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ABSTRACT: Effective heterogeneous photocatalysts capable of detoxify-
ing chemical threats in practical settings must exhibit outstanding device
integrity. We report a copolymerization that yields robust, porous,
processible, chromophoric BODIPY (BDP; boron-dipyrromethene)-con-
taining polymers of intrinsic microporosity (BDP-PIMs). Installation of a
pentafluorophenyl at the meso position of a BDP produced reactive
monomer that when combined with 5,5,6,6-tetrahydroxy-3,3,3,3-tetrameth-
yl-1,1-spirobisindane (TTSBI) and tetrafluoroterephthalonitrile (TFTPN)
yields PIM-1. Postsynthetic modification of these polymers yields Br-BDP-
PIM-1a and -1bpolymers containing bromine at the 2,6-positions.
Remarkably, the brominated polymers display porosity and processability
features similar to those of H-BDP-PIMs. Gas adsorption reveals molecular-
scale porosity and Brunette−Emmet−Teller surface areas as high as 680 m2

g−1. Electronic absorption spectra reveal charge-transfer (CT) bands centered at 660 nm, while bands arising from local excitations,
LE, of BDP and TFTPN units are at 530 and 430 nm, respectively. Fluorescence spectra of the polymers reveal a Förster resonance
energy-transfer (FRET) pathway to BDP units when TFTPN units are excited at 430 nm; weak phosphorescence at room
temperature indicates a singlet-to-triplet intersystem crossing. The low-lying triplet state is well positioned energetically to sensitize
the conversion of ground-state (triplet) molecular oxygen to electronically excited singlet oxygen. Photosensitization capabilities of
these polymers toward singlet-oxygen-driven detoxification of a sulfur-mustard simulant 2-chloroethyl ethyl sulfide (CEES) have
been examined. While excitation of CT and LEBDP bands yields weak catalytic activity (t1/2 > 15 min), excitation to higher energy
states of TFTPN induces significant increases in photoactivity (t1/2 ≅ 5 min). The increase is attributable to (i) enhanced light
collection, (ii) FRET between TFTPN and BDP, (iii) the presence of heavy atoms (bromine) having large spin−orbit coupling
energies that can facilitate intersystem crossing from donor−acceptor CT-, FRET-, or LE-generated BDP singlet states to BDP-
related triplet states, and (iv) polymer triplet excited-state sensitization of the formation of CEES-reactive, singlet oxygen.

KEYWORDS: BODIPY, polymers of intrinsic microporosity, sulfur-mustard detoxification, photocatalysis, singlet oxygen,
charge and energy transfers

■ INTRODUCTION

Since the initial use of chlorine gas as a chemical warfare agent
(CWA) in Ypres, Belgium, during World War I (WWI), many
CWAs have been developed, produced, stockpiled, and several
have been used.1 A worldwide convention banning the use of
chemical weapons has been ratified by all but 3 of the nearly
200 members of the United Nations and has been in force
since 1997. Despite the convention, CWAs have since been
used by both signatories and nonsignatories, as well as non-
nation-state groups, with the targets including both military
and civilian populations.2,3 Consequently, a need exists for
protective equipment, including gas masks, suits, gloves, and
air filters, that can rapidly detoxify these agents.4

Potentially capable of addressing these threats are
appropriately functionalized, porous organic polymers
(POPs). These materials typically are covalently cross-linked

and are characterized, therefore, by extended nonswellable or
only marginally swellable, three-dimensional networks. On
account of their typically high internal surface areas, good
chemical stability, and ready structural and compositional
tunability,5 POPs have been investigated extensively for
potential application to problems in, for example, energy
storage and conversion,6,7 chemical catalysis,5,8−11 gas storage
and release,12,13 and chemical separations.14−16 In this manner,
our research team has also investigated polymer design
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strategies to magnify the low photocatalytic activity of
BODIPY-based conjugated POPs.17 The integration of cross-
linked POPs in practical devices, however, remains elusive as,
in most cases, poor solubility in both organic and aqueous
solvents limits their processability.18−20 Over the last decade,21

attention has been devoted to polymers of intrinsic micro-
porosity (PIMs) as a way to bypass these limitations as PIMs
are typically soluble in several organic solvents and, as a result,
can be processed into membranes, porous films, and porous
coatings. In contrast to POPs that achieve porosity via suitable
chemical cross-linking, PIMs derive porosity from molecular-
scale interstitial spaces that arise from intentionally inefficient
packing of contorted polymer chains.22,23 Although PIMs have
been implemented in several applications, a few reports have
examined their performance for photochemical transforma-
tions.24,25

Fluorescent boron-dipyrromethene (BODIPY or BDP) dyes
have been extensively studied in a variety of photochemical
transformations on account of their excellent chemical
tunability, stability in a wide range of conditions, and high
solubility in organic solvents.26−28 For example, researchers
have leveraged the optical and chemical stability, high
molecular absorption coefficients, efficient singlet oxygen
(1O2) quantum yields, and straightforward optical tunability
that is inherent to BDPs to explore applications in photo-
dynamic therapy26 and photocatalysis.29,30 For applications
that entail photosensitization of 1O2 formation, conversion of
the BDP core into an efficient photosensitizer requires
boosting its singlet (S) to triplet (T) intersystem crossing
(ISC) yieldfor example, by incorporating into the BDP core
heavy atoms, such as Br and I, which feature strong spin−orbit
coupling (SOC).31 Recently, photoinduced electron transfer
(PeT) in electron donor−acceptor BDP-based dyads resulted
in efficient ISC due to the SOC-CT of the charge-separated
state.31−34 More recently, a combination of the spin−orbit
charge-transfer intersystem crossing (SOCT-ISC) and SOC
associated with heavy atoms in the TBP⊂ExBox4+ supra-
molecular host−guest system was shown to enhance the
singlet-to-triplet (S-T) spin transformation to enable photo-
catalysis of CEES (2-chloroethyl ethyl sulfide) upon light
irradiation.4 Other investigations have reported the design of
chromophoric polymers with efficient Forster resonance
energy transfer (FRET) between chemically distinct donor
and acceptor units. Intimately combining these units can be
functionally beneficial by (i) harvesting more light from a

broad spectral range and (ii) increasing the desired perform-
ance of the acceptor unit, such as enhanced brightness for
bioimaging35 or triplet excited-state generation for photo-
dynamic therapy applications.36

Herein, we describe the design and synthesis of BDP-
containing PIMs (Scheme 1) that combine strong light
absorption by the PIM backbone with complementary
absorption and efficient photosensitization of singlet oxygen
formation by pendant BDP units. In addition, the PIM
backbone imparts porosity and processability, affording robust
yet permeable materials capable of detoxifying the sulfur-
mustard simulant CEES under visible light irradiation.
Specifically, pentafluorophenyl-substituted BODPIY was co-
polymerized in varying proportions with 5,5,6,6-tetrahydroxy-
3,3,3,3-tetramethyl-1,1-spirobisindane (TTSBI or spirobisin-
dane) and tetrafluoroterephthalonitrile (TFTPN) to form H-
BDP-PIM-1a and H-BDP-PIM-1b in high yield. Subsequent
treatment with N-bromosuccinimide (NBS) installs Br atoms
at the 2,6- positions of the BDP moieties, which boosts
photocatalytic performance due to spin−orbit-coupling-
enhanced intersystem crossing. We investigated the optical
properties of the materials via electronic absorption (UV−vis)
and emission spectroscopies, including time-resolved fluo-
rescence spectroscopy. The electronic characteristics of the
polymers were deciphered, in part, by performing density
functional theory (DFT) calculations. Finally, we explored the
efficacy of the polymers as photocatalysts for oxidation
(oxygenation) of CEES, both in bulk solution, and in the
case of Br-BDP-PIM-1b, as a thin-film heterogeneous
photocatalyst, ultimately confirming that the compounds
comprise a promising new class of photocatalysts capable of
detoxifying sulfur-based chemical threats.

■ EXPERIMENTAL SECTION
The details about the synthesis protocols and experimental methods
are described in the Supporting Information. Each polymer’s
photocatalytic performance in solution toward CEES oxidation was
tested as follows: 2.5 mg (0.8 wt %) of polymer was weighed directly
into a Biotage high-precision microwave vial (2−5 mL) equipped with
a magnetic stir bar, and the vial was successively sealed with a crimper.
CD3OD (1 mL) was injected into the vial through its rubber seal. The
mixture was bubbled with O2 gas for 20 min using inlet and outlet
needles. The sealed mixture under ca. 1 bar oxygen was shortly
sonicated until the catalyst mixture had a good dispersion. Finally,
CEES (23 μL, 0.2 mmol) was added via a 50 μL microsyringe through
the rubber seal. The microwave vial was placed between two LEDs

Scheme 1. Synthesis of BDP-Based PIM Derivatives at Different Monomer Ratiosa

aThe inset table shows the monomer ratios in polymerization reactions and the names of the resulting polymers for each reaction entry.
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bearing royal blue, green, or red solderless LEDs, fixed on a U-shaped
aluminum plate, and photoirradiated for particular time intervals.
Aliquots were taken at different time intervals during the reaction and
moved in 1.5 dram vials. Then, 0.5 mL of CD3OD aliquots was added
and transferred to an NMR tube for 1H and 13C NMR analysis.
The photocatalytic oxidation of CEES on the surface was

conducted as described: the polymer-coated microscope slide was
placed facing upward in a flat-bottom vial. Neat CEES (0.5 μL) was
initially added to 100 μL of oxygenated CD3OD in a separate
container using a microsyringe, and then the resulting solution was
carefully spread over the polymer-coated microscope slide sitting in
the vial using a micropipette. The vial was lightly capped and
positioned between two LEDs fixed on the U-shaped aluminum plate.
Upon completion of photoexcitation, 0.5 mL of fresh CD3OD was
added to this vial to collect the reaction components, and this mixture
was transferred into an NMR tube for 1H and 13C NMR analysis. This
process was repeated for each data point.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The BDP-
based PIMs (H-BDP-PIMs) were polymerized according to
the procedure reported by Budd and co-workers to synthesize
PIM-1.37 Specifically, dimethylformamide (DMF) solutions
containing the pentafluorophenyl-substituted BDP, F5-BDP,
and the PIM-1 monomers, TTSBI and TFTPN, were stirred
with potassium carbonate at room temperature for a day and
then the temperature was increased to 50−55 °C over the
course of several days (Scheme 1). Relatively low reaction
temperatures are essential for this system as the −BF2 moiety
of the BDP is susceptible to substitution in the presence of
nucleophiles at elevated temperatures.38 Substitution of BDP
with spirobisindane can yield a cross-linked polymer with low
solubility.39 Increases in the proportion of TFTPN in the
reaction mixture affords more soluble polymers. The
Supporting Information shows more details regarding the
solubility properties of all polymers (Table S1).
Once isolated, the structures of the polymers were

corroborated through analysis of 1H, 11B, and 19F NMR
spectra (see the Supporting Information for more details).
Specifically, broad singlets arising at approximately 6.02 ppm in
the 1H NMR spectra of BDP-based polymers correspond to
the hydrogen atoms connected to the BDP core at the 2,6-
positions. Additionally, BDP methyl protons appear at ∼2.54
ppm, while broad peaks attributed to the spiroindane
comonomer are observed at 6.8 and 6.4 ppm, which is
consistent with the chemical shifts for the aromatic peaks in
the 1H NMR spectrum of PIM-1 (Figure S4). Similar 1H
NMR spectra are observed for all nonhalogenated polymers
incorporating BDP units as they only differ in the ratios of
monomers used during the polymerizations (ratios of F5-
BDP/TFTPN/TTSBI = 1:0:1 for H-BDP-PIM, 1:2:3 for H-
BDP-PIM-1a, and 1:4:5 for H-BDP-PIM-1b). The spirobi-
sindane moiety/BDP ratios in pristine PIMs can be inferred by
integrating the peaks at ∼6.42 and ∼6.02 ppm in the 1H NMR
spectrum, resulting in ratios of 1.1, 5.4, and 13 for H-BDP-
PIM, H-BDP-PIM-1a, and H-BDP-PIM-1b, respectively. In
parallel to the monomer ratio obtained via NMR, the average
molecular weights of H-BDP-PIM, H-BDP-PIM-1a, and H-
BDP-PIM-1b calculated by gel permeation chromatography
(GPC) are found to be 1.7k, 3.0k, and 4.4k Da, respectively
(Figure S24). This implies that the increased F5-BDP ratio in
the polymerization reaction tends to terminate polymerization.
The 11B NMR spectrum of H-BDP-PIM-1b reveals only a
triplet at 0.7 ppm that is characteristic of the −BF2 group

within the BDP core (Figure S11). In contrast, the 11B NMR
spectrum of H-BDP-PIM-1a consists of a minor singlet at 7.2
ppm, in addition to the major triplet at 0.70 ppm (Figure S7).
This chemical shift is consistent with the presence of a
catechol-substituted BDP,38 as peaks corresponding to these
products have been observed as singlets approximately at 7.3
ppm in 11B NMR spectra depending on the substituent on the
catechol.40

Analysis of the 19F NMR spectra of the polymers reveals that
the ratio of aromatic fluorine to boron decreases with
increasing stoichiometric ratio of TFTPN in the polymer-
ization reactions, suggesting that F5-BDP reacts at the terminal
positions of the polymer chains when copolymerizing with
TFTPN (see the Supporting Information for related NMR
spectra). These reactivity trends are consistent with those
reported in the literature,41,42 as strongly electron withdrawing
and relatively less sterically hindered cyano groups on TFTPN
activate this substrate and, as a result, the kinetics of the
nucleophilic aromatic substitution reactions on TFTPN are
favored relative to those of BDP-substitution on the
pentafluorophenyl group.
Bromination of pristine PIMs at the 2,6-positions of the

BDP units was achieved postsynthetically following a
previously reported procedure,17 in which N-bromosuccini-
mide (NBS) is used as the bromine source in a mixture of
CH2Cl2/DMF at room temperature (see the Supporting
Information for full experimental details). 1H NMR spectra
for Br-BDP-PIM, Br-BDP-PIM-1a, and -1b indicate that
complete conversion to the brominated products as the peak at
about 6 ppm, which corresponds to the H atoms at 2,6-
positions in the BDP core, is absent for all three polymers
following NBS treatment (see Figures S12, S15, and S18).
Furthermore, bromination results in not a significant difference
in the 19F and 11B NMR spectra of the polymers, suggesting an
absence of undesired side reactions (see the Supporting
Information).
Next, we employed X-ray photoelectron spectroscopy (XPS)

to determine the amounts of C, N, O, F, and Br present in each
polymer (Table 1). First, we found that after bromination of

the pristine polymers, the bromine content in each polymer
increases in the order of Br-BDP-PIM > Br-BDP-PIM-1a >
Br-BDP-PIM-1b, which mirrors the relative number of BDP
chromophores present in each pristine polymer as determined
by the corresponding 1H NMR spectrum. The N/F atomic
percent ratios for Br-BDP-PIM, Br-BDP-PIM-1a, Br-BDP-
PIM-1b are 0.5, 1.3, and 1.9, respectively. The increase in the
N/F ratio for the series is associated with the nitrogen atoms
on the TFTPN monomer as the reaction conditions for H-
BDP-PIM-1b included twice the number of equivalents of

Table 1. XPS Atomic Percent Distribution of Selected
Elements in Polymer Samples

samples C N O F Br Br/F N/F

PIM-1 82.5 4.2 13.2 0.0 0.0 n/a n/a
H-BDP-PIM 75.0 4.3 11.7 9.0 0.0 0.0 0.5
H-BDP-PIM-1a 79.6 4.7 12.1 3.6 0.0 0.0 1.3
H-BDP-PIM-1b 81.1 4.7 11.3 2.9 0.0 0.0 1.6
H-BDP-PIM-1a-65 80.9 4.4 12.9 1.8 0.0 0.0 2.4
Br-BDP-PIM 72.9 4.1 11.1 8.8 3.0 0.3 0.5
Br-BDP-PIM-1a 79.0 4.2 12.6 3.2 0.9 0.3 1.3
Br-BDP-PIM-1b 80.6 4.4 11.8 2.4 0.8 0.3 1.9
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TFTPN relative to those used for H-BDP-PIM-1a. Spirobi-
sindane substitution on −BF2 positions is also partly
responsible for the differences in these ratios. In line with
the 1H NMR data, when the F5-BDP ratio increases in the
polymerization reaction, the SN2 reaction on the boron atom
of BDP becomes more apparent, in addition to the desired
nucleophilic aromatic substitution at a given temperature.
Moreover, when the polymerization reaction is performed at
65 °C, the resultant polymer H-BDP-PIM-1a-65C shows
almost double the N/F ratio (2.4) of H-BDP-PIM-1a (1.3),
which is polymerized at 50−55 °C. Thus, increasing
polymerization temperatures results in more of the undesired
SN2 substitutions on the boron atoms of BDP. Finally, the Br/
F ratios of ∼0.3 for all three brominated polymers are
consistent with bromination occurring only on BDP units.
According to thermogravimetric analysis (TGA) data

(Figure S23), PIM-1 shows the highest thermal stability,
with onset decomposition being observed at ca. 490 °C and
above, as also seen in the literature.43 In contrast, the
temperature inflection for decomposition of H-BDP-PIM
starts at slightly below ∼200 °C. The polymers differ in the
inclusion of F5-BDP monomers in the presence of TFTPN,
which leads to a decrease in the thermal stability of the
resulting polymers. Furthermore, the polymers constructed
from both TFTPN and F5-BDP monomers show decom-
position footprints of both PIM-1 and H-BDP-PIM. The
overall thermal stabilities of these polymers improve with
increasing amounts of dicyanobenzene groups (from the
TFTPN-based moiety) in the polymer backbone (H-BDP-
PIM-1b > H-BDP-PIM-1a). Analysis of the TGA curve for H-
BDP-PIM-1a-65C reveals a slightly lower degradation temper-
ature in the BDP and polymer backbone region (ca. 475 °C)
compared to that of H-BDP-PIM-1a and is associated with the
cross-linked structure of the former material. The halogenated
polymers degrade faster than nonhalogenated versions due to
the presence of bromine atoms in the structure. Parallel to
their pristine polymers, the TGA curves for Br-BDP-PIM-1a
and Br-BDP-PIM-1b feature similar onsets for decomposition
but different decomposition ratios, and their thermal stabilities
outperform that of the TFTPN-free Br-BDP-PIM.
Gas Adsorption. Following activation of each sample at 80

°C for 18 h, N2 adsorption−desorption isotherms were
collected at 77 K for H/Br-BDP-PIM and H/Br-BDP-PIM-
1b, and CO2 adsorption−desorption isotherms were collected
at 195 K for H/Br-BDP-PIM-1a (Figure 1). All samples
exhibit a Type I isotherm hysteresis, as defined by the
International Union of Pure and Applied Chemistry
(IUPAC).44 The steep uptake observed at low pressures is
indicative of a microporous structure. Larger pores are also
present in these polymeric structures. The Brunauer−
Emmett−Teller (BET) surface areas of H-BDP-PIM-1b and
Br-BDP-PIM-1b are 620 and 680 m2 g−1, respectively, and the
pore size distributions calculated for H/Br-BDP-PIM-1b using
nonlocal density functional theory (NLDFT) show that the
major pore volume contributions result from pores smaller
than 10 Å, although H-BDP-PIM-1b also exhibits multiple
pores larger than 20 Å as well (Figure S22). Although
bromination of nonhalogenated polymers increases the average
molecular weight of the polymers, gravimetric nitrogen uptake
increases upon bromination for both Br-BDP-PIM-1b and Br-
BDP-PIM relative to that of the nonbrominated analogues.
This counterintuitive behavior is attributed to the relatively
lower packing efficiency that results from the introduction of

the much more sterically encumbered bromides onto the BDP
units. For example, H- and Br-BDP-PIM, which contain the
largest BDP/spirobisindane ratio among all polymers, show the
largest difference between the BET surface areas for the
pristine and brominated polymers among this set as the surface
area almost doubles from 170 to 360 m2 g−1 upon
bromination.
In contrast, the polymers with the relatively lowest BDP

content, H, and Br-BDP-PIM-1b, demonstrate the smallest
increase in the BET surface area upon bromination (620 and
680 m2 g−1, respectively). Finally, H and Br-BDP-PIM-1a
show a Type I isotherm with increasing CO2 adsorption under
low pressure at 195 K, and the BET surface areas of the
pristine and daughter polymers are 370 and 325 m2 g−1,
respectively. Overall, these gas adsorption studies indicate that
the ratio of BDP/spirobisindane is inversely proportional to
the surface area of the polymers (i.e., relatively higher BDP
content results in lower BET surface areas) as a result of
greater polymer flexibility at higher BDP/spirobisindane ratios.

Photophysical Studies. The UV−vis absorption spectra
for F5-BDP and PIM-1 reveal absorption maxima at 433 and
516 nm, respectively (Figure S25). The similar absorption
maxima observed in the UV−vis spectra for H-BDP-PIM, H-
BDP-PIM-1a, and H-BDP-PIM-1b suggest that both the
BDP- and spirobisindane-based chromophores remain largely
unaltered by polymerization (Figures 2a,d and S26).

Figure 1. Nitrogen sorption isotherms of polymers at 77 K and given
relative pressures. Filled and hollow markers represent adsorption and
desorption, respectively. (a) BET surface areas for H-BDP-PIM-1b
and H-BDP-PIM are 620 and 170 m2 g−1, respectively. (b) BET
surface areas for Br-BDP-PIM-1b and Br-BDP-PIM are 680 and 360
m2 g−1, respectively. Carbon dioxide sorption isotherms of H and Br-
BDP-PIM-1a at 195 K. BET surface areas for H and Br-BDP-PIM-1a
are 370 and 325 m2 g−1, respectively.
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Incorporation of Br atoms at the 2,6-positions of the BDP
cores of the polymers engenders a red shift (from 516 to 546
nm) in the peak corresponding to the BDP unitbehavior
that has been observed in other BDP-containing polymers.17 It
is noteworthy that all of the BDP-PIMs display broad
absorption bands in the red region of the spectrum. The
bands are associated with charge transfer (CT)45 from the

electron-rich spirobisindane moiety to the electron-poor BDP
moiety (vide infra) and thus serve to extend the spectral
coverage to a longer wavelength than attainable with the
isolated component monomers.
Subsequently, we evaluated ambient temperature photo-

luminescence. The F5-BDP monomer and PIM-1 polymer
exhibit strong emission (fluorescence), with bands centered at

Figure 2. (a, d) Absorbance spectra of the polymers. (b, e) Emission and excitation spectra of H-BDP-PIM and H-BDP-PIM-1a. (c, f) Emission
and excitation spectra of Br-BDP-PIM and Br-BDP-PIM-1a. UV−vis spectra were recorded in THF under ambient conditions. All emission
spectra were recorded in degassed THF at room temperature in an oxygen-free environment. Phosphorescence was observed for BDP-PIMs at
different intensities.

Figure 3. (a) DFT-calculated highest occupied molecular orbital−lowest unoccupied molecular orbital (HOMO−LUMO) energy levels and
electron distribution of a chromophore obtained by fusing BDP and spirobisindane. (b) Electrostatic potential difference map of the fused BDP-
spirobisindane chromophore in the excited state.
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480 nm (ΦF = 67%, τ1 = 10.4 ns) and 530 nm, respectively
(Figure S25; Tables S2 and S3). Steady-state spectroscopic
studies reveal that upon excitation at 400 nm, H-BDP-PIM, H-
BDP-PIM-1a, and H-BDP-PIM-1b each display three
emission bands, with the bands centered at about 477, 531,
and 750 nm (Figures 3b,e and S27). Fluorescence quantum
yields (ΦF) of H-BDP-PIM, H-BDP-PIM-1a, and H-BDP-
PIM-1b are 0.14, 5.5, and 7%, respectively; the increases in ΦF
are correlated with increases in the number of TFTPN-based
chromophores present in polymer backbones and are
indicative of FRET behavior that populates singlet excited
states of the BDP moieties. While the emission bands at 477
and 530 nm are associated with fluorescence relaxation from
the LE of TFTPN (LETFTPN) and BDP (LEBDP) units,
respectively, the relatively weaker emission band at 750 nm
arises from phosphorescence decay from the lowest triplet (T1)
state.
Phosphorescence at room temperature is rare in non-

halogenated BDP chromophores, and the increased rigidity
that results from the incorporation of BDP units into the
polymer backbone of this system likely enables efficient
phosphorescence to occur.46 Furthermore, the S1 state,
which is associated with the CT (1CT), and the T1 state are
close in energy, and an efficient S-T intersystem occurs even in
the absence of heavy Br atoms. The relative contribution to the
emissive population by energy transfer (energy transfer %) in
the polymers is calculated as 81% when H-BDP-PIM-1a and
-1b are excited at 400 nm.
Comprehensive emission data for these polymers, including

fluorescence and phosphorescence quantum yields and the
corresponding data related to their excited-state lifetimes, are
presented in Tables S2 and S3. In all cases, bromination of
these polymers leads to a bathochromic shift for the BDP-
derived fluorescence (Figures 2b,c, S25, and S26). Br-BDP-
PIM-1a and -1b are characterized by fluorescence quantum
yields of 1.8% (τ = 0.9 ns [82%], 3.9 ns [18%]) and 5.2% (τ =
1.7 ns [68%], 7.4 ns [32%]), respectively. The yields are
slightly less than those found for their bromine-free congeners,
consistent with a role for heavy Br atoms in enhancing singlet
decay via intersystem crossing.
DFT Calculations. DFT calculations were performed on

the molecular structures of representative chromophore units
of each polymer. The results qualitatively reproduce the
experimental variations in HOMO−LUMO energy gaps (ΔE;
Figure 3). The structures of the BDP-infused chromophores

that reside on the polymer backbone and PIM-1 repeating
units were geometrically optimized at the APFD/6-31G(d)
level to explicitly include dispersion interactions.47

Following geometric optimizations, we studied electronic
states using the B3LYP/6-31G(d) level of theory. These
calculations show that the HOMO−LUMO band gap is 3.31
eV, and that upon excitation, electrons migrate from the
longitudinal axis of the ring system onto the central,
cyanophenyl group of PIM-1 (Figure S34). The electrostatic
potential difference map indicates that spirobisindane is
electron-rich, while BDP is electron-poor (Figure S33),
consistent with the experimental observation of the CT-
based absorption from ∼580 to 750 nm. DFT calculations on
the spirobisindane-substituted BDP component show a
HOMO−LUMO energy level gap of 2.79 eV (Figures 3a
and S35). The HOMO and the LUMO orbitals are localized
on the BDP and spirobisindane moieties, facilitating the charge
transfer between them.

Photocatalysis. The photocatalytic performance of each of
the polymers toward the oxidation of the moderately toxic
sulfur-mustard simulant 2-chloroethyl ethyl sulfide (CEES) to
the nontoxic sulfoxide 2-chloroethyl ethyl sulfoxide (CEESO)
was monitored under similar experimental conditions to
facilitate qualitative comparisons of different polymers. Figure
4 summarizes the proposed mechanism of photosensitization
for BDP-PIMs: following light absorption, energy transfer from
the polymer backbone (donor) to the BDP (acceptor) moiety
results in the production of singlet oxygen (1O2), which then
goes on to oxidize CEES to CEESO.
Bulk-phase heterogeneous photocatalytic reactions (liquid

suspensions of polymeric catalyst) were conducted using 0.8
weight % (2.5 mg) photocatalyst in 1 mL of CD3OD under 1
bar oxygen with 0.2 mmol (23 μL) of CEES. All samples were
irradiated with green (520−535 nm), royal blue (440−455
nm), or red (620−630 nm) LEDs with total powers of 450,
800, and 500 mW, respectively; reaction progress was
monitored using 1H and 13C NMR spectroscopy (see the
Supporting Information for details). Importantly, these
reactions are selective for the desired nontoxic CEESO
product (as well as ∼1% of vinyl CEESO products); the
toxic, doubly oxidized sulfone product (CEESO2) was not
observed by either 1H or 13C NMR spectroscopy. Table 2
summarizes the half-lives for CEES conversion using each
BDP-PIM photocatalyst and red, green, or blue LEDs, and
kinetic data are plotted in Figure 5.

Figure 4. Schematic energy diagram showing the possible pathways of relaxation when brominated BDP-PIM-based polymers are excited under
green, blue, and red light. The relaxation path to 1CT from excited BDP Sn level through internal conversion (IC) competes with the ISC path at
green-light excitation. FRET populates excited states of the BDP moiety under blue-light photoirradiation of the dicyanobenzene chromophore as
observed in H/Br-BDP-PIM-1a and -1b polymers.
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Previously, we reported17 that the halogenated BDP
monomers exhibit excellent photocatalytic activity toward
CEES oxidation with half-lives as short as 2 min under similar
conditions. When synthesizing a polymer that contains two or
more different photocatalytically active monomers, retaining
the photocatalytic integrity of discrete monomers can be more
challenging as a result of (i) aggregation-induced fluorescence

quenching48 and self-quenching,49 (ii) charge-transfer-based
fluorescence quenching,50 (iii) increased opacity, which may
limit the light absorption by active polymer units, (iv)
differences in solubility, and (v) relatively slower transfer of
reactive species to and from photocatalytic-active centers
located in polymers. Also, potentially significant, but beyond
the scope of our investigation are assessments of PIM particle
size and methanol swelling on overall catalytic activity.51 All
the BDP-PIM derivatives possess permanent microporosity,
while the optical studies reveal that the chromophores
centered in the polymer backbones do not display the optical
characteristics of aggregation. The BDP moieties remain
powerful photocatalysts when incorporated into PIM back-
bones, particularly when PIMs bear halogenated BDP units, as
a result of the more efficient ISC associated with the heavy Br
atoms. Kinetics for the overall conversion from CEES to
CEESO are slightly slower than those of the discrete molecular
system. For example, Br-BDP-PIM converts 50% of CEES to
CEESO in 28 min under green-light irradiation, while CEES
conversion for H-BDP-PIM is just above 20% under analogous
conditions (Figure 5d).
When Br-BDP-PIM is used as a photocatalyst under blue

light, the half-life for CEES oxidation is cut nearly in half to 16
min (Figure 5d). This modest increase in performance is
attributed to light absorption by TFTPN in the polymer
backbone (Figure 2a), although the absence of the
dicyanobenzene group within Br-BDP-PIM precludes the
FRET-based mechanism that is present in the H/Br-BDP-
PIM-1a and -1b analogues. In contrast, Br-BDP-PIM-1a,

Table 2. Summary of the Photocatalytic Performances of
the Polymers under Blue-, Green-, and Red-Light
Irradiation

samplesa LEDb
half-life
(min)

irradiation time
(min) conv.c (%)

PIM-1 B 17 30 78
H-BDP-PIM G/B NA/28 30 24/54
Br-BDP-PIM G/B 28/16 30 55/99
H-BDP-PIM-1a G/B/R NA/21/

NA
30/30/40 30/73/10

Br-BDP-PIM-1a R/G/B/
B&G

66/15/
8/6

95/30/15/12 80/99/99/
99

H-BDP-PIM-1b G/B NA/26 30/30 6/59
Br-BDP-PIM-1b G/B 23/5 30/10 71/99
Br-BDP-PIM-
1b-F

G/B 20/4 45/12 95/98

H-BDP-PIM-1a-
65C

G NA 30 30

aF: Film. bB: Blue, G: green, and R: red. cByproducts (≤1%
conversion) such as vinyl compounds were disregarded in the
conversion calculations.

Figure 5. Representative scheme for the photocatalytic oxidation of the sulfur-mustard simulant CEES through energy transfer between the
polymer backbone and the Br-BDP unit (a). The selective conversion of CEES to CEESO using H- and Br-BDP-PIM-1b and PIM-1 (c) and H-
and Br-BDP-PIM (d) polymers in the bulk form. The surface catalysis using Br-BDP-PIM-1b (e). Inset in (e) shows the PIM-coated glass layer
(for higher resolution, see Figure S38). The catalysis conducted under blue and green-light irradiation is shown as B and G, respectively.
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which contains dicyanobenzene moieties in the polymer
backbone, yields catalytic reaction half-lives of 15, 8, and 6
min for green, blue, and a combination of green and blue
LEDs, respectivelya 2-fold improvement in photocatalytic
performance compared to Br-BDP-PIM (Figure 5b). Faster
reaction kinetics upon irradiation with a combination of green
and blue LEDs may potentially result from improved CT and
FRET from the polymer backbone to the BDP chromophore.
In other words, simultaneous excitation of the polymer
backbone and BDP absorption bands with blue and green
light, respectively, leads to greater photon collection, greater
population of the oxygen-sensitizing triplet excited state, and
ultimately, an improvement in photocatalytic performance.
Irradiation of Br-BDP-PIM-1b with a green LED under

these reaction conditions results in a half-life of 23 min for
CEES conversion, which falls between the half-lives of 15 and
28 min observed for Br-BDP-PIM-1a and Br-BDP-PIM,
respectively (Figure 5c). To probe the potential for undesired
aggregation of pendant BDP units, we studied Br-BDP-PIM-
1b, which contains fewer BDP units in the polymer compared
to the amount present in Br-BDP-PIM-1a. Irradiation of Br-
BDP-PIM-1b with the blue LED under analogous reaction
conditions results in a half-life of 5 min, which is slightly
shorter than the half-life of 8 min observed for Br-BDP-PIM-
1a. In this case, the larger number of donor atoms in the
polymer backbone results in more efficient FRET and better
photocatalytic performance. These results are consistent with
those in previous reports33 in which increasing the donor/
acceptor ratios in polymers leads to greater activity per
chromophore, which is attributed to a combination of greater
absorption by donor molecules and more efficient energy
transfer from donor to acceptor units.
We also studied the photocatalytic activity of PIM-1 to

provide more context for the excellent performance observed
for BDP-PIMs. Upon irradiation with the blue LED under
analogous conditions, PIM-1 exhibits a half-life for CEES
oxidation of 17 min (Figure 5c). While this performance is
subdued relative to that of BDP-based systems, this result
demonstrates the excellent potential for the use of PIM-1 as a
polymeric building block in other photocatalytic systems.
Moreover, this result highlights the synergistic effect between
PIM-1 and the BDP unit that enables the rapid detoxification
of CEES.
Finally, we were interested in probing the performance of

these materials as fully heterogeneous photocatalysts as this is a
key consideration for developing detoxification catalysts to be
used in practical settings (e.g., a reactive coating on a filter).
We prepared Br-BDP-PIM-1b films on microscope lenses via
spin-coating from chloroform solutions. CEES oxidation
reactions were performed by placing a solution of 0.5 μL of
CEES and 100 μL of CD3OD on the film and then irradiating
with green or blue light; the reaction products were collected
with fresh CD3OD for NMR analysis, with each film being
used for a single data point. According to the kinetic data
presented in Figure 5e, the half-life of CEES oxidation is about
20 min when irradiated with green light, and approximately
95% of the CEES is converted in 45 min. Similar to the
solution-phase reactions, the desired CEESO comprises >98%
of the product with the balance consisting of nontoxic vinyl
derivatives of CEES and CEESO; none of the toxic sulfone
product (CEESO2) is observed. When the LED color is
changed to blue, the half-life for CEES oxidation drops to 4
min, and nearly complete conversion is observed within 12

min. Overall, these results confirm that Br-BDP-PIM-1b films
on surfaces can function as photocatalysts detoxification and
transformation of CEES to CEESO.

■ CONCLUSIONS
Synthetically accessible under mild conditions is a new series
of polymers of intrinsic microporosity that feature BDP
chromophores and that are capable of functioning as
heterogeneous photocatalysts. Heating DMF solutions of
varying ratios of F5-BDP, TTSBI, and/or TFTPN como-
nomers over several days yields parent BDP-PIMs, which can
then be brominated. The polymers exhibit permanent porosity,
based on intentionally introduced tortuosity, rather than cross-
linking, making them easy to solubilize, specifically in
chloroform, and easy to recast as porous thin films. Both the
pristine polymers and their brominated analogues display
strong visible-region absorbance, together with ambient
temperature fluorescence. Importantly, the emission spectra
for both the pristine and brominated derivatives exhibit an
emission peak at 760 nm that results from phosphorescence,
indicating the ability to populate a triplet (T1) excited state
suitable for photosensitizing the formation of reactive singlet
oxygen. Additionally, the incorporation of blue-light-harvesting
dicyanobenzene units within the polymer engenders an
efficient FRET to the BDP moieties. These excellent light
absorption properties render this class of polymers effective as
photocatalysts, both in solution and as thin films, for singlet-
oxygen-based detoxification of the sulfur-mustard simulant
CEES. In all cases, 1H and 13C NMR spectroscopic analysis of
catalytic reaction mixtures confirms the selective oxidation of
CEES to the nontoxic product CEESO with none of the toxic,
doubly oxidized CEESO2 observed. The excellent photo-
catalytic performance of BDP-based PIMs is attributable to a
combination of (i) broad visible-region light absorption, (ii)
efficient FRET from spirobisindane to BDP, (iii) longer
wavelength light absorption by charge-transfer excitation, and
(iv) SOC-enhanced (bromine-atom enhanced) intersystem
crossing to form a triplet excited state capable of sensitizing the
formation of reactive singlet oxygen. Overall, the study points
to the ample potential for PIM-based chromophores, in
solution suspended or thin-film form, for use as photo-
catalystspotential that is underscored by the synthetic
tunability of component monomers.
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