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Abstract 

Surface-initiated, photoinduced atom transfer radical polymerization (SI-photoATRP) enables 

the controlled and rapid synthesis of compositionally diverse polymer brushes over large areas, 

by employing very small reaction volumes, under ambient conditions and without the need for 

prior deoxygenation of monomer mixtures. The concentration of copper species, and the type 

and content of amine-based ligands determine the mechanism of SI-photoATRP, regulate the 

kinetics of polymer-brush growth, and govern the tolerance of this polymer-grafting method 

toward oxygen. Despite mechanistic analogies with the corresponding solution processes, the 

intrinsic, highly confined nature of SI-photoATRP leads to significant differences from 

polymerizations within homogeneous systems. This is especially important to attain 

controlled/living polymerization and temporal control over polymer-brush growth using UV 

light as a trigger.  
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Introduction 

Over the past decade, there have been significant advancements in photochemically stimulated 

reversible deactivation radical polymerization (RDRP) methods. These have involved the 

application of light for inducing and/or catalyzing controlled polymer growth.1-4 Prominent 

examples include photoinduced electron transfer reversible-addition fragmentation radical 

polymerization (PET-RAFT),5-7 photoinduced atom transfer radical polymerization 

(photoATRP)8-11 and photocatalyzed metal-free ATRP.12-16  

Focusing on photoATRP, this polymerization technique presents several advantages with 

respect to other ATRP processes. These include the possibility of temporal control over 

polymer chain growth, which is regulated by illumination time, enhanced tolerance of 

photoATRP toward oxygen,17-21 and the reduction in the amount of catalyst necessary to attain 

a controlled polymerization.9  

All these unique features rely on the intrinsic mechanism of photoATRP, which mainly 

involves the (re)generation of CuIX/L-based activators under light irradiation. Upon excitation 

of initially present CuIIX2/L ([CuIIX2/L]* in Scheme 1a), a single-electron transfer with an 

electron donor, typically a free ligand (L), generates CuIX/L activators. Thus, in photoATRP, 

electron donors act as reducing agents similar to activator regenerated by electron transfer 

(ARGET) ATRP. To a lesser extent, alkyl halide initiators (RX) can additionally undergo 

homolytic cleavage upon irradiation, generating a halide radical (X·) and a carbon-centered 

radical (R·) that can initiate/propagate chains in the presence of monomer.10, 22 

Mechanistic studies of photoATRP reveal that in the presence of oxygen, CuIX/L generates 

CuIIX(O2)/L species, which in the excited state can recombine with L (or an electron donor), 

yielding oxidized species (Lox), as well as regenerating CuIX/L activators.17-19 In a closed 

reaction system not deoxygenated, and with a limited amount of dissolved oxygen, this process 

continues until essentially all oxygen has been consumed.17, 23 Thus, the presence of excess 
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ligand (or other electron donors) guarantees the efficient regeneration of an activator, and 

imparts to photoATRP a degree of tolerance towards environmental conditions, circumventing 

the need for tedious deoxygenation procedures prior to polymerization. 

The translation of these features into the controlled synthesis of polymer brushes, via surface-

initiated photoATRP (SI-photoATRP), would substantially broaden the applicability of RDRP 

methods for the creation of functional surfaces, and the modification of a variety of materials.  

The tolerance of SI-photoATRP to environmental conditions is of special relevance for 

polymer grafting from large substrates.24-26 These include sensors,27-30 cell-sensitive and tissue-

engineering platforms31-37 or catalytic supports.38-40 Scaling up polymer-brush synthesis using 

classical ATRP processes from such substrates would require the use of extremely large 

reaction volumes, with the necessity for maintaining inert conditions for relatively long 

reaction times. Such processes would additionally require the use of large quantities of catalyst. 

All these factors hamper the translation of commonly applied surface-initiated ATRP (SI-

ATRP) methods into technologically relevant processes. 

With the aim of investigating the mechanism of SI-photoATRP, in this study we focus on 

exploring how the presence of a grafting surface affects those parameters that have already 

been identified as crucial for photoATRP in solution. During SI-photoATRP, the concentration 

of CuII species initially added to the reaction mixture as well as the type and amount of ligand 

determine polymer-brush growth rate, and the degree of control over the polymerization. These 

parameters additionally regulate the tolerance of the polymerization toward oxygen.  

We employed a reaction setup in which initiator-functionalized substrates were uniformly 

covered with a few microliters of monomer/catalyst solutions (Scheme 1). We demonstrated 

that under constant UV illumination, SI-photoATRP enables the generation of extremely 

uniform polymethacrylate brush films over very large areas, without the need for prior 

deoxygenation of the reaction mixtures or the presence of an inert atmosphere. 
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Due to the minimal reaction volumes employed, coupled to the intrinsically confined nature of 

SI-photoATRP, only a brief period of UV irradiation was sufficient to consume dissolved 

oxygen in the system, and trigger a progressive, controlled brush-growth over several hours in 

complete darkness. This unique feature redefines the concept of temporal control during 

photoinduced RDRP, which is typically regulated by switching on/off the light source, in the 

particular case of systems where polymer growth takes place under highly confined 

environments. Attaining polymer growth without the need for continuous UV irradiation thus 

highlights SI-photoATRP as an extremely energetically efficient polymerization technique. 

This is particularly well-suited for the generation of coatings on substrates where limited light 

penetration can be achieved, as is the case for the in situ modification of implants, or the 

fabrication of adhesive films. 

 

Experimental Section 

Materials. Dimethylformamide (DMF, extra pure, Fisher Chemical), acetone (> 99.8%, VWR 

Chemicals), tetrahydrofuran (THF, > 99.5%, VWR Chemicals), triethylamine (TEA, ≥99%, 

Merck), 2-bromoisobutryl bromide (BiBB, 98%, Sigma-Aldrich), 3- 

(aminopropyl)triethoxysilane (APTES, 99%, Acros),  copper(II) bromide (CuBr2, 99.99%, 

Aldrich), tris(2-pyridylmethyl)amine (TPMA, 98%, Sigma-Aldrich), tris[2-

(dimethylamino)ethyl]amine (Me6TREN, 99%, abcr GmbH), tetrabutylammonium fluoride 

(TBAF, 1M in THF, Aldrich), iron(III) bromide (FeBr3, 98%, Sigma-Aldrich), 

tetrabutylammonium bromide (TBABr, >99%, Fluka), 1,1,4,7,7-

pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich-Fine Chemicals), 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA, 97%, Aldrich-Fine Chemicals), 2,2'-bipyridyl 

(bpy,  >=99%, Sigma-Aldrich), ethylenediaminetetraacetic acid (EDTA, 99.995%, Sigma-
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Aldrich), and sodium bromide (NaBr, >=99.0%, Sigma-Aldrich) were used as received. Silicon 

wafers were purchased from Si-Mat (Landsberg, Germany).  

Methyl methacrylate (MMA, Sigma-Aldrich), oligo[(ethylene glycol) methyl ether 

methacrylate] (OEGMA, Mn ~ 480 g mol-1, Sigma-Aldrich), 2-(trimethylsilyloxy)ethyl 

methacrylate (HEMATMS, 96%, Sigma-Aldrich), 2-(dimethylamino)ethyl methacrylate 

(DMAEMA, 98%, Aldrich-Fine Chemicals), 2-hydroxyethyl methacrylate (HEMA, 97%, abcr 

GmbH), and glycidyl methacrylate (GMA, Sigma-Aldrich) were purified by passing through a 

basic alumina column to remove the inhibitor before use.  

Variable-Angle Spectroscopic Ellipsometry (VASE). The values of dry thickness of polymer 

brushes (Tdry) were measured using a M-2000F John Woollam variable angle spectroscopic 

ellipsometer (VASE, SENTECH Instruments GmbH) equipped with a He-Ne laser source (λ 

= 633 nm, J.A. Woollam Co., Lincoln, NE). Amplitude (Ψ) and phase (Δ) components were 

recorded using focusing lenses at 70 ° from the surface normal as a function of wavelength 

(350−800 nm). Fitting of the raw data was performed based on a layered model using bulk 

dielectric functions for Si and SiO2 (software WVASE32, LOT Oriel GmbH, Darmstadt, 

Germany). The polymer-brush layers were analyzed on the basis of a Cauchy model: n = A + 

B λ-2, where n is the refractive index, λ is the wavelength and A and B were assumed to be 

1.45 and 0.01, respectively, as values for transparent organic films.  

Size Exclusion Chromatography (SEC). Polymer brushes grafted from 8-inch silicon wafer by 

SI-photoATRP were detached after overnight treatment in a 0.05 M THF solution of TBAF at 

60 °C. After the reaction, the solvent was removed in rotary evaporator and the solid was 

filtered and re-dissolved in THF.  

SEC was performed on a Viskotek GPCMax system (Malvern) equipped with two PFG linear 

M columns (PSS), eluting the samples in THF at a rate of 1 mL min-1 at room temperature. The 

values of Mn and PDI of de-grafted polymer brushes were obtained using the signal originating 
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from a refractive index (RI) detector, and a conventional calibration employing narrowly 

dispersed PMMA standards. 

Preparation of ATRP Initiator Layer on SiOx Substrates. Silicon substrates with an area of 4 

cm2 were cleaned for 20 minutes in piranha solution (3:1 mixture (v/v) of H2SO4 and H2O2), 

and subsequently rinsed with ultrapure water (Millipore Milli-Q grade) and ethanol. APTES 

was subsequently deposited on SiOx surfaces by vapour deposition, in a desiccator that was 

kept under vacuum for 3 hours. After this, ATRP-initiator layers were obtained by incubating 

APTES-bearing substrates in a 0.12 M DCM solution of BiBB, containing 0.12 M TEA. The 

reaction was carried out for 2 hours at room temperature, and the samples were subsequently 

washed with DCM, and finally dried under a stream of N2. 

Surface-Initiated Photoinduced ATRP. SI-photoATRP was conducted in a Stratalinker UV 

Crosslinker 2400 (Stratagene, La Jolla, CA, USA) equipped with 6 UV lamps having λmax = 

365 nm, and generating a power of 1.5 mW cm−2. The reactions were carried out at room 

temperature and in the presence of oxygen. SiOx substrates previously functionalized with 

ATRP initiator were placed in a glass petri dish, covered with 10 µL cm-2 of polymerization 

mixture and a glass slide. The sandwiched substrates were irradiated for the desired time, rinsed 

with solvent and finally dried under a stream of N2.  

 

Results and Discussion 

The mechanism of SI-photoATRP was initially explored by analyzing the parameters that had 

been previously identified as the principal determinants for the controlled growth of polymers 

in the corresponding solution processes.9-11, 22-23 In particular, the effects of catalyst 

concentration (expressed as the amount of CuII species initially added), and the content and 

type of ligand (L) on the synthesis of polymer brushes by SI-photoATRP were investigated. 

As illustrated in Scheme 1a, the amine-based L substantially contributes to the generation of 
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CuIX/L species, and prevents accumulation of CuIIX2/L deactivators throughout the grafting 

process, following an overall mechanism that is reminiscent of ARGET ATRP.41-42  

In the presence of UV irradiation CuIIX2/L can be photo-excited to [CuIIX2/L]*, which is 

subsequently quenched by L in solution, generating CuIX/L and a radical cation (L·+). Hence, 

a concentration of L beyond the stoichiometric amount necessary to form CuII complexes is 

typically required to efficiently generate activators and enable a steady initiation and 

propagation.  

Besides the type and amount of L, the concentration of CuII species present in solution 

determines the degree of control over the polymerization process. This is especially relevant in 

the case of polymer-brush synthesis from macroscopic surfaces, where the concentration of 

catalyst at the brush-growing front regulates deactivation efficiency, and the extent of 

irreversible termination reactions between propagating grafts.43-46 This latter phenomenon 

becomes important in determining the growth of brush films via SI-ATRP processes. On the 

one hand, a relatively high local concentration of radicals is generated, since they are virtually 

all confined to the surface. On the other hand, just a limited amount of CuII species is produced 

in the medium through the ATRP equilibrium, and as a result of termination processes, owing 

to the overall extremely low concentration of initiating/propagating sites.47 
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Scheme 1. (a) Proposed mechanism of SI-photoATRP; (b, c) reaction setup employed for the 

synthesis of polymethacrylate brushes by SI-photoATRP, including an ATRP initiator-

functionalized SiOx substrate covered with a polymerization mixture and sandwiched with a 

glass slide.  

 

 

Effect of Ligand  

The synthesis of poly[oligo(ethylene glycol) methacrylate] (POEGMA) and poly(methyl 

methacrylate) (PMMA) brushes by SI-photoATRP was investigated. In both cases, polymer 

grafting was performed from ATRP-initiator-functionalized SiOx surfaces, onto which 1 µL 

cm-2 1:1 (v/v) monomer:dimethylformamide (DMF) mixtures were applied, without 

deoxygenation. The samples were subsequently covered with a glass slide, and irradiated under 

environmental conditions (no inert atmosphere) by a UV light source with λmax = 365 nm, and 

an intensity of 1.5 mW cm-2.  Four different ligands, yielding Cu-based catalysts with a broad 

range of activities were tested, namely tris[2-(dimethylamino)ethyl]amine (Me6TREN), tris(2-

pyridylmethyl)amine (TPMA), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) and 
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1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA). Two concentrations of CuBr2 were 

used for each ligand type, 0.44 mM (100 ppm) and 5 mM (~1100 ppm), and different relative 

amounts of L were tested, generating mixtures with [CuBr2]:[L] of 1:2, 1:4 and 1:6. 

As summarized in Table 1 and 2, when Me6TREN and TPMA were used as ligands, relatively 

thick POEGMA and PMMA brushes were obtained after just one hour of UV irradiation, in all 

cases exceeding 20-30 nm of dry thickness (Tdry), as measured by variable angle spectroscopic 

ellipsometry (VASE). It is important to emphasize that, in contrast to previously reported data 

focusing on photoATRP of acrylates in solution,10-11, 18-19 when Me6TREN and TPMA were 

used as ligands a decrease in [CuBr2]:[L] did not translate into a faster polymerization from the 

surface, as similar values of Tdry for different brush films typically indicate a comparable molar 

mass of the corresponding grafted polymers.48-54 This result agrees well with the data reported 

by Mosnàček et al.17, who suggested that the rate of photoATRP of methacrylates might be 

independent of the excess of ligand present in the reaction. 

 

Table 1. SI-photoATRP Of OEGMA Performed By Varying L, [CuBr2], and [CuBr2]:[L]. 

Monomer 

and Ligand 
[CuBr2] [CuBr2]:[L] Time (h) Tdry (nm) 

OEGMA 

Me6TREN 

100 ppm 1: 2 1 36.8 ± 0.4 

100 ppm 1: 4 1 39.4 ± 1.5 

100 ppm 1: 6 1 40.5 ± 2.3 

OEGMA 

Me6TREN 

5 mM 1: 2 1 51.6 ± 0.1 

5 mM 1: 4 1 44.1 ± 0.9 

5 mM 1: 6 1 47.7 ± 0.2 

OEGMA 

TPMA 

100 ppm 1: 2 1 45.6 ± 0.2 

100 ppm 1: 4 1 48.5 ± 2.3 

100 ppm 1: 6 1 49.3 ± 0.2 

OEGMA 

TPMA 

5 mM 1: 2 1 23.4 ± 1.1 

5 mM 1: 4 1 26.3 ± 1.2 

5 mM 1: 6 1 28.4 ± 0.1 

OEGMA 

PMDETA 

100 ppm 1: 2 3 0.8 ± 0.1 

100 ppm 1: 4 3 0.9 ± 0.1 

100 ppm 1: 6 3 1.2 ± 0.1 

OEGMA 

PMDETA 
5 mM 1: 2 3 8.7 ± 0.2 

5 mM 1: 4 3 41.5 ± 0.4 
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5 mM 1: 6 3 42.2 ± 0.3 

OEGMA 

HMTETA 

100 ppm 1: 2 3 0.8 ± 0.1 

100 ppm 1: 4 3 0.9 ± 0.1 

100 ppm 1: 6 3 0.9 ± 0.1 

OEGMA 

HMTETA 

5 mM 1: 2 3 1.9 ± 0.3 

5 mM 1: 4 3 6.1 ± 0.1 

5 mM 1: 6 3 20.5 ± 0.7 

 

Significantly different results were obtained when PMDETA and HMTETA were used as L. 

Both ligands generated much less active Cu catalysts, characterized by markedly lower values 

of ATRP equilibrium constant (KATRP).55 In both these cases, 100 ppm of CuBr2 was not 

sufficient to enable the grafting of POEGMA and PMMA brushes, even after 3 hours of 

irradiation, while films with a measurable thickness were obtained by increasing [CuBr2] to 5 

mM. At higher concentration of Cu, a clear dependency of Tdry on the relative content of L was 

recorded. In particular, the thickness of POEGMA brushes increased from 8.7 ± 0.2 nm when 

[CuBr2]:[PMDETA] was 1:2, to 42.2 ± 0.3 nm when four fold excess of PMDETA with respect 

to CuBr2 was applied. Similarly, Tdry of POEGMA increased from 1.9 ± 0.3 to 20.5 ± 0.7 nm 

when [CuBr2]:[HMTETA] was shifted from 1:2 to 1:6, while analogous trends, although with 

overall lower values of thickness, were recorded for SI-photoATRP of MMA (Table 2).  

 

Table 2. SI-photoATRP Of MMA Performed By Varying L, [CuBr2], and [CuBr2]:[L]. 

Monomer 

and Ligand 
[CuBr2] [CuBr2]:[L] Time (h) Tdry (nm) 

MMA 

Me6TREN 

100 ppm 1: 2 1 34.8 ± 0.2 

100 ppm 1: 4 1 41.0 ± 0.3 

100 ppm 1: 6 1 42.1 ± 0.8 

MMA 

Me6TREN 

5 mM 1: 2 1 28.2 ± 0.2 

5 mM 1: 4 1 24.0 ± 0.3 

5 mM 1: 6 1 26.5 ± 0.4 

MMA 

TPMA 

100 ppm 1: 2 1 5.8 ± 0.2 

100 ppm 1: 4 1 9.4 ± 0.1 

100 ppm 1: 6 1 6.4 ± 0.2 

MMA 

TPMA 

5 mM 1: 2 1 5.7 ± 0.3 

5 mM 1: 4 1 4.7 ± 0.1 

5 mM 1: 6 1 5.6 ± 0.1 
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MMA 

PMDETA 

100 ppm 1: 2 3 0.7 ± 0.1 

100 ppm 1: 4 3 0.9 ± 0.2 

100 ppm 1: 6 3 1.0 ± 0.3 

MMA 

PMDETA 

5 mM 1: 2 3 6.1 ± 0.3 

5 mM 1: 4 3 6.3 ± 0.1 

5 mM 1: 6 3 9.6 ± 0.1 

MMA 

HMTETA 

100 ppm 1: 2 3 0.7 ± 0.1 

100 ppm 1: 4 3 0.7 ± 0.1 

100 ppm 1: 6 3 0.8 ± 0.1 

MMA 

HMTETA 

5 mM 1: 2 3 1.3 ± 0.1 

5 mM 1: 4 3 4.9 ± 0.2 

5 mM 1: 6 3 10.5 ± 0.1 

 

 

Effect of Catalyst Concentration  

Kinetic studies of polymer-brush growth shed further light on the mechanism of SI-

photoATRP. To analyze the thickening rates of POEGMA brushes, and assess their 

dependency on the variation of reaction parameters, we focused on catalytic systems involving 

Me6TREN and TPMA, which provided the fastest polymerizations according to the results 

reported in Tables 1 and 2. 
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Figure 1. (a, b) POEGMA brush-growth rates recorded by measuring Tdry of polymer brushes 

following different UV irradiation times during SI-photoATRP. The polymerization mixtures 

comprised 1:1 (v/v) DMF:OEGMA, 100 ppm (green traces) and 5 mM (blue traces) CuBr2, 

and different contents of L, corresponding to [CuBr2]:[L] of 1:2, 1:4 and 1:6. (a) L = Me6TREN;  

(b) L = TPMA. (c, d) Pictures of representative substrates following POEGMA brush synthesis 

using Me6TREN and TPMA as ligands, respectively, are reported. The brush films show 

different colours due to thickness-dependent light interference, while inhomogeneous layers 

are highlighted by areas presenting patches of different colours. (e) Pictures depicting 

POEGMA brushes synthesized after 4 h of SI-photoATRP using TPMA as ligand, 5 mM (left 

side) and 100 ppm of CuBr2 (right side), while maintaining in both cases [CuBr2]:[L] of 1:4. 

 

As highlighted by comparing the growth profiles reported in Figure 1a and 1b, when POEGMA 

was grafted by using Me6TREN as a ligand, brush thickness steadily increased during the early 



14 

 

stages of UV irradiation, reaching values of Tdry between 40 and 50 nm after 1 h of 

polymerization (Figure 1a). In contrast, for catalytic systems involving TPMA as a ligand, a 

discontinuity in the slope of brush-growth profiles was recorded after 1 h of exposure to UV, 

for all values of [CuBr2] and [CuBr2]:[L] tested (Figure 1b). The differences observed along 

the brush-thickening profiles at the beginning of the polymerization were due to the different 

rates of photoinduced reduction of CuIIX/L species between the two ligands. Since Me6TREN 

contains four reactive aliphatic amine moieties, the rate of photoreduction of CuII-based species 

was significantly higher than that with TPMA, which has one alkyl-amine moiety and three 

pyridinic groups (Figure S1).11  

Hence, oxygen consumption at the early stages of reaction through complexation with 

photogenerated CuIX/L (Scheme 1a) was slower with TPMA, and a certain induction period 

was observed before a progressive POEGMA brush growth could be attained.  

As expected from the initial polymerizations summarized in Table 1 and 2, an evident 

increment in polymerization rate with increase in ligand concentration was not observed, in the 

case of either Me6TREN or TPMA. In contrast, significantly faster brush-thickening rates were 

recorded for relatively low initial contents of CuBr2. In particular, the growth of POEGMA 

brushes assumed a rather uncontrolled behavior after a few hours of UV irradiation when 

[CuBr2] was set to 100 ppm, and the entire reaction completely gelled after 2 and 3 h, with 

Me6TREN and TPMA ligands, respectively. Under these conditions, Tdry of POEGMA films 

reached values > 1 µm, and the films were generally inhomogeneous. In addition, the fitting of 

VASE data when [CuBr2] = 100 ppm often provided unreliable results both during the synthesis 

of PMMA and POEGMA brushes. 

The uncontrolled nature of SI-photoATRP at relatively low values of [CuBr2] was further 

confirmed by synthesizing PMMA brushes over large areas, and subsequently analyzing 

chemically detached chains by size-exclusion chromatography (SEC). As reported in Figure 2, 
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after 3 h of UV irradiation, PMMA brushes with Tdry between 20 and 30 nm were obtained 

from 4-inch silicon wafers, with [CuBr2] = 5 mM (Figure 2a) or 100 ppm (Figure 2b). Although 

applying the two different formulations resulted in similar thicknesses of PMMA brushes, at 

lower catalyst concentration (100 ppm) polymers with a significantly larger dispersity (Ɖ) = 

2.5 was obtained, whereas increasing [CuBr2] to 5 mM decreased Ɖ to 1.3. 

Hence, at relatively low concentration of Cu species, SI-photoATRP was very fast, as 

previously reported by Laun et al. for SI-photoATRP of various acrylates.56 However, in the 

case of polymethacrylate brushes, the grafting process was less controlled, showing features 

reminiscent of surface-initiated conventional free radical polymerization (SI-FRP). 

 

 

Figure 2. PMMA brushes synthesized by SI-photoATRP from ATRP initiator-functionalized, 

4-inch silicon wafers, and using different polymerization mixtures. (a) 1:1 (v/v) MMA:DMF, 

5 mM CuBr2, [CuBr2]:[L] = 1:4. (b) 1:1 (v/v) MMA:DMF, 100 ppm CuBr2, [CuBr2]:[L] = 1:4. 

(c) After 3 h of UV irradiation Tdry of PMMA brushes lay between 20 and 30 nm, as measured 

by VASE. (d) SEC analysis of detached PMMA brushes provided Mn of 75 kDa and Ɖ of 2.5 

when 100 ppm of CuBr2 were used, while an Mn of 101 kDa and Ɖ of 1.3 were obtained when 

5 mM CuBr2 were applied.  
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A similar result was recently reported by Wang et al.,47 when reduction of catalyst 

concentration in the synthesis of PMMA brushes by SI-ARGET ATRP from initiator-

functionalized SiO2 nanoparticles (NPs) resulted in a loss of control over the grafting process. 

This was ascribed to inefficient deactivation and inhomogeneous initiation, leading to the 

concomitant generation of sparsely grafted polymer-brush shells. Interestingly, during grafting 

from NPs, a value of [CuBr2] > 10 ppm was the threshold above which the growth of brushes 

became controlled. In contrast, when PMMA was grafted from macroscopic surfaces through 

SI-photoATRP, a relatively higher concentration of catalyst was needed to attain a progressive 

and controlled growth of narrowly dispersed polymer chains. We believe that the observed 

differences were mainly due to the geometry of the reaction setup used to generate brushes 

from large, macroscopic surfaces, and the absence of stirring within the extremely small 

reaction volumes (layer thickness). Both these factors determined a relatively low 

concentration of CuII species at the brush-growing front.  

The interface between the propagating chains and the surrounding medium, where the 

deactivation by CuIIX/L species takes place, is in fact limited to the area of the substrate 

(significantly lower than the interfacial area between NPs and the surrounding medium). 

Additionally, the absence of stirring reduced the local concentration of deactivator. Hence, as 

a result of the intrinsic design of SI-photoATRP applied from flat substrates, a relatively high 

concentration of catalyst is necessary to guarantee an efficient deactivation of radicals, and thus 

a controlled progressive polymer growth.  

The application of a catalytic system consisting of 5 mM CuBr2 and TPMA as ligand thus 

enabled the synthesis from extremely large substrates of thick and compositionally different 

brushes, including poly(hydroxyethyl methacrylate) (PHEMA), poly[2-(dimethylamino)ethyl 



17 

 

methacrylate] (PDMAEMA), poly(glycidyl methacrylate) (PGMA) and polystyrene (PS) 

brushes (Figure S2). 

The different behavior of SI-photoATRP when relatively “low” and “high” catalyst 

concentrations were applied, additionally influenced the effect plaid by diffusing oxygen on 

the grafting process. Considering the polymerization setup designed for these experiments 

(Schemes 1b and 1c), with an initiator-bearing substrate and a glass slide sandwiching a thin 

liquid film with an average thickness of ~ 10 µm, the constant dissolution of oxygen through 

the open sides of this setup substantially hampered polymer growth in the areas of the substrate 

close to the edges. In these regions, Tdry was < 5 nm, regardless of the polymerization time or 

other reaction parameters. In contrast, in areas further away from the edges oxygen could be 

consumed through complexation by CuI/L, followed by reaction with excess of ligand to yield 

oxidized species (Scheme 1a).17-18  

It is important to emphasize that, while the edges could be clearly distinguished when SI-

photoATRP was performed with 5 mM CuBr2 (typically ~ 5 mm on a 2×2 cm2 substrate), a 

significant reduction in the areas where polymer grafting did not occur was evident for [CuBr2] 

= 100 ppm (Figure 1e). Under these conditions, the growth of polymer brushes was 

accompanied by an increase in viscosity of the reaction mixture, which is typical of SI-FRP. 

Hence, this phenomenon presumably decreased the rate of oxygen diffusion through the edges 

of the sandwiched substrates, leading to a reduction in the non-grafted areas. 

 

Temporal Control of SI-photoATRP 

Having established the critical parameters for the mechanism of SI-photoATRP, and its 

tolerance toward ambient conditions, we subsequently investigated how polymer grafting 

could be temporally regulated by modulating the UV illumination. 
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Figure 3. POEGMA brush growth by SI-photoATRP was monitored by VASE, alternating 

periods of UV illumination with intervals in the dark, using polymerization mixtures including 

1:1 (v/v) OEGMA:DMF, 5 mM CuBr2, and CuBr2]:[L] of 1:4. (a) L = TPMA. (b) L = 

Me6TREN. (c) POEGMA brush growth was monitored by VASE, subjecting ATRP-initiator-

functionalized substrates covered with a polymerization mixture to UV irradiation for 30 min, 

followed by 2 h in the dark. The growth of POEGMA brushes during SI-photoATRP under 

constant UV irradiation is also reported as a pale-blue, dashed profile. (d) Digital photographs 

of PEOGMA brushes synthesized by SI-photoATRP from 2×2 cm2 ATRP initiator-

functionalized substrates after 0.5 h of UV illumination, followed by different periods during 

which the substrates were kept in the dark. The size of the edge where brush growth is hindered 

due to oxygen diffusion is highlighted with a red marker. (e) POEGMA brushes grafted by SI-

photoATRP from an ATRP-initiator-functionalized, 4 inch silicon wafer covered by 

polymerization mixture and subsequently subjected to 30 min of UV irradiation and 2 h of 

darkness.     

 

Control over polymer chain growth by switching on and off the light source that triggers the 

generation of active catalyst was extensively studied for homogeneous photoATRP in 

solution.9, 11, 17, 57-59 Under certain conditions, polymerization in the absence of light could also 

continue.60-61 

Temporal control over SI-photoATRP was studied for OEGMA (1:1 v/v in DMF), using 5 mM 

CuBr2 and 30 mM TPMA, by alternating periods of 30 min of UV illumination and darkness.  
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As shown in Figure 3a, the first irradiation step resulted in a moderate thickening of the films, 

presumably due to initial oxygen consumption, as observed in the brush-growth rates recorded 

under continuous UV illumination (Figure 1b). A subsequent period of darkness did not stop 

the brush growth. In contrast, POEGMA brushes showed a slight but significant thickening, 

analogous to that recorded during the first 30 min under UV irradiation. 

The second UV illumination step was mirrored by a significant increment in brush thickness, 

which reached a Tdry of almost 50 nm. During the subsequent 30 min of darkness, the brush 

growth continued without a sharp response to the absence of UV light by a rapid termination. 

When Me6TREN was used as ligand within otherwise analogous polymerization mixtures, 

temporal control over POEGMA brush growth by switching UV light alternatively on and off 

was not attained. In fact, brush-thickening rates recorded during UV illumination were similar 

to those observed in the darkness (Figure 3b). 

These results indicated that achieving excellent temporal control over SI-photoATRP by 

modulating UV irradiation is a more challenging task than for solution polymerizations. This 

could be due to the large excess of Cu catalysts over alkyl halides during SI-photoATRP. In 

homogeneous systems, the content of Cu catalyst is typically much lower than that of alkyl 

halides, and radical termination in the dark can consume all available activators, halting the 

chain growth.60,61 Therefore, in the absence of UV light, photo(re)generation of CuI-based 

activators does not occur and polymer growth stops. In contrast, in SI-photoATRP the amount 

of Cu catalysts is much larger than that of alkyl halides.62 Thus, a small fraction of terminated 

chains cannot significantly affect the concentration of CuI species and polymerization 

continues also in the dark periods. Interestingly, more efficient temporal control over brush 

growth was observed with TPMA as ligand. The relatively lower observed rate of 

photoreduction of CuIIBr2/TPMA (Figure S1) produces lower concentration of CuI-based 

activators that can be comparable to a fraction of terminated chains growing from the surface. 
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Despite the observed limitations in gaining precise temporal control over the grafting process, 

the unavoidable brush growth taking place in the absence of light, and following a relatively 

short period of UV illumination, emerged as an appealing feature of SI-photoATRP. This could 

be especially convenient, if this surface functionalization method was applied for generating 

coatings or adhesive layers from spatially confined or light-sensitive supports, where 

continuous illumination over long periods of time is undesirable or cannot be easily achieved.  

POEGMA brush growth under “dark conditions” could be monitored by initially irradiating an 

initiator-bearing substrate covered with the same polymerization mixture used for the “on-off” 

experiments for 30 min, and subsequently measuring the brush-thickening rate by VASE while 

the reaction setup was kept in the dark for several hours (Figure 3c). 

As illustrated in Figure 3c, when UV light was applied, increase of Tdry showed a slight initial 

induction period, due to oxygen consumption in the mixture. In contrast, during the subsequent 

period in the dark, a progressive film thickening was recorded over ~ 1.5 h, following a kinetics 

similar to that recorded during continuous UV illumination. After this relatively long stage, 

film thickening slowed down, significantly deviating from the growth rates observed when the 

UV light was continuously applied.  

In the absence of UV light that (re)generates CuI species, the diffusion of oxygen from the sides 

of the sample led to a progressive increment in the size of the edges where polymerization was 

retarded, which increased from ~ 0.1 cm, after 0.5 h, to ~ 0.7 cm, after 2.5 h in the dark. Due 

to this phenomenon, the areas covered with propagating brushes gradually decreased in size, 

with the POEGMA films covering just the center of the substrates after several hours without 

UV illumination (Figure 3d). This drawback could be easily overcome by increasing the size 

of the entire substrate, thus minimizing the observed edge-effect caused by oxygen diffusion 

and catalyst deactivation. As shown in Figure 3e, when POEGMA brushes were grafted from 
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a 4-inch silicon wafer following a similar sequence of UV illumination and darkness, an 

extremely large area (many tens of cm2) covered with a uniformly thick brush were obtained. 

 

Conclusions 

The mechanistic analysis of SI-photoATRP highlights the parameters determining its 

controlled character, the kinetics of polymer-brush growth, and the tolerance of this surface 

modification method toward ambient conditions.  

A relatively high concentration of catalyst was required to attain the synthesis of narrowly 

dispersed polymer brushes. In contrast, when just 100 ppm of CuBr2 was used, inefficient 

deactivation of radicals caused an extremely fast polymer-brush growth, which followed a 

behavior typical of free radical polymerization.  

Contrary to what was previously observed in the case of the corresponding solution processes, 

polymer-brush growth rates were independent of the content of free ligand, especially for 

ligands generating catalysts with relatively high KATRP, such as TPMA and Me6TREN. In the 

cases of less ATRP-active catalysts with HMTETA and PMDETA ligands, brush thickness 

increased with the excess of ligand, confirming the central role of alkyl amines as reducing 

agents for CuII species in the presence of UV irradiation. 

The extremely low amount of alkyl halide functions compared to Cu-based catalyst during SI-

photoATRP strongly influenced the possibility of controlling the grafting process temporally, 

by modulating the exposure to UV light. Following a relatively short period of illumination, a 

non-negligible film growth was always recorded, suggesting that polymer grafts were 

continuously activated by the excess of CuI species. Hence, a progressive and controlled growth 

of polymer brushes can be attained in the dark, just following a short, initial stage of UV 

illumination, during which oxygen was consumed and CuI-based activators were generated. 

Uniformly thick brush films could be generated over large areas, suggesting an extremely 
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efficient method to fabricate functional coatings from light-sensitive substrates, or from 

spatially confined supports where just a limited dose of UV light can be applied.   
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