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Abstract 

 An enduring question is: what is the simplest and easiest way to obtain tailored polymers? 

This communication explores a robust photoiniferter polymerization with only two active 

ingredients that requires no prior deoxygenation and can be performed on the milliliter scale or 

sub-milliliter scale. Rather than leaving headspace in the polymerization vessel or scaling reactions 

up to fill the vessel, this approach fills the headspace of the reaction vessel with mineral oil or inert 

solvents. This approach can also be applied to polar monomers in aqueous media, using oil as the 

inert solvent, or to hydrophobic monomers with water as the inert solvent. This method removes 

enough ambient oxygen that the photoiniferter reaction proceeds with no deoxygenation step, and 

achieves high conversion and good molecular weight control in 10-20 hours in both aqueous and 

organic solvents. Complex polymer architectures such as multiblock copolymers and gradient 

polymers were successfully synthesized by this approach. 

Introduction 



 Due to the triplet ground state of oxygen, radical reactions are sensitive to irreversible 

termination in the presence of oxygen. Reversible deactivation radical polymerization methods1 

such as atom transfer radical polymerization (ATRP)2–5 and reversible addition-fragmentation 

chain transfer (RAFT)6,7,16–19,8–15 polymerization are also sensitive to oxygen, often requiring 15 

minutes of inert-gas sparging to remove oxygen. Other measures such as longer sparging times, 

freeze-pump-thaw, inhibitor removal, and specialized glassware like Schlenk flasks may be 

required. For standard milliliter to liter scale reactions, these methods are practical. However, 

libraries of polymers that can be synthesized quickly and on reasonably small (milliliter to 

microliter) scales are difficult or impossible to access using conventional methods of 

deoxygenation.20 Synthesis of such libraries of complex polymers is desirable to access highly 

functional polymeric materials for pharmaceutical applications.21–23 

Many solutions to the problem of oxygen have been explored, such as in situ enzymatic 

deoxygenation by glucose oxidase,24–26 singlet-oxygen generation by organic27 or 

organometallic19,21,28 photocatalysts, ultra-fast initiator decomposition,29 and sacrificial tertiary 

amines.30 While these newly developed methods are effective, setup can still be complex and 

reagents such as enzymes and dyes are sensitive and/or expensive. 

This contribution shows that well-controlled polymers can be synthesized in a minimalistic 

reaction setup, with only two active ingredients and no deoxygenation protocol. This work is 

inspired by the Haddleton group’s work on low-volume oxygen-tolerant ATRP,31,32 and the Bruns 

group’s approach of using a layer of mineral oil.33 In our approach, oxygen is merely excluded by 

filling headspace volume in the vial with an inert, immiscible liquid such as water or mineral oil 

(Scheme 1a, Figure S1). Polymerization is accomplished using 350nm lamps in a photoreactor, 

which enables homolytic cleavage of the carbon-sulfur bonds of the RAFT chain transfer agent 



(CTA), allowing it to act as initiator, chain transfer agent, and reversible terminator (iniferter) 

(Scheme 1b).34,35 With the elimination of headspace, only the remaining dissolved oxygen inhibits 

polymerization over a short induction period. The simplicity of this approach enables both 

hydrophilic and hydrophobic polymers to be synthesized, and the benefit is most likely to be 

realized when the reaction must be performed on a small scale, due to limited amounts of reagents 

and difficulty in accessing conventional methods of deoxygenation. 

 

Scheme 1. (a) Vials filled with 500uL aqueous RAFT reaction mixture and varying amounts of 

mineral oil. Total vial volume is 1.95ml. (b) RAFT iniferter scheme. Dimethyl acrylamide 

(DMAm) was polymerized with the CTA PAETC and butyl acrylate (BA) was polymerized with 

the CTA PADTC. 

Results and Discussion 

Initially, photoiniferter polymerization of N,N-dimethyl acrylamide (DMAm) was performed 
using propionic acid ethyl trithiocarbonate (PAETC) as the CTA. DMAm is a water-soluble 
monomer, and hence polymerization in water was performed, with mineral oil used as an inert 
layer. The kinetics of DMAm polymerization targeting 100 units yielded surprising results. While 
we expected no conversion in the air and half-oil samples, the air sample underwent significant 



conversion, and the half-oil system exhibits similar reaction rate to the air-free system (“full oil”) 
(Fig. 1a). It is likely that the mineral oil acts as a barrier to diffusion of oxygen, causing the similar 
kinetics in the half and full oil systems.33 However, in the DP50 kinetics, very small conversion is 
obtained in the air control (fig. 1b). Another important fact is that, even though the inert layer acts 
as an oxygen barrier for the polymerization mixture, it does not interfere with the NMR analysis 
of the polymerization mixture. As shown in the Figure 1b, 50DP kinetics displays an induction 
period up to 3hrs of irradiation time. The NMR of the 2hrs sample was checked for the impurities 
from the mineral oil (hexadecane; 1-2 ppm) since no polymer peaks will appear in that region 
during the induction period (Figure S2). Except for the -CH3 peak in the CTA we did not observe any 
major peaks in the region where mineral oil’s peaks can be found (1-2 ppm). 
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Figure 1. Photoiniferter kinetics of DMAm polymerization comparing different (a) headspace (at 

DP100) and (b) chain length conditions. Conditions: [DMAm] = 4.85M. [DMAm]:[PAETC]=50 

or 100:1. Reaction volume = 0.5ml, with ca. 1.45ml mineral oil (full oil) or 0.75ml mineral oil 

(half oil). Irradiation at 350 nm with intensity of 14 ± 1 mW/cm2.  

   

The DP50 kinetics experiences a 3hr induction period during which dissolved oxygen is consumed 

and the RAFT equilibrium is established, after which the reaction proceeds at a faster rate than the 

DP100 system. The concentration of CTA in the DP50 system is double that of the DP100 system, 

which may account for the observed induction period and rate. At this concentration, the CTA is 

likely to be significantly reducing penetration depth of the UV light. As a result, oxygen in the 

interior is being consumed quite slowly, since the reaction vessel is not stirred. On the other hand, 

at DP100, enough UV light reaches the interior to quench all the oxygen quickly enough that no 

induction period is observed. Additionally, if the first monomer unit is added more slowly than 

subsequent units, the polymerization could be slow in the early phase. However, the steady-state 

b



polymerization rate is higher in the DP 50 compared to the DP 100 system, because there is more 

UV-homolyzed CTA present overall. These initialization effects are magnified with no immiscible 

solvent, leading to longer induction periods when no oil is used (Fig 1b). 

 The SEC results for these reactions are presented in figure 2a-d. Dispersity is low over the 

course of reaction in most cases, although early stages of the DP100 half-oil system exhibit 

dispersities closer to 1.5, due to some low-MW species visible in fig. 2b, these smaller species 

eventually extend and the dispersity returns to 1.1-1.2. Chain growth is excellent in the DP100 full 

oil system (fig. 2c). The DP50 full-oil system extends well at the 4hr timepoint, but the 6hr and 

10hr timepoints have very similar traces on the low-MW edge. In all cases, Mn,SEC tracks Mn,Theory 

closely. 
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Figure 2. SEC data of iniferter reactions. (a) DP50 DMAm; (b) DP100 DMAm with less oil (“half 

oil”); (c) DP100 DMAm with completely filled headspace (“full oil”) (peak heights normalized by 

conversion). (d) Procession of Mn (Black dashed lines indicate the theoretical Mn variation from 

DP50 and DP100) and dispersity over the course of reaction when targeting DP50 and DP100 

DMAm (solid symbols indicate Mn and hollow symbols indicate Mw/Mn). Irradiation at 350 nm 

with intensity of 14 ± 1 mW/cm2. 

To expand on the scope of this system, polymerization in non-aqueous solvents was attempted, 

since acrylamides in water are sometimes considered privileged due to their unusually high kp 

values in water.36 In this case, we used butyl acrylate (BA), polymerizing in either ethyl acetate 

(EtOAc), which is less dense than water, or diethyl phthalate (DEP), which is more dense than 

water (Figure 3). In both cases the CTA used was propionic acid dodecyl trithiocarbonate 

(PADTC). Pleasingly, polymerization proceeds smoothly in 10 hours in both solvents, with 

similarly low dispersity and Mn,SEC which is close to Mn,Th. With EtOAc as the top layer, which is 

in contact with the inevitable (approximately 50 𝜇L) air bubble that remains after capping the vial 

(Figure S3), there was a concern that polymerization would be retarded or halted, but this does not 
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appear to be the case. Whatever oxygen remains in the bubble is quenched thoroughly enough that 

polymerization proceeds, and ultimately the polymerizations were comparable as shown in Figure 

3a, although the reaction in DEP was somewhat faster than the polymerization in EtOAc. 

Photoiniferter polymerizations gave well controlled polymers with narrow molecular weight 

distributions as indicated in Figure 3b, although the system with DEP had better control over the 

molecular weight. Similar polymerizations were possible down to 90 µL of reaction volume as 

indicated in Figure S4, showing that this approach can be used to achieve microliter volume 

reactions. Even at these small reaction volumes, the photoiniferter process proceeded rapidly, and 

the resulting poly(BA) was well controlled with narrow molecular weight distributions and linear 

growth of Mn with conversion. 
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Figure 3: Photoiniferter polymerization of butyl acrylate in a reaction vessel half filled with water 

with the polymerization either in ethyl acetate (EtOAc) or diethylphthalate (DEP). Conditions 

[BA]:[PADTC]=100:1. [BA] = 3.5M. Reaction volume = 0.5ml, with ca. 1.45ml water as inert 

solvent. (a) gives the semilogarithmic polymerization kinetics and (b) shows the evolution of Mn 

(Black dashed line indicates the theoretical Mn variation) and Mw/Mn with conversion (solid 

symbols indicate Mn and hollow symbols indicate Mw/Mn). Irradiation at 350 nm with intensity of 

14 ± 1 mW/cm2 . 

To further explore the potential of these iniferter systems to make complex polymers a sequential 

block copolymerization strategy was designed. In this system, photoiniferter reactions of 

hydrophobic monomers in DEP as the solvent were used. The remainder of the reaction volume 

was occupied with water. The advantage of this approach was that as more monomer is added to 

make subsequent blocks, the water is displaced. This offers a possible advantage over a fully filled 

vial approach, since the inert solvent is removed at each block addition. Cloudiness in the 

top/inert/water layer is observed due to some mixing at the interface; small amounts of monomer 

b



presumably diffuse into the water layer and polymerize to form light scattering nanoparticles. This 

filling of the vial with new monomer is demonstrated in Figure 4a. As shown in Figure 4b, complex 

triblock copolymers could be synthesized using a sequential approach. Photoiniferter 

polymerization of the first BA block was run for 10 h reaching over 95% conversion and yielding 

a well-controlled polymer as shown in Figure 4b. This poly(BA) macroCTA was chain extended 

with 50 units of ethyl acrylate (EA) reaching over 95% conversion in 10 h. The formation of a 

block copolymer was evidenced by the clear shift of the SEC derived molecular weight distribution 

in Figure 4b. Finally, a triblock copolymer was formed by adding an additional 50 units of butyl 

acrylate, reaching 90% conversion in 12 h. The triblock copolymer was evidenced by the shift 

from the poly(BA-b-EA) macroCTA to the complex poly(BA-b-EA-b-BA) triblock copolymer. 

The dispersities of the polymers were Mw/Mn=1.11 for the poly(BA), Mw/Mn=1.11 for the 

poly(BA-b-EA) and Mw/Mn=1.24 for the poly(BA-b-EA-b-BA) material. 

 



 

Figure 4. Block copolymerization of hydrophobic monomers BA and EA using DEP as the 

solvent. (a) the sequential filling of the vial by subsequent monomer additions. (b) SEC derived 

molecular weight distributions poly(BA), poly(BA-b-EA) , and poly(BA-b-EA-b-BA). Each block 

was polymerized using a ratio of [BA] or [EA]: [ ] = 50: 1. The first block was polymerized using 

PADTC as the CTA. Irradiation at 350 nm with intensity of 14 ± 1 mW/cm2. 

 

Intrigued by the idea that this method could restrict polymerization to just one layer of a two-layer 

system, gradient polymerization was attempted. While gradient character can be achieved using 

continuous feed and other methods,37,38,38,39 this system could be simpler and require no special 

equipment other than the UV reactor. In this system, NiPAm and DMAm were co-polymerized 

with a toluene layer and an aqueous layer, as shown in Scheme 2. Due to differing partition 

coefficients, NiPAm begins with a concentration of around 0.67:1 versus DMAm, corresponding 

to a DMAm fraction in the aqueous phase of approximately 0.6. PAETC is confined to the aqueous 

layer by addition of NaOH. 
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Scheme 2. (a) Schematic representation of gradient experimental setup, where the NiPAm-rich 

toluene layer is masked with duct tape. PAETC is confined to the aqueous layer by addition of 

NaOH. (b) Scheme showing diffusion-controlled gradient polymerization of DMAm and NiPAm. 

 

The kinetics of both DMAm and NiPAm polymerization in the aqueous phase were very similar, 

reaching essentially quantitative conversion after 24h. This is shown in Figure 5a. Although the 

monomers present in the aqueous phase polymerize at similar rates, regardless of whether they are 

NiPAm or DMAm, the fraction of DMAm and NiPAm changes over the course of the reaction. 

Initially the aqueous reaction phase is rich in DMAm, as it is the more polar monomer, being close 



to 70% DMAm+poly(DMAm) at 2h. As the reaction progresses, NiPAm transfers into the aqueous 

phase from the organic toluene phase. After 24h, where the conversion is close to 100%, the 

polymer contains close to the targeted 50% DMAm and NiPAm, as shown in Figure 5b. The 

resulting polymers are monomodal with Mn of 9,900 close to the targeted Mn of 10,600, although 

the final polymer reaches a moderate dispersity of 1.5. Despite the high dispersity, this approach 

enables a unique approach to gradient synthesis with tolerance to oxygen.   

 

 

 

0

1

2

3

4

0 5 10 15 20 25

DMAm
NiPAm

-ln
(1

-c
on

ve
rs

io
n)

time (h)

a

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

fraction of DMAm+poly(DMAm)
Total fraction of DMAm

fr
ac

tio
n 

of
 D

M
A

m
+p

ol
y(

D
M

A
m

)

time (h)

b



 
Figure 5: (a) Semilogarithmic plot of gradient polymer formation for both NiPAm and DMAm in 

the aqueous phase. (b) Ratio of total dimethylacrylamide (both monomer and polymerized) to all 

monomer and polymer in the aqueous phase. (c) SEC derived molecular weight distribution of the 

final gradient copolymer. 

Conclusions 

In this work, a simple and robust approach to tailored polymers is explored. Combining the 

photoiniferter process with a no-headspace experimental setup, tailored polymers of hydrophobic 

and hydrophilic monomers, including block and gradient copolymers, were obtained. Hydrophilic 

DMAm polymers were synthesized using mineral oil as an inert liquid to fill the vial headspace 

and effectively reduce oxygen content, while hydrophobic BA polymers were synthesized using 

water as inert liquid. In both cases, high conversion and low dispersities were observed. This 

method scales down well, as good conversion and dispersity were seen for BA polymerization in 

volumes as low as 90µl. Block polymers of BA and EA were accessible with this approach in a 

highly simplified manner - excess water could simply be displaced as more monomer was added 

in each chain extension step. Finally, gradient copolymers of DMAm and NiPAm were obtained 

c



by using partition coefficients and diffusion to control monomer feeding over the course of 

polymerization. While the dispersity of the gradient copolymer is modest (1.5), further 

improvements could be made in the future by altering conditions such as concentration and 

cosolvents. In summary, this method can be used to make a variety of tailored polymers with 

advantages of safety and simplicity: safety, by avoiding needles (for gas sparging), radical 

initiators, and high temperatures; and simplicity, by requiring fewer ingredients in the 

experimental setup, minimal instrumentation, no inert gases, and mass-produced vials. As a result 

of its simplicity and tolerance to low volumes, this method is also economical and suited to 

production of polymer libraries. 
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