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ABSTRACT: Achieving tolerance toward oxygen during surface-initiated o o
reversible deactivation radical polymerization (SI-RDRP) holds the potential

to translate the fabrication of polymer brush-coatings into upscalable and |
technologically relevant processes for functionalizing materials. While &~
focusing on surface-initiated photoinduced atom transfer radical polymer- 5 &
ization (SI-photoATRP), we demonstrate that a judicious tuning of the 3 b
composition of reaction mixtures and the adjustment of the polymerization x 22 (o [Cu'Br (U 3

setup enable to maximize the compatibility of this grafting technique toward ‘
environmental conditions. Typically, the presence of O, in the polymer-
ization medium limits the attainable thickness of polymer brushes and
causes the occurrence of “edge effects”, i.e., areas at the substrates” edges where continuous oxygen diftusion from the surrounding
environment inhibits brush growth. However, the concentrations of the Cu-based catalyst and “free” alkyl halide initiator in solution
emerge as key parameters to achieve a more efficient consumption of oxygen and yield uniform and thick brushes, even for
polymerization mixtures that are more exposed to air. Precise variation of reaction conditions thus allows us to identify those
variables that become determinants for making the synthesis of brushes more tolerant toward oxygen, and consequently more
practical and upscalable.

he development of reversible deactivation radical Surface-initiated photoinduced ATRP (SI-photoATRP)

polymerization (RDRP) methods that show high represents an alternative to these methods. SI-photoATRP
tolerance toward environmental conditions has triggered enables to generate brushes without the need for preliminary
intense efforts in establishing parallel processes for the degassing of reaction mixtures, by sandwiching microliter
fabrication of polymer brushes exploiting the corresponding volumes of polymerization solution between initiator-function-
surface-initiated polymerization (SI-P) techniques.'~* The past alized substrates and a glass slide and irradiating this simple
decade of research in this subfield of polymer chemistry has setup with UV light in air.”*! Similar to the corresponding case
aimed to provide robust and upscalable SI-RDRPs to yield of photoATRP performed in solution, during SI-photoATRP,
brushes over large substrates while using comparatively small the synergistic effect of an excess of ligand (L), serving as
volumes of polymerization solutions and without the need for reducing agent, and UV light, providing Cu'' species in a
degassing the mixtures and using inert atmospheres. If these photoexcited state, enables the continuous regeneration of
conditions were fully accomplished, the modification of Cu'/L-based activators from X-Cu'/L deactivators (X = Br,
technologically relevant substrates (eg, polymer films for Cl) and Cu"(0,)/L complexes, thus simultaneously consum-

packaging’ or supports for biotechnological applications®) by
using polymer brushes would be enabled, and the translation of
SI-RDRP into an industrially upscalable process could be
realistically foreseen.

Especially concentrating on surface-initiated atom transfer
radical polymerization (SI-ATRP) methods,” tolerance to
oxygen has been achieved by means of reducing agents that
regenerate the catalyst inactivated by recombination with -
oxygen, during surface-initiated activators re%enerated by Received: June 12, 2023
electron transfer ATRP (SI-ARGET ATRP).”"'! Alterna- Acce_pted: July 26, 2023
tively, zerovalent metals such as Cu’,"*~"" Fe’,'® or Zn"" can Published: August 1, 2023
act as oxygen scavengers within small reaction volumes, or
enzymes can be exploited to consume oxygen through reaction
paths that are independent of the SI-ATRP.*

ing oxygen in the reaction medium (Figure 1)

However, whereas photoATRP in solution requires closed
vessels and the absence of air-filled headspace to become
tolerant to the oxygen dissolved in the medium,”* SI-
photoATRP can be performed under open-air conditions,
due to the limited amount of O, diffusing into the reaction
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(a) degge thus correlates to the induction period that is necessary

for the consumption of O, by the components of the
polymerization mixture. When O, consumption is more
efficient, the induction period of a polymerization in solution
is shorter, which corresponds to a lower d.4, for surface-

o, & R [Cu'(0,) / L]* L

Q c ] 0,)/L L soisgs . . edge
0o u’(02) ox initiated polymerizations.
< Since the technological potential of SI-photoATRP strongly
depends on its tolerance to oxygen,””’ it becomes
o, fundamentally important to assess which parameters influence
the brush thickness, formation of edges, and their extension
a 4 across substrates when no degassing is applied, and the

polymerization is not conducted within an inert environment.
In this work, the growth and homogeneity of brushes are
evaluated while varying the type of ligand for the Cu catalyst,
Br its concentration, the polymerization volume above the
initiator-bearing substrate (i, degree of confinement), and
the presence/concentration of “free” ATRP initiator in
solution.
\g \g \£ Besides the effects of the ligand and “free” initiator, recently
HN O N © HN identified among the main factors determining the insuscept-
ﬁ ibility of solution photoATRP toward oxygen,”” this research
A

non-propagating
graft

highlights how additional features distinctive of a surface-

0" o 0" o 0" o initiated process can be exploited as tools to modulate its

Sioz tolerance to ambient conditions (hence its applicability within
technologically relevant settings).

(b) A SI-photoATRP was performed within an extremely acces-

uv sible setup, which is schematized in Figure 1b. A 1 L cm™

polymerization mixture was poured on an ATRP initiator-

confining glass slide
\, ining & I functionalized SiO, substrate, which was subsequently covered

y photoATRP mixture by a borosilicate glass slide and finally irradiated with UV light

‘-09 / initiator-functionalized (ﬂ.mx = 365 nm) for the (.iesired time. Typical polymerization

mixtures comprised oligo(ethylene glycol)methacrylate

substrate (OEGMA) as monomer (M, ~ 300 and 500 Da),

Figure 1. (a) Mechanism of SI-photoATRP highlighting oxygen dimethylformamide (DMF) as solvent (OEGMA:DMF 50:50
consumption by recombination with Cu'/L catalyst and termination v/v), Cu"Br,/L and free ligand.

of propagating grafts by reaction with O, diffusing from the edges of Ligand plays a critical role in the oxygen tolerance of

the polymerization setup. (b) The typical SI-photoATRP setup used photoATRP, as it regulates the regeneration of activators (Cu'/

in this study. L), by acting as electron donor for both the photoexcited [Br—

Cu"/L]* species and the superoxide Cu complex Cu"(0,)/

volume through the sides of the polymerization setup (Figure L.****7% The latter forms upon reaction between Cu'-based

1).2129%6 species and molecular oxygen.”"*” SI-photoATRP of OEGMA

Diffusion of O, and its consumption by the phototriggered was conducted by testing two different ligands, namely, tris(2-

process underlying SI-photoATRP are in competition and dimethylaminoethyl)amine (Me;TREN) and tris(2-
determine the occurrence of “edge effect” on brush films, i.e., pyridylmethyl)amine (TPMA) (while keeping [CuBr,]:[L] =
the presence of areas at the substrates’ edges where brush 1:6). When [CuBr,] was set at 1 mM, thicker POEGMA
growth is inhibited by diffusing oxygen.”*” The width of such brushes were grown with L = MesTREN compared to those
areas (dqq) provides a direct indication of the capability of the synthesized with L = TPMA after 1 h of polymerization,
SI-photoATRP system. By analogy to photoATRP in solution, reaching a brush dry thickness (Ty,) of 106 + 2 and 48 + 4
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Figure 2. (a) Dry thickness (T,,) for SI-photoATRP of OEGMA (M, ~ 500 Da) carried out for 1 h in polymerization mixtures comprising 1:1 (v/
v) DMF:OEGMA and different concentrations of CuBr,, using TPMA (black dots) and Me,TREN (green dots) as ligands (L) in a ratio [CuBr,]:
[L] of 1:6. (b, c) Dry thickness (Tdry) and edge distance (dedge) for SI-photoATRP of OEGMA (M, ~ 300 Da) carried out in polymerization
mixtures comprising 1:1 (v/v) DMF:OEGMA and different concentrations of CuBr,, using MeTREN as ligands (L) in a ratio [CuBr,]:[L] of 1:6.
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Figure 3. (a) Comparison of the edge distance (d,q,.) measured on brush-functionalized substrates upon SI-photoATRP and Cu’-mediated SI-

ATRP of OEGMA (M, ~ 300 Da) carried out in polymerization mixtures comprising 1:1 (v/v) DMF:OEGMA and different concentrations of
CuBr,, using Me,TREN as the ligand (L) in a ratio [CuBr,]:[L] of 1:6 for SI-photoATRP (green points) and at a constant concentration for Cu’-

mediated SIATRP (20 mM, brown points). (b, ¢) Dry thickness (Tdry) and (d) edge distance (d,

edge) for SI-photoATRP of OEGMA (M, ~ 300

Da) carried out in polymerization mixtures comprising 1:1 (v/v) DMF:OEGMA, CuBr, = S mM (red points) and 0.5 mM (blue points), and using
Me TREN as the ligand (L) in a ratio [CuBr,]:[L] of 1:6, with different concentrations of EBiB as the sacrificial initiator.

nm, respectively (Figure 2a). A faster growth of POEGMA
brushes could be attributed to the higher ATRP activity of Cu/
Me,TREN compared to Cu/TPMA, and to the higher efficacy
of Me,TREN as electron donor compared to TPMA (Figure
$4).>* When [Cu'Br,/Me,TREN] was varied from 0.1 to 5
mM, Ty, increased to 106 + 2 nm, until copper concentration
reached 1 mM, and then decreased, leveling off to a Ty ~ 65
nm at [Cu"Br,/ Me,TREN] > 3 mM. In contrast, when L =
TPMA, Ty, progressively increased with increasing [Cu"Br,/
TPMA], until reaching a plateau at T, ~ 56 nm for [Cu"Br,/
TPMA] > 2 mM.

We believe that the overall different dependences of T, on
[Cu"Br,/L] while comparing L = TPMA and Me,TREN were
mainly due to a combination of the diverse effectiveness of the
two species to act as electron donors and the distinctive Kypp
characterizing the corresponding Cu-based catalysts. For 0 <
[Cu"Br,/L] £ 1 mM, the increment in POEGMA brush
growth is more significant while using MesTREN rather than
TPMA. However, a further increase in [Cu"Br,/Me,TREN]
beyond 1 mM led to accumulation of deactivator, which
determined a progressive slowing down of polymerization.'®
This phenomenon was particularly evident in the case of L =
Me,TREN due to the higher Kyrpp for the corresponding Cu
catalyst relative to the TPMA-based analogues, which results in
higher deactivator concentration and, thus, in a T4y versus
[CuBr,] profile showing a maximum.'®

It is also important to emphasize that while the type of
ligand influenced Ty, a significant impact on d 4. could not
be observed (Figure SS).

In contrast, the brush growth rate and the tolerance of SI-
photoATRP toward O, were significantly affected by the
concentration of CuBr,/L. While keeping a polymerization
time of 60 min, Ty, showed a marked increment with
increasing [ CuBr,/Me,TREN] until a concentration of 1 mM
was reached (Figure 2b). A further increment in [CuBr,/
Me,TREN] was mirrored by a progressive decrease of Ty,
presumably due to the accumulation of deactivator species that
slowed down SI-photoATRP.'®*' Simultaneously, upon
increasing [CuBr,/Me,TREN] from 0.0l to 10 mM, a
progressive and monotonic decrease in d.4, from 3.1 + 0.4
to 1.2 + 0.1 mm was recorded (Figures 2¢ and S6), indicating
that an increased catalyst loading facilitated oxygen scavenging
and enabled the fabrication of brush films with more uniform
morphology across the entire substrate. This finding was in
good agreement with previous results by the group of Hawker,
which highlighted how the efliciency of oxygen consumption
could be improved by incrementing the phenothiazine (PTH)-

edge
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based catalyst loading during metal-free SI-photoATRP.***° In
a similar way, an increment in the content of Cu-based catalyst
provided a faster complexation of O, diffusing from the
surrounding environment and its subsequent consumption
through the photoATRP process (Figure 1), leading to a
reduction in the areas where brush growth is inhibited at the
substrate’s edges. It is important to emphasize that when
[CuBr,/Me,TREN] > 1 mM improved oxygen tolerance was
gained at the expense of the polymerization rate, suggesting
that the catalyst content should be carefully adjusted to achieve
the best compromise between brush thickness and homoge-
neity.

Interestingly, catalyst content has a significantly different
effect on oxygen tolerance while comparing SI-photoATRP
and SI-ATRP mediated by Cu’ plates (Cu’ SI-ATRP), which
was highlighted as one of the most efficient techniques to
fabricate brushes under environmental conditions.'” The
mechanism of Cu’ SI-ATRP is strongly affected by the
different components of the polymerization mixture (which is
generally not deoxygenated), also including O,. The latter is
rapidly consumed through the formation of a CuO, layer on
the Cu® surface, which contributes to the generation of soluble
Cu'/Cu" species when free ligand is present in solution.'” We
previously reported that during Cu® SI-ATRP the presence of
oxygen inhibited brush growth only in the proximity of
substrates’ edges.lé Herein, we compared the values of d 4 in
Cu® SI-ATRP and SI-photoATRP when these were performed
under similar reaction conditions. Relevantly, the values of
degge Were visibly much smaller when POEGMA brushes were
synthesized by Cu® SI-ATRP with respect to analogous films
obtained through the corresponding photochemical process
(Figure 3a). Also, for Cu® SI-ATRP, degqe tended to increase
with decreasing [CuBr,], albeit to a significantly lower extent.

Hence, if d.qq for a SI-ATRP process in the presence of O,
is associated with an induction period for the solution
polymerization counterpart, then under similar conditions
Cu’-mediated ATRP should result in shorter induction periods
than those typical of the UV light-mediated analogue
(although a comparative analysis for the two different solution
processes has not been conducted). While focusing on surface-
initiated techniques, our experiments suggest that the presence
of a Cu’ plate promotes a more effective consumption of
oxygen, which is also less affected by the composition of the
polymerization mixture, in comparison to SI-photoATRP
systems.

In addition to the catalyst content, the concentration of alkyl
halide initiator (RX) was identified as one of the main
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Figure 4. Experimental setup for the study of the confinement effect. The regions occupied by the spacers were covered with partly transparent

blue squares as a guide for the eyes.

determinants for oxygen consumption during photoATRP in
solution.”® Typical SI-photoATRP do not necessarily require
the presence of an initiator in solution (which would act as a
sacrificial initiator).”’ However, this was often employed
during “normal” SI-ATRP to increase the concentration of
Cu'-based deactivators in polymerization mixtures and provide
an estimate of the molar mass of the surface-grafted
polymer,”>™*” or to increase the viscosity of the reaction
medium.*®

In order to test the contribution of the free initiator to the
oxygen tolerance of SI-photoATRP, the values of Ty, and d. 4.
were recorded while varying the concentration of ethyl a-
bromoisobutyrate (EBiB) within a polymerization mixture
with otherwise constant [CuBr,/Me,TREN] = S mM (Figure
3b,c). After 1 h of polymerization, a progressive decrease in
d.4ge With increasing [EBiB] was observed (Figures 3c and S7),
and this was mirrored by a concomitant reduction in Ty,
(Figure 3b). Efficient trapping of O, by radicals generated in
solution led to a gradual reduction in brush-growth inhibition
at the edges of the substrates. This was achieved at the expense
of a brush-thickening rate. The increase in the content of EBiB
and the consequent termination of generated radicals upon
recombination with O, altered the ATRP equilibrium and led
to an accumulation of Cu'-based deactivators. This phenom-
enon caused a progressive slowing down of the polymerization
rate from the surface and thus the generation of thinner
brushes.

When [CuBr,/Me,TREN] was decreased to 0.5 mM, the
addition of EBiB in solution had a more marked effect on d.q,,,
which decreased by ~0.8 mm for [EBiB] = 1 mM, compared
to brush films synthesized without a sacrificial initiator
(Figures 3b,c and S8). Interestingly, for [CuBr,/Me,TREN]
= 0.5 mM, Ty, showed a slight increase, reaching a maximum
for [EBiB] = 0.1 mM, while a further increment in the content
of the sacrificial initiator was accompanied by a significant
decrease in brush thickness (Figure 3b). Relevant to this, a
marked drop in d., recorded at [EBiB] 0.1 mM
corresponded to the maximum value of Ty,. These observed
trends suggested that variations in [EBiB] contributed in
different ways to oxygen consumption and deactivation during
SI-photoATRP. On the one hand, with [EBiB] < 0.1 mM,
radical generation in solution was sufficient to improve oxygen
consumption without determining the significant effects on
activation/deactivation processes and polymerization rate. On
the other hand, for [EBiB] > 0.1 mM, the increase in the
relative content of the Cu'-based deactivator provided lower
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brush-growth rates, while tolerance toward O, was markedly
enhanced by the high concentration of radicals in solution.

The effect of confinement on the tolerance of SI-photo-
ATRP toward oxygen was finally investigated. Typical SI-
photoATRP setups featured extremely small reaction volumes
(ie, a distance between initiator-bearing substrate and the
confining glass cover, z, of ~10 ym, Figure S1 and Figure 4).
In such highly confined volumes, deoxygenation of polymer-
ization mixtures can be avoided, and the growth of brushes is
only hampered at the edges of the substrates by oxygen
diffusing from the surrounding environment.”"**

In the absence of confinement, by increasing z, tolerance
toward O, is compromised due to the increase in the area at
the sides of the substrate through which oxygen can freely
diffuse into the reaction medium. This phenomenon
significantly limits the applicability of SI-photoATRP within
large-scale settings. However, although reaction volumes are
increased, resistance toward diffusing O, could be (re)gained
by adding a sacrificial initiator within the polymerization
mixture, which compensates for the increment in oxygen
concentration with a concomitant increase in scavenging
radical species generated in solution.

In order to evaluate confinement effects on SI-photoATRP
with and without a sacrificial initiator, larger substrates (25 X
75 mm?) were employed together with glass spacers presenting
different thicknesses (z = 0.10, 0.15, and 0.18 mm), which
were positioned between the confining glass cover and the
initiating surfaces (Figure S2 and Figure 4). The composition
of the polymerization mixtures was kept constant (5 mM
CuBr, and 30 mM Me,TREN), except when EBiB was
introduced in the system, while polymerization time was set to
1h

In the absence of a sacrificial initiator, Ty, decreased with
increasing reaction volume, i.e., while increasing z, due to the
fastest diffusion of O, within a less-confined polymerization
setup, reaching 27.4 + 0.1 nm when z was set at the largest
value of 0.18 + 0.02 mm (Figure Sa). This corresponded to
more than a 2-fold decrease in Ty, when compared to the
value recorded for the sample presenting the highest degree of
confinement (“quasi-contact”, z ~ 10 ym). At the same time,
degge increased progressively from 3.0 &+ 0.5 mm to 4.2 + 0.5
mm (Figure Sb) due to a more pronounced recombination of
propagating radicals with O,.

The presence of a sacrificial initiator in solution provided a
source of radicals that could promptly recombine with O,,
suppressing termination of surface-grafted propagating chains.
Addition of 1 mM EBiB as the sacrificial initiator while keeping
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Figure S. (a) Dry thickness (Tdry) and (b) edge distance (dedge) as a
function of spacers’ height (z) in SI-photoATRP of OEGMA (M, ~
300 Da) carried out in polymerization mixtures comprising 1:1 (v/v)
DMF:OEGMA, 5 mM CuBr,, and 30 mM Me,TREN. Polymer-
izations were performed under different degrees of confinement and
in the absence/presence of 1 mM EBiB as the sacrificial initiator.

z =0.18 £ 0.02 mm provided brushes with Ty, = §1.3 &+ 0.2
nm, which was just 16% lower than the brush thickness
obtained by performing SI-photoATRP within highly confined
environments (Figures Sa and S9). Simultaneously, the
presence of a sacrificial initiator caused a reduction of d.g,
by ~0.5 mm with respect to the values recorded at the same z
but without EBiB (Figure Sb). Hence, these findings
demonstrated that the introduction of a sacrificial initiator
improved oxygen tolerance of SI-photoATRP, even when
brush coatings were fabricated within a less confined space.
The influence of a variation in confinement can be visualized
in one substrate by performing SI-photoATRP while varying z
through tilting of the confining cover surface, ie., varying z
from ~50 pm to 0.18 + 0.02 mm over a ~4 cm wide initiating
substrate (Figure 6a). By applying a polymerization mixture
comprising S mM CuBr, and 30 mM Me(TREN, after 60 min

of UV irradiation, a POEGMA brush gradient was obtained,
featuring T, ranging from 57.4 + 0.6 nm (z ~ 50 um) to 37
+ 2 nm (z ~ 0.18 cm; Figure 6b, black squares). On the areas
of the substrate where z became relatively large, brush growth
was significantly inhibited by diffusing O,. It is relevant that
when 1 mM EBiB was added to the polymerization mixture
and the reaction time was kept constant, POEGMA brushes
showing uniform Ty, across the entire substrate were obtained
by employing an otherwise identical setup (Figure 6b, yellow
squares).

In summary, we demonstrated that the tolerance of SI-
photoATRP toward environmental conditions can be finely
modulated by varying the composition of the polymerization
mixture and the setup employed for fabricating polymer
brushes. While an increment in the concentration of Cu-based
catalyst influences the consumption of O, present in the
reaction mixture and diffusing to it from the surrounding
environment, a more marked effect by the presence of
sacrificial initiator in solution was clearly identified. Radicals
generated in the medium thus emerge as a key component that
can quickly recombine with oxygen and suppress the
termination of brush-growth by O, at the edges of substrates,
finally providing uniformly functionalized surfaces. This is also
valid when confinement of polymerization is reduced, i.e., when
the distance between the confining glass covers and the
initiating substrates is increased, enabling the efficient growth
of thick brushes within more accessible and practical setups.

This study contributes to our previous efforts in identifying
the main processes that could enable the translation of SI-
ATRP techniques into technologically relevant settings, and
highlights how photochemical SI-RDRPs could realistically
turn into scalable surface fabrications.
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