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Abstract

Using visible light to drive reactions is a growing field due to its potential to provide efficient pathways
towards chemical syntheses. In contrast to adding photocatalysts to the reaction mixtures as small mole-
cules, heterogeneous photocatalytic approaches provide the ability to facilitate recovery and reuse after a
reaction. Herein, we describe a heterogeneous polymer gel-based photocatalyst comprised of a crosslinked
terpolymer. We use an activated ester approach to substitute in an amine-functionalized Eosin Y dye while
also providing benzophenone-based moieties which afford for UV-crosslinking via C,H-insertion chemis-
try. The resulting Eosin Y-gels were analyzed for their ability to oxidize thioanisole and their longevity in
subsequent recycles for this reaction was analyzed at various light intensities. We interrogated how the
incorporation of additional crosslinkers influences photocatalytic properties. Finally, the utility of Eosin Y-
gels in continuous packed bed flow photoreactors was investigated, showing good long-term stability

against photobleaching and high yields for extended reaction times.

Introduction

The ability to turn photons into chemical energy has gathered increasing scientific interest in recent years.'
Beyond inorganic photocatalysts, such as titania, both transition metal-based and organic photocatalysts
can perform various organic (both bond forming and breaking) reactions under irradiation of light>* with
ultraviolet (UV)> to visible,”® all the way to (near) infrared (NIR) wavelengths.”!! Similarly, polymer
chemistry has been significantly impacted by this area,'?> where photons can be used in free radical'*"'* and
reversible deactivation radical polymerizations (RDRPs),'¢"!® step growth polymerizations,' post polymer-

1920 or depolymerization reactions.?’*? Limitations in organic photocatalysis are the

1zation modifications,
often high cost of catalysts and catalyst contamination of products. Heterogeneous photocatalysis offers a
viable alternative to allow post-synthetic separation and reuse of catalyst materials. To this end, immobiliz-

ing photocatalysts on solid supports or incorporating them into networks has shown promise. Examples
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include photocatalysts that have been immobilized on inorganic nanoparticles,?® microparticles, organic
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substrates (such as cotton)?”-?, or incorporated into hybrid (e.g., metal organic frameworks)® or organic

polymer networks and polymer nanoparticles.’*!

For heterogeneous photocatalysts in particular, organic photocatalysts such as Eosin Y*? or Rose Bengal®

have become increasingly popular for their wide range of applicability and their relatively low cost. Eosin
Y is widely studied in a variety of chemical reactions, including for its ability to produce singlet oxygen*
37and for hydrogen atom transfer reactions.*® Eosin Y also operates as RDRP photocatalyst for atom transfer

radical polymerization (ATRP)*°

or photoinduced electron/energy transfer reversible addition-fragmen-
tation chain-transfer (PET-RAFT) polymerization.*! Another emerging and highly relevant application for
Eosin Y is for degradation of polymers and for depolymerization reactions, where it has shown to be effec-

tive.*?

As will be discussed, Eosin Y and Rose Bengal can be readily modified for heterogenization. Examples of
Eosin Y-based heterogeneous photocatalysts include cotton threads (Eosin Y@cotton),* Eosin Y attached
to poly(urethane)-based scaffolds,* interpenetrating polymer networks (IPNs) comprised of poly(ethylene
glycol) diglycidyl ether and 3-(diethylamino)propylamine, and 1,2-bis(2-aminoethoxy)ethane as a cross-
linker,* as well as Eosin-Y functionalized Amberlite IRA 900 chloride resin.*® Each system offers means
for recovery through removal of the catalyst by simple means such as with filter paper. This adds to the
ease of use and recovery of the catalyst. However, these systems may either require involved syntheses, as
exemplified by the Eosin Y-IPN, or are limited in their shapes and geometries, such as the cotton thread

scaffolds or the amberlite resin supports.

Herein, we synthesize and study a photo-crosslinked photocatalytic gel. The polymer network is comprised
of a ternary copolymer of ethyl methacrylate (EtMA), 4-benzoylphenyl methacrylate (BPMA), and pen-
tafluorophenyl methacrylate (PFPMA). This terpolymer provides capabilities to be crosslinked under UV

light through C,H insertion crosslinking (CHic) reactions,*’>°

introducing solvent-stability and the ability
to recover the photocatalyst gel post-reaction, as well as modularity opportunities to substitute the PFPMA3!
with various amine-functionalized photocatalysts. After synthesizing the desired photocatalytic Eosin Y-

based gels, we study their performance in an oxidation reaction both in batch as well as in continuous flow.

Results and Discussion

Free radical polymerization was used to synthesize a photo-cross linkable terpolymer of ethyl methacrylate
(EtMA), 4-benzoylphenyl methacrylate (BPMA), and pentafluorophenyl methacrylate (PFPMA) (see Fig-
ure 1) by using azobisisobutyronitrile (AIBN) as a radical initiator. BPMA was selected as the crosslinking

agent via C,H-insertion chemistry (CHic), and is expected to form crosslinks between the individual



polymer chains. Because the rate constant for hydrogen abstraction in CHic chemistry is faster for second-
ary protons than primary protons,*>?> we chose EtMA as a suitable basis for the bulk of the copolymer.
PFPMA was chosen to afford substitution with amine-functionalized photocatalysts.’® A similar approach
was demonstrated, for example, by Cai and co-workers to engineer polymeric coatings on chitin micro-
spheres as RDRP photocatalysts.”* While our work focuses on Eosin Y, this modular active ester-based
approach provides ample opportunity to functionalize these terpolymers with any amine-functionalized
photocatalyst. The molecular weight of the resulting P(EtMA-co-BPMA-co-PFPMA) copolymer was
measured at M, = 56.7 + 9.1 kg mol! (D = 2.03 + 0.16) by gel permeation chromatography (GPC; see
Figure S1 & S2). The variation reported as standard deviations in the molecular weight and dispersity are
the result of multiple batches of polymer being synthesized over the course of this study. '"H NMR spec-
troscopy was used to estimate the copolymer composition as 88.0 mol % EtMA, 6.2 mol % BPMA, and 5.8
mol % PFPMA, which was in reasonable agreement with the molar monomer feed ratio of
[EtMA]:[BPMA]:.[PFPMA] =92.5 : 5.0 : 2.5. Some of the discrepancy can be accounted for by the incom-
plete conversion of EtMA at the end of the reaction. Incorporation of PFPMA was estimated through °F
NMR spectroscopy of the purified polymer, exhibiting peaks at & =—-149.9 ppm, —151.6 ppm, —157.2 ppm,
and —162.1 ppm, respectively in deuterated chloroform (CDCls, see Figure S3).
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Figure 1. a) The chemical structure of the synthesized P(EtMA-co-BPMA-co-PFPMA) copolymer. R groups
represent the variety of chain ends produced from free radical polymerization. b) The terpolymer was
treated with UV light (Amax= 365 nm) to crosslink the polymer via C,H-insertion chemistry. c) Treatment with
a primary amine-bearing photocatalyst (Eosin Y; EY-NH2) in presence of triethylamine (TEA) substituted
the pentafluorophenyl moieties to yield the final photocatalytic crosslinked network.

To create a crosslinked polymer network, the P(EtMA-co-BPMA-co-PFPMA) terpolymer was exposed to
UV light (Amax = 365 nm, 4.5 mW/cm?) for two hours. This activated C,H-insertion (CHic) crosslinking
through the BPMA functionalities (see Figure 1b), wherein the UV light results in a ketyl group and a
hydrogen is abstracted from a nearby hydrocarbon, and the radical carbons form a bond creating a tertiary
carbon.>® Immersion in acetone was used to purify the product and confirm that gel formation was success-
ful, and the polymer network remained insoluble. The gel was functionalized with Eosin Y photocatalysts
by substituting the pentafluorophenyl functionalities using activated ester chemistry®' with an amine-func-
tionalized Eosin Y (EY-NH>) in dimethyl formamide (DMF) and the presence of triethyl amine (TEA; see
Figure 1). We estimated the incorporation of Eosin Y into the gel with UV/Vis spectroscopy of aliquots of
the substitution reaction ( see Figure S4) as roughly 2.5 mg of Eosin Y per 130 mg of EY-gel. Variation of



substitution reaction times did not conclusively appear to alter the performance of the gel (see Figure S5),
and '°F NMR of the linear polymer before and after substitution did not appear to show significant changes
in substitution efficiency (see Figure S6). We hypothesize that the retention of the PFPMA monomers de-
spite the substitution reaction is the result of the lower efficiency of substitution associated with Pentafluor-
ophenyl methacrylate (PFPMA) compared to Pentafluorophenyl acrylate (PFPA).*® Another possible reason
could be steric hinderance that may arise from the BPMA monomers and the reactivity ratios of PFPMA

and BPMA.

a) 130 mg EY-gel
Green light n

A|r S\
8 2, ACN:H,0

b)

E @ @ 2 mW/em’

04 E o1 mWiem® -
» 0.5mWicm” |

- X 2mwiem’,
02+ § . No EY-gel —
0 EY-gel,

-§ No light E

0.0 kel @XX®X, .01, 1.0 .0 = |
0 6 12 18 24
Time (h)

Yield Fraction

Figure 2. a) Reaction schematic for oxidation of thioanisole. b) Photographs of the light bath reaction setup
at 1 mW/cm? (left), and the EY-gel in reaction solution (right). c) Yield fraction as a function of reaction time
for the oxidation of thioanisole (0.67 mmol) using 130 mg of EY-gel under varied intensities of green light
irradiation (Amax = 520 nm) at room temperature.

The oxidation of thioanisole to methyl phenyl sulfoxide was selected as a model reaction to investigate the

photocatalytic properties of the synthesized heterogeneous photocatalyst (see Figure 2a-b). This reaction



is based on photo-generation of reactive singlet oxygen ('0.), which then proceeds to oxidize the sulfur in
thioanisole.’” Others have studied this reaction using scaffolds for Eosin Y (such as cotton threads, Amber-
lite Resins, polyurethane foams, or chitin spheres).?3#446:3* Rose Bengal-based materials have also been

studied on chitosan, and yields of 92% of thioanisole in 6 hours of blue light irradiation were obtained.>®

A volumetric ratio of 8:2 acetonitrile to water for the solvent choice for this reaction was based off of
optimizations performed by Sridhar et al.® and Chu et. al.* It is hypothesized that this mixture may com-
bine the benefits that acetonitrile results in a relatively longer excited state lifetime of singlet oxygen®® and
it is thought that the addition of water aids in the prevention of catalyst agglomeration for some catalyst
types.®! Studies were then performed to determine reactor size and head space were to provide sufficient
oxygen supply for the progression of the reaction (see section 7 of the supporting information and Figure

S7a).

Figure 2¢ shows kinetic studies of EY-gel catalyzed oxidation of thioanisole as a function of light intensity
and monitored by "H NMR. Yields were determined by relating the increase in the methyl phenyl sulfoxide
methyl group signal at & = 2.71 ppm (3H, CH3) with the decreasing methyl group in thioanisole (6 = 2.47
ppm; 3H, CH3) while using the CDCl; solvent peak (6(CHCIz) = 7.26 ppm) as a reference (see Figure S8).
A comparison of different gel loadings of 60 mg, 130 mg, and 200 mg showed that 130 mg resulted in the
fastest rate of conversion (see Figure S9). Next, light intensities were modulated, and the highest light
intensity (2 mW/cm?) resulted in the fastest conversion of thioanisole, reaching near completion after 7
hours of reaction time. In contrast, the lowest examined light intensity (0.5 mW/cm?) resulted in the slowest
rate of conversion, reaching 98% yield within 28 hours of irradiation. Assuming a pseudo-0™ order rate law,
apparent reaction rates (kapp) were determined as kapp= 0.024 mmol/h, 0.049 mmol/h, and 0.091 mmol/h for
0.5 mW/cm?, 1 mW/cm?, 2 mW/cm? irradiance, respectively. This linear relationship between light intensity
and reaction rate matches theoretical expectations for the range of studied light intensities.®* This suggests
that the activation of Eosin Y photocatalysts is a potential limiting factor under these conditions. A control
experiment performed under 2 mW/cm? green light exposure with no photocatalyst showed negligible yield
under these conditions. Another control experiment was performed using the same loading of EY-gel, but
without exposure to light and also revealed negligible yield (see Figure 2c). Overall, results from our ma-
terials suggest faster kinetics than were observed by Chu et. al., who performed this reaction using Eosin Y
coupled to cotton thread (EY @cotton) catalysts and found 45% product yield after 28 hours (green light,
Amax = 530 nm, 0.45 mW/cm?) even with air bubbled through the system as an additional O, supply.® For
a comparison of this catalyst’s performance compared to other similar systems based off of eosin Y, the

reader is referred to a summary table prepared by Peng et. al.®



The degree of crosslinking was investigated to further understand the impact of the benzophenone groups
on the gel’s photocatalytic performance. Riga et. al. found that increased amounts of benzophenone groups
at 15 mol % resulted in higher amounts of gel compared to 5 mol % on silica wafers when controlled for
the same input of UV light energy for crosslinking.** To investigate the effects of the benzophenone incor-
poration, three polymers of 5 mol %, 10 mol %, and 15 mol % target BPMA incorporations were synthe-
sized, while maintaining the same 2.5 mol % target PFPMA content. Figures S10-13 compile NMR and
GPC analyses for the resulting materials. The experimentally determined EtMA:BPMA ratios were: 16.7:1
(expected 18.5:1 for 5 mol %), 5:1 (expected 8.75:1 for 10 mol %), and 3.8:1 (expected 5.5:1 for 15 mol
%), indicating a slightly faster BPMA incorporation rate than EtMA during the polymerization process. The

crosslinked polymers were investigated for their swelling ratios in acetone to gain insight on the degrees of

crosslinking. The crosslinked 5 mol % BPMA copolymer exhibited the lowest swelling ratio % =
dry

7.67 £ 1.96. The 10 mol % target BPMA incorporation showed a higher swelling ratio of % =9.18 +
dry

1.17. Finally, the 15 mol % target incorporation resulted in a swelling ratio of %:’; =11.54 + 2.17 (see
Table S1). The variations in standard deviations are likely the result of uneven penetration of UV light
during the crosslinking process because of the amorphous shapes and differing sizes of polymer clusters
used. The trend of increasing swelling ratios with increasing incorporations of benzophenone may likely be
explained by the expected decrease in UV light penetration depth with increasing amounts of benzophe-
none. While the exact penetration depth in this system is uncertain, different studies by Riga et. al.** and
Liu et. al., who studied different polymers with benzophenone groups, each found similar thicknesses on
the order of roughly 150-200 nm after UV light crosslinking their polymers onto silicon wafers. Beer-
Lambert absorption effects in these types of applications have been estimated to result on the order of 15-
30% UV light intensity declines.’*® While the exact number of BPMA groups activated by the UV treat-

ment is uncertain, Christensen et. al. found in their studies that the crosslinking efficiency with PMMA can

reach 70%.%°
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Figure 3. EY-gel photocatalysts evaluated with different target incorporations of BPMA, with each percent-
age representing the molar feed ratio used in the free radical polymerization to synthesize the materials.
Data shown are product yield as a function of reaction time for EY-gels being evaluated for the oxidation of
thioanisole (130 mg of EY-gel in 2 mL of an 8:2 ACN/H20 solvent mixture and 0.67 mmol of thioanisole),
with the 5% BPMA sample being the best performing set from Figure 2. Light intensity was constant at 2
mW/cm?2 green LED exposure.

Figure 3 shows that varying the molar incorporation of BPMA did not appear to significantly alter photo-
catalytic reaction rates. The slight trend of decreased rates with increased BPMA loadings is reflective of
the expected increased proportion of mass being BPMA in the higher loading gels. Nonetheless, there does
not appear to be a benefit to increasing the amount of BPMA in the EY-gel photocatalysts, and therefore

the expected increases in swelling associated did not appear to considerably improve performance.

One benefit of heterogeneous photocatalysis is the potential for recycling the catalyst materials, since the
gels largely retained the characteristic orange color after use (see Figure S14), it was hypothesized that the
gels could be recycled. To investigate this, we first determined the stability of EY-gels with respect to
leaching of potentially physiosorbed Eosin Y from the network, first by testing the gel for retention of Eosin
Y under heating in a good solvent, and next by measuring leaching. To provide further evidence for the
covalent incorporation of EY-NH,, 100 mg of gel was subjected to heating in a 40 mL vial of DMF at 80
°C and 100 °C, while some pink color was observed in the surrounding liquid after removal of the gel, the
gel retained its color and subsequent immersion in DMF at room temperature showed no additional leaching

(see Figure S15).

Next, to measure the leaching amounts observed from immersion in reaction solvent, dried EY-gel (130
mg) was placed into a 40 mL vial, which was subsequently charged with 3 mL of an 8:2 v/v acetonitrile/DI

water mixture. The EY-gel was left to stir in the dark overnight and the concentration of EY-NH in solution



was measured via UV/vis spectroscopy. Figure S16 shows representative UV/vis data and a calibration
curve which was used to determine the concentration of EY-NH, through the linear relationship between
absorbance at A = 531 nm and concentration. From this data, we determined that approximately 9.5 pg/mL
of EY-NH; was leached from the 130 mg EY-gel. Through monitoring EY-NH, concentration decline during
the incorporation process into the gel, it was estimated that about 2.5 mg of EY-NH, was incorporated per
130 mg of gel polymer, which suggests that the observed leaching amounts are negligible compared to the
Eosin Y incorporated into the gel. While low EY-NH, concentrations are effective even at 20.5 pg/mL in
catalyzing reactions (see Figure S17), the observed rate overall remains slower than the reaction rate pro-
duced by the EY-gel. The solution of EY-NH> (20.5 pg/mL) appeared to rapidly decrease in conversion rate

after approximately 5 hours at 2 mW/cm? intensity, which is likely a result of photobleaching.

Furthermore, the effects of leaching were further reduced by allowing time for swelling to reach equilib-
rium, by pre-soaking the gels for at least 16 hours in the ACN:H,O reaction solvent before use, and the
solvent was replaced before use in a photocatalytic reaction if leaching was observed. If the gels are not
pre-soaked, and instead are used directly after adding solvent, tests showed slightly higher rates of conver-
sion, showing an average of about 15% higher yields (see Figure S18), likely as a result of leaching. While
this suggests leaching can play a role in the reaction rate, it reinforces that leaching plays a lesser role than
the gel. In contrast, the EY-gel catalyst reached quantitative thioanisole conversion after 7 hours. This pro-

vides evidence that the EY-gel performance is not solely explained by catalyst leaching.

After investigating leaching, the recyclability of the EY-gel was then investigated. To test the performance
of the EY-gels in recycle reactions, the same photocatalytic material was re-used for multiple reaction cycles
(see Figure 4). Between runs, the EY-gels were cleaned by soaking overnight in acetone and rinsed an
additional three times with acetone. An aliquot was taken before beginning the recycling tests was to ensure
that residual product had been sufficiently removed before beginning a new test. Only minor, 0—3 mol %,

amounts of residual product from previous reactions were present upon recycling.
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Figure 4. Recycling kinetics for the oxidation of thioanisole (0.67 mmol) in 2 mL of 8:2 ACN:Hz20 v/v solvent
of 130 mg of EY-gel at 2 mW/cm? (a) 2 mW/cm? kinetics of each use cycle. (b) 0.5 mW/cm? kinetics of
each use cycle. c) Bar graph summaries of the final yields (left) at 2 mW/cm? and (right) 0.5 mW/cm?Zinten-
sities. Each reaction employed Amax = 520 nm Green LED light exposure at room temperature. Each use
relates to the same EY-gel being recovered and used an additional time in the same reaction. Gels were
cleaned through soaking in acetone and further rinses in acetone before reuse.

For heterogeneous photocatalysts, we hypothesized that lower light intensity would result in a slower de-

crease in rate of thioanisole oxidation and increase catalyst longevity. While increased photon flux generally
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increases reaction rates, significant photobleaching and loss of catalytic activity can occur. Figure 4 shows
recycling kinetics of EY-gel at a higher (2 mW/cm?) and lower (0.5 mW/cm?) light intensities. For reactions
under 2 mW/cm? green light exposure, a slight visible change in color intensity of the EY-gels could be
observed after their first use (see Figure S14). In the subsequent recycling experiments, a decrease in prod-
uct yield to about 90 % was observed for the second use of the EY-gel. The yield further decreased to
approximately 52 % yield on the 6™ recycle (see Figure 4a). An apparent rate of kupp,= 0.091 mmol/h for
the generation of methyl phenyl sulfoxide was determined for the first EY-gel use at 2 mW/cm? (see above).
This rate decreases to kapp = 0.050 mmol/h after the 6™ use. This decline in rate of nearly 45% suggests
photobleaching (deactivation of the photocatalyst material) occurred with the 42 hours total of light expo-
sure. For the decreased irradiance of 0.5 mW/cm?, the EY-gels remained more stable (see Figure 4b). After
a total of 168 hours of irradiation, the yield decreased to about 69 % by 28 hours of reaction time. In contrast
to higher light intensity recycling experiments, the reaction rate showed a slower decline, from kapp= 0.022
mmol/h for the first use to kupp= 0.017 mmol/h during the 6™ use. This represents a decline in the rate of
reaction of 24%. Design considerations may favor the more stable catalyst as opposed to faster reaction
rates. For instance, while the reaction took longer under 0.5 mW/cm? light exposure, a total of 15% more
product was generated. Continuous synthetic processes, like flow photochemistry, may benefit from this

increased stability of the EY-gels to achieve reliable yields over increased durations of use.
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Figure 5. a) Schematic of continuous flow reactor comprised of Teflon tubing filled with glass beads and
EY-gel photocatalyst. b) Yield fraction as a function of time for the oxidation of thioanisole in a packed bed
continuous flow reactor for homogenous and heterogeneous photocatalysis using Eosin Y and EY-gel, re-
spectively. (inset) A sample of product outflow was collected into a vial without any additional processing
after leaving the reactor tubing, showing a clear and colorless liquid (right) compared to the homogeneous
system (left) which contains coloration from Eosin Y.

Figure 5 demonstrates the successful utility of the EY-gels as heterogeneous photocatalysts in continuous
flow. A 1.5 m continuous flow packed bed reactor was constructed using #13 AWG Teflon tubing (Tef Cap
Industries Inc.) wrapped around a glass beaker and placed into a light bath (see section 12 and Figure S19
of the supporting information for more details). Teflon tubing was selected both for its inertness towards
many organic solvents and reactants, as well as for its oxygen permeability.®® Considering the relevance of
O, for the thioanisole oxidation reaction, this was expected to allow for more oxygen delivery into the
tubing.%7-%® Because the diffusion of oxygen through the tube walls (0.3 mm thickness) is unlikely to provide
similar amounts of O, as an open vial, a decreased concentration of thioanisole (0.08 M in ACN/H,0) was
used compared to the batch system. Alternative strategies to maximize yield could include the addition of
a compressed air feed line and the construction of a droplet flow reactor.®” The reactor was packed with
both approximately 100 mg of EY-gel and glass beads (Si0O-, diameter 212-300 um). The glass beads served
to space out the EY-gel, to avoid clogging, and to improve static mixing. Previous work by others have

demonstrated that the inclusion of transparent and curved material in continuous flow reactors can result in
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slight increases in the duration of time photons spend in the reactor, thus increasing yield.” For example,

Herbrik et. al. found that the inclusion of glass beads increased the yield in their slurry flow reactor.”!

Figure 5b shows a yield of about 69% after the expected residence time. The measured free volume (vol-
ume excluding the packed materials) of the reactor was about 1.96 mL, therefore the expected residence
time at a flow rate of 2.1 pL/min was determined to be 15.6 hours. Many literature studies on immobilized
heterogeneous photocatalysts in flow have focused on only a few residence times and long-term stabilities
are not yet understood. Examples include Eosin Y@Merrifield Resin beads (reactor volume = 1.95 mL,
flow rate ~ 16 uL/min)’' or tetraphenylporyphrin@cotton (reactor volume = 1.16 mL, flow rate = 1.93
uL/min).”? For this study, we extended the reaction time to gain an understanding of the stability of the
photocatalyst in continuous operation. For both systems, an aliquot from the feed system was taken to
ensure no product was seen in the syringe after 108 hours of flow. Once the expected residence time has
passed, the described EY-gel flow photoreactor produces consistent results without the need for researcher
intervention or maintenance. A linear approximation starting at the 27-hour time-point and up until 108
hours of total reaction time suggests a decline in yield at a rate of 0.15% per hour (R*= 0.99), perhaps
resulting from photobleaching. In comparison, a homogeneous mixture of Eosin Y (304 pg/mL) and thi-
oanisole at the same flow rate produced a product yield of about 80% after steady state was reached. The
homogeneous photocatalytic system does not display a drop in yield with time. However, because EY is
continuously passing through the reactor, this approach becomes increasingly expensive at scale. The re-
sulting product outflow (collected at the final 12 hours) is also notably orange in color, resulting from
photocatalyst contamination (see Figure 5¢). Based on the loaded amount of homogeneous EY, the outflow
has a concentration of 304 pg/mL of EY. In contrast, the product output from the heterogeneous EY-gel
approach (collected in the final 12 hours of the experiment) appears nearly colorless. A comparison of
UV/vis absorbances suggests only 0.94 ng/mL of EY-NH; in the output stream (see Figure S20), which is
significantly less than the homogeneous photocatalytic approach, and suggests negligible leaching at the

end of the reaction period studied.

Lastly, a comparison of the turnover number (TON) (calculated as the moles of product divided by the
moles of catalyst’®) and turnover frequency (TOF) (TON divided by time) values can be made (see Table
S2). In batch, the TON and TOF values for Eosin Y were calculated to be 712 and 142, respectively. This
indicates a relatively high efficiency of homogeneous Eosin Y in the thioanisole oxidation reaction. The
EY-gel TON and TOF values in batch conditions were estimated to be 180 and 26 respectively, which are
relatively high compared to other heterogeneous catalysts based on Eosin Y for this reaction, as summarized
by Peng et. al.®* In flow, the Eosin Y TON and TOF values were calculated to be 142 and 9, showing lower

efficiency as a result of the limitations on oxygen diffusion into the tubing. The EY-gel in flow by
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comparison was estimated to have TON and TOF values of 229 and 15, this increase implies an increase in
the efficiency of the use of photocatalyst because the EY-gel in flow remains inside the reactor for the
duration of the experiment, while the homogeneous Eosin Y is continuously added into the reactor tubing
from the feed syringe with the solvent and reactant. Overall, this highlights the benefits of heterogeneous

photocatalysis in continuous flow.

Conclusions

In this work we synthesized a bi-functional polymer that can crosslink through pendant 4-benzoylphenyl
methacrylate (BPMA) groups and is also able to be functionalized with Eosin Y photocatalysts through
pentafluorophenyl methacrylate groups. The polymer was crosslinked under UV light to form an insoluble
macroscopic gel and was then functionalized with Eosin Y to produce an EY-gel heterogeneous photocata-
lyst. The EY-gel was then studied under different light intensities, BPMA inclusions, and both in batch and
continuous flow conditions to evaluate its efficacy in the oxidation of thioanisole as a model reaction. Find-
ings indicated that the EY-gels exposed to lower light intensities could withstand longer reaction cycles
with lower rates of photocatalytic decline while higher light intensities resulted in faster production kinetics,
but also faster rates of photocatalyst degradation. Different incorporations of BPMA were investigated, and
no additional benefit was observed from increasing molar feed BPMA amounts from 5 mol % to 15 mol %.
Finally, the EY-gel was packed into Teflon tubing and was demonstrated to be an effective photocatalyst
for the oxidation of thioanisole with a single feed line delivered through a syringe pump. The resulting
product collected was shown to have vastly reduced the amount of Eosin Y found in the product collected

when compared to a homogeneous system.

Supporting Information
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data, Continuous Flow reactor set-up.
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