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Abstract 10 

The kinetics of photoinduced electron/energy transfer - reversible addition fragmentation chain 11 

transfer (PET-RAFT) polymerization were investigated using a model system of methyl acrylate 12 

(MA) in the presence of trithiocarbonate chain transfer agents and tris(2-13 

phenylpyridine)iridium(III) (Ir(ppy)3) as the photocatalyst. A powerful polymerization through 14 

oxygen approach was developed. Efficient PET-RAFT occurred under blue, violet, and green 15 

light with catalyst loadings of 10 ppm. Minimal polymerization was observed under orange or 16 

red light. Kinetic scaling analysis was developed to evaluate the impact of light intensity, catalyst 17 

loading and geometry of both the light source and the reaction vessel. A universal scaling law 18 

was developed for Ir(ppy)3 catalyzed PET-RAFT, allowing both polymerization through oxygen 19 

and deoxygenated systems from the literature to be described across a range of light intensities, 20 

reaction conditions and geometries. Finally, the scaling analysis indicates that PET-RAFT 21 



systems should be subject to less retardation than conventional RAFT systems, due to the chain 22 

transfer agent being involved in radical generation steps. 23 

 24 

Introduction 25 

Photochemistry has seen substantial growth over the past decade1–3, with recent work 26 

highlighting the unique potential for light driven reactions to give well defined products under 27 

mild reaction conditions4–8. In particular, organic and polymer photochemistry has received 28 

significant attention due to the ability to perform otherwise challenging reactions9–11, and the 29 

spatiotemporal control afforded by light driven reactions12–15. A critical aspect of photochemistry 30 

is the use of photons to drive the reaction forward, and chromophores to absorb the photons, and 31 

commence the chemical reactions16–18. However, other factors such as reaction vessel geometry, 32 

light source and reaction mode can also potentially impact the outcome of photochemical 33 

processes19,20. 34 

Among polymerization methods21,22, reversible deactivation radical polymerization (RDRP) 35 

methods have emerged as powerful approaches for synthesizing polymers with good control over 36 

molecular weight23 and polymer architectures, comparable to traditional living anionic 37 

polymerization, with control over tolerance to functional groups similar to conventional radical 38 

polymerization24–27. The two most used RDRP methods are atom transfer radical polymerization 39 

(ATRP) and reversible addition-fragmentation chain transfer (RAFT)27–29.   Photochemically 40 

driven ATRP and RAFT methods have been developed in the past decade30–32. In particular, 41 

photoinduced electron/energy transfer - reversible addition fragmentation chain transfer (PET-42 

RAFT) has emerged as a powerful tool for the synthesis of polymers with well-defined 43 

architecture for a wide variety of functional monomers6,33,34.  44 



PET-RAFT uses a photocatalyst35–38 to promote and accelerate RAFT polymerization under mild 45 

conditions2,39,40.  Hence, this technique has been used in several applications such as 46 

bioconjugates, 3D printing, polymer self-assembly, complex polymer formation, and 47 

photolithography41–44. In PET-RAFT the photocatalyst absorbs a photon, interacting with the 48 

RAFT chain transfer agent (CTA) through either an energy or electron transfer process, 49 

generating a propagating radical from the chain transfer agent6,45–48. The propagating radical can 50 

add monomer49, terminate, or enter the RAFT degenerative transfer equilibrium47,50,51. One of the 51 

most widely used photocatalysts is tris(2-phenylpyridine)iridium(III) (Ir(ppy)3) in both 52 

photochemically driven ATRP and PET-RAFT6,52–54. In PET-RAFT, the experimental evidence 53 

strongly suggests that Ir(ppy)3 activates the CTA through an energy transfer pathway55. This is 54 

demonstrated in Scheme 1A, where PC represents the Ir(ppy)3 photocatalyst. In earlier work, the 55 

single-factor impact of photoreactor design and reaction conditions were explored in the PET-56 

RAFT of methyl acrylate (MA) controlled by trithiocarbonate CTAs under rigorously 57 

deoxygenated conditions56. Negligible polymerization was observed without rigorous 58 

deoxygenation, and no global analysis of reaction conditions on polymerization rate was 59 

performed 56. However, with the rise of oxygen tolerant RAFT processes57, including reactions 60 

that are run to polymerize through oxygen by reacting residual O2 with propagating radicals58. 61 

One approach to facilitate this polymerization through oxygen is to essentially exclude air, by 62 

filling the reaction vessel until there is no gas either with reaction mixtures, or an immiscible 63 

inert solvent59,60. For downstream applications, especially at larger scale where rigorous 64 

deoxygenation is not feasible, PET-RAFT processes that are oxygen tolerant are especially 65 

important. 66 



Despite the recent efforts in understanding PET-RAFT processes,61,62  a universal relationship 67 

dependence of reaction rate on light source characteristics, geometric and surface to volume 68 

properties of the reaction vessel and reactant concentrations is lacking. Such a relationship would 69 

greatly facilitate subsequent innovations and applications of PET-RAFT, since the current 70 

individual studies generally give results that cannot be directly compared to each other. Further, 71 

comprehensive studies where key reaction parameters are simultaneously varied (wavelength, 72 

intensity, catalyst loading) are lacking, especially for the easier to implement polymerization 73 

through oxygen approaches1. Even where individual reaction and reactor parameters were 74 

investigated56, global analysis factoring in surface to volume and photon counts were not 75 

explicitly considered. 76 

In this work, the impact of reaction parameters, in particular, wavelength of light, reaction vessel 77 

diameter, photoreactor intensity and catalyst loading are comprehensively explored for the PET-78 

RAFT of MA catalyzed by Ir(ppy)3 under polymerization through oxygen conditions. A global 79 

analysis of the impact of reactor area to volume, photochemical source and intensity and catalyst 80 

loading is performed, showing a common behavior of these PET-RAFT reactions, and related 81 

energy transfer systems. This implies that rational design of PET-RAFT reactions under energy 82 

transfer conditions can be performed using known reagent concentrations, geometric 83 

considerations and light intensity. A key conclusion of these analyses is that under the studied 84 

conditions, relevant to many laboratory and approaching scale-up reactions, PET-RAFT is 85 

limited by the photocatalyst and light intensity. Increases in either parameter enhance the 86 

polymerization rate without loss of control. 87 

 88 

Experimental Methods 89 



Materials 90 

All reagents were obtained from commercial suppliers unless otherwise stated.  91 

Synthesis of 2-(((dodecylthio)carbonothioyl)thio)propanoic acid (PADTC) 92 

2-(((Dodecylthio)carbonothioyl)thio)propanoic acid (PADTC) was synthesized as follows 93 

following a procedure outlined in the literature63: To a reaction flask, dodecanethiol (56.25 g, 94 

278 mmol), tetramethylammonium bromide (3.55 g, 23.09 mmol), and 900 mL of acetone was 95 

added, stirring until solvated. 112.5 mL of 2.5 M NaOH was added dropwise. The mixture was 96 

stirred for 15 minutes, and the reaction flask was cooled completely over an ice bath. 97 

Simultaneously CS2 (17.1 g, 225 mmol) was added over 15 minutes. The solution was left to stir 98 

for 30 minutes. Following, 2-bromopropanoic acid (43 mg, 280 mmol) was added dropwise. The 99 

flask was left uncapped, at 20 °C to stir overnight. 1 M HCl was added until the mixture was 100 

clear in color as crystallization occurs. The product was isolated and purified by recrystallization 101 

from hexane giving yellow crystals. 102 

 103 

Polymerization Reaction Mixture Preparation. A 1.0 mL, 10 ppm catalyst, reaction solution 104 

was created as follows: 1 mL methyl acrylate (0.95 g, 11 mmol), 0.039 g PADTC (0.11 mmol), 105 

0.927 mL DMSO, and 0.072 mL Ir(ppy)3, taken from a 1000 ppm stock solution in DMSO. 106 

A 1.0 mL, 5 ppm catalyst, reaction solution was created as follows: 1 mL methyl acrylate (0.95 107 

g, 11 mmol), 0.039 g PADTC (0.11 mmol), 0.964 mL DMSO, and 0.036 mL Ir(ppy)3, taken 108 

from a 1000 ppm stock solution in DMSO. 109 

A 1.0 mL, 2 ppm catalyst, reaction solution was created as follows: 1 mL methyl acrylate (0.95 110 

g, 11 mmol), 0.039 g PADTC (0.11 mmol), 0.985 mL DMSO, and 0.014 mL Ir(ppy)3, taken 111 

from a 1000 ppm stock solution in DMSO. 112 



A 1.0 mL, 1 ppm catalyst, reaction solution was created as follows: 1 mL methyl acrylate (0.95 113 

g, 11 mmol), 0.039 g PADTC (0.11 mmol), 0.992 mL DMSO, and 0.007 mL Ir(ppy)3, taken 114 

from a 1000 ppm stock solution in DMSO. 115 

Table 1: Preparation of Polymerization mixtures 116 

Solution Ir(ppy)3 volume from 

1000 ppm stock (mL) 

PADTC 

weight (g) 

MA volume 

(mL) 

DMSO volume 

(mL) 

10 ppm 0.072 0.039 1.00 0.927 

5 ppm 0.036 0.039 1.00 0.964 

2 ppm 0.014 0.039 1.00 0.985 

1 ppm 0.007 0.039 1.00 0.992 

 117 

Typical Polymerization of Methyl Acrylate. A 4 mL glass vial containing a stir bar and 2.0 mL 118 

of the previously prepared solution was added, as outlined in Polymerization Reaction Mixture 119 

Preparation. The vial was filled with about 2.6 mL of mineral oil and placed in the 120 

corresponding cylindrical or flat photoreactor, violet (392 ± 8 nm), blue (450 ± 10 nm), green 121 

(510 ± 20 nm), orange (591 ± 7 nm), or red (634 ± 9 nm). All photoreactors were covered with 122 

aluminum foil and the reaction vials were stirred for 120 minutes with aliquots taken for NMR 123 

and SEC analysis. Samples with monomer conversion greater than or equal to 35% were 124 

prepared and analyzed by SEC to give molecular weight and dispersity data.  125 

The diameter of the vial system was changed to see the effects it has on polymerization. Under 126 

blue light, 2 mL of 10 ppm reaction solution was added to a 20 mL vial (25 nm), a 15 mL vial 127 

(14.5 nm), and a 4 mL vial (12.5 nm). 128 



Scale-Up Experiment in a 50 mL round bottom flask. A scaled-up experiment was developed 129 

adapting the conditions used in the 2mL vial experiments. Briefly, the reaction mixture was 130 

prepared using 24.6 mL of methyl acrylate (23.75 g, 0.2758 mol), PADTC (0.9672 g, 2.759 131 

mmol) and Ir(ppy)3 (1.8 mg, 2.7 µmol) taken from the 1000 ppm Ir(ppy)3 stock solution were 132 

combined with 23.175 mL of DMSO in a 50 mL round bottom flask equipped with a magnetic 133 

stirrer. The reaction flask was topped off with mineral oil and capped with a rubber septum. The 134 

reaction mixture  was irradiated using a flat blue light photoreactor with samples taken 135 

periodically and analyzed by NMR for conversion data and SEC to give molecular weight and 136 

dispersity data. 137 

 138 

Scheme 1. A) Proposed mechanism of the Ir(ppy)3 catalyzed PET-RAFT polymerization of MA. 139 

B) schematic diagram of the cylindrical light source/photoreactor with a cylindrical reaction 140 

vessel setup. C) schematic diagram of the flat light source/photoreactor with a cylindrical 141 

reaction vessel setup D) schematic diagram of the flat light source/photoreactor with a spherical 142 
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reaction vessel setup. All set ups shown, which includes the reaction vessels filled with reaction 143 

mixture and oil, were placed inside of an aluminum foil-covered photoreactor on a stir plate.  144 

 145 

Results and Discussion 146 

In earlier work56, rigorously deoxygenated conditions were considered, whereas here, a 147 

polymerization was carried out in the presence of oxygen. Parameters to be investigated are the 148 

wavelength of light used, the aspect ratio of the cylindrical reaction vessel, geometry of the light 149 

source and reaction vessel, light intensity, and the photocatalyst loading. The proposed 150 

mechanism of PET-RAFT using Ir(ppy)3 as the photocatalyst (PC) is given in Scheme 1A. In 151 

particular, the energy transfer mechanism has been shown to dominate for Ir(ppy)355, as indicated 152 

by the homolytic cleavage of the C-S bond of the CTA. The UV-Visible (UV-Vis) spectra of 153 

both Ir(ppy)3 and PADTC are given in Figure S1, indicating strong absorption by the Ir(ppy)3 154 

photocatalyst in both the violet and blue regions of the visible spectrum, moderate absorbance in 155 

the green, and minimal absorbance in the yellow, orange or red.  156 

The proposed mechanism proceeds with photon absorption by the PC, with rate coefficient kex, 157 

followed by energy transfer between PC* and the CTA, with rate coefficient ka. To confirm that 158 

CTA interacts efficiently with the excited state photocatalyst, Stern-Volmer analysis was 159 

performed as outlined in Figure S2. The Stern-Volmer analysis suggests a highly efficient 160 

reaction between the excited state photocatalyst and the CTA, giving ka ~ 2 ´ 109 M–1 s–1. This is 161 

assuming that all quenching of the excited state photocatalyst by the CTA occurs through ka. It is 162 

also possible that some energy transfer events from the excited state PC to the CTA lead to 163 

relaxation of the excited state CTA rather than bond homolysis. This makes the rate coefficient 164 



for radical generation by quenching the excited state PC substantially smaller than the measured 165 

quenching rate coefficient. 166 

The excited state photocatalyst can also return to the ground state without excitation of the CTA 167 

with rate coefficient kr. The propagating radical can add monomer with rate coefficient kp, 168 

undergo conventional radical termination with rate coefficient ktC, or recombine with the 169 

thiocarbonylthiyl radical from the CTA with rate coefficient ktS. Control over the polymerization 170 

is gained primarily through the RAFT equilibrium, with equilibrium constant KRAFT, and the 171 

intermediate radical can cross terminate with propagating radicals with rate coefficient ktR.  172 

Initially, the effects of the wavelength of light on the photocatalyzed polymerization was 173 

explored as indicated in Figure 1. Photophysical properties of the photoreactors, the 174 

photocatalyst Ir(ppy)3 and the chain transfer agent, PADTC, were given in Figures S1-S4. 175 

Importantly, Figure S4 indicate that negligible photodegradation occurs due to extended 176 

exposure of either Ir(ppy)3 or PADTC to high energy violet and blue light. 177 

Initially cylindrical reaction vessels in a cylindrical photoreactor were explored as shown in 178 

Scheme 1B. Figure 1A indicates that the kinetics of PET-RAFT polymerization using 10 ppm of 179 

Ir(ppy)3 photocatalyst are dependent on the wavelength. The lowest wavelength of visible light 180 

studied, violet, has the highest rate of polymerization. Increasing the wavelengths of the LED in 181 

photoreactor from violet to blue and green led to a gradual reduction in polymerization rate. As 182 

expected, the photoreactors containing LEDs emitting long wavelength orange and red photons 183 

gave negligible polymerization rates, due to very low extinction coefficients in the orange/red 184 

regions of the Ir(ppy)3 absorbance spectrum. All systems had some small induction period, 185 

which is consistent with the polymerization through oxygen. It is noteworthy that except orange 186 

all photoreactors had similar intensities in the order of 4-8 mW/cm2. Due to the relatively narrow 187 



range of wavelengths similar photoreactor intensities correlate with similar photon flux through 188 

the sample. Therefore, the differences are attributed to spectral overlap between the photoreactor 189 

and the Ir(ppy)3, with violet and blue having substantially better spectral overlap than green, and 190 

orange and red having poor spectral overlap (SI, Figures S1, Table S1 Figure S3). Similar results 191 

were observed at 5 ppm loading of Ir(ppy)3, although the reaction tended to be slower, as seen in 192 

SI, Figure S5A.  193 

Figure 1B displays the evolution of number averaged molecular weight (Mn) and dispersity 194 

(Mw/Mn) with monomer conversion. The PET-RAFT polymerization of methyl acrylate yields 195 

polymers of low dispersity of ~1.1-1.2. Additionally, the Mn increases linearly with monomer 196 

conversion, with good agreement between the experimental and theoretical Mn values (Mn-Th). 197 

The linear evolution of Mn with monomer conversion and low dispersity were observed of both 198 

the 10 ppm loading of Ir(ppy)3 shown in Figure 1B and 5 ppm of photocatalyst given in SI, 199 

Figure S5B. In general, the experimental Mn was slightly higher than the theoretical Mn possibly 200 

due to the polymerization through oxygen approach terminating a small fraction of chains 201 

prematurely. 202 

 203 



 204 

Figure 1. Rates of PET-RAFT polymerization of MA under wavelengths of light with conditions 205 

of [MA]:[PADTC], 100:1, and 10 ppm photocatalyst. A) Kinetics of polymerization under violet 206 

(399 ± 8 nm, 5.4 ± 0.2 mW/cm2), blue (450 ± 10 nm, 5.4 ± 0.2 mW/cm2), green (510 nm ± 20, 207 

6.4 ± 0.5 mW/cm2), orange (591 ± 7 nm, 1.1 ± 0.1 mW/cm2), and red (630 ± 10 nm, 4.6 ± 0.5 208 

mW/cm2) light. B) Evolution of Mn (solid points) and Mw/Mn (hollow points) with MA 209 

polymerization performed under violet, blue, and green light. The solid line represents the 210 

theoretical Mn values. 211 
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In earlier work, the effect of photoreactor dimensions and volumes was found to be of low 213 

significance when considering well deoxygenated systems. In particular, changing the volume of 214 

the reaction mixture in a cylindrical reaction vessel led to minimal changes in reaction rate since 215 

a proportionally larger surface area was exposed by this approach. However, using a 216 

polymerization through oxygen approach here may not follow the same trend since the fraction 217 

of residual oxygen may change with the volume of the flask occupied by the reaction mixture. 218 

The kinetics of 2 mL reaction volume systems were measured with varying vial diameters as 219 

shown in Figure 2A. The 12.5 mm diameter (4 mL reaction vessel) vial had the highest rate, with 220 

the rate of reaction decreasing as the vial diameter increased. The reaction in a flask of diameter 221 

14.5 mm (15 mL reaction vessel) was notably slower than the 12.5 mm vial, and the 25 mm (20 222 

mL reaction vessel) barely reached 20% monomer conversion. The most likely reason for this is 223 

that the 4 mL vial had 50% of its volume occupied by reaction mixture and the remaining 50% 224 

occupied by inert mineral oil. In contrast, the 15 mL vial had 13% of its volume occupied by the 225 

reaction mixture, and the 20 mL vial had just 10% of the vessel occupied by the reaction 226 

mixture. Further, the small surface area of exposed reaction mixture in the 20 mL vial compared 227 

to the 15 mL vial (25 mm vs 14.5 mm) could lead to inefficient photon capture. This is a notable 228 

result, and in contrast to earlier work, with the main reasons being the polymerization through 229 

oxygen approach and the wider range of reaction vessel diameters used here56.  Figure 2B 230 

indicates that all polymers have linear evolution of Mn conversion and good agreement between 231 

theoretical and experimental values. Additionally, all polymers had low dispersity, indicating 232 

that the diameter of the vial primarily impacts the kinetics of the PET-RAFT polymerization 233 

rather than the properties of the synthesized polymers at a given monomer conversion. 234 



 235 

 236 

Figure 2. Rate of PET-RAFT polymerization of MA under blue light with conditions of 237 

[MA]:[PADTC], 100:1, and 10 ppm photocatalyst. A) Kinetics of polymerization under blue 238 

(450 ± 10 nm, Intensity 5.3 ± 0.2 mW/cm2) light. B) Plot of Mn and Mw/Mn as MA 239 

polymerization progresses in 12.5 mm and 14.5 mm vials. The solid line shows where Mn 240 

theoretically should be throughout the polymerization. 241 
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Since PET-RAFT is a photochemically driven process, it is essential to study the impact of light 244 

intensity on the outcome of the reaction. In general, higher intensities of photocatalyst, of the 245 

same wavelength led to an increase in photon flux within the system, which should accelerate the 246 

photocatalytic processes. In prior work a ½ order dependence of polymerization rate on light 247 

intensity was determined56,64,65. As seen in Figure 3A, higher intensity blue photoreactors led to 248 

higher polymerization rates. The dependence of apparent polymerization rate (kp,app, taken as the 249 

slope of the semilogarithmic plot) scaled as with the 0.5 order of photoreactor intensity. It is also 250 

important to note that this polymerization through oxygen strategy led to longer induction 251 

periods with lower light intensity, consistent with the slower rate of radical generation needed to 252 

consume residual oxygen, as well as the formation of singlet oxygen66. Similar trends were 253 

observed with 10 ppm catalyst (Figure S6), except it appears the system had minimal increase at 254 

higher intensity. This could be due to some small extent of photocatalyst self-quenching67–70, but 255 

the effect is minor. As anticipated, Figure 3B shows that all polymers are well controlled, with 256 

linear evolution of Mn with monomer conversion, close the theory line, and narrow molecular 257 

weight distributions. The slightly higher experimental Mn compared to the theoretical Mn could 258 

be due to termination of some chains in the polymerization through oxygen process. 259 



 260 

Figure 3.  A) Kinetics of PET-RAFT polymerization of MA under conditions of 261 

[MA]:[PADTC], 100:1, and 5 ppm photocatalyst with blue light (450 ± 10 nm, with Intensity of 262 

7.9 ± 0.4, 5.4 ± 0.2, or 3.0 ± 0.3 mW/cm2) B) Plot of Mn and Mw/Mn as MA polymerization 263 

progresses under blue light of different intensities. The solid line shows where Mn theoretically 264 

should be throughout the polymerization. 265 

 266 

In PET-RAFT, the photocatalyst has a unique role in initiating and driving the reaction. 267 

Therefore, the complex relationship between reaction rate and catalyst loading was explored. 268 
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Due to the radical process, involving both radical generation through photocatalysis and radical 269 

loss through termination pathways, a non-linear relationship between photocatalyst loading and 270 

reaction rate is anticipated56. Figure 4A displays the correlation found using blue light, where a 271 

higher concentration of the Ir(ppy)3 photocatalyst yields a higher rate, respectively decreasing 272 

with lower concentrations. This trend is consistent with earlier work, where reactions were 273 

rigorously deoxygenated56. However, the decrease in polymerization rate coupled with a long 274 

induction period was observed at 1 ppm catalyst loading. The most likely reason for this is the 275 

presence of oxygen. The 1 ppm catalyst loading is too low for the efficient removal of oxygen, 276 

causing a longer inhibition period, causing insufficient polymerization through oxygen. This is 277 

consistent with the induction period increasing with lower catalyst loading in general for Figure 278 

4A. However, the synthesized polymers were well controlled for all employed catalyst loadings, 279 

which gave conversion above 30%. The evolution of Mn was linear and closed to the theory line, 280 

with dispersities in the range of 1.1-1.2 as seen in Figure 4B.   281 



 282 

 283 

Figure 4. A) Rates of PET-RAFT polymerization of MA under blue light (450 ± 10 nm, 7.9 ± 284 

0.4 mW/cm2) with conditions of [MA]:[PADTC], 100:1, and varying concentrations of the 285 

Ir(ppy)3 photocatalyst. B) Plot of Mn and Mw/Mn as MA polymerization progresses under blue 286 

light of different intensities. The solid line shows where Mn theoretically should be throughout 287 

the polymerization. 288 
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Under green light, the same trends in reaction rate with photocatalyst are observed in Figure 290 

S7A, where 10 ppm yielded the greatest rate followed by 5 ppm. The mixture with 2 ppm 291 

catalyst loading simply had a very slow and negligible amount of polymerization occurred over 292 

time. Under green light, a significant drop in the rate of the polymerization occurred between 10 293 

and 5 ppm catalyst loading, which is comparable to the drop between 2 and 1 ppm loading under 294 

blue light. The likely reason for the higher required catalyst loading for the polymerization under 295 

green light is that the Ir(ppy)3 photocatalyst displays a stronger absorption under blue light 296 

compared to green light. Therefore, a higher catalyst loading is required for the effective 297 

excitation of the photocatalyst and the polymerization through oxygen.   298 

To further explore the impact of reactor geometries and reaction conditions two additional 299 

geometries were considered. One involved a flat light source and a cylindrical reaction vessel as 300 

demonstrated in Scheme 1C, and finally a larger scale spherical reaction vessel with a flat light 301 

source was used as given in Scheme 1D. As seen in Figure 5A the flat light source/cylindrical 302 

reaction vessel leads to efficient photochemical reactions with evidence of mild retardation 303 

occurring at higher CTA loadings, corresponding to shorter target molecular weights. The inset 304 

of Figure 5A indicates a linear relationship between kpapp and [CTA]–0.25. Further, Figure S8 305 

indicates that lower photocatalyst loadings lead to slower polymerization rates in the flat light 306 

source, cylindrical reaction vessel geometry. This is consistent with the results of Figure 4A. The 307 

overall scaling of kpapp with reaction conditions is investigated subsequently. As indicated in 308 

Figure 5B all polymerization conditions led to well controlled polymers with the final molecular 309 

weight distribution being narrow and in good agreement with the theoretical Mn. 310 



 311 

Figure 5. A) Rates of PET-RAFT polymerization of MA under blue light (450 ± 10 nm, 12.7 ± 312 

0.6 mW/cm2) with 10 ppm of Ir(ppy)3 photocatalyst, and varying concentrations of PADTC 313 

using a flat light source and a cylindrical reaction vessel. Inset gives scaling of kpapp vs [CTA]–314 

0.25 B) Final molecular weight distributions of polymers synthesized.  315 
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round bottom flask, approximated as a sphere of radius 2.28 cm was used in conjunction with the 319 

flat light source. As seen in Figure 6A, the spherical system at substantially larger scale of 50 mL 320 

gave comparable, albeit slightly slower, reaction kinetics than the 2 mL reaction systems in 321 

cylindrical reaction vessels. The inset of Figure 6A shows the reaction set up. All systems used 322 

no deoxygenation, but rather minimized oxygen by filling the reaction vessel fully with mineral 323 

oil. The fastest reaction occurred with the highest intensity light source (flat blue LED) with 2 324 

mL reaction volume in a cylindrical vessel, followed by the 2 mL reaction using the cylindrical 325 

light source, with the scaled-up system of 50 mL reaction volume with a flat light source being 326 

the slowest. As seen in Figure 6B, all polymerizations led to well defined molecular weight 327 

distributions centered near the target molecular weight of ~8500. The competing factors of 328 

reaction scale, light intensity and exposed surface area of the reaction vessel necessitate a 329 

detailed mathematical analysis to quantitatively predict and describe the impact of each of these 330 

parameters. This is especially true for potential downstream applications which will likely vary 331 

several parameters from those outlined in this study. 332 



 333 

Figure 6. A) Rates of PET-RAFT polymerization of MA under blue light (450 ± 10 nm) Using 334 

either a flat light source (Intensity = 12.7 ± 0.6 mW/cm2) or Cylindrical light source (Intensity = 335 

7.9 ± 0.4 mW/cm2). Polymerization under the conditions [MA]:[PADTC] = 100:1, 10 ppm of 336 

Ir(ppy)3 photocatalyst using 2 mL of reaction volume in a 12.5 mm cylinder or a. 22.8 mm 337 

spherical reaction vessel. Inset gives reaction set up for 50 mL flat-sphere reaction B) Final 338 

molecular weight distributions of polymers synthesized.  339 
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In prior literature work a single reaction condition variation was discussed,56 and how this 341 

impacts the polymerization rate. Similarly, within this study, control over the polymerization was 342 

generally good, with narrow molecular weight distributions and linear evolution of Mn with 343 

conversion. However, the single factor variation in Figures 1-5, or in prior work, will not fully 344 

capture all behaviors as different photoreactor intensity and catalyst loadings were used. This is 345 

especially important when applying PET-RAFT in other laboratories, as the intensity of the light 346 

source, and exact reaction vessels may differ from those used here. Figure 7A plots the 347 

combinatorial effects of catalyst loading and photoreactor intensity for PET-RAFT of MA under 348 

blue light irradiation in cylindrical reactors using cylindrical light sources. The general trend in 349 

Figure 7A is that higher catalyst loading or higher intensity photoreactors led to increases in 350 

polymerization rate. This is consistent with the photon flux and photocatalyst loading being the 351 

limiting reagents in PET-RAFT reactions, hence increases in either, generally lead to increases in 352 

reaction rates. In particular, there is a critical light intensity and catalyst concentration needed to 353 

achieve reasonable polymerization rates in this polymerization through oxygen approach. 354 

Increases in either parameter alone, within the range studied here, can lead to notable 355 

improvements in reaction rate, as the residual oxygen is effectively removed.  356 



 357 
Figure 7. A) 3D plot, showing the effect of light intensity and catalyst loading on the 358 

polymerization kinetics (kp, app) of the PET-RAFT of MA under the conditions 359 

[MA]:[PADTC]=100:1, with 50 vol% monomer in DMSO. B) Scaling analysis of Eq 2 for a 360 

variety of Ir(ppy)3 catalyzed PET-RAFT polymerizations of MA and Ru(bpy)32+ catalyzed PET-361 

0

0.02

0.04

0.06

0.08

0 0.02 0.04 0.06 0.08

Ir(ppy)
3
	MA	Thru-Oxygen-Blue	Cyl/Cyl

Ir(ppy)
3
	MA	De-Oxygen	Blue	Cyl/Cyl

Ir(ppy)
3
	MA	Thru-Oxygen-Violet	Cyl/Cyl

Ir(ppy)
3
	MA	Thru-Oxygen-Green	Cyl/Cyl

Ir(ppy)
3
	MA	De-Oxygen	Blue	Flat/Rect

Ir(ppy)
3
	MA	Thru-Oxygen-Blue-Flat/Sphr

Ir(ppy)
3
	MA	Thru-Oxygen-Blue-Flat/Cyl

Ru(Bpy)
3

2+
	DMAm	Cyl/Cyl

Ru(Bpy)
3

2+
	MA	Cyl/Cyl

k
p

app
=C

0
k

p
(F	[PC])

0.5
	(1+K

RAFT
[CTA])]

-0.25

k
p

a
p

p
	(

m
in

-1
)

C
0
k

p
(ΦΦ	[PC])

0.5
	(1+K

RAFT
[CTA])]

-0.25

3.0 5.4
7.9

Intensity (mW/cm2)1
2

5
10[Ir(ppy)3 ] (ppm)

0.01

0.02

0.03

k p
ap
p

(m
in
-1

)

0

A

B



RAFT polymerizations of MA71 or N-Ndimethylacrylamide.71,72 Hollow symbols represent 362 

deoxygenated systems and solid represent polymerization through oxygen. Round symbols 363 

represent cylindrical geometry, and square symbols represent rectangular geometry. KRAFT taken 364 

to be 103 M-1 for MA with trithiocarbonate CTA. 365 

 366 

In analyzing the sum of all data presented here, a scaling analysis was performed to identify if a 367 

universal relationship exists between the various reaction conditions, both from this work, and 368 

also from our earlier systematic study56. In radical polymerization, the rate of the reaction is 369 

proportional to the propagating radical concentration [P•]. As outlined in the supporting 370 

information, a universal scaling relationship for PET-RAFT through the energy transfer 371 

mechanism, which applies to Ir(ppy)3  and also Ru(bpy)32+ photocatalysts, 55 has been derived. 372 

Applying the mechanism in Scheme 1A and using the steady state approximations in the radical 373 

and excited state photocatalyst concentration gives a predicted scaling law between reaction 374 

parameters and observed polymerization rates. 375 

Given the near linearity of plot of ln[M]0/[M], vs time in Figures 1-6 after any induction period, 376 

the slope of these kinetic semilogarithmic plots is denoted kpapp and is related to the propagating 377 

radical concentration, [P•], though the relationship: 378 

!!"!! = !![$•]          (1) 379 

In general, linear or close to linear pseudo-first order kinetic plots were found across a range of 380 

polymerization conditions, reaction vessels and light sources. For downstream applications, high 381 

monomer conversion is important, hence the near linearity of the first order kinetic plot will 382 

likely facilitate eventual applications of PET-RAFT. 383 



As outlined in the supporting information the [P•] is a function of the photon flux entering the 384 

reaction vessel per second, F, the photocatalyst concentration, [PC], the equilibrium constant of 385 

the RAFT reaction, KRAFT, and CTA concentration [CTA], giving: 386 

!!"!! = &#	!!([$&]F)$/&´(1 + ,'()*[CTA])+$/,      (2) 387 

Where C0 is a constant for a given photocatalyst, CTA, monomer, and wavelength. F can 388 

generally be written as the density of photons entering the reaction vessel through exposed 389 

surface A, where the reactor has a volume V giving: 390 

F = -´(
.l/!´	1

           (3) 391 

Where I is the photoreactor intensity, NA is Avogadro’s number, and El is the energy of one 392 

photon of wavelength l in J, given by El=hc/l, where h is Planck’s constant and c is the speed of 393 

light. The supporting information considers different combinations of light source and reaction 394 

vessel geometry facilitating a new and universal analysis across different batch photochemical 395 

reaction geometries. 396 

The analysis in Eq 2 suggests that kpapp should be a linear function of ([$&]F)$/&´(1 +397 

,'()*[CTA])+$/,. Different wavelengths will give different values of C0, as given in Table S2.  398 

As seen in Figure 7B, the general scaling relationship across over 45 experiments was 399 

established. Essentially, all experiments performed in either a flat or cylindrical light source, 400 

rectangular; cylindrical; or spherical reaction vessels, using trithiocarbonate RAFT agents and 401 

Ir(ppy)3 or Ru(bpy)32+can be combined onto a single scaling law. The kinetics of PET-RAFT 402 

catalyzed by Ir(ppy)3 and Ru(bpy)32+ photocatalysts were described using the same relationship, 403 

albeit distinct scaling factors C0 were required, consistent with both these catalysts following the 404 

energy transfer mechanism. 55  In all MA polymerizations,  a KRAFT of 103 M-1 was used, which is 405 

consistent with trithiocarbonate mediated polymerization of acrylates73. 406 



The relationship in Figure 7B is a unique and powerful result that indicates that an energy-407 

transfer PET-RAFT system can be predicted with knowledge of concentrations of reagents, 408 

photochemical reactor intensity, light source geometry, reaction vessel geometry, exposed 409 

surface area of reaction vessel and reaction volume, which is substantially more predictive than 410 

earlier work that simply focused on single factor variations developed earlier 56.  411 

The key conclusion of equation 2 and Figure 7B is that in typical PET-RAFT reactions, the 412 

reaction rate is intimately tied to photocatalyst concentration and light intensity with both scaling 413 

as the ½ power. The analysis in Figure 7 also suggests that saturation is unlikely under lab 414 

conditions, and even larger scale reactions of 50 mL. Another key prediction of Eq 2 is that 415 

assuming intermediate radical termination PET-RAFT reactions are less retarded than their 416 

corresponding thermal RAFT processes. This is because the retardation in PET-RAFT scales as 417 

(1 + ,'()*[CTA])+$/,~[CTA]+$/, at high KRAFT systems, where retardation is dominant. In 418 

contrast, thermal RAFT scales as (1 + ,'()*[CTA])+$/&	~[CTA]+$/& in high KRAFT systems73. 419 

Indeed, new analysis of previously published data of PET-RAFT as a function of CTA loading in 420 

Figure S9 indicates that the R2 value of kpapp a [CTA]+$/, is superior to the previously published 421 

scaling law of kpapp a [CTA]+$/&, also giving smaller residuals than the earlier published analysis 422 

56. These analyses further validate the newly developed scaling law presented in Eq 2. 423 

The supporting information uses kinetic analysis compared to initial CTA loading ([CTA]#) to 424 

estimate the dead chain fraction as a function of propagating radical concertation,	[$•], and 425 

RAFT equilibrium constant, KRAFT. Under typical polymerization conditions, [$•]~10+2 M, 426 

estimated from typical kpapp, values in Table S3, and KRAFT=103 M-1,73 the dead chain fraction is 427 

estimated to be in the order of 5%, as shown in Figure S10. This is because PET-RAFT initiation 428 



leads to radical generation, but control over polymer structure is primarily achieved through 429 

RAFT degenerative exchange.74,75  430 

It is notable that both rigorously deoxygenated and polymerization through oxygen data follow 431 

the same general law, except those deoxygenated systems were often slightly above those that 432 

polymerize in the presence of oxygen. This could be due to oxygen-based inhibition, especially 433 

at the lower catalyst and light intensity systems indicated in Figure 7A. Overall the results in 434 

Figure 7B indicate that under typical PET-RAFT conditions, reactions are in a regime where 435 

both increases in photon intensity, and catalyst loading lead to meaningful increases in reaction 436 

rate. At very high catalyst loadings or large reaction volumes, saturation and even self-quenching 437 

are possible,76 however, these conditions deviate from the typical ppm catalyst loadings used in 438 

PET-RAFT. Another important benefit of PET-RAFT over conventional RAFT, is that 439 

retardation is anticipated to be less significant in PET-RAFT than conventional RAFT due to the 440 

unique role of the CTA being involved in the radical generation step. 441 

Conclusions 442 

This work has investigated the detailed kinetics and properties of MA polymers made by PET-443 

RAFT catalyzed by Ir(ppy)3, using an efficient polymerization through oxygen approach. The 444 

results indicate that the typical lab scale, and scaled up PET-RAFT systems behave in a regime 445 

where both increases in light intensity and photocatalyst loading enhance polymerization rates, 446 

with both following a square root scaling law. Interestingly, scaling analysis also suggests that 447 

PET-RAFT processes may be less susceptible to retardation effects than conventional thermal 448 

reactions. Finally, a universal scaling law was developed for energy-transfer PET-RAFT 449 

reactions, based on photocatalyst loading, photon flux, reactor geometry and RAFT CTA 450 

loading. Within typical experimental ranges, a monotonic increase in reaction rate with photon 451 



flux and catalyst loading is expected. This allows a global description of a wide variety of PET-452 

RAFT reactions, indicating the common mechanism dictating the reaction, and facilitates future 453 

applications of PET-RAFT. 454 
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