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Abstract: NIR exposure at 790 nm activated photopolymer-

ization of monomers comprising UV-absorbing moieties by
using [CuII/(TPMA)]Br2 (TPMA = tris(2-pyridylmethyl)amine) in
the ppm range and an alkyl bromide as initiator. Some of
them comprised structural elements selected either from
those showing proton transfer or photocycloaddition upon
UV excitation. Polymers obtained comprise living end

groups serving as macroinitiator for controlled synthesis of
block copolymers with relatively narrow molecular weight
distributions. Chromatographic results indicated formation

of block copolymers produced by this synthetic approach.

Free-radical polymerization of monomers pursued for com-

parison exhibited the expected broader dispersity of molec-
ular weight compared to photo-ATRP. Polymerization of
these monomers by UV photo-ATRP failed on the contrary
to NIR photo-ATRP demonstrating the UV-filter function of
the monomers. This work conclusively provides a new ap-
proach for the polymerization of monomers comprising UV-

absorbing moieties through photo-ATRP in the NIR region.
This occurred in a simple and efficient pathway. However,
studies also showed that not all monomers chosen success-

fully proceeded in the NIR photo-ATRP protocol.

Introduction

Block copolymers have been one of the most interesting

classes of materials due to the novel properties from their spe-
cial chemical structures. Possible applications for block copoly-

mers cover a wide range of areas involving the fields of
chemistry, physics, materials science, medicine, or biological

sciences.[1–5] Specifically, they have been used in drug delivery,

solar cells, holography, patterning, or stimuli responsive materi-
als[6–10]—just to name a few of them. Traditionally, block co-

polymers have been synthesized by cationic or anionic living
polymerization procedures.[11] Various coupling strategies relat-

ed to click chemistry, such as the copper-catalyzed cycloaddi-
tion (CuAAC),[12] Diels–Alder reaction,[13] and thiol-ene chemis-

try[14] give also access to block copolymers. Nevertheless, the

development of modern radical polymerization methods with
focus to tailor-made materials has been moved to this area.[15]

Controlled/living polymerization of structurally suitable mono-
mers facilitates preparation of block copolymers with well-de-

fined structures and chain lengths. Particularly atom transfer
radical polymerization (ATRP) has received big interest.[15] This

reaction protocol bases on CuI catalysts requesting a relatively

large amount of heavy metal. This point and the fact that
these catalysts sensitively respond to air brings some issues re-

garding the universal use of the traditional ATRP.
Therefore, more of interest could be the use of catalytic

amounts of less sensitive CuII catalysts or metal-free sys-
tems.[16–19] The latter depict interesting systems in combination

with light as reagent and tool facilitating the access to green

technologies. This gave birth of a new methodology in the
ATRP frameworks; that is the photo-ATRP.[15] Whereas metal-

free photoredox systems disclosed their operational functional-
ity in systems requesting either UV[20] or visible-light excita-

tion,[21] NIR excitation requested catalytic amounts of CuII in
the ppm range.[18] Metal-free approaches failed upon excitation

at 790 nm by using heptamethine-based cyanines as sensitizer

in combination with an amine.[18] This occurred similarly as in
previous metal-free studies by using either UV[15, 20] or visible

light[15, 21] for excitation. The polymers obtained by NIR expo-
sure followed rather a free-radical polymerization (FRP) proto-

col. Replacement of the amine by an iodonium salt as co-initia-
tor resulted in similar high molecular weights with broad dis-

persities (MWD).[18] On the other hand, the new system intro-

duced based on CuII catalyst with amounts in the ppm range
worked well for tailor-made synthesis of block copolymers.[18] A

general mechanism was developed explaining the catalytic ac-
tivity, which was recently also copied to another approach

where carbon dots served as sensitizer in an ATRP framework
applying blue light LEDs for excitation.[22] In addition, oxygen

tolerance in controlled/living radical polymerization was re-
cently reported for some examples.[15d]

NIR radiation may facilitate the use of monomers comprising

structural patterns absorbing either in the UV/visible part in
contrast to previous published UV- or visible-light-based ATRP

protocols. Such materials can be seen of interest as additives
for coatings[23] or UV-absorbing filter materials.[24] Interesting

are also monomers comprising UV-reactive groups facilitating

cycloaddition reactions upon UV exposure.[25, 26] This definitively
explains the need to extend studies providing more opportuni-

ties for controlled polymer synthesis to give access to more
materials comprising either UV-absorbing or UV-active moie-

ties. The existing redox equilibria between CuII/CuI and the par-
ticipating reagents address the question whether certain
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monomers may interfere the photo-ATRP excited at 800 nm
considering the respective redox data of the participating

monomers. This question was put in the focus of this contribu-
tion to find answers and also perhaps limitations of the photo-

ATRP operating in the NIR at around 800 nm.
Consequently, this study explores feasibilities to polymerize

distinct monomers comprising UV-absorbing components
functioning either as UV stabilizer where intramolecular proton

transfer prevents further undesired photoreactions, UV-reactive

groups following a photocycloaddition protocol, and some
more to compliment the investigations given below. The re-

sults obtained provide a deeper understanding of NIR-sensi-
tized photo-ATRP at around 800 nm.[18] NIR excitation also

brings the benefit that light can travel even through thick sam-
ples.[27] Photo-reversible addition-fragmentation chain transfer

(RAFT) polymerization also facilitated polymerization of mono-

mers showing photocleavage upon UV excitation resulting in
small dispersities.[28] Obviously, the photoreactive UV moiety of

the monomer did not significantly interfere the RAFT polymer-
ization mechanism.

Results and Discussion

Compounds M1–M8 (Scheme 1) served as monomers compris-
ing a UV absorbing moiety up-taking the function as a UV filter

(M1 and M2), carbazole as electron-donating moiety (M3),
photoactive moieties showing either [4++4] photocycloaddi-

tion[25] (M4) or [2++2] photocycloaddition[26] (M5), and more

(meth)acrylate monomers used to synthesize block copoly-
mers. Compound M7 provides the opportunity to synthesize a

block in which the tert-butyl group can easily hydrolyze result-
ing in formation of an acidic polymer whose increased acid

number facilitates easier dissolution in lithographic applica-
tions.[29] Alternatively, M8 operated just as monomer to form a

hydrophobic block. Phenylacrylate (M6) complements the in-
vestigations because its polymerization activity in traditional
free-radical polymerization can be seen as more or less

modest.[30]

Figure 1 depicts the absorption studies of the monomers
M1–M8 comprising an aromatic substituent. M1, M2, and M4
predominantly cover the absorption of the complete UV range
indicating that their use in photo-ATRP protocols based on UV

excitation would definitively fail. One of the examples can be
seen vide infra. It has been clear that none of the aforemen-

tioned monomers with UV absorbing moiety should show any
polymerization activity following the reactions shown in

Scheme 2.

On the other hand, M8 resulted in a polymer exhibiting rela-
tively narrow dispersity following the protocol of Scheme 2. It

resulted in a dispersity of 1.2 and an acceptable average Mn

value of 19 000 g mol@1 when using M8 as monomer. In this

mechanism, DPMA cleaved upon UV exposure as shown in
Scheme 2 resulting in formation of benzoyl radicals and nucle-

ophilic dialkoxy radicals, which easily oxidize by electron-ac-

cepting moiety by using an onium ion as acceptor.[31] (CuIIL)Br2

can also function as electron acceptor because its reduction

potential of @0.24 V[32a] favors the oxidation of the nucleophilic
radical.[31] This serves as the source delivering continuously CuI

catalyst into the ATRP equilibrium in Scheme 2. This reaction

Scheme 1. Structures of the monomers investigated in this study.

Figure 1. UV/Vis spectrum of monomers studied in this work. All spectra
were taken in DMF (arrow indicates the wavelength where the intrinsic ab-
sorption of the monomer becomes negligible at high concentration).
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neither worked with any of the monomers selected from M1–

M6. Only M8 showed acceptable polymerization results in the
ATRP protocol according to Scheme 2. Surprisingly, the benzoyl

radicals formed do not interfere the controlled polymerization.
One could expect a considerable contribution of free-radical

polymerization, which was not observed as long as CuII catalyst
was available in the reaction mixture. No polymerization oc-

curred with a monomer covering the emission of the UV-LED

used.
To overcome the disadvantages of intrinsic mono-

mer absorption in the UV range, further polymeri-
zation studies were pursued in the NIR at 790 nm ac-

cording to a previous introduced system. Figure 2
summarizes the mechanism leading to polymeri-

zation of M8. It worked well with the NIR sensitizer

(Sens) shown in this figure comprising a barbiturate
group at the meso position. This moiety can interact

with CuII as earlier reported for analytical detection of
this metal ion.[33] Indeed, a change of absorption also

occurred upon addition of CuII into a solution com-
prising Sens (see Figure SI1 in the Supporting Infor-

mation). The absorption of Sens strongly decreases
whereas a new absorption builds between 400–
500 nm confirming the CuII–barbiturate interaction.[32]

This reaction explains why particularly such cyanines
worked and others with no barbital group in the mo-

lecular skeleton did not following this reaction
route.[18] Thus, the barbital group brings CuII to the

place where it should react. After excitation, the ex-

cited state of Sens (Sens*) transfers an electron to
the copper(II) complex (Figure 2, step b) resulting in

formation of its cation radical (Sens+ C) and the re-
spective CuI complex, which operates in the equilibri-

um (Figure 2, step c) shown in Scheme 2. This leads
to polymer formation (Figure 2, step d). This mecha-

nism also forms back Sens (Figure 2, step e) formally by reac-
tion between Sens+ C and Br@ . The bromine atom formed in

step f fast recombines with the polymer radical. Nevertheless,
Br@ can be found in equilibria such as in step g. The concentra-

tion of bromide also affects the dispersity.[32a]

According to this protocol depicted in Figure 2 and to over-
come the aforementioned disadvantages of UV-based con-
trolled photo-ATRP, NIR-sensitized polymerization was pursued
with monomers M8 and M1–M6. Figure 3 depicts the kinetics

of M1 following a first order confirming the expected kinetics.
The polymerization proceeded similarly as with M8 where after
6, 12, 18, and 24 h exposure similar conversion was reported[18]

as concluded by comparison the slopes being 0.025 and

0.023 h@1 for M8 and M1, respectively.
However, other monomers did not proceed so successful as

M1 and M8 in the NIR-sensitized photo-ATRP. Table 1 summa-

rizes the results obtained for the remaining monomers. Com-
pound M2 exhibits in the same time frame a significant smaller

conversion (x), which may be caused by hydrogen bonding of
the OH group of the benzophenone comprising monomer.

Such OH-containing benzophenones were described in photo-
chemistry as proton-transfer agents resulting often in an im-

provement of UV-light stability.[34] Therefore, interactions be-

tween the OH-comprising benzophenone-based monomer M2
and initiator components, such as the Sens* and/or the CuII/L

component may be possible. This might have an impact on
the initiation of the ATRP and, therefore, on the residual molec-

ular weight of the polymer. The thermally initiated free-radical
polymerization may rule out a discussion that the aromatic OH

group might interfere the radical polymerization mechanism.

Most of the monomers showed acceptable conversion using

Scheme 2. UV-initiated photo-ATRP by using DPMA (Irgacure 651) to gener-
ate nucleophilic radicals reducing CuII resulting in CuI. This simple sketch
shows the reactions from a simplest point of view.

Figure 2. Redox mechanism of the used NIR-induced photo-ATRP.
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AIBN for thermal initiation. Also, M2 exhibited the highest con-
version in the time frame considered whereas the reference
M8 as well as M1, M4, and M6 showed lower conversions.

Moreover, low conversion of the cinnamoyl comprising mono-
mer M5 was low for both the NIR-sensitized photo-ATRP and
the thermally initiated free-radical polymerization.

The vinylcarbazole-comprising monomer M3 and the anthra-
cene-containing monomer M4 showed very low conversion in

the photo-ATRP. The polymer isolated exhibited a molecular
weight located below the specified value of the column mate-

rial used. Both monomers carry an adjacent aromatic moiety
(Ar) with respect to the vinyl group. Thus, addition of a radical
RC to Ar@CH=CH2 results in the radical Ar@CCH@CH2@R possess-

ing electron-donating properties because the p electron of the
C-centered radical facilitates easy oxidation by electron accept-

ors similarly as in the case of the ether radical shown in
Scheme 2. Furthermore, both monomers showed acceptable

conversion in thermal initiated polymerizations ruling out a
discussion that chain transfer to Ar might mainly cause the

low molecular weight. Though NIR-sensitized photo-ATRP
showed promising results with monomer M1, the remaining
monomers exhibited more or less modest results caused either
by hydrogen bonding interactions (M2) or side reactions (M2–
M5). These results should be considered for future project
planning tailor made synthesis based on light sensitized

photo-ATRP. Furthermore, a photo-RAFT reaction protocol[27a]

should be applied to check whether these monomers, namely
M2–M5, would interfere the photo-RAFT initiation mechanism.
Previous investigations showed successful working with mono-
mers comprising reactive groups. This included reaction with

singlet oxygen[28b] and monomers comprising a UV-sensitive
moiety showing bond cleavage upon UV excitation.[28a] The re-

sults question whether photo-RAFT or photo-ATRP would be

the better approach to pursue living radical polymerization
with functional monomers comprising monomers with UV-

active moieties. Thus, a transfer of M2–M5 to a photo-RAFT re-
action protocol[27] will bring an answer.

Cyclic voltammetry studies (Table 2) may also exclude any
discussion that the redox potentials of the monomer might in-

terfere the initiator system. Considering that Sens exhibits an

excitation energy of 1.57 eV[18] and an oxidation potential of
0.48 V,[18] the respective free enthalpy of the electron transfer

might reside slightly below 0 eV in the case of M3 and M4
whereas all other monomers possess significant lower reduc-

tion potentials resulting in a more pronounced shift towards
endothermal conditions regarding the photoinduced electron

transfer. Thus, this interaction does not seem to be likely.

Cu(TPMA)2+ (TPMA = tris(2-pyridylmethyl)amine) exhibited a re-
duction potential of @0.24 V.[32a]

Further polymerization studies focused on the influence of
the macroinitiator. Thus, a block copolymer was synthesized by

using either a macroinitiator based on M1 or M8 to add a
second block, which was M8 and M1, respectively, resulting in

the block copolymers Ini-(M1)n-(M8)m-Br and Ini-(M8)n-(M1)m-Br,

respectively (Ini = C2H5O-CO-CH(Ph)-). Figure 4 depicts the re-
sults obtained. Dispersities remain in a range typical for a con-

trolled radical polymerization. Polymerization of the first block
M1 resulted in a molecular weight of 9400 g mol@1 whereas

the block extension with M8 resulted in and final Mn value of
11 700 g mol@1. This corresponds to 28 and 23 polymerized

Table 1. Photo-initiated and free-radical polymerization of different (meth)-
acrylate-based monomers. Photo-ATRP used sensitizers absorbing in the UV
(DMPA) and NIR (S2265) under different experimental conditions (NIR light-
induced ATRP: [M]/[EBPA]/[CuIIBr2]/[TPMA]/[S2265] = 300:1:0.03:0.135:0.3,
t = 24 h; UV light-induced ATRP: [M]/[EBP]/[CuIIBr2]/[PMDETA]/[DMPA] =

4000:5:1:3:1, t = 5 h; thermal-initiated free-radical polymerization: T = 70 8C,
[AIBN] = 0.3 mol %, t = 6 h). Average molecular weight Mn (in kg mol@1) and
dispersity W (MWD) determined by gel permeation chromatography by
using PMMA standards. Conversion (x in %) was gravimetrically deter-
mined.

Monomer NIR photo-ATRP UV photo-ATRP FRP
Mn

(theory)[a]

[g mol@1]

Mn

[g mol@1]
W x Mn

[g mol@1]
W x Mn

[g mol@1]
W x

M8 13.8 9.7 1.2 46 19.0 1.2 46 19.8 2.1 53
M1 50.4 9.4 1.5 52 0 22.0 3.0 50
M2 5.6 3.3 1.4 6 0 9.3 2.5 97
M3 ! 1 0 6.3 3.0 82
M4 ! 1 0 5.5 3.5 69
M5 1.8 2.8 1.4 3 0 7.2 2.5 5
M6 3.6 2.2 1.2 8 0 19.6 2.6 77

[a] Calculated as follows: Mn = [M]0/[EPB]0DPn, DPn = average number degree
of polymerization.

Figure 3. NIR-sensitized photo-ATRP by using the cyanine Sens as sensitizer,
TPMA as ligand, and EBPA as initiator (for structures see Figure 2). Polymer-
ization proceeded in DMF.

Table 2. Cyclic voltammetry (CV) measurements for redox potentials of
the used UV-active monomers (taken against Ag/AgCl as reference elec-
trode).

Monomer Eox [V] Ered [V]

M1 1.70 @1.08
M2 1.13 @1.25
M3 1.31 @0.73
M4 1.26 @0.85
M5 1.12 @1.00
M6 1.21 @1.02
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monomer units in the polymer blocks (M1)n and (M8)n, respec-
tively. However, this pattern changed if photo-ATRP started

with M8 whereas the second polymer segment was pursued
with M1 resulting in Mn values of 9700 g mol@1 for the first seg-

ment and 67 300 g mol@1 for the second segment in the block
copolymer. This corresponds to 97 and 203 polymerized mono-
mer units in the polymer blocks (M8)n and (M1)n, respectively.

This was unexpected and might be caused by a distinct reac-
tivity of the macroinitiators. Macroinitiator M1 dissolved less in
DMF compared to macroinitiator M8 resulting in distinct avail-
ability of initiating bromine groups of the respective macroini-

tiator. The macroinitiator based on M8, however, showed no
issues considering the solubility in the solvent chosen.

In addition, block copolymerization studies with the mono-
mers M1 and M7 resulted in the block copolymer Ini-(M1)n-
(M7)m-Br showing a Mn of 17 600 g mol@1 and a dispersity of 1.7.

This corresponds to 28 and 62 polymerized monomer units in
the polymer blocks (M1)n and (M7)n, respectively, showing

again that it matters from which side architectural growth of
the block copolymer begins. The same also holds for discus-

sion of reactivity given above. Furthermore, the tert-butyl

group of M7 can easily hydrolyze under mild alkaline condi-
tions where other acrylic based esters typically do not show

significant hydrolysis. It results in this case in a block copoly-
mer comprising a hydrophobic block exhibiting UV filter prop-

erties and an additional block with functional groups promot-
ing the adhesion on substrates comprising oxides at the sur-

face. This gives new impetus in coating sciences for the manu-
facture of special additives useful for surface protection.

Conclusions

NIR-sensitized photo-ATRP successfully worked with some

(meth)acrylates comprising an UV-absorbing moiety. Particular

a methacrylic ester with benzotriazole (M1) showed similar re-
activity compared to methylmethacrylate in the NIR-sensitized

photo-ATRP. Replacement of benzotriazole in M1 by hydroxy-
(benzophenone), which relates to M2, yields a system with less

reactivity. However, comparison with redox potentials of the
methacrylates used with the available data of the respective

CuII complex showed no point to discuss that these quantities

might interfere the ATRP process except monomer M3. Its re-
duction potential of @0.73 V is comparable to that of iodoni-

um cations showing acceptable reactivity with the excited
state of the sensitizer used in this study considering the forma-

tion of initiating radicals for radical photopolymerization in the
NIR. Discussion of different OH interaction of M2 with the Cu

catalyst as well as the formation of reactive intermediates by

M4, which forms an easy oxidizable anthryl-methyl radical by
addition of a radical to vinylanthracene during polymerization,

may be main points diminishing the efficiency of the NIR-sensi-
tized photo-ATRP. This concludes by comparison of the data

obtained by thermal initiated polymerization resulting in a sim-
ilar high degree of polymerization as other monomers except

M5. The double bond of the cinnamoyl group might copoly-

merize with methacrylic groups explaining the low reactivity.
Nevertheless, the general drawback of this study gives posi-

tive directions for future research in this field. More studies
with distinct vinyl monomers will give deeper impetus in this

field. It will also show limitations regarding the use of mono-
mers to make tailor-made block copolymers. Nevertheless, the

use of monomers forming intermediates interfering the redox

mechanism or macroinitiators diminished solubility should be
avoided. Additional characterizations regarding the properties

of the polymer will clarify how side reactions of the polymers
may affect their properties.

Finally, such photocatalytic systems possesses big potential
for the development of future technologies based on informa-

tion recording, such as lithography or holography, 3D and 4D

printing, tailor-made polymer synthesis—just to name a few of
them.

Experimental Section

Materials

Tris(2-pyridylmethyl)amine (TPMA, 98 %), copper(II)bromide (CuBr2,
99 %, Aldrich), ethyl a-bromophenylacetate (EBPA, 97 %), ethyl 2-
bromopropionate (EBP, 99 %), N,N,N’,N’’,N’-pentamethyldiethylentri-
amine (PMDETA, 99 %), and a,a-dimethoxy-a-phenylacetophenone
(DMPA, 99 %) were purchased from Sigma–Aldrich and used as re-
ceived. Methyl methacrylate (M8, 99 %, Sigma–Aldrich), phenylacry-
late (M6, 98 %, TCI) and cinnamyl methacrylate (M5, Polysciences)
are passed through a plug of basic alumina before use to remove
the inhibitor. 2-[3-(2H-Benzotriazol-2-yl)-4-hydroxyphenyl]ethyl

Figure 4. GPC traces of precursor (M8)n-Br and block copolymer (M8)n-b-
(M1)n-Br in comparison with the precursor (M8)n-Br and the block copolymer
(M8)n-b-(M1)n-Br, both reactions proceeded in 50 vol % DMF at room temper-
ature applying 790 nm exposure.
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methacrylate (M1, 99 %), 2-(4-benzoyl-3-hydroxyphenoxy)ethyl ac-
rylate (M2, 98 %), 9-vinylcarbazole (M3, 99 %) and 9-vinylanthra-
cene (M4, 97 %) were purchased from Sigma–Aldrich and used as
received. The NIR sensitizer Sens (5-(6-(2-(3-ethyl-1,1-dimethyl-1H-
benzo[e]indol-2(3H)-ylidene)ethylidene)-2-(2-(3-ethyl-1,1-dimethyl-
1H benzo[e]-indol-3-ium-2-yl)vinyl)cyclohex-1-en-1-yl)-1,3-dimethyl-
2,6-dioxo-1,2,3,6 tetrahydropyrimidin-4-olate) was received from
FEW Chemicals GmbH as S2265. N,N-Dimethylformamide (DMF, an-
hydrous, 99.8 %) was purchased from Acros Organics and stored
over activated molecular sieves. Methanol (99.9 %, Bernd Kraft), tet-
rahydrofurane (THF, 99.9 %, Carl Roth) and 2-butanone (99.0 %,
Sigma Aldrich) were used as received.

Instrumentation

Photoreactor (NIR): The sample was exposed with NIR radiation in
a Schlenk tube (diameter 18.0 mm) with four NIR-LEDs (LED 790-
66-60 from Roithner Lasertechnik) arranged in an angle of 908 be-
tween each LED and a distance of 11 mm around the tube. The
light intensity of each LED was 100 mW cm@2 within the exposed
area in the middle height on the surface of the tube. This photo-
reactor was sealed in a lightproof can and the sample was cooled
with an airflow around the tube to have ambient temperature
during exposure. The mixture was stirred with a magnetic mixer
during irradiation.

Photoreactor (UV): The sample was exposed with UV radiation in a
Schlenk tube (diameter 18.0 mm) with one UV-LED at 395 nm ar-
ranged in a distance of 11 mm to the tube. The light intensity of
the LED was 91 mW cm@2 within the exposed area in the middle
height on the surface of the tube. This photoreactor was sealed
with a light proof foil and the sample was cooled with an air flow
around the tube to have ambient temperature during exposure.
The mixture was stirred with a magnetic mixer during irradiation.

Gel permeation chromatography (GPC): GPC was used to deter-
mine number average molecular weight (Mn) and dispersity W, (W =
Mw/Mn). GPC measurements were conducted with a GPC Viscotek
270 max using TGuard Col 10 V 4.6 mm and two T6000M General
Mixed 3000 V 7.8 mm columns, a column temperature of 30 8C, an
RI detector, and tetrahydrofuran (THF) as an eluent at a flow rate
of 1 mL min@1. The column system was calibrated with seven linear
poly(methyl methacrylate) standards received from Shodex
(1850 g mol@1; 6380 g V mol@1; 20 100 g V mol@1; 73 200 g V mol@1;
218 000 g V mol@1; 608 000 g V mol@1; and 1050 000 g V mol@1). GPC
data were analyzed using Omni SEC 4.6.2:GPC. H-NMR of polymers
isolated and purified indicated no residual monomer.

NMR spectroscopy : A Fourier 300 from Bruker was used for all 1H-
NMR measurements. 15 mg sample were dissolved in 0.7 mL sol-
vent.

Cyclic voltammetry (CV): Oxidation and reduction potentials of
the UV-active monomers were recorded by cyclic voltammetry
(VERSASTAT4-400 from AMETEK served as potentiostat) in acetoni-
trile (c = 10@3 m) with tetrabutylammonium hexafluorophosphate
from Sigma–Aldrich (0.1 mol/l) as a supporting electrolyte against
ferrocene as an external standard. The data were taken with a
scanning rate of 0.015 V s@1 using a platinum disc as a working
electrode and Ag/AgCl as reference electrode.[35]

Polymerization

General Procedure for NIR light-induced ATRP of monomers : A
vial equipped with a magnetic stir bar and fitted with a Teflon
screw cap septum was charged with Sens (32.9 mg, 0.045 mmol),
25 mL of a 180 mm CuBr2 stock solution in DMF (4.5 mmol) and

75 mL of a 270 mm TPMA stock solution in DMF (20.3 mmol). A mix-
ture of monomer (45 mmol) and DMF (50 vol%), and ethyl a-bro-
mophenylacetate (36.5 mg, 0.150 mmol) were added and homo-
genized with stirring. The solution was transferred to a Schlenk
Flask with a magnetic stirrer and degassed by four freeze–pump–
thaw cycles. The reaction mixture was placed in a photoreactor ir-
radiating at the desired wavelength (NIR-LED exposure at 790 nm,
24 h). At the end of the irradiation, the resulting polymers were
precipitated in cold methanol and then dried under reduced pres-
sure. Conversion was determined gravimetrically.

Block copolymerization experiment (M8)n-b-(M1)n-Br : A vial
equipped with a magnetic stir bar and fitted with a Teflon screw
cap septum was charged with M8 based macroinitiator (585 mg,
0.045 mmol), 7.5 mL of a 180 mm CuBr2 stock solution in DMF
(1.35 mmol) and 45 mL of a 270 mm TPMA stock solution in DMF
(6.09 mmol). M1 (1.6 g, 13.5 mmol) and DMF (5.1 mL) were added
to this mixture, and the resulting solution was homogenized by
vigorous stirring. The solution was transferred to a Schlenk Flask
with a magnetic stirrer and degassed by four Freeze-Pump-Thaw
cycles. The reaction mixture was placed in a photoreactor irradiat-
ing at the desired wavelength (NIR-LED exposure at 790 nm, 24 h).
At the end of the irradiation, the polymers obtained were precipi-
tated in cold methanol and then dried under reduced pressure.
Conversion was determined gravimetrically.

This procedure was transferred for synthesis of the remaining
block copolymers using the disclosed molar concentrations of the
reaction components.

General procedure for UV light-induced ATRP of UV-absorbing
monomers : A vial equipped with a magnetic stir bar and fitted
with a Teflon screw cap septum was charged with PMDETA
(58.18 mL, 0.028 mmol), CuBr2 (20.75 mg, 0.093 mmol), 2 (1.2 mg,
0.0047 mmol), EBP (3 mL, 0.023 mmol) and methanol (1 mL,
24 mmol). To this mixture 18.6 mmol monomer was added and the
solution was homogenized by stirring. The solution was transferred
to a Schlenk Flask with a magnetic stirrer and degassed by four
Freeze-Pump-Thaw cycles. The reaction mixture was placed in a
photoreactor irradiating at the desired wavelength (UV-LED expo-
sure at 365 nm, 5 h). At the end of the irradiation was put in cold
n-hexane. Precipitated polymer was collected and then dried
under reduced pressure. Conversion was determined gravimetrical-
ly.

Free radical polymerization of UV-absorbing monomers : An
amount of 5 g of monomer was dissolved as a 15 % solution in bu-
tanone. The solution was charged in a 100 mL reaction vessel
under nitrogen atmosphere. The solution was heated to 70 8C and
stirred with a magnetic mixer during reaction. AIBN (0.3 mol %)
was added to the mixture and reaction starts for 6 hours at 70 8C.
At the end of reaction, the resulted solution was filtrated and con-
centrated to a 60 % solution in rotary vaporizer. The resulted poly-
mers were precipitated in cold methanol and then dried under re-
duced pressure. Conversion was determined gravimetrically.
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[30] K. Demirelli, E. Kaya, M. Coşkun, J. Appl. Polym. Sci. 2006, 99, 3344 –
3354.

[31] H. Baumann, U. Meller, D. Pfeifer, H. J. Timpe, J. Prakt. Chem. 1982, 324,
217 – 226.

[32] a) T. G. Ribelli, M. Fantin, J.-C. Daran, K. F. Augustine, R. Poli, K. Matyjas-
zewski, J. Am. Chem. Soc. 2018, 140, 1525 – 1534; b) J. Qiu, K. Matyjas-
zewski, L. Thouin, C. Amatore, Macromol. Chem. Phys. 2000, 201, 1625 –
1631.

[33] J. J. L. Zwikker, Pharm. Weekbl. 1933, 70, 551 – 559.
[34] a) D. Karaca Balta, :. Karahan, D. Avci, N. Arsu, Prog. Org. Coat. 2015, 78,

200 – 207; b) W. Klesse, J. Knebel, D. Saal, Evonik Roehm GmbH, 2016
(Evonik Roehm GmbH), US 2016/0297738 A1.

[35] C. Schmitz, A. Halbhuber, D. Keil, B. Strehmel, Prog. Org. Coat. 2016,
100, 32 – 46.

Manuscript received: March 2, 2020
Revised manuscript received: April 23, 2020

Accepted manuscript online: April 28, 2020

Version of record online: July 23, 2020

Chem. Eur. J. 2020, 26, 10444 – 10451 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10451

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001099

https://doi.org/10.1021/cr900159v
https://doi.org/10.1021/cr900159v
https://doi.org/10.1021/cr900159v
https://doi.org/10.3390/polym9100494
https://doi.org/10.1039/C6CS00253F
https://doi.org/10.1039/C6CS00253F
https://doi.org/10.1039/C6CS00253F
https://doi.org/10.1039/C6CS00253F
https://doi.org/10.1002/marc.200800713
https://doi.org/10.1002/marc.200800713
https://doi.org/10.1002/marc.200800713
https://doi.org/10.1002/marc.200800713
https://doi.org/10.1002/jps.10397
https://doi.org/10.1002/jps.10397
https://doi.org/10.1002/jps.10397
https://doi.org/10.1016/S0927-0248(03)00104-1
https://doi.org/10.1016/S0927-0248(03)00104-1
https://doi.org/10.1016/S0927-0248(03)00104-1
https://doi.org/10.1002/adma.200601458
https://doi.org/10.1002/adma.200601458
https://doi.org/10.1002/adma.200601458
https://doi.org/10.1021/ma401762n
https://doi.org/10.1021/ma401762n
https://doi.org/10.1021/ma401762n
https://doi.org/10.1021/ma401762n
https://doi.org/10.3390/polym8070268
https://doi.org/10.3390/polym8070268
https://doi.org/10.3390/polym8070268
https://doi.org/10.1038/pj.2012.137
https://doi.org/10.1038/pj.2012.137
https://doi.org/10.1038/pj.2012.137
https://doi.org/10.1038/pj.2012.137
https://doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
https://doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
https://doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
https://doi.org/10.1002/1521-3773(20020715)41:14%3C2596::AID-ANIE2596%3E3.0.CO;2-4
https://doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
https://doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
https://doi.org/10.1002/1521-3757(20020715)114:14%3C2708::AID-ANGE2708%3E3.0.CO;2-0
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3773(20010601)40:11%3C2004::AID-ANIE2004%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3757(20010601)113:11%3C2056::AID-ANGE2056%3E3.0.CO;2-W
https://doi.org/10.1039/c1py00041a
https://doi.org/10.1039/c1py00041a
https://doi.org/10.1039/c1py00041a
https://doi.org/10.1039/b917102a
https://doi.org/10.1039/b917102a
https://doi.org/10.1039/b917102a
https://doi.org/10.1039/b917102a
https://doi.org/10.1002/anie.200903924
https://doi.org/10.1002/anie.200903924
https://doi.org/10.1002/anie.200903924
https://doi.org/10.1002/ange.200903924
https://doi.org/10.1002/ange.200903924
https://doi.org/10.1002/ange.200903924
https://doi.org/10.1002/ange.200903924
https://doi.org/10.1002/anie.200454078
https://doi.org/10.1002/anie.200454078
https://doi.org/10.1002/anie.200454078
https://doi.org/10.1002/ange.200454078
https://doi.org/10.1002/ange.200454078
https://doi.org/10.1002/ange.200454078
https://doi.org/10.1002/ange.200454078
https://doi.org/10.1021/acs.chemrev.5b00586
https://doi.org/10.1021/acs.chemrev.5b00586
https://doi.org/10.1021/acs.chemrev.5b00586
https://doi.org/10.1016/j.progpolymsci.2016.06.005
https://doi.org/10.1016/j.progpolymsci.2016.06.005
https://doi.org/10.1016/j.progpolymsci.2016.06.005
https://doi.org/10.1021/acs.macromol.8b01401
https://doi.org/10.1021/acs.macromol.8b01401
https://doi.org/10.1021/acs.macromol.8b01401
https://doi.org/10.1039/C7CS00587C
https://doi.org/10.1039/C7CS00587C
https://doi.org/10.1039/C7CS00587C
https://doi.org/10.1039/C7CS00587C
https://doi.org/10.1002/marc.201800616
https://doi.org/10.1002/marc.201800616
https://doi.org/10.1021/ja510389m
https://doi.org/10.1021/ja510389m
https://doi.org/10.1021/ja510389m
https://doi.org/10.1002/anie.201802964
https://doi.org/10.1002/anie.201802964
https://doi.org/10.1002/anie.201802964
https://doi.org/10.1002/anie.201802964
https://doi.org/10.1002/ange.201802964
https://doi.org/10.1002/ange.201802964
https://doi.org/10.1002/ange.201802964
https://doi.org/10.1021/ja506379s
https://doi.org/10.1021/ja506379s
https://doi.org/10.1021/ja506379s
https://doi.org/10.1021/ja506379s
https://doi.org/10.1021/acs.macromol.7b01335
https://doi.org/10.1021/acs.macromol.7b01335
https://doi.org/10.1021/acs.macromol.7b01335
https://doi.org/10.1039/C3PY01009K
https://doi.org/10.1021/mz300457e
https://doi.org/10.1021/mz300457e
https://doi.org/10.1021/mz300457e
https://doi.org/10.1021/mz300457e
https://doi.org/10.1002/anie.201912343
https://doi.org/10.1002/anie.201912343
https://doi.org/10.1002/anie.201912343
https://doi.org/10.1002/anie.201912343
https://doi.org/10.1002/ange.201912343
https://doi.org/10.1002/ange.201912343
https://doi.org/10.1002/ange.201912343
https://doi.org/10.1016/j.polymer.2010.10.002
https://doi.org/10.1016/j.polymer.2010.10.002
https://doi.org/10.1016/j.polymer.2010.10.002
https://doi.org/10.1039/C5RA14341A
https://doi.org/10.1039/C5RA14341A
https://doi.org/10.1039/C5RA14341A
https://doi.org/10.3390/molecules15096205
https://doi.org/10.3390/molecules15096205
https://doi.org/10.3390/molecules15096205
https://doi.org/10.1016/j.polymer.2016.08.106
https://doi.org/10.1016/j.polymer.2016.08.106
https://doi.org/10.1016/j.polymer.2016.08.106
https://doi.org/10.1016/j.polymer.2016.08.106
https://doi.org/10.1021/acs.joc.6b01947
https://doi.org/10.1021/acs.joc.6b01947
https://doi.org/10.1021/acs.joc.6b01947
https://doi.org/10.1002/anie.201912484
https://doi.org/10.1002/anie.201912484
https://doi.org/10.1002/anie.201912484
https://doi.org/10.1002/ange.201912484
https://doi.org/10.1002/ange.201912484
https://doi.org/10.1002/ange.201912484
https://doi.org/10.1002/anie.201805473
https://doi.org/10.1002/anie.201805473
https://doi.org/10.1002/anie.201805473
https://doi.org/10.1002/ange.201805473
https://doi.org/10.1002/ange.201805473
https://doi.org/10.1002/ange.201805473
https://doi.org/10.1002/anie.201510037
https://doi.org/10.1002/anie.201510037
https://doi.org/10.1002/anie.201510037
https://doi.org/10.1002/ange.201510037
https://doi.org/10.1002/ange.201510037
https://doi.org/10.1002/ange.201510037
https://doi.org/10.1002/ange.201510037
https://doi.org/10.1002/marc.201600127
https://doi.org/10.1002/marc.201600127
https://doi.org/10.1002/marc.201600127
https://doi.org/10.1002/marc.201600127
https://doi.org/10.1021/acsmacrolett.8b00741
https://doi.org/10.1021/acsmacrolett.8b00741
https://doi.org/10.1021/acsmacrolett.8b00741
https://doi.org/10.1021/acsmacrolett.8b00741
https://doi.org/10.1002/ciuz.201400642
https://doi.org/10.1002/ciuz.201400642
https://doi.org/10.1002/ciuz.201400642
https://doi.org/10.1002/app.22694
https://doi.org/10.1002/app.22694
https://doi.org/10.1002/app.22694
https://doi.org/10.1002/prac.19823240206
https://doi.org/10.1002/prac.19823240206
https://doi.org/10.1002/prac.19823240206
https://doi.org/10.1002/prac.19823240206
https://doi.org/10.1021/jacs.7b12180
https://doi.org/10.1021/jacs.7b12180
https://doi.org/10.1021/jacs.7b12180
https://doi.org/10.1002/1521-3935(20000901)201:14%3C1625::AID-MACP1625%3E3.0.CO;2-9
https://doi.org/10.1002/1521-3935(20000901)201:14%3C1625::AID-MACP1625%3E3.0.CO;2-9
https://doi.org/10.1002/1521-3935(20000901)201:14%3C1625::AID-MACP1625%3E3.0.CO;2-9
https://doi.org/10.1016/j.porgcoat.2014.09.003
https://doi.org/10.1016/j.porgcoat.2014.09.003
https://doi.org/10.1016/j.porgcoat.2014.09.003
https://doi.org/10.1016/j.porgcoat.2014.09.003
https://doi.org/10.1016/j.porgcoat.2016.02.022
https://doi.org/10.1016/j.porgcoat.2016.02.022
https://doi.org/10.1016/j.porgcoat.2016.02.022
https://doi.org/10.1016/j.porgcoat.2016.02.022
http://www.chemeurj.org

