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Synthesis and Characterization of a Ruthenium-Containing 
Copolymer for Use as a Photoredox Catalyst 
Steven Huss,a Andrew R. Walsh,b Anna Griggs,a Diego Alejandro Rodriguez-Acevedo,a Daniela M. 
Arias-Rotondob and Elizabeth Elacquaa,c*

Herein, we report the synthesis and characterization of a PMMA-functionalized copolymer bearing a photoredox active Ru(II) 
polypyridyl moiety and pyrene pendant groups. The integration of both the Ru(II) polypyridyl and pyrene pendant groups 
enabled a photoredox-catalyzed reaction through energy transfer. The effective energy transfer process was evidenced 
through the polymer’s ability to serve as a reductive catalyst toward the formation of carbon-carbon bonds using C—H 
arylation, wherein product yields ranging from 37-71% were observed. The copolymer design also exhibited solvent-
dependent size and catalyst activity, wherein the use of DMSO promoted aggregation of the pyrene groups that led to higher 
product yield, likely owing to achieving a more confined structure that enables more fficient energy transfer between Ru(II) 
and pyrene pendant units.

Introduction
The success of many photoredox-mediated processes is 

contingent upon the transfer of electrons from an excited state 
of a photocatalyst, while the less explored field of energy 
transfer catalysis revolves around the utilization of 
photosensitizers that efficiently absorb light and then transfer 
the energy to other compounds.1–4 Many metal-based and 
organic photocatalysts are capable of undergoing energy 
transfer with suitable molecules to spur reactivity. Moreover, 
transition metal photocatalysts exhibit a diverse range of 
photophysical properties and are highly photostable.5–7 It was 
recently demonstrated that photoredox through energy 
transfer occurs in a system comprised of [Ru(bpy)3]2+ (bpy = 
2,2’-bipyridine), a highly reducing polycyclic aromatic 
hydrocarbon (e.g., pyrene or anthracene), and 
diisopropylethylamine (DIPEA).8 This proposed system 
leverages efficient funnelling of the absorbed energy of 
[Ru(bpy)3]2+ to pyrene (or anthracene) through a triplet energy 
transfer, likely through a Dexter energy transfer process,9 
followed by electron transfer between the excited pyrene (or 
anthracene) and DIPEA. Whereas pyrene and anthracene only 
absorb in the UV region of the spectrum, using [Ru(bpy)3]2+ 
allows the reaction to be carried out under milder conditions, 
because lower-energy light (green or blue) can be used, which 

is cheaper and safer than UV light, while still accessing the high 
reductive powers of the polycyclic aromatic hydrocarbons. 
Several studies have investigated the proposed mechanism, 
including those led by Ceroni and Balzani, as well as Moore.10,11 
Ceroni and Balzani proposed a sensitized triplet-triplet 
annihilation upconversion pathway, which was further explored 
by Wenger using transient absorption and emission 
spectroscopy methods. Wenger 12 confirmed that the dominant 
reaction pathway in the sensitization-initiated-ET process is 
likely to go through a sensitized triplet–triplet annihilation 
upconversion pathway, consistent with the original postulation 
by Ceroni and Balzani.

From a sustainability perspective, methods to immobilize 
precious metal catalysts used in many of these reactions are 
attractive targets for catalyst design, based on their potential to 
remove the polymer-based catalyst by simple filtration to 
isolate and reuse it.13,14 There are a wide range of commercially 
available polymer-bound catalysts that can efficiently facilitate 
a variety of chemical reactions, including palladium-catalyzed 
cross-coupling reactions,15,16 Lewis acid-catalyzed reactions,17,18 
amide bond formation,19,20 and oxidation.21,22 These catalysts 
offer a convenient and effective way to perform these reactions 
in a heterogeneous manner within a laboratory or industrial 
setting, with the advantage of being able to separate the 
catalyst easily from the reaction mixture; in some cases, 
recyclability of the polymer catalyst contributes to a long-term 
sustainable approach. 

Recent avenues toward sustainable polymeric 
photocatalysis have been demonstrated using both amphiphilic 
and organic polymer nanoparticles that facilitate photoredox 
reactions. Specifically, amphiphilic acrylamide-based polymers 
featuring reductive phenylphenothiazine23,24 or acridinium25 
pendant units have led to recyclable catalysts. In related 
studies, oxidative triphenylpyrylium species featured within a 

a.Department of Chemistry, The Pennsylvania State University, University Park, 
Pennsylvania 16802, United States.

b.Department of Chemistry and Biochemistry, Kalamazoo College, Kalamazoo, 
Michigan 49006, United States 

c. Materials Research Institute, The Pennsylvania State University, University Park, 
Pennsylvania 16802, United States

Electronic Supplementary Information (ESI) available: [synthetic procedures for 
monomer and polymer synthesis and characterization]. See 
DOI: 10.1039/x0xx00000x

Page 1 of 9 Polymer Chemistry



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

poly (methyl methacrylate) (PMMA) backbone have – in concert 
with polycyclic aromatic hydrocarbon pendant groups – 
facilitated more efficient single-electron transfer when 
confined within single-chain polymeric nanoparticles.26,27 
Furthermore, a catalytically-active PMMA was obtained using a 
self-catalyzed RAFT polymerization of an Eosin Y-based 
monomer.28

Results and discussion

Motivated both by the photoredox energy transfer system 
of König8 and aforementioned homogeneous polymer-based 
organic photoredox systems, we designed a PMMA backbone 
with [Ru(bpy)3]2+ and pyrene pendant groups, which serves as a 
platform for the energy transfer process. Using modified 
procedures from previous reports, the monomers 1-
pyrenemethyl methacrylate29 and [Ru(bpy)2(dmbpy-
MMA)](PF6)2 

30
 were synthesized (Figure 1). A backbone of 

methyl methacrylate (MMA) was chosen for the photocatalytic 
polymer due to its solubility in common organic solvents (e.g. 
DCM, MeCN, DMSO, DMF) and its expected similar 
polymerization kinetics to the 1-pyrenemethyl methacrylate 
and [Ru(bpy)2(dmbpy-MMA)](PF6)2 comonomers. The 
ruthenium complex was synthesized and used for the 
polymerization, rather than in a post-polymerization manner, 
allowing for controllable incorporation of the photoactive 
[Ru(bpy)2(dmbpy)]2+ pendant units. The copolymer was 
prepared through reversible addition-fragmentation chain-
transfer (RAFT) polymerization (Figure 2) using 2,2’-azobis(2-
methyl-propionitrile) (AIBN) as an initiator and 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid as the 
chain transfer agent. A monomer feed ratio of 10:40:50 
[Ru(bpy)2(dmbpy)]2+:pyrene:MMA was chosen to achieve a 
copolymer with a similar Ru(II)/pyrene ratio to that of the 
energy transfer system of König.8

The incorporation of each monomer unit within the 
resulting copolymer was determined using 1H NMR 
spectroscopy (Figure S5), which exhibited broad resonances 
between 7.0 and 9.0 ppm, assigned to the aromatic protons of 
the [Ru(bpy)2(dmbpy)]2+ and pyrene pendant groups. The 
resonance at 8.72 ppm was assigned to six protons from the 
bipyridine ligands from the [Ru(bpy)2(dmbpy)]2+ group. The 
broad resonance between 4.8 and 6.0 ppm was assigned to the 
methylene (–CH2–) protons of both the pyrene and 
[Ru(bpy)2(dmbpy)]2+ pendant groups. The resonance at 3.54 
ppm resulted from the MMA methyl ester. The integration 
ratios between these three were utilized to estimate the 
copolymer composition, which revealed the copolymer was 
comprised of 11.1% [Ru(bpy)2(dmbpy)]2+, 37.5% pyrene, and 
51.4% MMA. 

The copolymer’s poor solubility in several common GPC 
eluents, such as THF, chloroform, and trichlorobenzene 
precluded obtaining accurate information on resultant polymer 
dispersity and molecular weights. Molecular weight was thus 
characterized using chain-end analysis. To facilitate the analysis, 
the terminal carboxylic acid was functionalized through 
esterification with 3-trimethylsilylpropargyl alcohol or 
pentafluorophenol (see SI for further details), which allowed for 
two different routes to obtain molecular weight. The purified 
trimethylsilyl propargyl functionalized copolymer exhibited a 
chemical shift at 0.13 ppm resulting from the –SiMe3 group in 
its 1H NMR spectrum; relating this to the integration of other 
key resonances from the monomeric units (vide supra) revealed 
the copolymer molecular weight to be approximately 29 kDa. 
The purified pentafluorophenol functionalized copolymer 
showed three distinct chemical shifts at δ = –154.46, –160.1, 
and –164.57 ppm, resulting from the pentafluorobenzene in the 
19F NMR spectrum. Using 1,4-diiodotetrafluorobenzene as an 
internal standard, we determined the Mn of this copolymer to 
be approximately 31 kDa. Based on the combined results, the 
Mn of the copolymer is estimated to be between 29-31 kDa, 
which is close to the target molecular weight of 30 kDa.

Figure 2. RAFT polymerization of MMA-based monomers.

Figure 1. Synthesis of pyrene methacrylate and ruthenium methacrylate-derivative 
monomer.
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The ruthenium copolymer was characterized using UV-Vis 
absorption spectroscopy (Figure S10). Absorption peaks were 
observed at wavelengths of 329, 344, and 457 nm, which are 
similar to those observed in pyrenemethanol (328 and 344 
nm)31 and [Ru(bpy)2(dmbpy)](PF6)2 (455 nm).32 We investigated 
the photophysical properties of each of the Ru(II) species used 
in this study, namely, poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-
co-MMA], poly[Ru(bpy)2(dmbpy)(PF6)2-co-MMA], 
Ru(bpy)2(dmbpy)(PF6)2, and Ru(bpy)2(dmbpy-MMA)(PF6)2. In 
addition to the Ru(II) species, we investigated the pyrene 
species in pyrene, pyrene-MMA, poly[pyrene-co-MMA], and 
poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA]. 

The absorption maxima, molar absorptivity coefficients, 
singlet energies, and triplet energies were determined for each 
of the species (Table 1). We observed that the absorption 
maxima of pyrene in DMSO is very close to that of the pyrene-
MMA derivative and its respective polymers; likewise, the 
singlet energies of pyrene-MMA and its respective polymers are 
very close in energy to that of small molecule pyrene (~316 
kJ/mol versus ~319 kJ/mol). The slight shift in absorbance, and 
singlet energy, can be explained by the substitution of the 
weakly sigma donating alkyl group on the pyrene ring system. 
Nonetheless, the similarity of singlet energies indicates the alkyl 
group only marginally changes the photophysical properties, 
and it can be safe to assume that the triplet energy of the 
pyrene species in pyrene-MMA and on the polymer backbone 
have a similar triplet energy (or slightly lower) compared to 
molecular pyrene (~204 kJ/mol in methylcyclohexane-
isopentane 5:1 v/v mixture). 

We observed that the absorption maxima of the small 
molecule [Ru(bpy)2(dmbpy)](PF6)2 in DMSO is the same as that 
of [Ru(bpy)2(dmbpy-MMA)](PF6)2 and its respective polymers. 
Likewise, the singlet and triplet energies are the same between 
small molecule [Ru(bpy)2(dmbpy)](PF6)2 and the 
[Ru(bpy)2(dmbpy-MMA)](PF6)2-containing polymers. While we 
were unable to determine the triplet energies of the pyrene 
species, we observed that the pyrene-MMA and poly[pyrene-
co-MMA] were able to quench the excited triplet state of Ru(II) 
in poly[Ru(bpy)2(dmbpy)(PF6)2-co-MMA] (vide infra), suggesting 
the triplet excited state energy of the pyrene species on the 
polymer backbone is likely <193 kJ/mol (Figure S18). 

The molar absorptivity coefficients of the 
[Ru(bpy)2(dmbpy)](PF6)2 and pyrene species in 
poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA] are lower 

than that of their monomeric form (~50% less for Ru(II) and 
~30% less for pyrene). The molar absorption coefficient 
decrease for pyrene in monomeric to polymeric form could be 
evidence of aggregation of pyrene groups as previously 
observed in literature.33 This effect is seen to an even greater 
extent by comparing to the molar absorption coefficient in 
poly[pyrene-co-MMA] in which it decreases to 3386 M–1 cm–1, 
likely being from the aggregation of pyrene groups on the 
polymer backbone.

To ensure that the derivatized Ru(II) and pyrene species on 
the polymer backbone could be effectively used in the C–H 
arylation reaction, we performed a Stern-Volmer study with 
pyrene-MMA (Figure S18) to quench the excited triplet state of 
Ru(II) in poly[Ru(bpy)2(dmbpy)(PF6)2-co-MMA]. To our delight, 
the luminescence of Ru(bpy)2(dmbpy)(PF6)2 was effectively 
quenched by this pyrene species. 

We next investigated the photoredox-catalyzed reaction 
enabled by energy transfer in the C—H arylation of aryl 
bromides. In a typical experiment, 2 mol% of 
[Ru(bpy)2(dmbpy)](PF6)2 in the Ru-polymer (the weight% of 
[Ru(bpy)2(dmbpy)](PF6)2 in the copolymer was used to 
determine the amount of Ru-polymer needed; 6.8 mol% 
pyrene) was dissolved in a suitable solvent (d6-DMSO or MeCN), 
followed by addition of the aryl bromide, the trapping reagent, 
and DIPEA. The solution was then sparged with nitrogen for 20 
minutes, followed by irradiation with blue light (two Kessil 456 
nm LEDs, approximate light-to-vial distance of 6 cm). After 16 
hours, 1,3,5-trioxane was added to the solution as an internal 

Species Absorption Maxima 
(nm)

absorption maxima (M-1 
cm-1)

Singlet energy 
(kJ/mol, eV)

Triplet energy 
(kJ/mol, eV)

Pyrene 339 46736 319, 3.31 –
Pyrene-MMA 346 35774 316, 3.27 –

[Ru(bpy)2(dmbpy)](PF6)2 457 10375 262, 2.71 193, 2.00
[Ru(bpy)2(dmbpy-MMA)](PF6)2 457 18454 262, 2.71 193, 2.00

Poly[Ru(bpy)2(dmbpy)(PF6)2-co-MMA] 457 12565 262, 2.71 193, 2.00
Poly[pyrene-co-MMA] 346 3386 316, 3.27 –

Poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA] 458 (Ru)
344 (Py)

9351 (Ru)
25195 (Py)

261, 2.71 (Ru)
316, 3.27 (Py)

193, 2.00 (Ru)

Figure 3. Yield of 2-(1-methyl-1H-pyrrol-2-yl)benzonitrile with varying amounts of 
[Ru(dmbpy)(bpy)2](PF6)2 loadings on polymer backbone.

Table 1. Photophysical properties of Ru(II) and pyrene species used in this study in DMSO. The molar extinction coefficient is given of the absorption maxima. The singlet energies of 
the Ru(II) species are estimated from the absorption maxima. The singlet energies of the pyrene species were determined by fitting their fluorescence spectra. The triplet energies 
of the Ru(II) species were determined by fitting their phosphorescence spectra.
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standard. Product yields were measured through 1H NMR 
spectroscopy. We first screened different catalyst loadings 
(Figure 3) using the reaction of 2-bromobenzonitrile and N-
methylpyrrole as a model system. The highest yield was 
observed when using a 2 mol% catalyst loading, akin to the 
findings of König et al., wherein 1 mol% of catalyst was 
determined to be optimal. 

We performed the reaction between 2-bromobenzonitrile 
and N-methylpyrrole screening both MeCN and DMSO as 
solvents. In the small molecule reaction using 2 mol% 
[Ru(bpy)3](PF6)2 and 5 mol% pyrene, the yields in both 
acetonitrile and dimethyl sulfoxide are similar after 3 h of 
stirring in 456 nm LED lights, at 67% and 68%, respectively. In 
contrast, when the poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-
MMA] was used as the catalyst, the yields in the two solvent 
varied significantly, with yields of 54% in acetonitrile and 71% in 
dimethyl sulfoxide. Since this is only observed when using the 
copolymer catalyst, it is unlikely to be due to differences in 
redox potentials of the catalysts between the two solvents as 
pyrene possesses a first half-wave reduction potential at –2.2 V 
in MeCN (E1/2 (Py/Py–)/V vs. SCE)34 and at –2.1 V in DMSO (E1/2 

(Py/Py–)/V vs. SCE).8 Instead, the solvent dependent yield may 
be a result of the catalysts being bound to the copolymer 
backbone. While there should be a difference between the 
redox potentials between [Ru(bpy)3]2+

 and the 
[Ru(bpy)2(dmbpy)]2+ pendant group, this difference would be 
relatively small, and its excited-state potential (E1/2 
Ru(II)*/Ru(III)/V vs. SCE = –0.83) would be highly unlikely to 
reduce ground-state pyrene.9,35,36 Thus, the difference in yields 
may be explained by variations in the proposed energy transfer 
process between the [Ru(bpy)2(dmbpy)]2+ and pyrene catalysts 
and/or by differences in the copolymer assembly/aggregation 
in the two reaction solvents.

To investigate this further, we measured the hydrodynamic 
radius of the copolymer catalyst in these solvent systems using 
dynamic light scattering (DLS, Figure 4). It was found that the 
copolymer catalyst’s hydrodynamic radius is nearly 6 times 
larger in DMSO than in MeCN. This difference may be caused by 
some aggregation of the copolymer in DMSO (68 nm versus 12 

nm). In this scenario, DMSO could act as a poor solvent, 
promoting strong interactions between individual polymer 
chains and multiple polymer chains. This could bring the 
cocatalytic ruthenium complex and pyrene groups closer 
together, allowing for a more efficient energy transfer process 
to occur compared to reactions conducted in acetonitrile.37,38 
On the other hand, if acetonitrile acts as a good solvent, the 
interactions between the polymer and solvent will be stronger 
than the interactions between the polymer chains, causing the 
polymer coils to expand and the cocatalytic groups to be farther 
apart. 

We then collected the emission spectra of 
poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA], poly[pyrene-
co-MMA], and molecular pyrene, using an excitation 
wavelength of 335 nm, and compared their respective pyrene 
emissions in the range of 350-650 nm (Figure 5). Pyrene is a 
widely recognized fluorophore known for its characteristic 
excimer emission when pyrene groups come into close 
proximity or aggregate.39–42 

The emission spectra of both poly[Ru(bpy)2(dmbpy)(PF6)2-
co-pyrene-co-MMA] and poly[pyrene-co-MMA] revealed a 

Figure 4. Dynamic light scattering (DLS) of poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA] in (left) dimethyl sulfoxide (DMSO) and (right) acetonitrile (MeCN).

Figure 5. Normalized emission spectra of pyrene species used in this study in 
DMSO; excitation wavelength = 335 nm. The pyrene excimer emission is 
observed centered at ~488 nm. 
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significant increase in the intensity of the excimer emission 
band at ~488 nm when excited at 335 nm in DMSO; this 
observation indicates the formation of pyrene excimers in both 
copolymers. In conjunction with DLS data, this provides 
additional evidence that the pyrene groups are in close 
proximity and/or aggregating in the DMSO solution. The higher 
relative intensity of the excimer emission, compared to that of 
the pyrene emission centered at ~385 nm, in the spectrum of 
poly[pyrene-co-MMA] suggests a greater aggregation of the 
pyrene groups. This can be attributed to the hydrophobic 
nature of the copolymer, which facilitates stronger aggregation 
in the polar DMSO solution. Additionally, when dissolved in 
acetonitrile, the pyrene excimer emission is both less intense 
and less distinct, suggesting reduced aggregation or increased 
spatial separation of the pyrene groups (Figure S19). 
Furthermore, the absence of the excimer emission in molecular 
pyrene (in DMSO) supports the notion that its formation relies 
heavily on the diffusion and local concentration of pyrene 
molecules. Pyrene molecules can freely diffuse in the DMSO 
solution, lessening their local concentration. 

The presence of pyrene aggregation has been qualitatively 
estimated before by measuring the peak-to-valley ratio taken as 
the ratio of the absorbance at the ∼344 nm maximum over that 
of the ∼334 nm valley.43,44 This has been characterized before 
from the knowledge that a peak-to-valley value larger than 3 is 
indicative of the absence of pyrene aggregates in solution, and 
vice versa. This analysis using the UV/Vis spectra of 
poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA] in both MeCN 
and DMSO (Figure S10) gave peak-to-valley ratios of 1.93 in 
acetonitrile and 1.49 in DMSO. In the monomeric form, pyrene-
MMA has a peak-to-valley ratio of 3.15. These values, being less 
than 3.15, indicate that the pyrene groups in both solvents do 
in fact aggregate but to a lesser extent in MeCN. 

We sought to assess the effectiveness of the copolymer 
catalyst for the C—H arylation of a range of aryl bromides and 
radical traps, with yields generally ranging between 37-71% 
(Figure 6), with most reaction yields plateauing around 16 

hours. The longer reaction times compared to the small 
molecule catalyst counterparts (16 hours versus 3 hours) may 
be due, in part, to the fact that the ruthenium complex used in 
the copolymer is a [Ru(bpy)2(dmbpy)]2+-derivative which may 
affect the yield. In the [4+2] cycloaddition between trans-
anethole and isoprene, for instance, it was shown that the 
dimethylbipyridine-based complex achieved lessened yields 
compared to [Ru(bpy)3](PF6)2 in the same reaction time.30 In 
addition to this, the polymer aggregation may also limit access 
of the substrates to the catalytic groups. In general, aryl 
bromides with electron withdrawing substituents worked well 
with the poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA] 
catalyst in the arylation reactions. As a control, 4-bromoanisole 
and N-methylpyrrole were subjected to the same reaction 
conditions, where no product was observed. The electron-
donating methoxy group on 4-bromoanisole lowers its 
reduction potential to –2.6 V,45 which is too low for the pyrene 
radical anion (reductive potential of –2.1 V)8 to reduce it. 

In addition, we used combinations of 2 mol% Ru(II) and 4 
mol% pyrene species as controls between the reaction of 2-
bromobenzonitrile and N-methylpyrrole. We found that using 
poly[Ru(bpy)2(dmbpy)(PF6)2-co-MMA] and poly[pyrene-co-
MMA] gave a product yield of 42%; this likely indicates that the 
excited Ru(II) species have hindered access to the pyrene 
groups due to polymer aggregation observed within the 
poly[pyrene-co-MMA] copolymer. Use of Ru(bpy)2(dmbpy-
MMA)(PF6)2 and pyrene-MMA monomers in the reaction gave a 
lowered yield of 27%, which is likely in part due to the 
competing polymerization of the monomer groups during the 
reaction. The combination of these results support the notion 
that having both the Ru(II) and pyrene species on the same 
polymer backbone is a crucial factor for achieving high reaction 
yields. 

An on/off light experiment (Figure 7) during the reaction 
between 4-bromobenzonitrile and N-methylpyrrole shows that 

Figure 6. The C—H arylation products obtained from (hetero)aryl bromides 
and heterocycles. Yields are determined by 1H NMR spectroscopy using 1,3,5-
trioxane as an internal standard. Parentheses indicate the percent conversion 
of the aryl bromide. aReaction time was 32 hours.

Figure 7. On/off light study during conversion of 4-bromobenzontirile and N-
methylpyrrole to 4-(1-methyl-1H-pyrrol-2-yl)benzonitrile catalyzed by 
poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA], demonstrating that during 
the periods of time where the lights are off, the reaction pauses and the reaction 
continues with the lights on.
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light is necessary for the reaction to proceed, as product yield 
does not increase when the LED lights are off. This is in good 
agreement with a control reaction in which no product 
formation was observed when the reaction was performed in 
the dark. It also shows that the yield of the reaction between 2-
bromobenzonitrile and N-methylpyrrole begins to plateau at 
around 16 hours of total light exposure time. As the reaction 
proceeds, we observe a gradual decrease in its rate, noticeable 
from the decreased slope of the reaction yield between 4-6 
hours. Given this trend, we sought to investigate the catalyst 
fidelity over the course of the reaction to determine if this is 
evidence of catalyst degradation.

Throughout the reaction between 4-bromobenzonitrile and 
N-methylpyrrole, aliquots were taken, and their UV-Vis spectra 
were collected (Figures 8 and S24). As the reaction progressed, 
we observed a marked increase in intensity within the 300-375 
nm range, which corresponds to the anticipated formation of  
the 4-(1-methyl-1H-pyrrol-2-yl)benzonitrile product.46 
Additionally, we noted a decrease in the absorption at 454 nm, 
which corresponds to the [Ru(bpy)2(dmbpy)]2+ complex present 
in the copolymer, providing evidence of the complex degrading 
during the course of the reaction. 

Following the reaction, the copolymers were reprecipitated 
in both benzene and hexanes. Upon analysis of the resulting 
copolymers using UV-Vis spectroscopy (Figures 9 and S24), we 
observed a significant reduction in the main absorption peak of 
the [Ru(bpy)2(dmbpy)]2+ complex at 454 nm and the emergence 
of a new absorption peak centered at 429 nm. This suggests that 
a portion of the [Ru(bpy)2(dmbpy)]2+ complexes had dissociated 
under blue light irradiation. Prior reports demonstrate that 
[Ru(bpy)3]2+ complexes can undergo photochemical 
decomposition upon light irradiation, which can be a major 
obstacle in photocatalysis.47–52 In the region of 275–375 nm, 
there is evidence for the preservation of a portion of the pyrene 
groups at 329 and 344 nm; however, broad absorbances 
observed in this region give further indication of the polymer 
degradation. One such possibility could be from the radical 

coupling of the pyrene groups to form a 1,1'-bipyrene species 
which also exhibits absorbances in this region.53 Furthermore, 
we note that photodegradation of the [Ru(bpy)2(dmbpy)]2+ 
complex within poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-
MMA] copolymer is observed using UV/Vis spectroscopy when 
it is exposed to 456 nm lights under reaction conditions, but in 
the absence of substrates or reagents, over 16 hours (Figure 
S21). There is notable decrease in the MLCT absorbance with 
longer exposure times. A similar trend is also observed when a 
mixture of [Ru(bpy)2(dmbpy)](PF6)2 and pyrene is dissolved 
under reaction conditions and exposed to 456 nm light over 16 
hours (Figure S20). The combination of these results show that 
the polymer (and small molecule catalyst) can degrade under 
456 nm light even in the absence of reagents and that the 
photodegradation of the [Ru(bpy)2(dmbpy)]2+ complex is not a 
result of it being a part of the copolymer system. 

A separate reaction between 2-bromobenzonitrile and the 
trapping agent 1,3,5-trimethoxybenzene was performed at a 
larger scale, wherein a yield of 57% was obtained. After 
removing the solvent, reprecipitating the polymer in diethyl 
ether, and drying the polymer under reduced pressure, a 1H 
NMR spectrum was obtained of the recovered polymer (Figure 
S23). It was observed that methylene (–CH2–) proton peaks (5-
6 ppm) were not present in the spectrum. This likely indicates 
that the pyrene and possibly the ruthenium complex degrade 
during the reaction.34–37 Specifically, the bpy ligand can 
dissociate from the complex, and potentially form a 
[Ru(bpy)(dmbpy)(X)]2+ pendant group. The presence of the peak 
with a chemical shift at ~10.1 ppm in the 1H NMR spectrum 
(Figure S23) further suggests the ruthenium complex is likely 
photodissociating through loss of one bipyridine ligand, possibly 
forming a [Ru(bpy)(dmbpy)(DMSO)2]2+ pendant group.54 In turn, 
this could also suggest that the dmbpy group may 
photodissociate as well, and the ruthenium metal may leach off 
the polymer backbone. When this polymer was used in a second 
cycle of the reaction, only trace amounts of the product were 
obtained, suggesting degradation of the Ru-polymer during the 

Figure 9. UV-Vis spectra of poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA] in 
DMSO reprecipitated in hexanes and benzene after reaction between 4-
bromobenzontirile and N-methylpyrrole. The spectra were collected at variable 
concentrations of copolymer.

Figure 8. UV-Vis spectra in DMSO obtained during the reaction of 4-
bromobenzontirile and N-methylpyrrole demonstrating progressive decrease in 
the fidelity of the Ru(II) complex. The spectra were collected at identical 
concentrations.
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reaction. The different rates of product formation observed in 
the on/off studies and the general plateauing of product 
formation, thus, are likely explained by the photo-induced 
decomposition of the polymer during the reaction. 

Conclusions
We synthesized a poly(methyl methacrylate) copolymer 

bearing [Ru(bpy)2(dmbpy)]2+ groups through RAFT 
polymerization. These results demonstrate that a 
poly[Ru(bpy)2(dmbpy)(PF6)2-co-pyrene-co-MMA] copolymer 
can effectively catalyze the activation of (hetero)aryl halides 
toward the formation of carbon-carbon bonds through C—H 
arylation, yielding good results for electron-deficient 
substrates.

The copolymer also exhibited a solvent-dependent size in 
acetonitrile and dimethyl sulfoxide, as well as solvent-
dependent catalytic activity. This is likely owing to the presence 
of stronger polymer-polymer interactions in DMSO compared 
to stronger polymer-solvent interactions being dominant in 
MeCN. The former interactions likely lead to a more confined 
structure being promoted through aggregation of the 
copolymer in DMSO. Aggregation of the pyrene groups was 
confirmed through observing the excimer within the 
copolymer’s emission spectra, in addition to a significantly 
decreased peak-to-valley ratio of the pyrene absorbance in the 
copolymer’s UV-Vis spectrum. This observed aggregation is 
thought to bring the cocatalytic groups closer together and 
allow for a more efficient energy transfer process to occur.

Efforts to comprehend the plateauing catalyst 
activity/reactivity led to observations that the fidelity of the 
copolymer catalyst was compromised during the reaction, likely 
owing to photodissociation. While the mechanism of the 
photodissociation is unknown, it could potentially be from 
either the reduction of the ester group, subsequent cleavage of 
the pyrene unit, or through deprotonation of the slightly more 
acidic methylene group. To address the overall photostability 
issue, further photocatalytic copolymer designs comprising 
ruthenium-based complexes will feature less labile ligands. This 
will not only prevent photodissociation, but allow for a potential 
recyclable, photoredox-active metal complex-containing 
copolymer to be achieved.
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