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Abstract: We herein report a new design route to stable,
heterophase photocatalysts, which function as highly disper-
sible conjugated polymer nanoparticles and porous monoliths
under visible light in aqueous medium. They were constructed
by attachment of the ionic-liquid species 1-alkyl-3-vinylimida-
zolium bromide onto the side chains of a photoactive polymer.
The structure configuration allows not only photocatalysis in
aqueous environment but also a unique self-initiation radical
cross-linking process to transform the water-soluble photo-
active polymer into a heterophase system, either as nano-
particles or a porous monolith. High photocatalytic activity
and reusability of the heterophase system were demonstrated in
the degradation of organic dyes and reduction of Cr"" into Cr'™!
in water under visible-light irradiation.

Visible-light-driven photochemistry and photocatalysis have
found significantly broad utility in organic synthesis and
energy materials in recent years.!! Taking nature as a role
model, where various chromophores and photocatalysts for
converting solar energy into chemical energy have been used
for millions of years, organic chemists have developed a vast
number of systems involving photo-redox processes that
mimic photosynthesis.’) Among them, transition metal com-
plexes are very popular due to their easy access, favorable
stability, and photo-redox properties. Thus their applications
range from water splitting and solar energy storage to
photovoltaics and chemical transformations.'**! Neverthe-
less, there are some intrinsic drawbacks associated with these
complex systems, for instance, high cost, toxicity of these rare
metals, and their limited availability in nature. From this
standpoint, the development of metal-free catalysts having
light-absorbing properties has caught much interest in many
research groups. In fact, a number of organic dyes such as
fluorescein, eosin Y, nile red, and rhodamine B have been
already successfully employed in photo-redox catalysis in the
last two decades.! However, a common disadvantage of these

[*] S. Ghasimi, Z. ). Wang, Prof. K. Landfester, Dr. K. A. I. Zhang
Max Planck Institute for Polymer Research
Department of Physical Chemistry of Polymers
55128 Mainz (Germany)
E-mail: kai.zhang@mpip-mainz.mpg.de
Dr. S. Prescher, Dr. J. Yuan
Max Planck Institute of Colloids and Interfaces
Department of Colloid Chemistry
14476 Potsdam (Germany)
E-mail: jiayin.yuan@mpikg.mpg.de
@ Supporting information and ORCID(s) from the author(s) for this
article are available on the WWW under http://dx.doi.org/10.1002/
anie.201505325.

Angew. Chem. Int. Ed. 2015, 54, 14549 —14553

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

organic dyes as molecular catalysts is that they readily
undergo solvolytic attack in the reaction medium and the
photobleaching effect, which can be troublesome for catalyst
recycling and long-term usage. It is therefore highly desirable
to design new organic, non-metal, heterophase photocatalysts
that are stable and easy to recover. From this point of view,
two heterophase models are of high importance: nanoparti-
culate systems and porous polymers. Nanoparticles are
characterized by a high surface-to-volume ratio and porous
materials by a large surface area. Recent responses to the
acute need for heterogeneous non-metal photocatalytic
systems, especially porous carbon nitrides, a state-of-art
example, have gained enormous attention. The electronic
and optical properties of these efficient metal-free photo-
catalysts can be tuned by molecular design, copolymerization,
doping, texture or morphology engineering, and surface
heterojunctions.”! Another emerging class of organic semi-
conductors, conjugated porous polymers, combining a photo-
active m-electron backbone and porous-interface properties,
have been advantageously introduced as stable heterogene-
ous photocatalysts for organic synthesis under irradiation by
visible light.[”! Some research activities showed their applica-
tions for molecular oxygen activation,”’ hydroxylation of
arylboronic acids,® dehalogenation reaction visible-light
photoinitiation for free radical polymerization,'”! and hydro-
gen evolution.M"

Apart from the materials design perspective, a more
technologically relevant concept of using economically and
environmentally friendly reaction media, that is, to employ
“green” solvents instead of hazardous organic solvents, is
often considered for the photocatalyst design, given the fact
that the use of organic solvents produces a vast volume of
liquid waste in laboratory and industrial processes. Water, in
particular, has been considered as a cheap, easy-to-recycle
green solvent for organic reactions.?

Here, we report the design and synthesis of water-
compatible conjugated nanoparticles and porous polymers
bearing imidazolium-based ionic-liquid (IL) units* as highly
efficient metal-free visible-light photocatalysts in aqueous
environment. Through the attachment of cross-linkable vinyl-
imidazolium side chains onto the conjugated poly(benzothia-
diazolylfluorene) backbone, both nanoparticles and porous
monoliths, depending on the polymer concentration, were
produced via a unique self-initiated intramolecular radical
cross-linking process under visible-light irradiation. High
photocatalytic activity of the as-synthesized polymer in
aqueous medium was demonstrated for the degradation of
rhodamine B and methylene blue dyes and the photoreduc-
tion of Cr"" into Cr™" under visible-light irradiation.
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Scheme 1. The side-product-free synthesis of the heterophase photo-
catalyst from the photoactive conjugated polymer bearing cross-link-
able imidazolium-based ionic liquid units by visible-light-promoted
self-initiated cross-linking.

The synthetic principle of targeted conjugated polymers is
illustrated in Scheme 1. The water-soluble conjugated poly-
mer P-FL-BT-2 bearing cross-linkable vinylimidazolium side
groups was obtained by functionalization of the hydrophobic
conjugated polymer P-FL-BT-1 bearing bis(6-bromohexyl)-
fluorene units with N-vinylimidazole. (The experimental
details and characterization data are provided in the Support-
ing Information.) It should be noted that the reaction mixture
is heated stepwise from 60 to 100°C to achieve a high degree
of quaternization without the occurrence of dehydrobromi-
nation side reactions. NMR spectroscopy indicated a 92 %
conversion of bromohexyl groups in P-FL-BT-1 to vinyl-
imidazolium bromide in P-FL-BT-2 (see Figure S2). Ther-
mogravimetry analysis (TGA) showed comparable thermal
behavior of P-FL-BT-1 and P-FL-BT-2 until about 230°C (see
Figure S4). UV/Vis absorption and fluorescence emission
spectra showed a bathochromic shift of P-FL-BT-2 compared
to P-FL-BT-1 (see Figure S6). A slight increase of the band
gap from 2.49 eV for P-FL-BT-1 t0 2.37 eV for P-FL-BT-2 can
be derived from the absorption edges.

It was previously shown that conjugated macromolecular
systems could mediate electron transfer under visible-light
irradiation and thus act as photosensitizers.”*!*!* Therefore
in our opinion the conjugated structure of P-FL-BT-2 should
fulfill the requirements as a visible-light-active photoinitiator.
Additionally, given the fact that P-FL-BT-2 consists of
hydrophilic imidazolium side chains and a hydrophobic
polymer main chain, which creates an amphiphilic pattern,
it could simultaneously act as a stabilizer for colloidal systems,
a concept that has been proven previously for such IL-based
polyelectrolytes.™> The critical micelle concentration (CMC)
of P-FL-BT-2 was measured to be 0.90 mm (see Figure S5).
This value is similar to that of hexacetyltrimethylammonium
bromide (CTAB, 0.92 mm), a widely used cationic surfactant
in aqueous media.

To investigate the double role of P-FL-BT-2 as a visible-
light photoinitiator and as a stabilizer for colloidal systems,
the following two experiments were performed. First, a dilute
solution of P-FL-BT-2 in water (0.1 mgmL™") was irradiated
with a white LED lamp without using any additional radical
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Figure 1. a) Photographs of P-FL-BT-3 as nanoparticles in aqueous
dispersion (0.10 mgmL™") and as a porous monolith (0.67 mgmL™").
b) TEM image of P-FL-BT-3 as nanoparticles. c) SEM image of

a freeze-dried P-FL-BT-3 monolith. d) Confocal microscope image of
a P-FL-BT-3 monolith with its own fluorescence.

initiator, yielding a stable dispersion (Figure 1a). Transmis-
sion electron microscopy (TEM) analysis showed particles
with a diameter of (85 + 10) nm, indicating the formation of
nanoparticles of the cross-linked polymer P-FL-BT-3 (Fig-
ure 1b). The dynamic light scattering (DLS) characterization
gave a larger number average apparent diameter of ca.
141 nm. This can be explained by the fact that the nano-
particles in solution are in a swollen state with a hydration
shell, which leads to a size expansion. The zeta-potential of
the nanoparticle dispersion (+34.7 mV) confirmed a stable
colloidal system.

Second, the high interfacial activity of P-FL-BT-2 for
a two-phase emulsion system was demonstrated by the build-
up of a porous polymer monolith by using the high internal
phase emulsion polymerization technique (polyHIPE).l'!
Without the addition of any surfactant, a stable water-in-oil
emulsion formed using a small amount of P-FL-BT-2 (4 mg in
5 mL H,O/hexadecane (volume ratio 1:4)). Under visible-
light irradiation, self-initiation and cross-linking took place
and eventually resulted in a porous monolith (Figure 1a),
which is insoluble in the common organic solvents and
aqueous media tested. The SEM images of a freeze-dried
sample showed a porous structure with interconnected pores
inside the monolith (Figure 1c¢). In the confocal microscope
image, water droplets of about 50 pm were observed inside
the monolith in a wet state, indicating a large pore structure
inside the polymer monolith (Figure 1d). Solid-state *C CP
MAS NMR measurements showed the characteristic signals
at about 113 and 120 ppm, which can be assigned to the
carbons of the vinyl groups of P-FL-BT-2. These signals
disappeared after the light-induced cross-linking process and
merged with the signals of the aliphatic carbons between 20
and 60 ppm (see Figure S3).
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Figure 2. UV/Vis DRS and fluorescence emission spectra of monolithic
P-FL-BT-3 (normalized curves).

In the UV/Vis diffuse reflectance spectra (DRS)
(Figure 2) the absorption band of P-FL-BT-3 was slightly
broader than that of P-FL-BT-1 and P-FL-BT-2 (see Fig-
ure S6). A similar emission range with a maximum at 600 nm
can be seen in comparison, that is, in the visible-light range. A
band gap of ca. 2.11 eV can be derived from the absorption
edge. This corresponds to the observed band gap of 2.07 eV
measured by cyclic voltammetry (CV) (see Figure S8).

Both aforementioned experiments demonstrated the
ability of P-FL-BT-2 to serve as a visible-light initiator for
radical polymerization and simultaneously as a stabilizer for
emulsions. We suggest a modified initiation mechanism
similar to that discussed in the literature.'”! Under visible-
light irradiation, P-FL-BT-2 undergoes a transition to a long-
lived triplet state, in which the vinyl group of the imidazolium
unit is activated, forming an alkyl radical and a radical cation.
The alkyl radical attacks other vinyl groups and initiates
cross-linking. The radical cation of P-FL-BT-2 likely abstracts
a proton from the adjacent environment, most likely water,
and then returns to the ground state to complete the catalytic
cycle. To demonstrate the ability of the conjugated polymer
backbone to serve as a visible-light photoinitiator, we
conducted a control experiment: the free radical polymeri-
zation of methyl methacrylate (MMA) with the hydrophobic
polymer P-FL-BT-1 as the photoinitiator. As expected,
PMMA was obtained under the same irradiation conditions
without other initiators (see Figure S13), proving the photo-
activity of the conjugated backbone of the polymer.

The feasibility of the monolithic P-FL-BT-3 as a hetero-
geneous photocatalyst in aqueous medium was tested. As
organic dyes and heavy metals are well-known pollutants in
industrial wastewater, the photocatalytic degradation of
rhodamine B and methylene blue as two model dyes, and
the photoreduction of aqueous Cr"" were carried out under
visible-light irradiation using the same lamp. As displayed in
Figure 3 a, the two organic dyes showed over 90 % degrada-
tion after irradiation for roughly 70 min. This catalysis is
comparable to that of porous carbon nitride (C;N,), a state-
of-art non-metal-based visible-light photocatalyst, given the
fact that the concentration of P-FL-BT-3 used here was about
10 times lower (0.1 mgmL™)."! Figure 3b displays the results
of the photocatalytic reduction of Cr"', with an almost
quantitative conversion from the highly toxic Cr¥' to much
less harmful Cr'"'™ after 120 min. The efficiency of P-FL-BT-
3 for Cr"" reduction was found to be also comparable to that
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Figure 3. a) Photocatalytic degradation of rhodamine B and methylene
blue and b) photocatalytic reduction of Cr"' using P-FL-BT-3 in water
under visible-light irradiation. C is the concentration of the organic
dyes or Cr', and G, is the initial concentration after reaching
adsorption/desorption equilibrium in the dark.

recently reported for metal-based photocatalysts such as
BiVO,/Bi,S;*"! and SnS,/Sn0,?” under similar reaction con-
ditions. The photodegradation of the organic dyes in water is
likely mediated by photochemically generated singlet oxygen,
similar the mechanism proposed in a previous study.! By
absorption of light, the P-FL-BT-3 photosensitizer is excited
to its singlet state (S) followed by subsequent intersystem
crossing and population of a triplet state (T). The excited P-
FL-BT-3 can transfer energy and spin to the ground-state
triplet oxygen, thus forming the excited singlet oxygen that
attacks the organic dyes.”!! The potential required for the
redox reaction from Cr¥! to Cr''is 1.33 V (vs. NHE).*” P-FL-
BT-3 has a band gap of 2.07 eV and the conduction band lies
at —1.13 V (vs. NHE; see Table S2) in the excited state, which
is sufficient for the reduction of Cr*! to Cr'™".

We then studied the stability and reusability of the
monolithic P-FL-BT-3 as a heterogeneous photocatalyst by
conducting the same photodegradation reaction of rhodami-
ne B for 10 repeated cycles (see Figure S12). Rhodamine B
was degraded almost quantitatively in each run, demonstrat-
ing that P-FL-BT-3 can be used as a highly effective and stable
water-compatible photocatalyst. It is worth noting that in the
absence of P-FL-BT-3 these photoreactions did not occur at
all under the same reaction conditions. A study with different
scavengers®! showed that reactive species such as superoxide
("O,7) play a crucial role in the photodegradation of the
organic dye. Other active species such as photogenerated
holes (h") and H,O, have only a minor part in the catalytic
process, while the effect of singlet oxygen ('O,) and hydroxyl
radical ((OH) was minimal existent (see Figure S14).

In conclusion, we have demonstrated the successful
synthesis and application of a conjugated polyelectrolyte
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photocatalyst working in a heterophase aqueous environ-
ment. The attachment of 1-alkyl-3-vinylimidazolium bromide
units to the linear conjugated polymer backbone, a syntheti-
cally simple step, causes multiple synergistic effects: water-
solubility, self-photoinitiation ability, and interfacial activity.
The obtained monolithic polymer can serve as an efficient,
recyclable, cost-effective heterogeneous photocatalyst for use
under visible light and in water to degrade organic dyes and
reduce heavy-metal ions such as Cr"' to Cr'"". We believe the
design strategy and principle reported here can offer a very
clean and side-product-free, and especially surfactant-free,
synthetic pathway to obtain water-compatible photoactive
polymers with desired morphology and a broader potential
for other applications in aqueous medium under sustainable
and environmentally friendly conditions.
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