoluminescent properties of non-m-
conjugated BODIPY polymers have been manipulated by
tailoring the polymer microstructure.

Polymer particles. Tailoring the spatial location of BODIPYs in
non-ti-conjugated polymer particles has been used as a method
to control photoluminescent properties. For example, Clavier
and co-workers carried out a systematic investigation using two
BODIPY monomers functionalized with styrene and
methacrylate (Figure 11a).°° Following a one-pot miniemulsion
reversible addition fragmentation chain transfer (RAFT)
polymerization, fluorescent core-shell nanoparticles were
formed (Figure 11b). The microstructures of the resultant
copolymers were governed by the nature of the polymerizable
handle (e.g., styrenic or methacrylic) on the BODIPYs, which
corresponded to their reactivity ratios with styrene. It was
found that polymer particles synthesized with BODIPY
monomers bearing a styrenic handle (P16) showed increased
brightness (by a factor 2) relative to those produced with
acrylate-functionalized BODIPYs (P17). These results
highlighted the importance of BODIPYs’ spatial location in the
fluorescent  core-shell nanoparticles on the overall
photoluminescent properties. Subsequent reports from the
same group examined other factors, including the effect of
BODIPY concentration in the copolymers and the architecture
of the hydrophilic blocks. It was found that increasing the
BODIPY concentration lowers both the overall fluorescence
quantum vyield and lifetime, yet brightness of individual
particles were higher.100 Alternatively, switching the
architecture of hydrophilic blocks from linear to comb-like
results in particles with a void in the center (i.e. nanocapsules)
that exhibit higher fluorescence quantum vyield, brightness, and
fluorescence lifetime compared to their core-shell nanoparticle
counterparts.101 These structure-property relationships are
important to consider when designing novel BODIPY- (or other
dye-) functionalized polymer particles with potential
applications in sensing and imaging.
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Figure 11. Non-mt-conjugated BODIPY polymer particles. a) Chemical structure of
block copolymers P16 and P17; PLQY: photoluminescence quantum yield. b)
Schematic representation of the fluorescent core-shell nanoparticles. Altering the
spatial incorporation of BODIPY units within the core-shell was shown to directly
impact photoluminescence, with random incorporation from P16 providing brighter
particles than non-random incorporation with P17. Figure adapted with permission
from reference 99. Copy right (2013) American Chemical Society.
Stimuli responsive behavior. The photoluminescent properties
of non-mt-conjugated BODIPY functionalized polymers can also
be controlled using non-contact external stimuli, such as heat
and light, which is attractive for potential biomedical
applications where on-demand triggering, such as for drug-
release, is desirable and having a corresponding signal, such as
photoluminescence, to indicate successful stimulus activation
would be beneficial. For example, Liras and co-workers
prepared thermoresponsive polymethacrylates P18 containing
a small fraction of BODIPY functionalized repeat units (~0.7
mol%) (Figure 12a).192 The polymers exhibited a lower critical
solution temperature (LCST) at ~35 °C, below which the
polymers were solvated, forming extended chains in solution
with minimal fluorescence. Heating above the LCST leads to
rapid chain collapse and a simultaneous increase in emission
quantum vyield by a factor of ~1.5, which is attributed to
suppressed rotation of BODIPY units. Furthermore, this process
was shown to be reversible with no loss in emission after six
cycles. Subsequently, the same polymer was incorporated into
thermoresponsive hydrogels demonstrating once again a
reversible photoluminescence change upon crossing the
LCST.102
As a complement to thermal triggering, Jiang, Yi, Chen, and co-
workers prepared photo-switchable fluorescent
conjugated polymers P19 (Figure 12b).8° Specifically, they
developed fluorescent nanoparticles containing a hydrophobic
block comprising methyl methacrylate, BODIPY methacrylate,
and spiropyran methacrylate repeat units. Upon irradiation
with UV light (~¥302 nm), a stark drop in fluorescence intensity

non-rt-
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Figure 12. Switching behavior of photoluminescence. a) heat-induced switching of
P18. LCST: lower critical solution temperature. Figure adapted with permission from
reference 102. Copy right (2011) American Chemical Society. b) light induced
switching of P19. UV: light irradiation at 305 nm. Vis: light irradiation at 525 nm.
Figure adapted with permission from reference 89. Copy right (2015) American
Chemical Society.

at 550 nm was observed. However, upon irradiating with visible
light (~525 nm) for 10 mins, the fluorescence intensity nearly
fully recovered. This phenomenon was attributed to
intraparticle FRET between the BODIPY units and the
merocyanine states of neighboring spiropyran units. The utility
of light as a stimulus as opposed to heat offers attractive
benefits including the potential to be more benign (for low
energy visible light) especially in a biological setting where small
fluctuations in temperature or pH can be toxic, along with
offering precise control over where and when triggering occurs
(i.e., spatiotemporal control).

4. Applications of BODIPY in Polymer Science

The tunability of the BODIPY platform is exemplified by its
versatility in applications, ranging from medicine to
optoelectronics and light driven catalysis. Here, the cutting-
edge applications that have resulted from integrating BODIPYs
with polymers are summarized. First, the utility of BODIPYs as
“fluorescent probes” to examine fundamental polymer
properties is described (section 4.1). Subsequently, the
applications of BODIPYs in both m-conjugated and non-m-
conjugated polymers are emphasized, including imaging,
photodynamic therapy, solar cells, thin-film transistors,
chemosensors, and heterogeneous photocatalysts for organic
synthesis (section 4.2). We conclude by emphasizing the
nascent utility of BODIPYs in the preparation and degradation
of synthetic polymers (section 4.3).

4.1 BODIPYs to examine fundamental polymer properties

Both fluorescence spectroscopy and microscopy are non-
invasive techniques that have proven invaluable in
characterizing and visualizing both synthetic and living systems,
facilitating research into the structure and dynamics of
(bio)polymers in ensembles and at the single molecule level.

This journal is © The Royal Society of Chemistry 20xx
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Due to their remarkable photophysical properties, BODIPYs
have served as indispensable fluorophores in these endeavours.

Molecular weight characterization. Polymers labelled with
BODIPY fluorophores have been utilized
correlation spectroscopy to determine the hydrodynamic radius
and thus estimate of molecular weight. However, initial models
were created for monodisperse (single molecular weight)
polymers, making the assessment of inherently disperse
synthetic  polymer samples particularly challenging.
Furthermore, Koynov and co-workers synthesized polystyrene
and poly(methyl methacrylate) via controlled radical
polymerization, and found that it was critical to label the
polymer chains with only one BODOPY chromophore to provide
accurate number-average values of hydrodynamic radius for
the disperse (molecular weight) samples.?® To preclude the
need to functionalize polymer chains with only one
chromophore, the authors developed a new model based on
the Schulz-Zimm distribution function for fitting autocorrelation
curves from fluorescence correlation spectroscopy, making the
technique more broadly applicable.

in fluorescence

Morphological characterization. As a complement to more
traditional electron diffraction methods, fluorescence
microscopy has been employed to directly visualize BODIPY-
labelled synthetic polymers to assess self-assembled
morphologies. An elegant example of this was reported by
Manners and co-workers, synthesizing a series of
polyferrocenyldimethylsilane-block-(poly(dimethylsioxane)-

random-poly(methylvinylsiloxane)) (PFS-b-(PDMS-r-PMVS)), in
which the PMVS segments were functionalized with one of
three different BODIPY units having distinct blue (P20), green
(P21), or red (P22) emission (Figure 13a).193 Leveraging the
crystallisable PFS block, crystallization-driven self-assembly
(CDSA) revealed block co-micelles with well-defined segments
(Figure 13b). Due to the presence of different BODIPY-modified
block copolymers,
confirm the spatially defined nanosegregation of each domain
by simply noting the distinct emission colours (Figure 13c). Up
to 11-block co-micelles were demonstrated with CDSA via
sequential addition of the three fluorescent block copolymers,
showing stability over a period of months with no detectable
diffusion or mixing of the luminescent polymers. Subsequently,

fluorescence microscopy was used to

the same group has applied this strategy to also fabricate
fluorescent concentric rectangular platelet block comicelles as
a different morphology with multiple and variable fluorescence
facilitating the visualization of selected segments.104

4.2 Applications of polymeric BODIPYs

Biomedical imaging. The development of chromophores with
high quantum yield far-red to near infrared (700-900 nm)
emission has been driven by the utility in in vivo fluorescence
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a) imaging. Emission in this long wavelength region provides
9 Eéi_oﬂgi_c’%gi_ access to an “optical window” in living systems, as both

[\ s AN background interference and in-tissue photon

nBu 4I—@ \\é absorption/scattering are low relative to shorter wavelength

I ~R visible and UV light. Naturally, the excellent processability and
biocompatibility of synthetic (aza)BODIPY polymers combined
with their bright emission of far-red (700-780 nm) or even NIR
(> 780 nm) light has led to their utility as powerful fluorescence

probes for in vivo biomedical imaging.
Chiu, Wu, and co-workers pioneered the development of long-

PFS-b-(PDMS--PMVS)

b) & s % wavelength-excitable m-conjugated polymer dots (LWE-Pdots),
T ALY T which provided bright emission of visible light through an
o~ M o - ( ~ ¢ S energy transfer mechanism between a donor and acceptor
( - chromophore.195 In 2019, expanding upon this work, the same
T . 11 . - ) . .

QAL \\\\M/ ~<.\.\.Mx(:-:::&. A/ % ) : authors_ prepared BODIPY func.t|c.)na.l|zed .polymers P23 and
s A > > P24, which underwent nanoprecipitation with P25 to afford two
SR FREELN types of Pdots (Figure 14a).1%¢ The ternary Pdots (P23+P24+P25)
AANAAAAA LD \ \A1AA4 had bright far-red emission that resulted from a combination of
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s e : k. high absorption coefficients and fluorescence quantum vyields
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(=40 %). In comparison to binary Pdots (P24+P25) and
commercially available quantum dots (Qdot-705), the
brightness was nearly 5-fold and 14-fold larger, respectively,
e representing a significant advancement in imaging. The
photoluminescence mechanism in the ternary Pdot system
i starts with excitation of the BODIPY in P23 (A0%Y = 532 nm),
f i followed by energy transfer to the BODIPY in P24 that then
: emitted far-red light ( AZ}** = 721 nm). Additionally, the
brightness was enhanced by suppressing the self-quenching

pathway that occurs upon BODIPY H-aggregate formation by

Figure 13. Visualization of BODIPY functionalized block co-micelles prepared dilution with poly[(9,9—diocty|—f|uorene)—a|t—(4,7—di—2—
through crystallization-driven self-assembly (CDSA). a) Chemical structures of hexylthienyl—2,1,3—benzothiadiazo|e)] (PFDHTPT) repeat units in
the copolymer. The application of these Pdots in in vivo

polyferrocenyldimethylsilane-block-(poly(dimethylsioxane)-random-
poly(methylvinylsiloxane)) (PFS-b-(PDMS-r-PMVS)), tagged with distinct BODIPY

fluorophores; b) Schematic representation of fluorescent block co-micelles. PFS = bioimaging was examined for tumor-bearing nude mice,
yellow, PDMS = grey, fluorescent coronas of P20, P21, and P22 = blue, green, and showing improved whole-body fluorescence relative to both
red, respectively; c) Images for self-assembled BODIPY-functionalized block co- binary Pdots and commercial Qdot-705 (Figure 14b).

icell d fl i left) and TEM (right). Scale b .
micelles under a fluorescence microscope (left) an (right). Scale bars As an alternative approach Cheng, Zhang, Xu, and co-workers

showed that non-m-conjugated polymer nanoparticles (NPs)
bearing an azaBODIPY with far-red emission were effective

represent 5 and 3 um for the left and right images, respectively. Images reprinted
with permission from reference 103. Copy right (2014) Springer Nature.
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Figure 14. Long-wavelength-excitable nt-conjugated polymer dots (Pdots) bearing BODIPYs for bioimaging. a) Chemical structures of functional (aza)BODIPY copolymers, P23

and P24, and polymer used to facilitate nanoprecipitation, P25; b) Schematic representation of the nanoprecipitation process used to create binary and ternary Pdots, along
with a respective fluorescence image from in vivo experiments. Images reprinted with permission from reference 106. Copy right (2019) Wiley-VCH.
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Figure 15. Non-rt-conjugated polymer nanoparticles (NPs) bearing an anticancer drug, camptothecin (CPT), P26, and an azaBODIPY chromophore, P27. a) Chemical structures
of macro-RAFT (chain-transfer) agents; b) Schematic representation of the NP fabrication process using reversible addition fragmentation chain-transfer (RAFT) polymerization
with ethylene glycol dimethacrylate (EDGMA) and 2-hydroxypropyl methacrylate (HPMA) to form the NP corona; c) Fluorescence images from in vivo experiments monitoring

/" tumor

the location of the polymer pro-drug. Reproduced from ref. 107 with permission from the Royal Society of Chemistry, copyright 2018.

bioimaging agents.197 In this report, two macro-RAFT agents P26
and P27 (Figure 15a) bearing the anticancer drug camptothecin
(CPT) and azaBODIPY, respectively, were synthesized and
incorporated into polymeric NPs through crosslinking with
ethylene glycol dimethacrylate (EDGMA) and 2-hydroxypropyl
methacrylate (HPMA) via RAFT (Figure 15b). In this grafting-
from approach, both the anticancer drug and azaBODIPY
chromophore were envisioned to reside on the periphery of NPs
to enhance both drug availability and emission from reduced
aggregation, as depicted in Figure 15b. These dual-functional
NPs, with narrow size and controlled drug-loading capacity,
were shown to kill cervical cancer (Hela) cells, where spatial
monitoring in real-time was possible due to in vivo fluorescence
imaging (Figure 15c).

Photodynamic therapy. As mentioned previously, BODIPYs with
high singlet oxygen (10;) quantum vyield (®) and absorption in
the far-red region are excellent candidates for photodynamic
therapy (PDT).# In addition to efficient generation of reactive
10, that can kill cancer cells, BODIPYs can simultaneously
facilitate in vivo visualization via fluorescence emission.198 Han
and co-workers demonstrated this by encapsulating a
carbazole-substituted BODIPY with an amphiphilic diblock
copolymer, polylactide-block-polyethylene glycol (PLA-b-PEG)
(P28) chain-end functionalized with a tumor targeting agent,
folate (Figure 16a).19° The BODIPY was selected for its strong
and broad absorption band in the far-red to NIR region (~600-
800 nm), and a high @ (10;) of ~67%. Encapsulation of the
BODIPYs into P28 provided uniform NPs that were water soluble
and demonstrated tumor targeting capabilities, as observed
with fluorescence imaging (Figure 16b). The BODIPY
fluorescence was used to noninvasively guide PDT and monitor
the results, finding that an exceptionally low-power-density
halogen lamp (12 mW/cm2, 670-800 nm) provided an
unprecedented deep-tissue photodynamic therapeutic effect.

This journal is © The Royal Society of Chemistry 20xx

In this application, it was also shown that the polymer was
required to effectively stabilize the BODIPY under in vivo
conditions, signifying the importance of the polymer-BODIPY
combination.

Organic electronic devices. Given the m-conjugation intrinsic to
BODIPYs and the numerous examples of incorporating BODIPYs

\§/ »>
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Figure 16. Photodynamic therapy (PDT) using a far-red absorbing and singlet
oxygen generating halogenated BODIPY encapsulated within a polymer particle.
a) Schematic illustration of deep-tissue PDT and chemical structures for the
polymer particle components. b) Time dependent in-vivo fluorescence imaging
showing localization of the polymer particles by the tumor. Figure adapted with
permission from reference 109. Copy right (2016) American Chemical Society.
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into m-conjugated polymers, they have found natural utility in
organic electronic devices.? This sub-section is divided into two
parts, featuring applications in solar cell and organic thin-film
transistor (OTFT) devices. Thanks to breakthroughs in the
design and fabrication of organic semiconductors, solar cells
have emerged as a feasible source of low-cost renewable
energy, while OTFTs offer a flexible and lightweight alternative
technology to conventional transistors found in every-day
microelectronics (e.g., cell phones and computers).

Solar Cells. In 2010, Fréchet and co-workers pioneered the
examination of BODIPY functionalized polymers in bulk
heterojunction (BHJ) solar cells.110 |n these first devices, an
acetylenic m-conjugated BODIPY-alt-thiophene polymer, P29,
was blended with [6,6]-phenyl-Cei-butyric acid methyl ester
(PCs1BM), providing a sunlight-to-electricity efficiency, or power
conversion efficiency (PCE), of 2% (Figure 17). In these bulk
heterojunction solar cells P29 acted as the primary light
absorbing semiconductor and the electron donor/hole
transporter, while PCgBM  acted as  the  electron
acceptor/transporter. To-date, the majority of solar cells
featuring BODIPY polymers do not exceed a PCE of 3%,111-116
with a few exceptions.?7.117-120 The ideal BODIPY polymers for
solar cells should have a narrow energy gap for good solar
absorption, high charge mobility, well-matched energy levels
with the other heterojunction components to facilitate charge
transfer, and precisely-controlled phase separation (on the
order of the exciton diffusion length). To the point of broad
solar absorption (~300-900 nm) Li and co-workers synthesized
a thienylBODIPY-alt-thienyl benzodithiophene polymer, P30,
and blended it with a non-fullerene small molecule acceptor to
achieve a record PCE (for a BODIPY-based solar cells) of ~9.9%
(Figure 17c).121

Thin film transistors. For the case of OTFTs, Thayumanavan and
co-workers were the first to examine m-conjugated BODIPY

a)  Solar Cell Device b) Donor/Acceptor Interface
N Anode
Glass Y
ITO (Anode) n BODIPY
 © Donor
PEDOT:PSS o) ()
BODIPY Acceptor
Semiconductor Polymer e
+PC4,BM
Cathode

Al (Cathode)

P29
2.0% (2010)

Figure 17. BODIPY polymers in solar cells. a) Cross-sectional device architecture. b)
General schematic of charge generation and transfer. c) Chemical structures of the
first BODIPY polymer, P29, and highest performance polymer to-date, P30, in solar
cells. ITO = indium tin oxide, [6,6]-phenyl-Cs;-butyric acid methyl ester = PCq;BM,
PEDOT:PSS = poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, Al =
aluminium, h* = hole, e~ = electron. Reproduced from ref. 110 and 121 with
permission from the Royal Society of Chemistry, copyright 2011 and 2020.
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polymers, however the charge transport mobility values
measured were low, on the order of 105 to 106 cm?2Vy-151.84
Subsequently, Facchetti, Stoddart, Usta, and co-workers
examined a series of BODIPY D-A polymers in OTFTs, discovering
a record-high hole mobility (un > 0.1 cm?2V-1S1) for a
poly(BODIPY-alt-thiophene) derivative, P31 (Figure 18).7°
Recent efforts have focused on the development of BODIPY
polymers capable of transporting both holes and electrons (i.e.,
ambipolar transport), as this would enable a single, more
sophisticated, device to have switchability between two mobile
channels, as opposed to requiring two separate devices for this
purpose. To this end, diketopyrrolopyrrole (DPP), a planar
molecule containing a quadrupole (constructive superposition
of two dipoles), was selected as a comonomer with BODIPY to
afford P32, providing a balanced hole and electron mobility
(~0.01 cm?2V-1S-1) (Figure 18c).122

Chemosensors. Because of its excellent photophysical
properties, including high extinction coefficients and emission
quantum vyields, researchers have leveraged BODIPYs for
chemical sensing applications. Although numerous examples
exist for BODIPY-based fluorescent sensors,” the emphasis here
is placed on the recent utility of BODIPY-based polymers. For
example, Zhang and co-workers prepared water-soluble
BODIPYs containing PEG chains and dithia-dioxa-aza
cyclopentadecane crown ethers, P33.123 |n water P33 was non-
fluorescent due to intramolecular charge transfer (ICT).
However, upon Hg2* capture ICT was shut down resulting in a
distinct color change and increase in emission (Figure 19a). The
derivatives had excellent selectivity for Hg2?+* relative to other
metal cations, as well as high sensitivity, with a limit of
detection down to 8.1 ppb (Figure 19b). In another report, Liu
and co-workers synthesized a series of m-conjugated BODIPY
polymer turn-off sensors, which were selective for fluoride and
cyanide ions over other anions (e.g., Cl, Br, I'). The strong
emission quenching by fluoride and cyanide ions was ascribed
to a reaction at the boron center of BODIPY.

a) OTFT Device b) Charge Transport
" BODIPY
Semiconductor Polymer BODIPY Polymer
Dielectric
—
Substrate Dielectric
Ry
©) P31 P32 R
(record hole transport) (ambipolar transport)
CgHyg oM

py > 0.1 CTRV1S- 1y > 0.018 cm2V-18-1

Uy > 0.011 cm2V-1S-1

?RZ
1

Figure 18. BODIPY polymers in organic thin film transistor (OTFT) devices. a) Cross-
sectional device architecture. b) General schematic of charge transport. c) Chemical
structures of BODIPY polymers for OTFT applications that have provided record hole,
P31, and ambipolar (hole and electron), P32. transport. h* = hole, e- = electron, D =
drain, S = source, u, = hole transport, . = electron transport. Reproduced from ref.
79 with permission from Wiley-VCH, copyright 2013. Reproduced from ref. 122 with
permission from American Chemical Society, copyright 2016.
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a)
P33 | | (’ﬂ

Figure 19. Example of a BODIPY-based polymer chemical sensor. a) Chemical structure
of P33; b) Selective fluorescence turn-on sensing of Hg?* over other metal cations in
water. Reproduced from ref. 123 with permission from the Royal Society of Chemistry,
copyright 2015.

Heterogeneous photocatalysts. BODIPY derivatives have also
demonstrated utility as heterogeneous photocatalysts that
benefit from access to triplet excited-states. For example,
BODIPY derivatives have been employed for photooxidation via
singlet oxygen (10;) generation. As mentioned previously, 10,
occurs through a triplet-triplet (T-T) energy transfer between
the triplet excited-state of BODIPY and oxygen. Thus, BODIPY
derivatives capable of efficient intersystem crossing (ISC) to a
triplet state are required. To this end, Jing and co-workers
synthesized BODIPY-based porous heterogeneous
photocatalysts.? By locking BODIPY molecules into a rigid
polystyrene framework it is hypothesized that ISC to a triplet
state was enhanced, which, coupled with a high surface area,
resulted in good photocatalytic efficiency for oxidizing
thioanisoles upon exposure to visible light (> 395 nm). Following
the same strategy, Liras and co-workers synthesized a BODIPY-
based m-conjugated microporous polymer, P34, with a high
surface area (299 m2 g1) (Figure 20).124 Compared to the
corresponding monomers, the microporous polymer was
shown to be four times more efficient at oxidizing thioanisole to
methylphenyl sulfoxide upon exposure to visible light (> 500

*\ Visible

S/
BODIPY
Photooxidation <
1

Figure 20. Chemical structure of a BODIPY-based porous photocatalyst, P34, along
with the oxidation process of thioanisole upon exposure to > 500 nm visible light. The
central picture is fluorescence microscope image of the photocatalyst. 10, = singlet
oxygen. Figure adapted with permission from reference 124. Copy right (2016)
American Chemical Society.
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nm). In a very recent paper, Hupp, Stoddart, Deria, and co-
workers reported the preparation of halogenated BODIPY-
based porous organic polymers through post-synthetic
modification of the parent hydrogenated precursor.12> Both
brominated and iodinated derivatives served to accelerate the
catalytic photo-oxidation of 2-chloroethyl ethyl sulfide to 2-
chloroethyl ethyl sulfoxide by five-fold. These examples
highlight the utility of BODIPYs in heterogeneous photocatalysis
applications.

4.3 Emerging applications in polymer synthesis and degradation

Photocages for (de)polymerization. BODIPY photocages have
been used in both the production and destruction of polymers
upon irradiation. For example, Sebastian, Hernando and co-
workers demonstrated photolysis of a carbamate functionalized
BODIPY upon exposure to green light (~532 nm), followed by
decarboxylation to release diethylamine to catalyze the anionic
polymerization of cyanoacrylates.126 Overall, the BODIPY
photocages used in this study were stable in the dark and were
able to provide the on-demand formation of polymers with
excellent adhesive behaviour. The spatiotemporal control
offered by this approach is attractive for utilizing cyanoacrylate
polymerizations in future biomedical applications.

In a recent example, Truong and co-workers established a
method for direct photorelease of thiol anions from BODIPY
photocages upon exposure to green light (~*530 nm).127 The
released thiolates reacted with propiolates through a Michael-
type thiol-yne addition in water. Building on this chemistry, a
tetrafunctional BODIPY photocage prepolymer, P35, was
reacted with a tetrafunctional propiolate prepolymer, P36, to
afford hydrogels upon irradiation with green light (Figure 21).
The authors elegantly demonstrated the ability to spatially

P35 P36

Photouncaging
of BODIPY

-

Figure 21. Schematic representation of hydrogel formation using a tetrafunctional
BODIPY photocage prepolymer P35 and tetrafunctional propiolate prepolymer P36.
Irradiation with green light (530 nm) results in direct release of thiolates that
undergo a Michael-type thiol-yne addition in water. Figure adapted with permission
from reference 127. Copy right (2019) Wiley-VCH.
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pattern the hydrogel formation by irradiating through a
photomask. The utility of visible light to activate a mild
crosslinking reaction in the formation of hydrogels holds
exciting promise for utility in the emerging field of bioprinting
for regenerative medicine.

The degradation of polymers using BODIPY photocage
chemistry presents a number of opportunities to take
advantage of these versatile and efficient materials as little has
been examined to-date. In one of the few examples, Ambade
and co-workers demonstrated the degradation of micelles
comprising poly(ethylene glycol-b-styrene) held together by a
central BODIPY photocage, P37 (Figure 22a).128 Upon exposure
to visible light (~470-490 nm) photolysis uniquely occurred at
the B-O bond, resulting in micelle disassembly due to a loss of
the hydrophilic-hydrophobic balance, as supported by
transmission electron microscopy and the qualitative
observation of polymer precipitation in water (likely the
hydrophobic polystyrene fragment) after irradiation (Figure
22b).

Photoredox polymerization. The first report of utilizing BODIPY
for photoredox polymerization was accomplished by Lalevée
and co-workers, where both radical and cationic
polymerizations were demonstrated.12° Triggered by visible
light centred at 473 nm, acrylate/vinyl ether blends could be
cured to afford crosslinked interpenetrating polymer networks,
that possessed two different glass transition temperatures (-11
and 111 °C). Recently, the same group demonstrated that
BODIPYs could be used in the photothermal polymerization of
methacrylates with NIR light (785 nm and 940 nm).130 Here, a
thermal initiator was added to facilitate the polymerization,
which was activated through a photothermal effect, wherein
absorption of NIR light by BODIPY resulted in a non-radiative
thermal relaxation event (release of heat). However, due to the
low molar absorptivity of the selected BODIPY derivatives at
those wavelengths high intensity NIR lasers were required
(~400-4000 mW/cm2).

To further increase the efficiency of BODIPY photoredox
polymerizations, our group carried out a systematic
investigation on a small library of dyes, demonstrating the
effect of halogenation under identical photon absorption
conditions (Figure 23a).131 As noted previously, halogenation

Figure 22. Photo-degradation of poly(ethylene glycol-b-styrene) connected in the
center through a BODIPY photocage. a) Chemical structure of block copolymer P37;
b) TEM images for 0.1 wt% aqueous solution of P37 before (left) and after (right)
irradiation, showing disassembly upon photolysis. Inset: photographs of polymer
solution before (left) and after (right) irradiation. Reproduced from ref. 128 with
permission from the Royal Society of Chemistry, copyright 2015.

16 | J. Name., 2012, 00, 1-3

iargins

Journal Name

-

BODIPY or azaBODIPY + Co-initiators

\A =530nm or \)\ =740 nm

Monomer Polymer

CqHo SbF

Co-initiators = Php—b: \N /\/O C3Hy7 ©/ ¢
\g/ CexH17

&bt

12 (0.08 M/s)

10 (0.24 M/s)

11 (0.91 Mss) 13 (0.66 M/s)

c) 100

—-o—12 —e—13|

> ED ‘ON [ —E=10 —E-11
@ o

Double Bond Conversion (%)

60
Time (s)

Figure 23. Effect of halogenation on BODIPYs as photoredox catalysts for free radical

polymerization. a) Schematic representation of the polymerization and its

components. b) Chemical structures of BODIPYs and azaBODIPYs, and corresponding
photopolymerization rates using an equivalent number of photons absorbed. c)

Overlay of double bond conversion (monomer consumption) vs. time for

(aza)BODIPYs 10-13. Inset shows a digital image of a complex lattice structure 3D
printed with low energy green light (~530 nm, ~2 mW/cm?2) using BODIPY. Scale bar
represents 5 mm. Figure adapted with permission from reference 131. Copy right
(2020) American Chemical Society.
(e.g., Br or |) of the BODIPY framework dramatically enhances
ISC rates, resulting in a larger population of long-lived triplet
excited states. As such, more collisions occur per photon
absorbed, increasing the probability of a successful
electron/energy transfer event to occur between BODIPY and a
co-initiator to initiate polymerization. Excitingly the
halogenated BODIPY, 11, resulted in a 4x polymerization rate
enhancement relative to the non-halogenated analogue, 10
(Figure 23b). Moreover an 8x rate increase was observed for
the halogenated azaBODIPY, 13, relative to the non-
halogenated azaBODIPY, 12, providing unprecedented
photocuring rates (< 1 min to final monomer conversion) with
far-red (A7** = 740 nm) light at an ultralow intensity (1.0
mW/cm?) or catalyst loading (0.004 mol%) (Figure 23c). The
efficient polymerization enabled the utility of BODIPY
photoredox catalysts in rapid high-resolution visible light-based
3D printing, as shown with the inset image of a lattice structure
in Figure 23c.

5. Summary and Future Outlook

To summarize, BODIPYs represent an incredibly versatile class
of compounds that, when combined with polymeric materials,
have cutting-edge applications in biomedicine, optoelectronics,
chemosensors, and photocatalysis. Furthermore, these
BODIPYs are emerging as promising components to efficiently

This journal is © The Royal Society of Chemistry 20xx
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initiate polymerizations using low energy visible-to-NIR light.
The broad applicability of BODIPYs stems from their
synthetically tunable scaffold, which offers fine control over
their properties and reactivity, including absorption wavelength
and strength, emission wavelength and vyield, reduction and
oxidation potentials, excited state lifetime and triplet yield, and
bond photolysis. Although significant research efforts and
discoveries have been made surrounding BODIPYs, there
remains valuable untapped potential, as evidenced by
discoveries published in the last year.51,108,125,127,131-138
To provoke further thought in considering the future of BODIPYs
in polymer chemistry, we describe five potential directions (in
no particular order) to be explored that will enable next
generation materials and applications:
(i) Identifying more efficient and red-shifted photocages for
(de)polymerization;
(i) Preparing near infrared (>780 nm) (water soluble)
derivatives with high triplet yields;
(iii) Understanding the structure-property limitations of light
driven electron/energy transfer;
(iv) Developing wavelength-selective photoredox chemistry
for multi-material fabrication; and
(v) Leveraging photon upconversion to drive high energy
polymer chemistry with low energy and intensity light.
Examining current BODIPYs systematically, while continuing to
expand their scope to identify those that strongly and narrowly
absorb far-red/NIR light, generate long lived triplet excited
states poised for upconversion processes, and/or demonstrate
improved water solubility will enable use in applications
requiring a mild and low energy input at minimal (catalytic)
material costs. In particular, the sharp absorption bands of
BODIPY derivatives make them excellent candidates for the
development of wavelength-specific chemistry, which has
potential utility in additive manufacturing to access multi-
functional/material objects with spatiotemporally coded
composition and properties. Furthermore, when BODIPY
derivatives with 1) superior water solubility and 2) high molar
absorptivity in the NIR are obtained, they will serve as powerful
curing agents for emergent biomedical applications, such as
bioprinting. To realize the aforementioned advancements will
require a deep understanding of structure-property
relationships, and a strong collaboration between
computational and experimental chemists will undoubtedly
accelerate these efforts. The future of BODIPYs in polymer
chemistry is surely bright!
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