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The Art and Science of Polymer Brushes:
Recent Developments in Patterning and
Characterization Approaches

Guido Panzarasa*

Abstract: Polymer brushes are dense arrays of macromolecular chains tethered by one end at a surface. They
are at the cutting edge of polymer nanotechnology since the dawn of controlled surface-initiated polymerization
techniques unlocked new prospects for the synthesis of polymer brushes with tailorable properties. More re-
cently, thanks to the growing interest in the use of brushes for the generation of functional surfaces, the need for
advanced patterning and characterization approaches rapidly increased. Meeting these needs requires the con-
tribution of experts from different disciplines: polymer chemistry, surface science, electrochemistry and particle
physics. The focus of this review is to highlight recent developments in the field of polymer brushes, specifically
the application of photocatalytic lithography as a versatile patterning strategy, the study of grafted-from polymer
brushes by electrochemical methods and, most importantly, the introduction of positron annihilation spectros-
copy as a powerful technique for the investigation of the structure of polymer brushes and of their composites

with nanoparticles.
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1. Introduction

“Polymer ‘brushes’ are long-chain
polymer molecules attached by one end to
a surface or interface by some means, with
a density of attachment points high enough
so that the chains are obliged to stretch
away from the interface [...] like the bris-
tles in a brush, hence the name 111 The his-
tory of polymer brush research is long and
successful: for decades, starting from the
mid 1900s, this field has been at the fore-
front of research in the polymer commu-
nity. Initially, the greatest advances were
in the theoretical domain, contributing to
lay the physico-mathematical foundation
of models which are still valid today.[2!

Experimental research, however, could
not keep pace with theoretical advances
until controlled radical polymerization
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techniques were introduced.B! Nitroxide-
mediated polymerization (NMP),[ re-
versible addition-fragmentation transfer
polymerization (RAFT)5! and atom trans-
fer radical polymerization (ATRP)®! rep-
resented a real breakthrough in polymer
synthesis, opening new possibilities for
the design and tailoring of macromolecular
structures to the broadest chemical com-
munity. From bulk synthesis to surface-
initiated polymerization the step was short
and research on polymer brushes received
an incredible impulse from such user-
friendly, versatile and flexible approach-
es to grow polymer chains directly from
surfaces in a controlled, programmable
fashion.!”!

The first step in the fabrication of poly-
mer brushes is to deposit a self-assembled
monolayer (SAM) of a suitable initia-
tor on the substrate of choice. SAMs are
thin films which can form spontaneously
from chemisorption of organic molecules
on solid surfaces thanks to specific in-
teractions between functional groups on
the molecule and on the surface. Their
relevance for the modification of surface
properties is well known: potential appli-
cations include wetting, friction, adhesion,
sensing and lithography:[® in this context,
the ability to pattern SAMs of initiators
is an important key for advanced applica-
tions of polymer brushes. The second step
involves the amplification of the initia-
tor SAM into polymer brushes by grow-
ing polymer chains by surface-initiated
polymerization. Eventually, the brushes
can be post-functionalized by performing

different reactions and/or decorated with
nanoparticles.l!

Polymer brushes, once only a use-
ful model for polymer science problems,
rapidly became a fruitful playground for
highly interdisciplinary research. This led
to countless applications ranging from bio-
medicine to electronics, from controlled
drug release to tribology, from sensors
and actuators to smart surfaces, to name
a few.['01 However, their very nature poses
challenges for characterization and new
analytical approaches are required. Here,
some of the recent advances in patterning
and characterization of polymer brushes
are reviewed.

2. Patterning of Polymer
Brushes by Direct and Remote
Photocatalytic Lithography

The last decades have witnessed a dra-
matic progress in micro- and nanofabri-
cation, with an increasing focus towards
hybrid techniques. Needless to say, the
field of polymer brushes has benefited
from these new developments in current
research.[!l Obtaining spatially resolved
patterns of polymer brushes is of critical
importance for both fundamental studies
and for the development of functional sur-
faces, (bio)sensors and actuators.!2!

According to the process by which
polymer brushes are patterned, it is pos-
sible to distinguish between direct and in-
direct patterning strategies.[!3] Direct pat-
terning is a ‘top—down’ approach, in which
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chains of pre-formed polymer brushes are
selectively degraded by means of locally
applied mechanical force (e.g. shaving),
by irradiation with light or with particle
beams (breaking of chemical bonds). On
the other hand, indirect patterning is a ‘bot-
tom—up’ approach, in which patterns of
surface-grafted initiators are first prepared
and subsequently amplified into polymer
brushes by means of surface-initiated po-
lymerization techniques (Fig. 1A). Thanks
to its versatility, this latter approach is the
most frequently used one. High-resolution
patterns of initiators can be generated by
strategies based on irradiation (e.g. photo-
and interference lithography, electron- and
ion-beam lithography),!!4l mechanical con-
tact (e.g. scanning probe lithography, soft
lithography, microcontact printing, nano-
imprinting lithography),[>! and on surface
forces (colloidal lithography).[16]

Ideally, these lithographic techniques
for the patterning of polymer brushes
should be reliable, applicable on a wafer-
scale and, at the same time, provide access
to high resolution micro- and nanometric
features. Among these different pattern-
ing methods, photolithography allows
an entire pattern to be transferred from a
photomask to a SAM with a single expo-
sure with good reproducibility, making it
a convenient approach. However, conven-
tional photolithography involves the use of
polymeric resists, which can be difficult to

remove, while direct UV lithography re-
quires powerful and potentially dangerous
light sources. A demand for affordable and
facile approaches to expand the existing
technologies still constitutes a challenge,
which could be successfully overcome by
means of photocatalytic lithography.

The absorption of photons of sufficient
energy by a photoactive semiconductor
can provoke photocatalytic reactions at its
surface, e.g. water splitting or the degrada-
tion of organic compounds. Anatase titani-
um dioxide is one of the most popular and
studied photoactive semiconductors,[!7] but
other photocatalytic oxides such as WO,
and ZnO could be used as well.l'81 Upon
irradiation with UV light, electron-hole
pairs are generated in the semiconductor,
which subsequently produce highly reac-
tive oxygen species (e.g. hydroxyl radical,
hydrogen peroxide) from adsorbed oxy-
gen and water molecules. These reactive
species are used to decompose organic
molecules at the surface,!'91 leading to the
patterning of e.g. polymerization initiators.

Photocatalytic lithography can be
carried out in a ‘direct’ or in a ‘remote’
fashion. (Fig. 1B). In the direct photo-
catalytic lithography approach, the pattern
is obtained directly on a titania surface,
while in the remote approach a transparent
titania-coated quartz or glass substrate is
positioned at a distance of up to 100 um
from the surface to be patterned. Remote
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Fig. 1. A) Synthetic strategy of a bottom-up approach for the patterning of polymer brushes. B)
Schematic representation of direct and remote photocatalytic lithography, in which the red forms
symbolize reactive oxygen species. C) Polymer brush patterns obtained by remote (I, IV) and
direct (Il, lll) photocatalytic lithography. (I) optical microscopy image of a positive polymer brush
pattern (adapted from ref. [22a]); (II, Ill) atomic force microscopy (AFM) images of a positive and
a negative polymer brush pattern (adapted from ref. [23]); (IV) AFM image of a polymer brush
nanopattern obtained by colloidal lithography coupled with remote photocatalysis (adapted from
ref. [23]).

photocatalytic lithography exploits the
ability of some reactive oxygen species,
especially hydrogen peroxide, to diffuse
from the surface on which they are gener-
ated to the substrate, where they can exert
their oxidative potential.[2] Compared to
direct photocatalytic lithography, the re-
mote approach presents many advantages:
it is substrate-independent, the titania-
coated substrate can be reused for many
cycles, the resolution is comparable and
the process time for patterning is relatively
short. Photocatalytic lithography has al-
ready proven to be useful for the develop-
ment of superhydrophilic/phobic patterns,
in offset printing, for the development of
(bio)sensors and for the generation of met-
al particles arrays.[2!] Recently the poten-
tial of this technique for the patterning of
polymer brushes was demonstrated by our
group.?2l Some examples of the obtained
structures are shown in Fig. 1C. Positive
as well as negative replicas of a photomask
can be obtained: in the latter case, a sacrifi-
cial monolayer is patterned first and empty
spaces are back-filled with a suitable ini-
tiator. The combination of remote photo-
catalysis and colloidal lithography opens
up the possibility to reach nanometer-sized
complex patterns by using a SAM of par-
ticles on an initiator-grafted surface.?3!

Photocatalytic lithography can be
made accessible to a broader community
since it requires simpler instrumentation,
is more user-friendly and faster than con-
ventional photolithography. Moreover,
low-power, 365 nm UV light sources can
be used and the use of polymeric photore-
sists is avoided.

3. Grafted-from Polymer
Brushes Allowing Control of the
Electrochemical Properties of
Silicon Substrates

Silicon is the workhorse of micro- and
nanofabrication: its technological im-
portance is steadily increasing as it finds
countless applications in the contempo-
rary enabling technologies. However, such
a versatile material has also limitations,
such as the oxide that naturally covers its
surface: useful in conventional structur-
ing techniques, it impairs dramatically the
electrochemical properties of silicon due
to lack of affinity towards conventional
redox probes and its barrier properties to-
wards electron transfer.[?4] Silicon, unless
highly doped, displays very poor proper-
ties as a working electrode in conventional
electrochemical cells, which is a serious
limitation for the development of sensors,
lab-on-chip and microfluidic devices that
would otherwise benefit from such an af-
fordable, versatile and easily scalable sub-
strate.[24]
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Silicon wafer is also the substrate of
choice to perform grafting-from of polymer
brushes and it was recently discovered that
polymer brushes made from hydrophilic
and functional monomers can efficiently
control its electrochemical behavior.[25]

Homopolymer and random co-polymer
brushes of poly(2-hydroxyethyl meth-
acrylate) (PHEMA) and poly(2-aminoethyl
methacrylate) (PAMA), as well as brushes
of poly(methacrylic acid) (PMAA), were

grown from initiator-functionalized silicon
wafers by means of SI-ATRP (Fig. 2A).
Electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) were
then used to investigate the electrochemi-
cal behavior of the brush-modified sili-
con electrodes. For the PHEMA, PAMA
and PHEMA-PAMA random copolymer
brushes, EIS clearly showed, for the brush-
modified electrodes, a dramatic reduction
in the resistance as well as a marked inter-
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Fig. 2. A) Synthetic strategy for the grafting of PHEMA-PAMA random copolymer brushes from sili-
con substrates (adapted from ref. [25a]). B) Left: EIS spectra for pristine silicon wafer (SW), silicon
wafer modified with the ATRP-initiator (BIB-APTES), silicon wafer modified with PHEMA brushes
(PHEMA 2h) and with PHEMA-PAMA random copolymers (PHEMA-PAMA 80:20 1h). The inset
shows the resulting electrical circuit to model the brush-modified silicon electrode. Right: EIS
spectra for non-patterned (PHEMA-PAMA 80:20), macropatterned (DONUT) and micropatterned
(GRID) brush-modified silicon substrate. The inset shows a picture of the electrodes. The experi-
ments were carried out at -0.1V, +0.1 V and +0.25 V (SCE) in the presence of 3 mM K,Fe(CN),
using 0.1 M KClI as the supporting electrolyte (adapted from ref. [25a]). C) Schematic representation
of the pH-responsive behavior of PMAA brushes governing their interaction with the redox probe
ruthenium(i) hexamine (adapted from ref. [25b]). D) CV spectra of PMAA brushes at different pH
values. The inset shows the CV of pristine silicon wafer obtained in the same conditions. The
experiments were performed by scanning the potential between -0.75 V and +0.4 V (SCE) with

a scan rate of 0.1 V s (adapted from ref. [25b]).

action with the redox probe, which were
absent for both the pristine and for the ini-
tiator-modified substrates. Moreover, mi-
cropatterning of the brushes by means of
remote photocatalytic lithography allowed
to achieve a greater control of the electro-
chemical response (Fig. 2B), most prob-
ably due to the increased surface area.[22l

However, the most interesting feature
was discovered by analyzing the elec-
trochemical behavior of polyelectrolyte
brushes (Fig. 2C,D). A polyelectrolyte is
a polymer that carries ionic groups on its
repeat units. Poly(methacrylic acid) is a
polyelectrolyte which carries carboxylic
groups with a mean pK_of 6.5. For pH <
pK,, the carboxylic groups are protonated
and electrically neutral while for pH > pK_
the majority of them are deprotonated and
negatively charged. This well-known pH-
controlled mechanism has already been
exploited for different applications2! and
more recently was demonstrated to allow
the switching of the electrochemical prop-
erties of silicon.[?*! As shown by cyclic
voltammetry (Fig. 2D), no electrochemical
signal could be detected when the brushes
were protonated (pH = 2), meaning that no
electron transfer was taking place between
the electrode surface and the redox probe
(i.e. a redox-active molecule with stable
and well-known electron transfer proper-
ties, such as ferrocyanide and ruthenium
hexaamine). Conversely, in neutral (pH =
7) and basic (pH = 10) media, i.e. for par-
tially and fully deprotonated brushes, the
oxidation and reduction peaks of the redox
probe were clearly visible, demonstrating
that electron transfer was actually taking
place. To further emphasize the magnitude
of the effect, the inset in Fig. 2D shows
the CV of pristine silicon wafer obtained
under the same experimental conditions.
Another remarkable phenomenon was
observed, that is the crossing of the CV
lines at two points: it could be considered
as an indication of a memristive behavior,
which has been observed only recently for
polymer brushes-modified electrodes and
could open new areas of application for the
development of, for example, hybrid logic
gates.[27]

4. Positron Annihilation
Spectroscopy: An Enabling
Technique for the Study of
Polymer Brushes

Positron annihilation spectroscopy
(PAS) is a well-established non-destruc-
tive technique for the determination of
nanoscale porosity, and generally speak-
ing of free volume, in many different ma-
terials (metals, semiconductors, oxides,
polymers, colloids).l?8! In PAS, positrons
(e*), the anti-particles of electrons, emitted
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Fig. 3. A) Schematic representation of positron-electron annihilation, positronium formation and
annihilation (adapted from ref. [33]). B) Schematic representations of: (I) chains and free volume
holes in a bulk polymer sample; (ll) chains arrangement in a collapsed polymer brush; (lll) chains
arrangement in a highly-stretched, protonated polymer brush (the negative counterions are omit-
ted for simplicity); (IV) chains arrangement in a negatively-charged metal particles-decorated pro-
tonated brush. Polymer chains are represented as blue pearl-strings, free volume holes as hollow
circles, the yellow pearls are the grafting sites and the grey pearls represent metal particles. The
black dot, hollow star and red dot symbols mean that these structures represent also the systems
analyzed in (C). C) Graph showing the evolution of the S-parameter as a function of the positron
implantation energy and the mean implantation depth. The mean brush thickness is around 100
nm: the rapid increase of signal for higher values originates from positrons implanting in the sili-
con substrate. Protonation of the brushes was achieved by immersion in dilute nitric acid, decora-
tion with silver nanoparticles was achieved by immersion in an agueous suspension of pre-made
citrate-stabilized, borohydride-reduced silver nanoparticles (adapted from ref. [33]).

from a radioactive source (typically **Na)
are implanted into the studied material.
The interaction between a positron and an
electron leads either to immediate annihi-
lation, their mass being entirely converted
into energy in the form of gamma-rays
(y-rays), or can combine temporarily into
an exotic atomic form called positronium
(Ps) (Fig. 3A). The Ps is similar to an hy-
drogen atom in which the proton is sub-
stituted by the positron, but in contrast to
'H it annihilates rapidly into y-rays.[?! For
polymers, the regions of low electron den-
sity, where Ps can be formed, correspond
to free volume cavities with a radius of
0.2-0.6 nm. Two spin states are possible,
namely para-positronium (p-Ps) and ortho-
positronium (o0-Ps), with the latter having a
longer lifetime of about 142 ns in vacuum.
However, o-Ps localized in a free volume
hole can annihilate with an electron from
the atoms of the cavity walls in a signifi-
cantly shorter time: this process is called
pick-off annihilation and is the main path-
way of Ps annihilation in polymers.[30!
When a positron and an electron an-
nihilate, the total energy released is 1.022
MeV, which accounts for the combined
masses at rest of the two particles. As the
total energy of the system has to be con-
served, the annihilation process gener-

ates, in most cases, two photons of equal
energy (511 keV each) which are emitted
at almost 180° and their intensity mea-
sured. The ratio of the peak counts to to-
tal counts in a curve of detected gamma
radiation represents low-momentum posi-
trons and corresponds to positron annihi-
lation with the valence electrons. This is
called the S-parameter and is sensitive to
open volume defects. In bulk solids, its
increase indicates the presence of vacancy
defects. Moreover, it is important to note
that because of the finite momentum of
the electron—positron pair, the annihilation
energy of 511 keV gets Doppler-shifted
by an amount AE. Since numerous anni-
hilation events are measured to give the
complete Doppler spectrum, the energy
line is broadened due to the individual
Doppler shifts along the annihilation di-
rection. Coincidence Doppler broadening
(CDB) spectroscopy gives information on
the electron momentum distribution in the
sample and ultimately, gives insight on the
elemental composition of the annihilation
cavity walls.3!1 Another important param-
eter is the lifetime of positron and positro-
nium, which is the inverse of the rate of
annihilation and is inversely proportional
to the electron density at the annihilation
site. For these reasons, the lifetime is re-

lated to the size of the free volume while
the signal intensity is related to the number
concentration of free volume. Notably, the
chemistry of functional groups present in
the polymer can also have a strong influ-
ence on the lifetime as well as on the y-rays
emission intensity.!32!

Positron annihilation spectroscopy is
an established technique in polymer sci-
ence, but its application for the analysis of
polymer brushes has been reported only
recently.[33] By means of a variable energy
positron beam (VEPAS), brushes made of
poly(dimethylaminoethyl = methacrylate)
(PDMAEMA) were analyzed in three dif-
ferent states: pristine, protonated and after
incorporation of silver nanoparticles (Fig.
3B). The use of such a variable-energy
positron beam is necessary to control the
implantation depth of positron in less
than micrometer-thick samples and al-
lows to achieve a spatial description of the
samples as well. As shown in Fig. 3C, the
S-parameter evolution is dramatically dif-
ferent for the three analyzed brushes. For
the as-made brushes, the implanted posi-
tron forms p-positronium which remains
confined in free volume cavities, explain-
ing the absence of features. For the proton-
ated brushes, on the other hand, a signifi-
cant drop in p-positronium occurs, most
probably because of electrostatic repul-
sion and the fact that the highly stretched
chains are more ordered compared to the
collapsed state, reducing the overall free
volume. In the case of brushes decorated
with silver nanoparticles, a strong chemi-
cal modification of the annihilation sites
is apparent (also from the CDB, which
gives the fingerprint of silver) and the p-
positronium yield is increased compared
to the protonated brushes, testifying the
generation of cavities able to form p-
positronium, most probably due to the
disorder introduced by the particles. From
data analysis and fitting with dedicated
algorithms (VEPFIT),34 values such as
the density and the particles distribution
profile of the analyzed samples could be
extracted without damaging or destroying
the sample, as in the case of electron mi-
croscopy. Comparison with data obtained
with more conventional techniques such as
X-ray reflectivity (XRR) showed excellent
agreement for the pristine and protonated
brushes, but clearly showed the superior-
ity of PAS for investigating more complex
(e.g. nanoparticle-decorated) systems, for
which XRR failed to give a proper density
estimation.

5. Conclusions
Polymer brushes are one of the most

promising and challenging fields of poly-
mer-based nanotechnology. In this per-
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spective some of most recent achievements
in this area of investigation were reviewed,
namely: i) the introduction of photocata-
Iytic lithography as a versatile tool for
the patterning of polymer brushes, ii) the
demonstration that polymer brushes allow
to control the electrochemical properties
of silicon opening new fields of applica-
tion for the development of hybrid logic
gates and electrochemical devices, iii) the
promises of positron annihilation spectros-
copy as a non-destructive technique for the
analysis of polymer brushes and of their
composites with nanoparticles, which will
set a milestone for the structural analysis
of such complex and fascinating systems.
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