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ABSTRACT

he surface modifications are necessary to alter the inherent surface physical/chemical properties of materials in terms
Tof adhesion, wettability, friction, biocompatibility etc. for using in textile, electronic and biomedical industries. Surface
modifications are usually made by grafting of polymer brushes to the solid substrates. The grafting process allows control-
ling and manipulation of surface properties without changing the chemical structure of polymers. Besides their chemical
structures, grafting density of polymer brushes and average distance between the polymer chains attached to the surface
are also important parameters, affecting the intended use of the grafted materials. Synthesis of functional polymer brushes
is generally carried out by one of surface-initiated controlled/living free radical polymerization techniques, namely Atom
Transfer Radical Polymerization (ATRP), Nitroxide-Mediated Polymerization (NMP), Photoiniferter-Mediated Polymerization
(PIMP) and Reversible Addition-Fragmentation Chain Transfer Polymerization (RAFT). This review reports the strategies of
these techniques for generating polymer brushes and summarizes the applications of polymer brushes in multiple fields.
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0z

Uzey modifikasyonlari, tekstil, elektronik, biyomedikal gibi uygulamalarda kullaniimasi tGzere malzeme yizeylerinin ya-
Yp|§ma, 1slanabilirlik, strtinme, biyouyumluluk vb. fiziksel ve kimyasal 6zelliklerini degistirmek igin gereklidir. Yizey mo-
difikasyonlari genellikle kati substratlara polimer zincirlerinin asilanmasiyla yapilir. Asilama islemi, polimerlerin kimyasal
yapisini degistirmeden ylzey 6zelliklerinin kontroline ve manipilasyonuna izin verir. Polimer fircalarinin kimyasal yapisinin
yanisira, onlarin asilanma yogunlugu ve ylizeye tutturulmus polimer zincirleri arasindaki ortalama mesafe de asilanmis mal-
zemelerin kullanim amacini etkileyen énemli parametrelerdir. Asili polimerlerin ylzey fonksiyonlari asilama tekniklerinin
secilmesiyle karakterize edilir. Fonksiyonel polimer firgalarin sentezi genellikle ylzeyde baglatilan kontrolli/yasayan serbest
radikal polimerizasyon tekniklerinden biri, yani Atom Transferi Radikal Polimerizasyonu (ATRP), Nitroksit Aracili Polimerizas-
yon (NMP), Fotoiniferter Aracili Polimerizasyon (PIMP) ve Tersinir Katilma Ayrilma Zincir Transfer Polimerizasyonu (RAFT) ile
gerceklestirilir. Bu derleme makalesinde, polimer firgalarin Gretilmesinde kullanilan bu tekniklerin stratejileri rapor edilecek
ve gesitli alanlarda uygulanmasi 6zetlenecektir.
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INTRODUCTION

olymer brushes become more popular due to the-
Pir potential applications in multiple fields, such as
surface modifications [1-4], biomedical engineering [5-
8], etc. They are densely grafted polymer chains with
one end attached to the surface or interface of silicon
wafers, glass, gold particles or polymer substrates [9-
11]. For several years, innovative research in polymer
brushes has not entered the field of polymer science
anymore, it has also begun to enter the field of physi-
cal chemistry, nanomaterial science, and biotechnology.
This transformation is catalyzed by using one of surface-
initiated controlled/living free radical polymerization
techniques, namely Atom Transfer Radical Polymeriza-
tion (ATRP) [12-14], Nitroxide-Mediated Polymerization
(NMP) [15-19], Photoiniferter-Mediated Polymerization
(PIMP) [20-22], and Reversible Addition-Fragmentation
Chain Transfer Polymerization (RAFT) [23-26]. These
techniques bring less demanding synthetic strategies
that facilitate access to a specialty that is believed to be
the exclusive area of polymer brushes to date.

Polymer brushes with variable conformations and
structures enable the changes of physical properties of
film surfaces. Therefore, surface properties of polymer
films depend not only on the type of polymer but also
on grafting density, thickness, and hydrophilicity of the
grafted polymer films. The grafting parameters of the
polymer brushes are determined using the following
equations [17].

h-rN, 10721
V=— (1.1)
Mn
D= (:‘—V)l/z (1.2)
ﬁ)n
R =a(—2)" (1.3)

where h, ellipsometric film thickness (nm); r, density of
polymer (g cm™3); N,, Avogadro’s number and mn, is num-
ber average molecular mass of polymer (g mol™?), a is sta-
tistical segment length (nm) and degree of polymerization
(OP,).

The grafting density plays an important role in deter-
mining the conformation state, that is, a “mushroom”
or a “brush” state. If the distance between polymer
chains attached to the surface is less than twice the
gyration radius of the macromolecule (D<2Rg), the poly-
mer chains are in brush conformation, and if it is large
(D>2Rg) mushroom conformation [27]. However, the
term “polymer brush” should be associated with a layer
of attached polymer chains under specific conditions
when the state of attached layer is dictated by strong
interactions between densely grafted polymer chains.
The polymer brushes with moderate-to-high grafting
densities imparted different properties than brushes
with low grafting density [28,29]. The grafting density
is controlled using surface-initiated controlled/living
free radical polymerization techniques. In general, the
grafting density of polymer brushes synthesized thro-
ugh the surface-initiated controlled/living free radical
polymerization was higher than those obtained by the
free radical polymerization. In this review article, we
summarize several studies focused on the relations bet-
ween the grafting density, thickness, and hydrophilicity
of the polymer brushes, their properties and surface-
initiated controlled/living free radical polymerization
techniques.

1- Surface-Initiated Atom Transfer Radical
Polymerization (SI-ATRP)

ATRP is one of the most important methods for the for-
mation of polymer brushes via surface-initiated poly-
merization. This polymerization method is based on the
reversible redox activation of a dormant alkyl halide
terminated polymer chain end with a halogen trans-
fer to a transition metal complex. This reaction leads
to the homolytic breakage of the carbon-halogen bond,
so that free radical species are formed at the polymer
chain end. The activation step involves the transfer of
an electron from the transition metal complex to the
halogen atom, leading to the oxidation of the transition
metal complex. The rate of ATRP reaction is highly de-
pendent on catalyst concentration, ligand type, solvent
and initiator [30].

We reported the synthesis of thermoresponsive poly(N-
isopropylacrylamide) [poly(NIPAM)]
2-bromopropionyl bromide (2-BPB) self-assembled mo-
nolayers (SAMs) on silicon substrate using Cu(l)Br/2,2'-
bipyridine catalyst to control the radical concentration
via SI-ATRP (Scheme 1) [31].

brushes from
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Scheme 1. The synthesis of poly(NIPAM) brushes via SI-ATRP from 2-bromopropionyl bromide-SAMs on silicon wafer [31].

Water contact angle measurements of the poly(NIPAM)
brushes displayed a two-stage increase upon heating
over the board temperature range 25-45°C, which is
in contrast to the fact that free poly(NIPAM) homo-
polymers in aqueous solution demonstrate a phase
transition at 34°C (Figure 1) [31]. The first de-wetting
transition takes place at 27°C, which can be attributed
to the n-cluster induced collapse of the inner region of
poly(NIPAM) brush close to the silicon surface; the se-
cond de-wetting transition occurs at 38°C, which can
be attributed to the outer region of poly(NIPAM) brush,
having much lower chain density compared to that of
the inner part [31].

2- Surface-Initiated Nitroxide-Mediated
Polymerization (SI-NMP)

SI-NMP creates a living polymerization technique ba-
sed on reversible closing of an active chain-end radi-

cal with a nitroxide leaving group. The first successful
application of this technique to synthesize poly(styrene)
brushes was made by Husseman. et al. [32]. They used
silicon wafers with alkoxyamine initiator SAMs to grow
poly(styrene) brushes on silicon wafers. The propaga-
tion mechanism of polymer chains is based on heating
the initiator functionalized wafer to 120°C, in order to
cleave off the alkoxyamine moiety, with the subsequent
release of an alkyl radical and stable nitroxide radical,
2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl (TEMPO)
(Scheme 2). The propagation is controlled by the re-
versible “capping” of the growing chain by the TEMPO
radical, thereby giving a "living character” to the poly-
merization.

It is well known that SI-NMP is efficient method for the
growing of polymer brushes from various substrates
such as silicon oxides, metals, mineral clays and car-

Figure 1. (a) Temperature-dependence of water contact angles of poly(NIPAM) brushes on the silicon substrate and (b) Derivative
curve of d6/dT versus T. Data points are an average of five measurements taken at different points along the sample surface [31].
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Scheme 2. Scheme describing the synthesis of poly(styrene) brushes by SI-NMP [32].

bon-based materials [33-38]. For instance, we first time
prepared the well-defined oligo-N-isopropylacrylamide
(oligoNIPAM) brushes with —OH and -COOH end-groups
by the combination of the self-assembly of bimolecular
macroazoinitiator on silicon surface and SI-NMP of N-
isopropylacrylamide in the presence of chain transfer
agent (i.e., 2-mercaptoethanol or 3-mercaptopropionic
acid) [39]. The oligoNIPAM brushes with a grafting den-
sity as 8.14 chains/nm? was synthesized. AFM images
of polymer brushes with —OH and —COOH end —groups
are shown in Figure 2. It is clearly seen that the morp-
hology of surface significantly changes when needle-
like oligoNIPAM brushes homogeneously distributed
over the entire surface. Although the morphology of
oligoNIPAM-OH and oligoNIPAM-COOH brushes are si-
milar to the oligoNIPAM ones, the roughness of brushes
changes in the presence of chain transfer agent. The ro-

ughness of oligoNIPAM brushes was 1.46 nm, whereas
those of oligoNIPAM-OH and oligoNIPAM-COOH brus-
hes were 0.78 and 1.01 nm, respectively [39].

Graphene surfaces are also grafted with polymer brus-
hes via SI-NMP technique. Garcie et al. used a two-step
procedure (i) modification of graphene oxide surface
with oxoammonium salt and (ii) graft polymerization
of isoprene or styrene from the TEMPO-functionlized
surface at 130°C. According to TGA data, they obtained
approximately 34% poly(styrene) and 68% polyisoprene
[poly(IP)] on the graphene surfaces [40]. Figure 3 illust-
rates the STEM image of graphine oxide (GO) and TEM
image of GO-g-poly(styrene)-T) nanocomposite. Exf-
loliated, crumbled or folded graphene oxide sheets or
layers are seen in Figure 3a. After graft polymerization,
the layered or folded sheet structure of GO is not chan-

Figure 2. 3D (left) and 2D (right) AFM topography images (10 x 10 um?, z scale is 10 nm) in ambient conditions and photographs of
4 uL water droplets (top) on the bimolecular macroazoinitiator-immobilized silicon (A), oligoNIPAM (B), oligoNIPAM-COOH (C), and

oligoNIPAM-OH (D) [39].



ged but nm sized polymer brushes (black spots) were
formed on the GO surface (Figure 3b).

3- Surface-Initiated Photoiniferter-Mediated
Polymerization (SI-PIMP)

SI-PIMP is a technique based on the use of a special
type of initiators called “iniferters.” These iniferters
are molecules that display unique properties provided
that they can act as initiators, transfer agents, and ter-
minators at the same time. Generally, dithiocarbamate
derivative molecules are capable of acting as photoi-
niferters as and they act as initiators, transfer agents
or terminators during the UV induced polymerization.
When exposed to UV light, photoiniferter molecules are
photolyzed, giving a carbon radical and a dithiocarba-
mate radical. While the carbon radical is reactive and

a)

Q Q =0

OH

b)
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can react with monomers and initiate polymerization,
the thiocarbamate radical is stable and reacts weakly,
also the monomers [41]. By the way, the thiocarbama-
te radical can reversibly terminate the growing chains,
thereby giving “living” properties to photoiniferter-me-
diated polymerization (Scheme 3). Regularly, the car-
bon radical on photolysis provides addition of mono-
mers to initiate chain propagation and simultaneously
the dithiocarbamate radical acts as a transfer agent
causing reversible termination of the propagating cha-
ins (Scheme 3). This interesting strategy was used to
synthesize poly(2-(dimethylamino)ethyl methacrylate)
[poly(DMAEMA)] brushes from mesoporous materials
modified with N,N-(diethylamino) dithiocarbamoyl-
benzyl (trimethoxy)silane (SBDC) moieties by Andrieu-
Brunsen et al. [42]. Due to the photosensitive nature

d)

Figure 3. Chemical structure of (a) GO, and (c) GO-g-poly(styrene)-T; (b) STEM image of GO on lacey carbon; (d) TEM image of GO-g-

poly(styrene)-T [40].
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of the iniferter molecules, SI-PIMP can be spatially and
temporally controlled by manipulating the location, in-
tensity, and duration of UV light [43,44].

SI-PIMP provides dense polymer brushes grown from

substrates. Several studies proved that the thickness
of polymer brushes obtained via SI-PIMP depends on

<

photiniferter coverage on surface, monomer concent-
ration and UV irradiation time [45,46]. Edmonto et al.
synthesized poly(methacrylic acid) poly(MAA) brushes
from self-assembled monolayers (SAMs) of photini-
ferter molecules on gold surface to investigate the ef-
fects of initiator coverage on polymer brush thickness

(@] —
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S’ jo [ ] UV (320- 400 nm) i < g
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Fixed iniferter Grafted poly(DMAEMA)

Scheme 3. Scheme describing the synthesis of poly(DMAEMA) brushes from mesoporous materials modified with SBDC via SI-PIMP

[42].

[45]. The disulfide photoinitiator dithiodiundecane-
11,1diylbis[4({[(diethylamino)carbonothioyl] thioethyl)
phenyl]carbamate} (DTCA) and 1,2-dioctadecyldisulfa-
ne (DDS) were used for polymerizations. They found
that although the brush thickness growth rate does
not depend on DTCA and/or DDS coverage, their com-
position on the gold surface significantly influence the
morphology of polymer brush films. It is expected sin-
ce concentrated SAMs on the surface results in higher
number of grafted chains, leading to dense polymer
brushes. Furthermore, they calculated the total mass
of poly(MAA) (ng/cm?) on quartz crystal as a function
of polymerization time using the QCM measurements.
Figure 4 illustrates that total film mass of poly(MAA)
grafted from 1.0 DTCA exhibited higher polymer brush
growth compared with that of the 0.2 DTCA during 20
min polymerization. In other words, grafting density of
poly(MAA) brushes increases with increasing the DTCA
concentration on the surface, leading to higher rough-
ness [45].

SI-PIMP also offers great promise for many application,
especially medical application (i.e. antigen detection)
due to the lacking of requirement of a toxic catalyst. Jiao
et al. prepared two-layered brushes on inert cycloole-
fin polymer (COP) supports for use in antigen detection.
These brushes possess dual functions such as a low fo-
uling poly(ethylene glycol)methacrylate) (poly(EGMA))
bottom layer and a poly(acrylic acid) (poly(AA)) upper
layer for antibody loading [47]. Sodium diethyldithio-
carbamate trihydrate photoiniferter was deposited on
COPs and EGMA and AA monomers were polymerized
under UV light (high-pressure mercury lamp, 400 W,
main wavelength 380 nm) from surface. Then, they
modified COP-g-poly(AA) and COP-g-poly(EGMA)-b-
poly(AA) supports with antibodies for use in antigen
detection. According to fluorescent images of polymer
brushes with antibody and target antigen (Figure 5), it
was found that COP-g-poly(EGMA)-b-poly(AA)-1gG sup-
port had a better capability of antigen recognition rela-
tive to the COP-g-poly(AA)-IgG.
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Figure 4. (a) Hydrated mass uptake (expressed as ng/cm?) estimated by fitting Af and AD values obtained during the photopolymeriza-
tion of poly(MAA) to a Voigt model for the adsorbed film for 1.0 (0) and 0.2 (o) SAMs, respectively. High-resolution topography images
by TM-AFM for layers grafted from (b) 1.0 SAMs and (c) 0.2 SAMs the corresponding cross-sectional profile is given near them. (vertical

scale from black to white 10 nm) [45].

a-1 h-1 c-1

a-2 b-2 c-2

Figure 5. Fluorescent images of polymer brush microarrays (a), antibody-immobilized microarrays (b), and microarrays with target anti-
gen (c): (1) COP-g-poly(AA) .- (2) COP-g- poly(EGMA) , . -b-poly(AA)g . . [47].
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4- Surface-Initiated Reversible-Addition In most cases, the generation of polymer brushes via SI-
Fragmentation Chain Transfer (RAFT) Polymerization RAFT polymerization involved the use of either surface-
RAFT polymerization is a controlled/living polymerizati-  immobilized conventional free radical initiators or sur-

on technique in which chain growth is initiated usinga  face-immobilized RAFT agents. To obtain the high bon-
free radical initiator, for example, azobisisobutyronitri-  ding density of the initiator-containing self-assembled
le (AIBN), and mediated by a chain transfer agent (CTA)  monolayers (SAMs), firstly, the interlinker molecule
constituted of dithioester, dithiocarbamate, or trithi- bearing a long chain alkyl thiol (for a gold surface) or
ocarbcarbonate compounds [48,49]. In this technique, siloxane/chlorosilane (for a silicon/glass/indium-thin
radical transfer between growing chains is responsible  oxide surface) with a suitable end group should be im-
for providing good control over the polymerization pro-  mobilized on the substrate surface. Especially, a SAM
cess. Contaminantly, the “capping” of growing chains  containing an epoxy/amine/hydroxyl end group is use-
by the dithioester moiety confers good living characte-  ful to directly immobilize carboxylic acid bearing initi-
ristics to the polymerization reaction. ator. In the surface-initiated RAFT polymerization, the

polymer brush layer is generated in situ from a suitable

Scheme 4. Schematic diagram illustrating the process of the surface-initiated RAFT polymerization of 4VP from the Si-Azo surface [50].

Figure 6. Evolution of the thickness (h, nm) of the poly(4VP) brushes synthesized in the presence of RAFT-Se and RAFT-S as a function of
l\/ln [50].



surface-immobilized initiator [48,49]. We synthesized
the poly(4-vinylpyridine) [poly(4VP)] brushes by using
a new selenium-based RAFT agent (4-cyanopentanoic
acid diselenobenzoate, RAFT-Se) in the surface-initiated
RAFT polymerization (Scheme 4) [50].

RAFT polymerization involves a reversible addition-
fragmentation cycle, in which transfer of the dithioester
groups between the activated and dormant polymer
chains mains the controlled character of the polymeri-
zation process. Because of the analog of selenium (Se)
with sulfur (S) in an electronic structure, RAFT-Se is also
useful for RAFT polymerization. The surface-initiated
RAFT polymerization using the RAFT-Se is the same
polymerization mechanism as its analog, 4-cyanopen-
tanoic acid dithiobenzoate (RAFT-S).

The relationship between the thickness (h, nm) of
poly((4VP) brushes and Vn of the corresponding free
polymers formed in the presence of RAFT-Se and
RAFT-S is given in Figure 6. A direct proportion relati-
onship was observed between the mﬂ and film thick-
ness. From the slop of the thickness-versus- Vn curve,
o of poly(4VP) synthesized in the presence of RAFT-Se

(o ) and RAFT-S (o was calculated to be 0.51

RAFT-Se RAFT-S)

K.O. Hukim et al. / Hacettepe J. Biol. & Chem., 2020, 48 (5), 395-405

and 0.66 chains nm™, respectively. In the topographic
AFM images of the poly(4VP) brushes prepared in the
presence of RAFTSe and RAFT-S using the non-contact
mode, the root-mean-square (rms) values of the surfa-
ce roughness were found to be 4.18 and 3.23 nm in 5x5
mm? scanning areas, respectively (Figure 5). No signi-
ficant roughness differences were observed between
the surfaces of the brushes prepared for both cases,
suggesting the formation of homogeneous graft layers
and hence homogeneity in grafting densities. The wa-
ter contact angles of the poly(4VP) brushes prepared in
the presence of RAFT-Se and RAFT-S were found to be
53.3+£0.9° ad 61.9+0.8°, respectively, meaning that the
surfaces are hydrophilic. In the topographic AFM ima-
ges of the poly(4VP) brushes prepared in the presence
of RAFTSe and RAFT-S using the non-contact mode, the
root-mean-square (rms) values of the surface roughness
were found to be 4.18 and 3.23 nm, respectively (Figure
7). No significant roughness differences were observed
between the surfaces of the brushes prepared for both
cases, suggesting the formation of homogeneous graft
layers and hence homogeneity in grafting densities. The
water contact angles of the poly(4VP) brushes prepared
in the presence of RAFT-Se and RAFT-S were found to
be 53.3+£0.9° ad 61.9+0.8°, respectively, meaning that
the surfaces are hydrophilic.

403

Figure 7. 2D AFM images (5x5 um?) and photographs in ambient conditions of 4 mL water droplets (top) on the poly(4VP) brushes
synthesized in the presence of RAFT-Se (a) and RAFT-S (b). The cross sections corresponding to the red line shown in the AFM images are
given below each image [50].
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Concluding Remarks
In conclusion, a number of recent advances in the field of

polymer brush synthesis by one of surface-initiated cont-
rolled/living free radical polymerization (NMP, ATRP, PIMP
and RAFT) techniques described in this review article.
Although the polymer brushes are synthesized predomi-
nantly on either silicon or gold surfaces, this field is cons-
tantly expanding to introduce onto magnetic nanoparticles,
carbon nanotubes, polymer films, and a wealth of other
materials. With the ability to polymerize, these materials
by using any surface-initiated controlled/living free radi-
cal polymerization process, the possible combinations of
substrates, synthesis approach, and polymerization route
are providing numerous opportunities. Moreover, due to
the high functional group tolerances of these techniques
have been incorporated to a variety of substrates, thereby
enabling the modification of surface properties.
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