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Solid-supported organic photocatalysts for radical polymerization are promising materials towards more sustainable

chemical syntheses and may also open the pathway towards novel (super)hydrophilic materials. This contribution reports

on the development of a hydrolysis-resistant heterogeneous photocatalysis platform based on photocatalytic polymer

brushes tethered to solid glass supports. The obtained materials circumvent limitations of silane hydrolysis in aqueous

conditions and provide well-controlled light-mediated radical polymerization. Moreover, significantly improved longevity

and recyclability can be accomplished by adding hydrophobic protective layers that mitigate silane hydrolysis by limiting

water-diffusion to reactive sites. We interrogate both the influence of this hydrophobic protective layer and the influence

of the hydrophilicity of the photoactive polymer brush on photocatalytic efficacy of the described platform.

Introduction

Photocatalysis uses light as a renewable energy source to
drive a plethora of organic'™ and polymer chemistries®™ while
permitting ambient temperatures, pressures, and mild condi-
tions.1° Photochemistry in water is particularly attractive — from
wastewater remediation?*14 to chemical syntheses.1%>-%7

Ideally, photocatalysts for application in water should be in-
ert and non-toxic, strongly oxidizing/reducing but chemically
stable with tunable band gaps, easy to prepare at low cost, and
long-term stable against photobleaching.**® However, as
Russo et al. described last year, organic transformations and
polymerizations in water that are driven by visible light have re-
ceived little attention to date.'® This is surprising, considering
there is innate synergy between sustainable photoredox cataly-
sis and water as an environmentally benign solvent to create
less hazardous operating conditions. Further, the chemoselec-
tivity and functional group orthogonality of photocatalysis can
provide unique benefits for purification while minimizing side
product formation.® As such, the study of photoredox catalysis
in water has the potential to accelerate the development of sus-
tainable synthetic processes spanning a broad range from drug
manufacturing to materials engineering.
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Light-mediated polymerization in water in particular shows
significant potential to broaden the scope of accessible materi-
als that can be synthesized under visible light and ambient con-
ditions.’®2* This includes reversible deactivation radical
polymerization (RDRP) to produce well-defined (super-)hydro-
philic polyelectrolytes,?>2% zwitterionic materials,?”?® or poly-
ampholytes,?® all of which have been considered intriguing ma-
terials for various applications, including anti-fouling,?° anti-ic-
ing,3! anti-fogging,3? and many others.333* Moreover, water as
a solvent for RDRP can provide exciting new chemical behaviors
to drive unconventional reaction pathways and accelerate ad-
vancements in photocatalysis.”-35737

While RDRP in aqueous solutions has been studied inten-
sively,7:3842 3 more limited body of work exists on light-medi-
ated RDRP in aqueous environments.3643-48 Often, the catalysts
need to be chemically modified,***® or protonated*’ to create
water-soluble equivalents to those used in organic solvents. Ex-
amples include a water soluble zinc porphyrin photocatalyst
(Zn(Il) meso-tetra(4-sulfonato-phenyl)porphyrin, ZnTPPS*) for
photoinduced electron transfer-reversible addition-fragmenta-
tion chain transfer (PET-RAFT) polymerization or protonated di-
phenyldihydrophenazine-derivatives for light-mediated atom
transfer radical polymerization (ATRP).***° Such approaches
however may be synthetically challenging, detrimental to the
photocatalyst’s performance, or its chemical stability. Nonethe-
less, polymerization in water has been studied for PET-
RAFT,32434547 ATRP,374%500r photoiniferter polymerization.>!

It becomes clear that practical potential exists, but signifi-
cant challenges remain to leverage the full potential of aqueous
photoredox processes.'®° These include high costs of transition
metal-based photocatalysts, inadequate water-solubility of
popular aromatic photocatalysts, limited long-term stability,



and photobleaching. This creates a need for an inexpensive syn-
thetic platform that mitigates solubility issues, compatibilizes
the photocatalysts to allow operation in water, and affords fac-
ile catalyst recycling to reduce cost and minimize product con-
tamination.

To this end, heterogeneous photocatalysts have been devel-
oped as a promising alternative.>>=>> One approach is the immo-
bilization of photocatalysts onto solid supports — made possibly
by the innate ability of photocatalysts to retain their activity
when immobilized. Glass (SiOy) — in the form of nanoparticles,
glass wool, optical fibers, or micron-scale beads — provides a low
cost and scalable support with good transparency over the re-
quired optical spectrum for photocatalysis.”®*>’ Moreover, the
versatility of silane chemistry provides nearly limitless options
for surface functionalization.>® Using this approach, Shanmu-
gam et al. grafted Eosin Y to silica nanoparticles and showed
their efficacy as recyclable PET-RAFT polymerization catalysts.>®
Interestingly, the authors also reported an increased resistance
towards photobleaching after surface-immobilization. Teixeira
et. al. immobilized various photocatalysts onto aminopropyl tri-
ethoxysilane-functionalized glass wool to produce reusable cat-
alysts for the photooxidation of dimethylanthracene.®® Beyond
such immobilized monolayers, we recently reported on a pho-
tocatalyst polymer brush-functionalized glass bead platform for
light-mediated synthesis of small molecules and polymers via
PET-RAFT.6162

Despite their promise, functionalized SiOx-surfaces as heter-
ogeneous catalysts in water bear inherent limitations. First and
foremost, the facile hydrolysis of the silane surface-anchor (-Si-
0-) in water can cause leaching of photocatalysts (monomers or
polymer brushes). This would contaminate the synthetic prod-
uct and decrease the ability to efficiently recycle the photocata-
lysts. Indeed, polymer brushes cleaving from surfaces due to
silane hydrolysis has previously been studied by Genzer,®3 de
Beer,%* and Klok,®* all of whom identified noticeably decreased
grafting densities over time — even in humid air. Previous stud-
ies®®%8 indicate however that a hydrophobic polymer shell can
act as a protective barrier to limit diffusion of water molecules
to the polymer/glass interface and prevent polymer brush hy-
drolysis.®6%8 For example, Paripovic et al. demonstrated the
success of a thin poly(methyl methacrylate) (PMMA) layer in a
hydrophobic/hydrophilic diblock copolymer brush.® Poly(2,2,2-
trifluoro ethyl methacrylate) (PTFEMA) is known to generate an
even more hydrophobic surface.®?

Motivated by this approach, we outline below the develop-
ment of a hydrolysis-resistant heterogeneous photocatalyst for
PET-RAFT polymerization. We leverage the tunable backbone
chemistry of photoactive polymer brushes — an inherent ad-
vantage of our previous photocatalysis platform.6%62 |n detail,
we use a protective hydrophobic underlayer to protect the sur-
face-anchor of the polymer brushes from hydrolyzing (see Fig-
ure 1). We interrogate both PMMA and TFEMA as protective
layers and study their ability to prevent polymer brush hydroly-
sis. We further study how modifying the hydrophilicity of the
outermost layer (between methyl acrylate (MA) and 2-hydroxy
ethyl acrylate (HEA) comonomers) influences the photocatalytic
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efficacy in aqueous solution. Because hydrolysis is prevented,
the photocatalyst substrates exhibit stability over multiple well-
controlled polymerization cycles after catalyst recycling through
simple filtration.
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Figure 1. The chemical structure of incorporating a hydrophobic protective shell
(PTFEMA or PMMA) diblock copolymer brush for the prevention of hydrolysis. The hy-
drophobic-block-photoactive polymer brush is tethered to a solid SiO, support (micron-
scale bead) and can be used for heterogeneous photocatalysis. The cartoon polymer
brush functionalized bead is not drawn to scale.

Results and Discussion

Quantifying hydrolysis of the silane anchoring group

Our lab previously demonstrated the successful use of pho-
tocatalytic polymer brush-functionalized glass beads (PC@SiOy)
for heterogeneous synthesis of polymers via light-mediated
PET-RAFT in dimethyl sulfoxide (DMS0).®* In detail, fluorescein
o-acrylate was copolymerized with methyl acrylate via SI-RAFT
to produce surface-anchored poly(fluorescein o-acrylate-co-
methyl acrylate) polymer brushes attached to glass surfaces
(FPB@SIiOy; Figure 2a). However, when attempting PET-RAFT in
aqueous solutions for the polymerization of hydrophilic mono-
mers, a noticeable discoloration of the reaction solution was vis-
ible to the naked eye. In contrast, this discoloration does not
occur in DMSO (Figure S5a).
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Figure 2. (a) Cartoon schematic of the fluorescein photocatalytic polymer brush glass
beads (FPB@SiO,, not drawn to scale) and the hydrolytic -Si-O- bond highlighted. (b)
UV/vis spectroscopy depicts the increasing appearance of fluorescein (photocatalyst)
characteristic absorption in water, suggesting hydrolysis and leaching into the solution.

This journal is © The Royal Society of Chemistry 20xx



Indeed, as shown in Figure 2b, UV/vis spectroscopy showed an
increasing intensity of the fluorescein absorption band after
stirring the catalyst beads in water for 7 days. 'H-NMR con-
firmed the presence of the characteristic aromatic fluorescein
peaks (6: 6.55-7.98 ppm in DMSO-dg, Figure S5b). Notably, acry-
late-characteristic peaks (6: 1.76-2.22 ppm in DMSO-dg, Figure
S5b) were also detected, suggesting that the entire polymer
brush detaches and not merely the photocatalyst motif.

Based on studies outlined above by Genzer,®3 de Beer,%* and
Klok,%> we hypothesized that hydrolysis of the -Si-O- bonds, con-
necting the polymer brush to the glass beads is occurring (Fig-
ure 2a), due to the ingress of water into the brush/glass inter-
face.”® The de-grafting of the photocatalytic polymer brushes
would occur in water, but not in DMSO (as per our observa-
tions). However, this hydrolysis also inherently limits the photo-
catalyst’s efficiency and lifetime in aqueous environments while
contaminating the synthetic products. To prevent polymer
brush hydrolysis, we were inspired by studies on the addition of
a hydrophobic polymer as a protective shell to prevent diffusion

a
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of water molecules to the polymer brush/glass interface to en-
hance the durability of polymer brushes.55-68

Synthesis and characterization of hydrophobic-hydrophilic diblock
copolymer brush photocatalyst SiO, beads

An advantage of our previously reported PC-polymer brush
platform®%62 js the ability substitute the comonomers in the sur-
face-initiated RAFT (SI-RAFT) polymerization. This permits the
addition of a hydrophobic polymer as a protective shell (Figure
3a) to protect the PC-polymer brushes against hydrolysis and
extend catalyst stability.

To investigate this approach, the RAFT chain transfer agent
(CTA) 4-cyano-4-[(dodecylsulfanylthiocarbonyl)-sulfanyl]penta-
noic acid (CDTPA) was anchored to the surface of soda lime sil-
ica (SiOy) glass beads (D, 76.3 um).5%62 From these
CDTPA@SiOy beads, SI-RAFT of two monomers of varying hy-
drophobicity, i.e., MMA or TFEMA, was performed. The result-
ing hydrophobic PMMA or PTFEMA polymer brushes were chain
extended by copolymerizing fluorescein o-acrylate (FIA, 10
mol.%) with methyl acrylate (MA, 90 mol.%) to produce the final
diblock copolymer brush catalysts (Figure 3a).
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Figure 3. (a) Cartoon schematic of the surface-initiated reversible addition-fragmentation chain transfer polymerization (SI-RAFT) diblock copolymer, not drawn to scale. Surface
confirmation of the photoactive diblock copolymer polymer brush substrates (b) (SiO,)-[F|FIA-MA] and (c) (SiO,)-[M|FIA-MA] via X-ray photoelectron spectroscopy (XPS). The
survey and high-resolution carbon C1s spectra for each layer with measured water contact angle insets.
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X-ray photoelectron spectroscopy (XPS, Figure 3) was used
to characterize the obtained poly[MMA-b-(FIA-co-MA)]@SiOy
((Si0,)-[M|FIA-MA]) and poly[TFEMA-b-(FIA-co-MA)]@SiO
((SiOx)-[E| FIA-MA]) glass beads. For PTFEMA@SiOy a character-
istic fluorine F1s peak at BE = 688 eV was apparent (Figure 3b)
and the high resolution C1s spectrum showed the characteristic
PTFEMA fingerprint (Figure 3c): C-C (285.0 eV), C-O (287.5 eV),
C=0 (289.0 eV), and C-F (293.0 eV) at atom% ratios of C-C:C-
0:C=0:C-F = 7.3:1.7:1:1. A deviation from theoretical expecta-
tions (4:1:1:1), i.e., an increased C-C count, is likely due to the
12-carbon CTA chain end. For PMMA®@SiO4, photoelectron
spectra showed the expected Cls and O1s peaks (from MMA),
an N1s peak (from the amide surface-tether), and Si2s/Si2p
peaks from the underlying substrate (Figure 3e). High-resolu-
tion carbon C1s curve fits were used to identify the individual
PMMA carbon environments: C-C (285.0 eV), C-O (286.4 eV),
C=0 (288.0 eV) were detected at a ratio of C-C:C-0:C=0 =
3.9:1.8:1 atom% - again showed an increased C-C count from
the CTA (expected: 3:1:1; see Figure 3f). Successful copolymer-
ization (chain extension) with FIA and MA was apparent through
loss of Si2s/Si2p peaks in the survey spectrum (Figure 3b,e). This
is a result of a thicker polymer brush exceeding the photoelec-
tron escape depth of approx. 10 nm (see below). For (SiOy)-
[F|FIA-MA] the loss of the F1s peak (688 eV) was another indi-
cator for successful polymer brush chain extension (Figure 3b).
As expected, the final C1s photoelectron spectra for both (SiOy)-
[FIFIA-MA] and (SiOx)-[M|FIA-MA] were dominated by the
poly(FIMA-co-MA) polymer block (see Figure 3d and Figure 3g).

Table 1. Summary of the diblock copolymer brush thickness and their respective water
contact angle (WCA).

Layer Thickness Water Contact Angle®
(d, nm) (6,°)

Unprotected P(FIA-co-MA)° 12+1 46+1
PTFEMA® 16+3 103+3
PTFEMA-b-P(FIA-co-MA)° 34+3 7512
PTFEMA-b-P(FIA-co-HEA)® 33+£3 51+2
PMMA® 23+2 62+2
PMMA-b-P(FIA-co-MA)* 38+2 43+2

9Reaction conditions of the polymerization were of the following molar ratios of
[MA]:[FIA]:[CDTPA]:[AIBN] = [500]:[50]:[1]:[0.25] for 24 hours 75°C under inert
conditions. MA = methyl acrylate and FIA = fluorescein o -acrylate. ®Reaction con-
ditions of the hydrophobic monomer were of the following molar ratios of [Mono-
mer]:[CDTPA]:[AIBN] = [100]:[1]:[0.25] for 6 hours at 75°C under inert conditions.
PTFEMA = poly(2,2,2-trifluoroethylmethacrylate), PMMA = poly(methyl methacry-
late), CDTPA = 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid,
and AIBN = 2,2’-azobis(isobutryronitrile). ‘Reaction conditions of the chain exten-
sion  polymerization were of the following molar ratios of
[MA]:[FIA]:[CDTPA]:[AIBN] = [500]:[50]:[1]:[0.25] for 24 hours 75°C under inert
conditions. “Thickness determined through J.A. Woollam RC2-D VASE. ®WCA meas-
urements determined via an in-house setup.

To estimate thicknesses of the diblock copolymer brushes
on the SiOy glass beads, SI-RAFT was concurrently performed on
planar glass substrates (see the Supporting Information). Varia-
ble angle spectroscopic ellipsometry (VASE) was used to quan-
tify polymer brush layer thicknesses (d) for both PMMA and
PTFEMA homopolymer brushes as well as the respective (SiOy)-
[M]|FIA-MA] and (SiOx)-[F|FIA-MA] block copolymer brush
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films (see Table 1). After 24 hours of SI-RAFT reaction time, av-
erage film thicknesses of dprrema = 16 £ 3 and dppma = 23 = 2
nm were obtained for the PTFEMA and PMMA homopolymer
brushes, respectively. These findings agree with previous work
describing faster polymerization rates for MMA (vs. TFEMA).7%72
The chain extension of PTFEMA and PMMA polymer brushes re-
sulted in a film thickness increase to dgjria-ma = 34 £ 3 nm and
dmira-va = 38 £ 2 nm, respectively (see Table 1).

Water contact angles (6) were measured to determine the
changes in hydrophobicity for the different layers (Figure 4 in-
sets and Table 1). PTFEMA exhibited more hydrophobic proper-
ties (€ ~ 103 % 3°) than PMMA (6 ~ 62 *+ 2°). An expected in-
crease in hydrophilicity was observed after chain extension with
the photoactive fluorescein polymer for both (SiOy)-[F| FIA-MA]
(0 ~ 75 + 2°) and (SiOx)-[M|FIA-MA] (0 ~ 43 + 4°).
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Figure 4. (a) The stability of the fluorescein polymer brush functionalized glass beads
(FIMA@SiO,) in water monitored over a week, comparing the different protective poly-
mer layers (PTFEMA or PMMA) with unprotected FIMA@SiO, substrates. The polymer
brush conformation is not drawn to scale and just for illustration purposes. (b) The UV/vis
spectra on day 7, highlighting the characteristic fluorescein absorption at Ama, = 480 nm
for the determination if hydrolysis occurred.

Mitigating hydrolysis towards heterogeneous photocatalysis in
aqueous environments

To examine the effectiveness of the protective hydrophobic
blocks, unprotected-, and both PMMA- and PTFEMA-protected
polymer brush beads were stirred in water for seven days.
UV/vis spectroscopy was used to monitor the concentration
changes of hydrolyzed fluorescein-containing polymer brushes
with time (see Figure 4). As expected, the unprotected (SiOx)-
[FIA-MA] shows significant leaching over 7 days up to a concen-
tration above 2 x 10° M. Both hydrophobic polymer shells sig-
nificantly improved the stability of the -Si-O- anchoring bond
against hydrolysis. (SiOx)-[F| FIA-MA] was observed to be most
stable and no significant fluorescein leaching was detected on
day 7 (Figure 4b). There was however a measurable increase in
fluorescein concentration for the PMMA protected coatings —
suggesting a hydrophobicity threshold for the protective layers’

This journal is © The Royal Society of Chemistry 20xx



effectiveness. Due to their improved stability, our focus for
studies outlined below was on PTFEMA-reinforced photocata-
lytic polymer brush films.

Modifying the hydrophilicity of the photoactive layer
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Figure 5. Schematic and XPS survey and high resolution C1s photoelectron spectra for
poly[MMA-b-(FIA-co-MA)]@SiO, ((SiO,)-[F | FIA-HEA]) polymer brush-functionalized glass
beads. The inset shows a representative water contact angle measurement. The polymer
brushes are not drawn to scale as they are on the nanoscale compared to the micron-
size surface.
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The chain conformation of the photoactive polymer brush
layer is anticipated to impact catalytic performance. More cat-
alytic sites are anticipated to be available if the polymer brushes
are swollen, i.e., extended into the aqueous environment. To
interrogate this, we extended the hydrophobic PTFEMA@SiO
polymer brush by copolymerizing FIA (10 mol.%) with (i) MA and
the (ii) more hydrophilic 2-hydroxyethyl acrylate (HEA; see Fig-
ure 5). The resulting (SiOx)-[F|FIA-MA] and (SiOy)-[F|FIA-HEA]
are anticipated to exhibit different enthalpic interactions with
H,O as described by Flory-Huggins theory.

Synthesis and characterization of (SiOx)-[F|FIA-MA] was
outlined above (see Figure 3a). Successful formation of (SiOy)-
[F|FIA-HEA] copolymer brushes was confirmed via ellipsome-
try. The initial PTFEMA layer (dprrema = 16 = 1 nm) increased in
thickness increased by Ad ~ 17 + 1 nm for poly(FIA-co-HEA) (see
Table 1). In XPS, block copolymer formation was apparent
through the disappearance of the F1s peak (BE = 688 eV) and C-
F (293 eV) peak in the Cls spectra (see Figure 5). Moreover, a
pronounced C-O (286.4 eV) component became apparent — sig-
nifying the presence of hydroxyl groups characteristic to the
HEA comonomer. Water contact angles on equivalent planar
substrates confirmed increased hydrophilicity of (SiOx)-[F|FIA-
HEA] (€ ~ 51 * 2°) when compared to the initial PTFEMA poly-
mer brushes (€ ~ 103 + 3°) and the more hydrophobic (SiOy)-
[F|FIA-MA] polymer brushes (8 ~ 75 %+ 2°).

Catalytic Efficacy in Aqueous PET-RAFT polymerization

Aqueous PET-RAFT was conducted to study catalytic efficacy
of the developed heterogeneous photocatalysts (see Figure 6a).
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Figure 6. (a) PET-RAFT (chain transfer agent CPADB) of PEGMEMA using photocatalyst polymer brush (FPB)-functionalized SiO, beads with a protective PTFEMA@SiO, underlayer
polymer block. (b) Number-average molecular weight (as determined by *H-NMR) and dispersity (obtained via GPC) as a function of PEGMEMA monomer conversion for PET-
RAFT using either (SiO,)-[F| FIA-HEA] (squares) or (SiO,)-[F| FIA-MA] photocatalysts (triangles). The dashed/dotted lines indicate the theoretical molecular weight for each conver-
sion. (c) Cartoon of how photocatalyst polymer-brush swelling is anticipated to influence monomer access to photocatalytic sites on the SiO, surface and monomer conversion
(for the PET-RAFT polymerizations shown in a) as a function of time, indicating faster PEGMEMA conversion for the more hydrophilic (SiO,)-[F|FIA-HEA] (vs. (SiO,)-[F|FIA-MA]).

The polymer brushes in the cartoon are not drawn to scale.
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Both (SiOx)-[F|FIA-MA] and (SiO,)-[F|FIA-HEA] were able to
polymerize poly(ethylene glycol)methyl ether methacrylate
(PEGMEMA, M, = 300 g mol?) via PET-RAFT in deionized water
(DIW) under blue light irradiation (Amax = 465 nm). The amount
of catalyst beads loaded for the aqueous PET-RAFT polymeriza-
tion was optimized to be about ~1000 mg (Figure S12). 4-Cyano-
4-(phenylcarbonothioylthio)pentanoic acid (CPADB) and ascor-
bic acid (AA) were added as CTA and sacrificial electron donor,
respectively, at a ratio of [PEGMEMA]:[CPADB]:[AA] = 200:1:2
(see Sl). Notably, the CTA chain ends of the fluorescein polymer
brush functionalized glass beads were removed prior to these
studies to prevent side reactions at the catalyst surface, i.e., in-
corporation of monomer into the polymer brush backbone.

Figure 6b illustrates that both MA- and HEA-based PTFEMA-
protected fluorescein copolymer brush functionalized glass
beads successfully accomplished the PET-RAFT of PEGMEMA in
water. Experimental molecular weights (as determined via *H
NMR spectroscopy) increased linearly with monomer conver-
sion and were in good agreement with theoretically predicted
molecular weights. Molecular weight distributions were meas-
ured via gel permeation chromatography (GPC) and remained
low (D < 1.4) throughout the polymerization (up to 90% mono-
mer conversion), confirming a reversible deactivation radical
polymerization mechanism. Control experiments indicated no
polymerization in the absence of photocatalyst and without ir-
radiation (Table S1), emphasizing the need for the fluorescein
polymer brush functionalized glass beads to drive the PET-RAFT
polymerization. Without addition of CPADB, free radical
polymerization occurred to produce PEGEMEMA with broad
molecular weight distribution (P = 3.22, Figure S9a and Table
S1). In the absence of ascorbic acid, polymerization occurred
slower, achieving 58% conversion of monomer after 12 hours
(in comparison to (SiOx)-[F|FIA-HEA] at 73%). We would also
like to note that preliminary studies into expanding monomer
scope yielded low detectable conversions or high dispersities
for non-methacrylic monomers. Further studies in optimizing
the present system are necessary, and ongoing in our labora-
tory, to expand the utility of the present system towards other
monomers.

Aqueous PET-RAFT polymerization of PEGMEMA was also
conducted in basic and acidic environments to determine the
effect of pH (Figure S11). In acidic conditions (pH~4), the
polymerization rate increases 1.4-fold in comparison to the nor-
mal and neutral conditions, whereas under basic conditions
(pH~10), the polymerization rate decreases by 50%. For both
environments, control over polymerization was maintained
with good agreement between experimental and theoretical
molecular weights and dispersities b < 1.3.

Reusability of protected photoactive polymer brush hetero-
geneous photocatalysts

The stability of the protected polymer brush photocatalysts
were further investigated through the recycling of multiple PET-
RAFT polymerizations of PEGMEMA (Figure 7).
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Figure 7. PEGMEMA monomer conversion for 4 consecutive 12 hour PET-RAFT polymer-
izations using different photocatalysts: (SiO,)-[F|FIA-HEA] (squares), (SiO,)-[F|FIA-MA],
(triangles), and unprotected (SiO,)-[FIA-HEA] (spheres).

Both (SiOy)-[F| FIA-MA] and (SiOy)-[F| FIA-HEA] glass beads
maintained catalytic activity after four consecutive 12-hour
polymerization cycles with an average of 29 + 2% and 65 + 3%
PEGMEMA conversion, respectively. In comparison, the unpro-
tected (SiOx)-[FIA-MA] substrates exhibited a decrease in con-
version after just 2 recycles from 41% to 6%. This 85% decrease
in conversion confirms the significance of a hydrophobic protec-
tive layer to sustain the long-term function of polymer brush-
based heterogenous photocatalysts in aqueous environments.

Influence of brush conformation in aqueous environments

As evident from Figure 6b, both (SiOx)-[F|FIA-MA] and
(SiOy)-[F| FIA-HEA] produced well-defined poly(PEGMEMA) pol-
ymers. However, significant differences were observed in
polymerization rates (see Figure 6c). To explain this, we hypoth-
esized that swelling of the hydrophilic FIA-co-HEA polymer
brush in water can increase access of reactants to the photo-
catalytic sites — thereby increasing reaction rates. In-situ ellip-
sometry swelling experiments using a 500 pL horizontal liquid
cell and vibrational sum frequency generation spectroscopy
(SFG) were conducted to test this hypothesis.

The swelling ratio (SR) of photocatalytic polymer brushes
was characterized by the ratio between solvated (in H,0) and
dry film thicknesses (dwet/dary). For (SiOx)-[F | FIA-MA], the swell-
ing ratio was determined as SRr|ria-ma; = 0.95 and SR(r|ria-mal-cer
= 0.91, where CER is the CTA chain-end removed equivalent of
the polymer brush. This indicated no significant penetration of
H,0 into the outer FIA-co-MA component of the surface-teth-
ered block copolymer brush. In contrast, the more hydrophilic
(SiOy)-[F| FIA-HEA] coatings showed more significant polymer
brush swelling, i.e., extended polymer brush conformation
(SR[F|FIA-HEA]= 1.36 and SR[FlFIA-HEA]-CER= 1.27). This helps explain
the differences in polymerization rates as less swollen catalysts
limit access of reactants to photocatalysts within the brush. As
a result, photocatalysis is confined to the outermost poly-
mer/water interface. In contrast, penetration of hydrophilic
monomers and growing chain ends into the (SiOx)-[F|FIA-HEA]

This journal is © The Royal Society of Chemistry 20xx



polymer brushes are anticipated to provide increased rates of
polymerizations — as we indeed observed (Figure 6b).

SFG further corroborated our hypothesis and spectra were
recorded for four different polymer brushes on flat glass sub-
strates: (SiOx)-[F|FIA-MA], (SiOx)-[F|FIA-MA]-CER, (SiOy)-
[FIFIA-HEA], and (SiO,)-[F|FIA-HEA]-CER. The (SiOx)-[F|FIA-
MA] and (SiOx)-[F| FIA-HEA] brushes and the same brushes with
the CTA chain-end removed (CER) were produced on flat glass

;

1 (a) (Si0,)-[F| FIA-MA]

Intensity

2800 2900 3000
Wavenumber(cm™)

Intensity

3200 3400 3600 3800 2800 2900 3000

peak centered at ~3200 cm™. This can be attributed to the for-
mation of the “ice-like” water structure at the interface with the
hydrophobic (SiOx)-[F | FIA-MA] brush (water contact angle = 75
+2°; Figure 3d). A similar phenomenon was reported for the in-
terface of water and the CjgHizs self-assembled monolayer
(SAM).”* When the -SC(=S)S-C1,H5s chain end is removed (Fig-
ure 8b), the (SiOy)-[F| FIA-MA]-CER brush shows the symmetric
stretch of CH3 group at 2870 cm™, which implies that the brush

‘ (c) (5I0,)-IF | FIA-HEA]
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Wavenumber(cm™)
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Figure 8. SFG spectra of (a) (SiO,)-[F| FIA-MA], (b) (SiO,)-[F | FIA-MA]-CER, (c) (SiOy)-[F | FIA-HEA], and (d) (SiO,)-[F| FIA-HEA]-CER brushes on flat substrates in dry air and
in liquid water. The polarization combination was s- for SFG signal, s-for 532nm input beam, and p-for tunable IR beam.

substrates and their conformational changes upon exposure to
dry air and liquid water were probed with SFG. Due to the non-
centrosymmetry requirement of the nonlinear optical effect,
SFG is sensitive to the non-centrosymmetric arrangement of
functional groups at the substrate/brush interface and the
brush/environment interface.”®> Figure 8 compares the SFG
spectra of the four polymer brushes collected in dry air and lig-
uid water environments. Since the hydrophobic PTEMA block
effectively prevents the ingress of water to the silane anchor (-
Si-O-) site (Figure 4b), we can rule out any structural change in
the substrate/brush region, and the difference between the air
and water spectra can be interpreted in terms of conforma-
tional changes in the top region of the brush.

In the dry air spectrum in Figure 8a, the alkyl stretch signal
in the 2800-3000 cm™ region is very weak and the OH stretch
signal negligible. This indicates the surface of the (SiOy)-[F | FIA-
MA] polymer brush is highly disordered. When it is immerses in
water, the OH stretch signal shows a relatively strong and broad

This journal is © The Royal Society of Chemistry 20xx

surface is mostly populated by the MA group. The aromatic C-H
signal is negligible in the SFG spectrum; this might be due to the
poor ordering of bulky FIA group at the surface. Upon immer-
sion of (SiOx)-[F|FIA-MA]-CER into water, the ice-like water
peak is not observed in the SFG spectrum. This implies that wa-
ter molecules are not highly order at the interface, probably due
to the reduction of the hydrophobicity and the presence of po-
lar MA groups at the surface.

Like the (SiOx)-[F|FIA-MA] brush, the (SiOy)-[F|FIA-HEA]
brush surface looks quite disordered in air (Figure 8c). However,
upon immersion of (SiOx)-[F|FIA-HEA] into water, the strong
SFG signals of the long alkyl chain end group appear, while the
ice-like OH signal is relatively weak. This can be interpreted with
the fact that the (SiOx)-[F| FIA-HEA] brush swells in water (as
suggested by in-situ VASE experiment; SR = 1.36). When water
ingresses into the hydrophilic HEA region, the non-centrosym-
metry at the brush/water interface is reduced; thus, the SFG sig-
nal of H,O molecules at the interface becomes weak. The strong
SFG signal of the alkyl stretch region in Figure 8c is similar to the
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SFG features of the poorly-packed C;6H33 self-assembled mono-
layer (SAM).”% From this, it can be deduced that the C;,H>s chain
ends are somewhat stretched out into the aqueous phase. This
conformation might be induced to allow diffusion of water into
the HEA region inside the brush. This also explains the good
photocatalytic activity of (SiOx)-[F|FIA-HEA], i.e., faster PET-
RAFT of PEGMEMA in water than (SiOy)-[F| FIA-MA] (Figure 6c).
When the chain end is removed, the (SiOx)-[F|FIA-HEA]-CER
brush does not show this strong and well-resolved alkyl signal
in the SFG spectrum collected in water (Figure 8d). The (SiOy)-
[F|FIA-HEA]-CER brush exhibits a weak SFG peak at ~3550 cm™
in dry air, which could be attributed to weakly hydrogen-
bonded OH group of the HEA side chain.

Conclusions

We have improved the lifetime and catalytic efficiency of
previously established photocatalytic polymer brush heteroge-
neous catalysts for aqueous environments. A thin hydrophobic
layer of PMMA or PTFEMA was incorporated prior to the fluo-
rescein photoactive polymer brush layer. Both PMMA and
TFEMA helped reduce (or prevent) the hydrolysis of the -Si-O-
surface anchoring bonds. While PTFEMA enhanced stability in
water more than the PMMA coating, both diblock polymer
brush systems significantly decreased degrafting compared to
unprotected substrates. The protected heterogeneous photo-
catalysts successfully polymerized PEGMEMA in aqueous media
via PET-RAFT polymerization to provide well-defined polymers
with narrow molecular weight distributions. Furthermore, poly-
mer brush conformation of the fluorescein-containing polymer
block considerably influenced photocatalytic performance. The
hydrophobic comonomer methyl acrylate decreased the
polymerization rate when compared to a hydrophilic comono-
mer 2-hydroxyethyl acrylate in the photoactive polymer brush
backbone. This suggests that the swelling behavior of the hydro-
philic matrix improves accessibility of reactants to the photo-
catalyst within the polymer brush — as we confirmed by in-situ
ellipsometry and sum frequency generation (SFG) spectroscopy.
This different swelling behavior in turn impacts the reactivity of
the photoactive polymer brush as the collapsed polymer con-
formation of the hydrophobic polymer brushes prevents the ac-
cess of monomer to the catalytic sites. Overall, the designed
protected photocatalytic polymer brush functionalized glass
beads platform has potential to significantly enhance organic
photochemistry in water and unify the benefits of mild photo-
redox and heterogeneous catalysis in environmentally friendly
solvents.
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