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Towards the valorization of poly(acrylic acid)
waste: organophotoredox-catalyzed
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Single-use hygiene products account for a significant volume of landfill waste, and valorization of their
superabsorbent polymer component, poly(acrylic acid) (PAA), via a polymer-to-polymer transformation
has been targeted. Herein, we report the photoredox-catalyzed decarboxylative fluorination of PAA using
riboflavin, a sustainable and economical organophotocatalyst. Our approach enables the synthesis of
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copolymers of PAA and poly(vinyl fluoride) (PVF), valuable commodity materials, in less than one hour of
irradiation. Additionally, the process uses water as solvent, applies to PAA substrates of various molecular
weights, enables tunable conversion on the basis of irradiation time, and can employ riboflavin from a
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Introduction

Poly(acrylic acid) (PAA) is a highly versatile synthetic polymer
known for its exceptional water-absorbing properties.' Its
ability to swell and retain moisture makes PAA a valuable
superabsorbent polymer (SAP)"*® that is employed across
various industries, including personal hygiene,® agriculture,”
medicine,®® paint,"® and detergent."’ The SAP market was
valued at approximately $9.2 billion USD in 2024 and is
expected to grow at a compounded annual growth rate of
around 5.6% over the next decade.'” Despite their utility and
economic significance, SAPs are prevalent in single-use pro-
ducts and constitute a substantial fraction of plastics waste.®
Even with recent emphasis on chemical (or advanced)
recycling,>*” a large fraction of these polymers is still either
incinerated or disposed of in landfills.>*®'”

Valorization via polymer-to-polymer transformations has
attracted considerable interest from the scientific community
as a methodology for plastics waste management.>'* A
seminal example of this approach was reported by the Li group

“Department of Chemistry and Biochemistry, University of Delaware, Newark,
Delaware 19716, USA. E-mail: mpwatson@udel.edu

bCenter for Plastics Innovation, University of Delaware, Newark, Delaware 19716,
USA

‘Department of Chemical and Biomolecular Engineering, University of Delaware,
Newark, Delaware 19716, USA. E-mail: thepps@udel.edu

dCenter for Research in Soft matter and Polymers (CRiSP), University of Delaware,
Newark, Delaware 19716, USA

‘Department of Materials Science and Engineering, University of Delaware, Newark,
Delaware 19716, USA

This journal is © The Royal Society of Chemistry 2025

commercial vitamin B2 capsule as catalyst.

in 2017, in which they demonstrated the decarboxylative fluori-
nation of PAA with up to 66 mol% vinyl fluoride (VF) repeat
units using 18 mol% silver nitrate as a catalyst and SelectFluor
as an electrophilic source of fluorine (Scheme 1A)."® This strat-
egy is an attractive alternative to classic poly(vinyl fluoride)
(PVF) synthesis that involves the free radical polymerization of
vinyl fluoride, a highly flammable, toxic gas, and often uses
forever chemicals (i.e., per- and poly-fluoroalkyl substances
(PFAS)) as surfactants.”®?° Li’s method also delivers PAA-co-
PVF products that would be challenging to create via copoly-
merization of acrylic acid (AA) and VF owing to the vastly
different monomer reactivities.”® These copolymers are inter-
esting because they may be imbued with the advantages of
fluorinated polymers (e.g.,, chemical resistance and
durability'®*>?**) but also have the adhesion properties
imparted by carboxylate groups.>**® To retain these advan-
tages but avoid the use of 18 mol% of a precious metal cata-
lyst, we conceptualized that photoredox catalysis may provide
an attractive and potentially greener alternative, especially if
sustainable catalysts could be identified.

Inspired by Sumerlin’s work on acridinium-based, photo-
redox-catalyzed, decarboxylative defunctionalization (and
degradation) of polyacrylates (Scheme 1B),”**” we prioritized
the use of sustainable organophotocatalysts (OPCs) to enable
photoredox-catalyzed decarboxylative fluorination of PAA.*®7*
In addition to having tunable electronic properties, OPCs are
appealing as they avoid the use of rare metals and are con-
sidered environmentally benign, thereby aligning with the
goals of both use of renewable feedstocks and catalysis in
green chemistry.’’ > However, OPC-catalyzed decarboxylative
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A) Prior art: Silver-catalyzed decarboxylative fluorination

N AgNO;
! SelectFluor (1-x)n .
€O Na H,0 COH F

* <66 % Fluorination  *High catalyst loading  * Precious metal
B) Acridinium-based photoredox-catalyzed decarboxylative

defunctionalization

PhSH, CH,Cl, o 0

<

C) This work: Organophotoredox-catalyzed decarboxylative

fluorination
riboflavin
- SelectFluor o
LisPO,, H,0 {gm
HO™ "0 Blue Light HO™ S0

e <73 % Fluorination
« Low catalyst loading
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« Tunable

Scheme 1 Decarboxylative functionalization of polyacrylates (A) silver-
catalyzed decarboxylative fluorination; (B) acridinium-based, photo-
redox-catalyzed, decarboxylative defunctionalization; (C) this work: orga-
nophotoredox-catalyzed decarboxylative fluorination. x = mole fraction
VF (applies to all figures).

fluorinations of small molecules have predominantly
employed acridinium-based photocatalysts that are expensive
and have limited commercial availability and solubility.>***?”
To address these limitations, we prioritized the use of ribofla-
vin (vitamin B2) as a more cost-effective and environmentally
friendly alternative.®® Herein, we demonstrate a simple
approach to generating fluorinated polymers from PAA using
riboflavin, highlighting riboflavin’s potential for environmen-
tally benign polymer functionalization and establishing impor-
tant proof-of-concept for the feasibility of decarboxylative func-
tionalizations of waste polymers (Scheme 1C).

Results and discussion
Synthesis of PAA with an internal fluorine standard

The ability to rapidly assess the impact of various reaction
parameters on the efficiency of the decarboxylative fluorina-
tion was crucial for the successful development of this
approach. Thus, we sought an analytical method that would
allow us to quantitatively analyse crude reaction mixtures. 'H
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nuclear magnetic resonance (NMR) spectroscopy was an initial
choice; however, the broadness of the "H NMR spectroscopy
peaks of PAA and its fluorinated derivatives hampered the
accuracy of quantification by this method. Recognizing that
9F NMR spectroscopy would provide sharper signals with
better resolution between peaks, we prepared a model PAA
substrate functionalized with a trifluorotolyl end group. This
model PAA was synthesized using fluorine-labelled RAFT
(Reversible Addition-Fragmentation Chain Transfer) agent 3
that was prepared via amide coupling (Scheme 2). RAFT
polymerization of acrylic acid with RAFT agent 3 yielded PAA
4. The trithiocarbonyl end group was then cleaved using 2,2"-
azobis(isobutyronitrile) (AIBN) and lauroyl peroxide (LPO) to
avoid potential side reactions of this group under the radical
conditions needed for photoredox-catalyzed decarboxylative
fluorination. Fluorine-labelled PAA 5 was then used for all
optimization studies. The fluorinated end group of PAA 5 has
distinct signals in both the aliphatic and aromatic regions of
the "H and '°F NMR spectra, enabling rapid and direct quanti-
fication of the extent of decarboxylative fluorination by com-
parison of these peaks to those of the VF repeat unit. As
detailed in the SI, these values were internally consistent and
agreed with quantification of VF incorporation via comparison
of the ratio of "H NMR spectroscopy peaks of the VF and AA
repeat units, along with elemental analysis of the purified
polymer products.

2" NH,
S H;C CHj
HasC12 OH FsC 2 -
SEEN EDC-HCI (1.2 equiv.)
1 o EtsN (2.0 equiv.)
CH,Cl, (0.1 M)
0°Ctort,3h
OH
. H3C CHz 4 \M/©/ __(136equiv)
=55y AIBN (0.1 equiv.)
dioxane
3 90°C,6h
3 .
H3;C CHj3 H AIBN (20 equiv.)
stcu\ LPO (2.0 equiv.)
TN ,/CF3
HaC, CHs | HaC =F
", oAb o HAC 122
e * oN
O HO 6]
5

Scheme 2 Synthesis of PAA with fluorinated end group. EDC-HCI =
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride salt.
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Organophotocatalyst identification

Our optimization studies began by evaluating a series of orga-
nophotocatalysts in the decarboxylative fluorination of model
PAA 5. Acridinium photocatalysts OPC 1-3 and cyanobenzene
OPC 4 are well precedented in decarboxylative reactions of
small molecule substrates.”*?° These catalysts provided
45-67 mol% VF incorporation under our initial conditions
(Table 1, entries 1-4). Analogous to studies with small
molecule carboxylic acids, eosin Y (OPC 5) and rose bengal
(OPC 6) gave lower conversions (entries 5 and 6).*° Riboflavin
(OPC 7) also has been investigated in small molecule
decarboxylations,>**° but typically it is less efficient than OPCs
1-4. However, in the decarboxylative fluorination of our
polymer substrate, riboflavin exhibited comparable perform-

Table 1 OPC screen?®

1 mol% OPC
OF SelectFluor (3.0 equiv.) =
n v 2 xm
122 LisPO, (1.1 equiv.) (am 1
HO™ ~O MeCN/H,0 (0.1 M, 1:1 v/v) HO™ ~O
5 24 h, Blue Kessil lamps

Entry OPC Mol% VF”
1 OPC 1 67¢
2 OPC 2 45
3 OPC 3 65
4 OPC 4 64°
5 OPC 5 30
6 OPC 6 26
7 OPC 7 (riboflavin) 63

N
NC CN

A
O | &

OPC 1 R= CHj, R= H, Ry= H, X= CIO4
OPC 2 R= CHj, Ry= NMe,, R,= H, X=Br
OPC 3 R= CgHg(OCHs)z, Ri= OMe,

Ry= OMe, X= BF

OPC 4
4-CzIPN

o
HyC N

NS
HoC N N’go

el

WOH

JOH

HO

OPC7
Riboflavin

OPC 5Ry=Br, R, =H
OPC 6 R;=Cl, R, = Cl

“Conditions: PAA (1.0 mmol, 72 mg), OPC (1 mol%), Li;PO, (1.1 mmol,
127 mg), SelectFluor (3.0 mmol, 1.06 g), MeCN: H,0 (0.1 M, 1:1 v/v,
10 mL). “mol% VF = (x x 100). Determined by °F NMR spectroscopy
analysis of VF repeat units compared to the CF; end group. See SI for
additional details and mol% VF by "H NMR spectroscopy. ©Because
poor solubility of copolymer product in dimethylsulfoxide (DMSO) gave
poor signal-to-noise by '°F NMR spectroscopy, mol% VF was calculated
using '"H NMR spectroscopy.
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ance to these more expensive organophotocatalysts (entry 7).
To improve the potential for economic and environmental sus-
tainability, we pursued further optimization using riboflavin
as the photocatalyst.

Optimization

Having established the catalytic efficiency of riboflavin, the
impacts of the other reaction parameters were assessed.
Although acetonitrile (MeCN)/H,O mixtures are often used for
small molecule decarboxylations to ensure the solubility of
organophotocatalysts and small molecule substrates,*® ribofla-
vin, PAA, and SelectFluor are all water soluble, suggesting that
MeCN may be unnecessary. Indeed, the use of water as the
sole solvent gave similar conversion as the MeCN/H,O con-
ditions, simplified reaction setup, and improved process sus-
tainability (Table 2, entries 1 and 2).

Decreasing the amount of catalyst to 0.1 mol% led to
a significant drop in the extent of fluorination while increasing
the amount of catalyst did not yield a higher conversion
above 1 mol% (entries 2-5). SelectFluor was uniquely
reactive; other electrophilic sources of fluorine such as
N-fluorobenzenesulfonamide and N-fluoropyridinium triflate
led to no fluorination (entries 6 and 7). On the other hand,
increasing the amount of SelectFluor to more than two equiva-
lents did not benefit the reaction (entries 8-10). Finally,
different inorganic bases did not impact the extent of fluorina-
tion (Table S3).

Although pleased to observe similar VF incorporation as
Li’s AgNO;-catalyzed conditions, we sought to understand why
conversion was capped at 68 mol% VF incorporation in our
model substrate (Table 2, entry 9). One possibility was catalyst
death or unproductive consumption of SelectFluor; however,
higher fluorination was not observed by adding an additional

Table 2 Optimization studies

1 mol% riboflavin

SelectFluor (3.0 equiv.) =
> ; xm
LisPOy4 (1.1 equiv.) a (1-x)m
H,0 (0.1 M) H

HO 5 @) [ XA F
1 h, Blue Kessil lamps

Entry Deviation from standard conditions® Mol% VF?
1 MeCN/H,0 (0.1 M, 1:1 v/v) 63
2 — 65
3 0.1 mol% riboflavin 39
4 2.5 mol% riboflavin 64
5 5.0 mol% riboflavin 62
6 N-Fluorobenzenesulfonamide n.d.
7 N-Fluoropyridinium triflate n.d.’
8 1.1 equiv. SelectFluor 57
9 2.0 equiv. SelectFluor 68
10 4.0 equiv. SelectFluor 60

“Standard conditions: PAA (1.0 mmol, 72 mg), riboflavin (1 mol%),
Li;PO, (1.1 mmol, 127 mg), SelectFluor (3.0 mmol, 1.06 g), H,O (0.1 M,
1:1 v/v, 10 mL). ? mol% VF = (x x 100). Determined by '°F NMR spec-
troscopy analysis of VF repeat units compared to the CF; end group.
See SI for additional details and mol% VF by "H NMR spectroscopy
analysis. “ Not detected.
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1 mol% riboflavin or an additional two equivalents of
SelectFluor after 1 h of reaction time (Table 3, entries 1 and 2),
suggesting that neither catalyst death nor SelectFluor
decomposition were the issue. To investigate if the high inten-
sity light from the Kessil lamps was detrimental, we used blue
LEDs, but similar conversion was reached (entry 3). These
experiments, along with Li’s results, suggest that the solubility
of the PAA-co-PVF product may be the limiting factor in
capping conversion at 68 mol%. Estimated solubility para-
meters from group contribution theory further support this
hypothesis as the total solubility parameter (6;1) drops sub-
stantially as fluorination increases - the value decreased by 5.2
MPa'? from pure PAA (St = 21.6 MPa'’?) to 68 mol% PVF
(Stotal = 16.3 MPa'/?),3940

Control reactions confirmed that light and catalyst are
required (Table 3, entries 4 and 5). Without base, 11 mol% VF
was achieved, consistent with observations in small molecule
decarboxylations (entry 6).** Excitingly, nutrition-grade ribofla-
vin from a commercial vitamin B2 capsule can also be used as
catalyst, giving 62 mol% VF (entry 7).

Tunability of fluorination with duration of irradiation

In addition to using natural riboflavin as catalyst and water as
solvent, an advantage of this photoredox-catalyzed approach is
the ability to tune the extent of fluorination by the length of
light exposure. Even using milder (and less expensive) blue
LEDs, this reaction was remarkably fast. Conversion to
33 mol% VF was achieved within 5 min of irradiation (Table 4,
entry 1), increasing to 63 mol% in 60 min, after which conver-
sion plateaued.*” This method thus allows for tuneable fluori-
nation by altering the extent of irradiation.

Table 3 Control experiments

1 mol% riboflavin
SelectFluor (2.0 equiv.)

LisPO4(1.1 equiv.)

F 7Wm
F

HO" O H,0 (0.1 M) HO o
5 1 h, Blue Kessil lamps

Entry Deviation from standard conditions” Mol% VF”
1 Additional 1 mol% catalyst 58

2 Additional 2.0 equiv. SelectFluor 63

3 Blue LEDs 63

4 No light <5

5 No catalyst <5

6 No base 11

7 Vit. B2 capsule® 62

“Standard conditions: PAA (1.0 mmol, 72 mg), riboflavin (1 mol%,
3.8 mg), Li;PO, (1.1 mmol, 127 mg), SelectFluor (2.0 mmol, 704 mg),
H,O (0.1 M, 10 mL). *mol% VF = (x x 100). Determined by '°F NMR
spectroscopy analysis of VF repeat units compared to the CF; end
group. See SI for additional details and mol% VF by "H NMR spec-
troscopy analysis. A commercial vitamin B2 capsule was opened, and
the powder contents were weighed (194 mg). According to the nutrition
label, the capsule contained 100 mg of riboflavin, which accounted for
52% of the total powder mass. Accordingly, 7.4 mg of the capsule
powder (equivalent to approximately 3.8 mg and 0.010 mmol of ribo-
flavin) was added to the reaction mixture as the catalyst.
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Table 4 Effect of duration of irradiation on mol% fluorination?

F

1 mol% riboflavin
SelectFluor (2.0 equiv.)

LisPO4 (1.1 equiv.)

HO™ S0 H,0 (0.1 M) HO o
5 xx min, Blue LED’s

Entry Duration of irradiation (min) Mol% VE” Yield® (%)
1 5 33 73

2 15 48 65

3 30 56 61

4 45 62 64

5 60 63 67

6 360 63 67

7 1440 66 60

“Standard conditions: PAA (2.0 mmol, 144 mg), riboflavin (1 mol%,
7.6 mg), LizPO, (1.1 mmol, 254 mg), SelectFluor (2.0 mmol, 1.42 g),
H,O (0.1 M, 20 mL). *mol% VF = (x x 100). Determined by '°F NMR
spectroscopy of VF repeat units compared to the CF; end group. See SI
for additional details and mol% VF by 'H NMR spectroscopy and
elemental analysis. “ % Yield = [a/(mmol AA repeat units x (72 — 26x))]
(100%), a = mg of isolated copolymer, x = mole fraction VF.

Investigation of chain coupling

Methylation of the polymer products from our time screen pro-
vided soluble poly[(methyl acrylate)-co-VF] polymers for gel
permeation chromatography (GPC) analysis (see SI for details).
The GPC traces displayed bimodality that was not present in
the chromatogram of the methyl ester of PAA 5. This bimodal-
ity is consistent with formation of a copolymer of higher mole-
cular weight (retention time ~18.5 min) in addition to the
major copolymer product (retention time ~20 min, Fig. 1A).
Peaks appearing at ~22 min are attributable to residual water
and/or acetone in the polymer after dialysis and lyophilization
and are unrelated to the polymer itself. The appearance of the
higher molecular weight polymer shoulder was particularly
apparent when increasing the duration of irradiation above
45 min. We hypothesize that rapid radical formation, and thus
high radical concentration, leads to chain coupling/cross-
linking as polymer backbone radicals terminate with one
another. By fitting these GPC peaks to two Gaussian curves
(Fig. S4), the percent coupled fraction was estimated to be
4-22% (Table S7), plateauing at ~60 min irradiation time
(Fig. 1C, blue dots). This plateauing suggests that the polymer
chains adopt a tighter conformation in solution and, even-
tually, precipitate out as the degree of fluorination (ie.,
irradiation time) increases. Furthermore, the polymer yield
similarly plateaued (Table S7, Fig. S5), indicating that further
coupling to form larger polymers or crosslinked networks was
minimal.

We hypothesized that a relatively low concentration of back-
bone radical to SelectFluor would minimize crosslinking.
Indeed, increasing the concentration of SelectFluor to promote
fluorination over crosslinking reactions resulted in a nearly
unimodal GPC chromatogram (Fig. 1B). Fitting this GPC peak
to two Gaussian curves estimated that the percent coupled
fraction was 13% (Fig. 1C). Reducing the intensity of light is

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 GPC traces of methylated polymer products for (A) effect of dur-
ation of irradiation (Note: the 60 min trace overlaps with the traces for
45 and 360 min), (B) investigation of chain coupling upon changes to
concentration and irradiation, (C) fraction of coupled polymer vs.
irradiation time under Table 4 conditions (blue dots) and upon changes
to concentration and irradiation (orange dots). Error bars show approxi-
mate error based on the standard deviation of wt. % of coupled polymer
for irradiation times >15 min.

another handle to lower the rate of radical generation and thus
the radical concentration. Similar to the experiment with
increased SelectFluor loading, the GPC chromatogram of the
copolymer formed with less intense light was again unimodal,
indicating minimal, if any, crosslinking occurred (2% by
Gaussian fitting, Fig. 1C). We also hypothesized that solubility
likely plays a role in the crosslinking reaction. To this end,
acetone (degassed with N,), which dissolves the copolymer,
was slowly fed into the reaction mixture over the course of the
reaction to prevent the copolymer chains from adopting a
tighter conformation. The resulting copolymer exhibited a
lower degree of fluorination relative to the experiment without
acetone (54% vs. 66%), but the GPC chromatogram was again

This journal is © The Royal Society of Chemistry 2025
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1 mol% riboflavin
SelectFluor (2.0 equiv.)

e

LiPOy(1.1 equiv) (ELI
HO Y0 HoO (0.1 M) Ho Yo F
1 h, Blue Kessil lamps
CHs , CHs
W.mm Zall 0.73m Wszm
HE e ) froi-rinOPAA(-)Na Salt HO" "0 -
from PAA from PMAA
M,, ~450 kDa 7 n’ﬁyj/;?:s%) M, ~100 kDa
70 mol% VF 62 mol% VF
(74%) 20 mmol scale: 73 mol% VF (75%) (62%)

Scheme 3 Riboflavin photoredox-catalyzed decarboxylative fluorina-
tion of commercial poly(meth)acrylates. Mol% VF determined by
elemental analysis and equal to (x x 100). Yield % indicated in brackets,
calculated using the formula [a/(mmol AA repeat units X (72 — 26x))]
(100%), a = mg of isolated copolymer, x = mole fraction VF for PAA-
derived copolymers, and [a/(mmol MAA repeat units X (86 — 26x))]
(100%) for PMAA copolymer.

almost unimodal (2% by Gaussian fitting, Fig. 1C), indicating
that both radical concentration and solubility play important
roles in the cross-linking of polymer chains under photoredox-
catalyzed decarboxylative fluorination conditions.

Application to commercial samples

To evaluate the generality of the transformation, we tested a
range of commercially available substrates, as illustrated in
Scheme 3."* The fluorination was effective on high molecular
weight PAA (M ~ 450 kDa) and resulted in 70 mol% VF incor-
poration. Using acidified sodium polyacrylate (My ~ 8 kDa),
73 mol% VF incorporation was reached on a 2 mmol scale.
The same level of VF incorporation was also observed on a
20 mmol scale. Finally, poly(methacrylic acid) (PMAA) (M ~
100 kDa) was also an effective substrate, delivering a P(MAA-co-
propylene fluoride) copolymer with 62 mol% conversion.

Conclusions

In summary, we report that riboflavin is an effective catalyst
for the photoredox-catalyzed decarboxylative fluorination of
PAA and PMAA. This method offers an efficient method to
convert common SAPs to fluorinated copolymer products with
conversions up to 73 mol% fluorinated repeat units.
Additional advantages include utility across a broad range of
molecular weights and the opportunity to use water as a green
solvent. Furthermore, nutrition-grade riboflavin from a com-
mercial vitamin B2 capsule can also be used as catalyst,
demonstrating that reagent-grade riboflavin is not required.
This work also highlights ongoing challenges in decarboxyla-
tive polymer functionalizations via radical intermediates;
careful control of radical concentration and polymer solubility
are critical to bring these methods into industrial use. Solving
these challenges and applying riboflavin catalysts to other
polymer functionalizations provides a fertile ground for future
reaction development.
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