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Reusable polymer brush-based photocatalysts for PET-RAFT 
polymerization 
Kirsten Bella, Sarah Freeburnea, Adam Wolforda, Christian W. Pester*a,b

This contribution discusses the control over polymerization using a 
heterogeneous photocatalyst based on fluorescein polymer 
brushes tethered to micron-scale glass supports (FPB@SiO2). 
FPB@SiO2-catalyzed photoinduced electron/energy transfer-
reversible addition-fragmentation chain transfer (PET-RAFT) 
polymerization is shown to provide high conversions, controlled 
molecular weights and narrow molecular weight distributions for a 
variety of monomers. Moreover, the beads can catalyze PET-RAFT 
on gram scales, in the presence of oxygen, while allowing full 
catalyst recovery through simple filtration. Finally, their high shelf-
life allows for multiple polymerizations and user-friendly access to 
precision macromolecules under mild reaction conditions even 
after prolonged (months) storage time.

Introduction
By enabling chemical transformations under ambient 

conditions and visible light irradiation, photoredox catalysis has 
significantly impacted polymer chemistry.1–11 Reversible 
deactivation radical polymerizations (RDRPs) of a wide range of 
monomers can now be performed at room temperature and in 
the presence of ambient oxygen via visible light-mediated atom 
transfer radical polymerization (ATRP),12–15 photoinduced 
electron/energy transfer reversible addition-fragmentation 
chain transfer (PET-RAFT),16–26 or photoiniferter-mediated 
polymerization.27,28 Many reported light-mediated RDRPs use 
homogeneous catalysis approaches,1,4,5,7,12,29,30 which invariably 
entails a potential for catalyst contamination. This can lead to 
discoloration or degradation of the synthetic products.12,29,31–33 

Heterogeneous photocatalysis is a viable alternative:34–41 
the ability to reuse catalysts for multiple reactions mitigates 
catalyst impurities, and improves both sustainability and cost 

effectiveness considering the often prohibitively expensive 
nature of some (e.g., Ir(ppy)3).12,18 Recent heterogeneous 
photocatalytic systems have been based on nanoparticles,42–51 
polymer networks,52–67 metal oxides,68–72 or catalytic (single 
chain nanoparticle) polymers.73,74  However, nanoparticles 
themselves strongly absorb visible light and reduce light 
penetration into the reaction mixture. Further, centrifugation is 
required for product purification, inherently limiting 
scalability.75 For photocatalytic networks (polymeric or metal 
organic), infiltration of the network with reactants and products 
can limit reusability. Finally, polymeric catalysts are inherently 
difficult to separate from polymeric products. Such challenges 
create a necessity for new and user-friendly approaches to 
leverage the full potential of heterogeneous photocatalysis on 
larger scales.

Here, we attempt to address these limitations by 
introducing photocatalyst polymer brush-functionalized glass 
beads as heterogeneous photopolymerization catalysts 
(PC@SiO2). The micron-size transparent SiO2 supports assure 
improved light penetration throughout the reaction mixture 
and afford facile recovery through filtration and reuse for 
multiple consecutive reactions. PC@SiO2-catalyzed PET-RAFT 
polymerization is shown to be oxygen tolerant, provides 
temporal control (on/off), and synergistic with various 
monomer families to produce well-defined polymers with low 
dispersity. Finally, a long shelf-life of the catalysts (over months) 
indicates long-term stability. While fluorescein-functionalized 
polymer brushes are used as a model photocatalyst herein, this 
platform can readily be extended towards other tethered 
photocatalysts and other photocatalytic conversions. 

Results and Discussion
Fluorescein polymer brush glass beads (FPB@SiO2, Figure 

1a) were synthesized following our previously published 
procedure.76 Successful surface functionalization was verified 
via X-ray photoelectron spectroscopy (XPS) and thermal 
gravimetric analysis (TGA, see supporting information Figure 
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S4). As shown in Figure 1, FPB@SiO2 catalysts provide excellent 
control over PET-RAFT of methyl methacrylate (MMA) under 
blue light irradiation (λmax = 465 nm) using 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPADB) as the chain 
transfer agent (CTA) in dimethyl sulfoxide (DMSO), and with 
triethyl amine (TEA, sacrificial electron donor) at a ratio of 
[MMA]:[CPADB]:[PC]:[TEA] = 200:1:0.021:1. Theoretical and 
experimental molecular weights as determined by gel 
permeation chromatography (GPC) were in good agreement. 
Conversion increased linearly with exposure time and 
confirmed the controlled characteristics of PET-RAFT. Monomer 
conversions reached >90% and PMMA of Mn = 20,400 g mol-1 
was obtained while maintaining low dispersities throughout (Đ 
< 1.3). Higher PMMA molecular weights (Mn = 66,700 g mol-1) 
were possible by increasing the monomer to CTA ratio, despite 
MMA’s low propagation rate constant (kp), and increasing 
viscosity with the PC@SiO2 beads in the polymerization 
solution.77,78 Mass transport limitations can increase 
termination events and lead to challenges in achieving ultra-
high molecular weights (106 g mol-1). For the present system, 
addition of solvent failed to achieve higher degrees of 
polymerizations (see Table S1). It is noteworthy that 
optimization of catalyst grafting densities, FPB polymer brush 
thickness, as well as particle diameters are few of many 
experimental factors that we anticipate could increase the 
maximum attainable molecular weight. Current efforts in our 
group are working towards systematically interrogating these 
catalyst-system parameters and overcoming mass transport 
limitations.  Nonetheless, molecular weights with the present 
approach are well-controlled and successful scale-up was 
possible to produce PMMA on the gram-scale (84% conversion 
after 24 hours, Mn,PMMA = 15,700 g mol-1, Đ = 1.24). 

Polymerization inherently was successful both in closed vials 
without prior deoxygenation as well as in vessels fully open to 

air (see Figure 1c and Figure S8). However, a low molecular 
weight tail in the ultraviolet (UV) GPC elution traces was present 
when PMMA was polymerized in the presence of oxygen (Figure 
S10). While control experiments in ambient atmospheres 
showed improved dispersities for PMMA (Table S2), chain end 
fidelity and control over polymerization are reduced. Due to 
superior control and kinetics in inert conditions, experiments 
described throughout the remainder of this contribution were 
conducted under N2. Table S1 provides additional details the 
role of various experimental parameters to improve mass 
transport and enable higher monomer conversions. 

Figure 1d indicates successful temporal control over 
FPB@SiO2-catalyzed PET-RAFT by toggling the light source “ON” 
and “OFF” with no minimal conversion in the dark.79

The FPB@SiO2 heterogeneous catalysts were determined to 
be shelf-stable for over 60 days when stored in the dark and in 
the presence of oxygen. After 63 days, monomer conversion 
reached 85% (24 h reaction time) to yield PMMA with Mn = 
16,100 g mol-1 and narrow Đ = 1.15. No change in catalytic 
activity was observed compared to freshly prepared FPB@SiO2 
(83% MMA conversion after 24h, Mn = 16,900 g mol-1, Đ = 1.16). 

 Table 1 outlines control experiments that indicated minimal 
polymerization in the absence of photocatalyst (entry 1) or 
when using plain, unfunctionalized SiO2 beads (entry 2). Low 
monomer conversions (11% and 6%, respectively) are in 
agreement with the CPADB CTA’s ability to act as a 
photoiniferter.27,28,80 Without the CPADB, free radical 
polymerization occurred to give PMMA with broad molecular 
weight distribution (Đ = 3.56, entry 3). In the absence of TEA 
(entry 4), polymerization was found to be significantly slower, 
confirming TEA’s reported supportive role as a sacrificial 
electron donor.22 Finally, no polymerization occurred in the 
absence of irradiation (entry 5). 

Figure 1. (a) Illustration of poly(fluorescein o-acrylate-co-methyl acrylate) polymer brush beads (FPB@SiO2) and (b) light-mediated reversible addition-fragmentation chain 
transfer (RAFT) of methyl methacrylate (MMA). (c) Kinetic analysis of PET-RAFT polymerization of MMA using 20% FPB@SiO2 shows a linear increase in molecular weight (Mn) 
with conversion both in the absence and presence of oxygen. (d) Monomer conversion, ln[M]0/[M] with time while toggling the light source on/off indicates temporal control.
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Table 1. Control experiments for the PET-RAFT polymerization of MMA

Entry Experimental
Conditionsa

Conv.b Mn, Theo

(g mol-1)
Mn, GPC

c

(g mol-1)
Đc

1d 200:1:0:1 11% 3,900 2,500 1.2
2e 200:1:0:1 6% 2,500 1,500 1.27
3f 200:0:0.015:1 13% 3,000 9,500 3.56
4f 200:1:0.015:0 9% 2,000 2,100 1.29
5g 200:1:0.015:1 0% - - -

All polymerizations were performed in the absence of O2 in DMSO at RT under (max 

= 465 nm LED irradiation for 16 h. aExperiments were performed at a ratio of 
[MMA]:[CPADB]:[PC]:[TEA]. bMonomer conversion determined by 1H NMR. cMn 

and Đ determined via GPC in THF using universal calibrations. dNo photocatalyst 
was added to reaction. e~1,500 mg plain, unfunctionalized beads used in 
polymerization. f~1,500 mg FPB@SiO2 beads used. gReaction performed in the dark 
with ~1,500 mg FPB@SiO2 beads.

Because the photocatalyst is covalently tethered to the SiO-

2 support, catalyst impurities in the final products are reduced 
and purification is facilitated. Neither ultraviolet-visible (UV-vis) 
spectroscopy nor Fourier-transform infrared spectroscopy (FT-
IR) indicated any leaching of fluorescein into the reaction 
solution (Figure S6a and S6b). Fluorescein’s distinct absorption 
λmax = 279 nm (in DMSO) was absent and FT-IR spectra showed 
no noticeable aromatic C=C stretch (1590 cm-1) for 
representative PMMA samples. FPB@SiO2 beads were also 
stirred in various solvents to determine if e.g., hydrolysis81–83 of 
the surface-tethered polymer brushes can occur to contaminate 
the reaction mixture. After stirring FPB@SiO2 in DMSO for an 
extended time of 7 days, 1H nuclear magnetic resonance (NMR) 
spectra indicated only trace amounts of aromatic peaks from 
fluorescein and minimal leaching of photocatalytic polymer 
brushes into the solution (Figure S17a). In contrast, stirring 
FPB@SiO2 in water indeed shows significant hydrolysis and 
contamination (Figure S17b). As such, the choice of solvents 
that cannot hydrolyse the R3-Si-O tether is important to obtain 
pure products.

Simple filtration allows for removal of the micron-size 
FPB@SiO2 catalysts from the reaction solution and reuse for up 
to seven subsequent PET-RAFT polymerizations (see Figure 2). 
After 16 h, all polymerization reached similar conversions (65.4 
± 4.9%) and PMMA molecular weights (15,000 ± 1700 g mol-1) 
and dispersities (1.13 ± 0.05) indicated good retention of 
FPB@SiO2 photocatalytic activity throughout multiple uses and 
cleaning steps.

Mechanistically, polymerization is anticipated to follow the 
established PET-RAFT process.16,18,22 The fluorescein 
photocatalyst (PC) within the polymer brush is excited by light 
and undergoes an electron transfer with the CTA to initiate 
polymerization  (Figure 3). In the presence of an electron donor 
(ED, Et3N), a reductive quenching pathway is favored, producing 
a radical anion (PC-) that enables photoelectron transfer with 
the CTA.16,46 Recombination to recover the dormant RAFT 
polymer chain occurs through interaction of a radical chain end 
with a PC at the same or a different PC@SiO2 particle. Additional 
experiments to unravel the precise nature of this 
heterogeneous process are subject to further work in our group.

It is worth commenting on the choice of fluorescein as the 
photocatalyst as other organic photocatalysts (e.g., Eosin Y) 
have shown better PET-RAFT performance in studies by other 
groups.22 Following a literature procedure,84 we synthesized EY 
monomers and EY@SiO2 catalysts (see SI). PET-RAFT of MMA 

with EY@SiO2 indeed achieved higher monomer conversion 
than FPB@SiO2: 75% after 16 h to give PMMA with Mn,GPC = 
22,000 g mol-1 and Đ = 1.15. However, when recycled just once, 
conversion for the second polymerization decreased to 47% 
(Mn,GPC = 7,800 g mol-1 , Đ = 1.1). We hypothesize that this lower 
conversion results from photobleaching and degradation of 
EY@SiO2 (see Figure S18).85 Indeed, studies have shown that 
Eosin-Y is prone to photobleach more readily.86–88 This is also 
clearly visible to the naked eye when comparing the colours of 
the EY@SiO2 beads before and after the first polymerization 
(see Figure S18)

We further studied whether the SiO2-tethered CTA chain 
end can detach and incorporate monomer into the backbone of 
the fluorescein polymer brush during the PET-RAFT process. To 
interrogate this, XPS was performed on the FPB@SiO2 catalysts 
after the polymerization of 2,2,2-trifluoroethyl methacrylate 
(TFEMA, Figure S22c). Appearance of fluorine F1s peak at BEF1s 

= 689 eV indicated that the surface-anchored BTPA chain ends 
indeed add monomer into the polymer brush structure during 
bulk polymerization. Even following CTA chain end removal 
attempts, fluorine was still present (albeit at lower quantities: 
3% vs. 5%), indicating chain end removal may not occur to full 
conversion or physisorption of solution polymer onto the beads 

Figure 2. (a) PET-RAFT of methyl methacrylate (MMA) using FPB@SiO2. (b) 
FPB@SiO2 catalysts were recycled while providing reproducible molecular 
weights, monomer conversions, and dispersities.

Figure 3. Proposed mechanism for PET-RAFT (reductive quenching cycle) catalyzed 
by FPB@SiO2 photocatalysts in the presence of a sacrificial electron donor (ED).
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is occurring. Nevertheless, it is important to note that there was 
no negative effect of this on PET-RAFT polymerization kinetics 
when comparing chain end-removed vs. native FPB@SiO2 

catalysts (Figure S22a and b).
The described FPB@SiO2 approach requires lower catalyst 

loadings and achieved higher conversions when compared to 
published work on fluorescein as a homogeneous PET-RAFT 
catalyst.37,22,23 Furthermore, the described approach is easy to 
use and does not require great precision with respect to 
weighing out the exact amount of required catalyst. Different 
concentrations of FPB@SiO2 were investigated, ranging from 5 
ppm to 500 ppm (Figure S19a) to identify the required catalyst 
loading, i.e., bead amount, to achieve controlled polymerization 
of MMA. Notably, similar polymerization results were obtained 
irrespective of PC@SiO2 catalyst amount added to the reaction 
mixture. Previous photopolymerization studies have indicated 
that an exceedingly high catalyst concentration can be 
detrimental to reaction control.89 To investigate this, an 
equivalent fluorescein molar amount per milligram bead was 
determined through TGA (~4.46 x 10-7 mmol fluorescein per mg 
glass bead, Figure S4b). Indeed, for a 500 ppm FPB@SiO2 
loading, polymerizations were well-defined initially, but an 
increasing dispersities and discrepancy between theoretical and 
experimental molecular weight at later stages indicates loss of 
control (Figure S19b). Decreasing the FPB@SiO2 loading to 140 
ppm significantly improved both dispersity and consistency 
between experimental and theoretical molecular weights 
(Figure S19b). However, further decreasing the fluorescein 
loading decreased the polymerization rate (Figure S19a and 
Figure S20). 

Table 2. FPB@SiO2-catalyzed PET-RAFT polymerization results for different monomers.

Monomer Time 
(hr)

Conv.a Mn, theo 

(g mol-1)
Mn, GPC

b 

(g mol-1)
Đb

1 BnMAe 12 81% 28,900 27,200 1.29
2 TFEMAe 16 77% 26,000 27,300 1.25
3 PEGMEMAe 16 62% 37,700 26,200 1.27
4 MAf 16 80% 14,100 12,900 1.16
5 BAf 16 67% 17,200 16,500 1.12
6 DMAf 16 75% 15,100 11,300c 1.08d

7 DEAf 16 97% 24,600 10,200 1.2

Reactions were performed in the absence of O2 in DMSO at RT under max = 465 
nm LED light with ~1,150 mg FPB@SiO2 with a 200:1 [M]:[CTA] ratio. aMonomer 
conversion determined by 1H NMR. bMn and Đ determined through GPC in THF 
using universal calibrations. cMn determined through chain-end analysis using 1H-
NMR and ddispersity (Đ) determined through SEC in DMF. eCPADB, fDDMAT.

FPB@SiO2 can catalyze PET-RAFT of other methacrylates, 
acrylates, and acrylamides. Table 2 highlights good agreement 
between targeted and experimental molecular weights while 
maintaining low dipersities for: benzyl methacrylate (BnMA), 
poly(ethylene glycol)methyl ether methacrylate (PEGMEMA), 
methyl acrylate (MA), butyl acrylate (BA), N,N-
dimethylacrylamide (DMA), and N,N-diethylacrylamide (DEA). 
RAFT CTAs were chosen based on their reported monomer 
compatibility:25 CPADB for methacrylates and 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid 
(DDMAT) for acrylates and acrylamides.

Finally, chain extensions using PMA (Mn = 11,100 g mol-1 and 
Đ = 1.16) and PMMA (Mn = 16,00 g mol-1 and Đ = 1.09, see Figure 
S24) as macroinitiators were performed to confirm the 
presence of the CTA end group. Figure 4 and Figure S24 show 
successful polymer chain extension through PET-RAFT 
polymerization of butyl acrylate and benzyl methacrylate 
respectively. While low molecular weight tailing in GPC suggests 
loss of some macroinitiator chain ends, mass spectroscopy via 
MALDI-TOF suggests the PMA macroinitiator does not suffer 
from any significant loss of the DDMAT chain ends (Figure S29). 
Furthermore, the resulting poly(MA-b-BA) diblock copolymer 
clearly showed increased molecular weight (Mn = 29,600 g mol-
1, Đ = 1.21). Similarly, poly(MMA-b-BnMA) also indicated an 
increase of molecular weight (Mn = 36,500 g mol-1 and Đ = 1.27). 
The characteristic peaks of the respective block copolymers of 
BA and BnMA were confirmed through 1H NMR (Figure S31 and 

S38). 

Conclusions
This work introduced a robust heterogeneous photoredox 
polymerization catalyst system based on fluorescein 
functionalized polymer brush glass beads (FPB@SiO2). 
FPB@SiO2-catalyzed PET-RAFT polymerization of a variety of 
monomers in the presence of oxygen was shown to provide 
well-controlled molecular weights and dispersities. The 
FPB@SiO2 approach enabled low catalyst loadings and showed 
the potential to be recycled for multiple consecutive 
polymerizations after simple filtration. After filtration, the 
catalysts remain stable and showed good shelf-life and control 
over polymerization even after extended storage over months. 
Due to the covalent tether of the photocatalyst to the SiO2 
support, catalyst contamination in the final polymer product 
could minimized. Finally, block copolymerization studies 
indicated appropriate chain end fidelity despite some low 
molecular weight tailing. Future studies in our laboratory are 

Figure 4. Chain extension of (a) poly(methyl acrylate) (PMA) macro-chain transfer 
agents with butyl acrylate (BA). (b) The normalized GPC trace indicating the 
growth of PMA-block-PBA diblock copolymers.
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aimed at enhancing this heterogeneous photocatalysis platform 
towards other catalysts and chemical reactions.
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