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a b s t r a c t

We present a strategy to combine the excellent bulk properties of fluoropolymer substrates with the
wide range of functionalities of surface-grafted polyelectrolyte brushes. Patterns of radicals serving as
initiators were created by irradiation with extreme ultraviolet light (EUV) in an interference setup at the
Swiss Light Source. From these initiators, brushes of poly(methacrylic acid) or poly(4-vinylpyridine) were
grafted in one step by free-radical polymerization. Brushes carrying primary or secondary amines, i.e.
poly(vinylamine), poly(allylamine) and poly(N-methyl-vinylamine), were obtained by grafting vinyl-
formamide and acrylonitrile followed by hydrolysis or reduction. Periodic patterns with a resolution of
200 nm were achieved, while the thickness of the brushes in unpatterned areas could be controlled over
a range of several hundred nanometers by variation of EUV dose and grafting parameters. The maximum
dry brush thickness was used to estimate the average molecular weight of the polymer chains.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Tailoring the surface properties of bulk materials opens a wealth
of possibilities, since the crucial interface with the environment or
another material can be modified as required. More often than not,
a material with bulk properties suitable for a given application does
not have the desired surface properties. Fluoropolymers, for
instance, exhibit a number of outstanding bulk properties such as
high-temperature stability, excellent chemical resistance and low
water sorption [1]. However, their hydrophobicity and chemical
inertness, although appropriate for many applications, present
a considerable challenge for surface modification. The incentive to
create functional fluoropolymer surfaces while preserving their
excellent bulk properties has led to a number of approaches ranging
from surface chemical etching to plasma and irradiation treatments
[2,3]. One of the most versatile ways of surface functionalization is
the grafting of polymer brushes, as a number of polymerization
techniques are applicable and a variety of functional groups can be
introduced [4,5]. Polymer brushes consist of arrays of polymer chains
with one chain end tethered to the surface. If the chains have a dense
lateral packing, i.e. if the distance between the chains is much
smaller than the radius of gyration, they are forced to elongate
perpendicularly to the surface in a good solvent, resulting in a so-
te).
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called brush structure. Brushes of polyelectrolytes (PEL) carry
charges along the polymer backbone or in the side chains, causing
fundamental differences to neutral brushes in terms of chain
conformation and response to external parameters. Inweak PELs, the
charge density can be tuned by changing the pH of the medium,
whereas the charges are fixed in strong PELs [6]. As weak PELs
respond to simple external parameters, a number of investigations
have dealt with the degree of swelling as a function of pH, concen-
tration and nature of the counterions [7e10], as well as pH-induced
switching of surface wettability [11]. Typical chemical functionalities
in weak PELs include amines and carboxylic acids, which can for
instance be used to immobilize molecules on the surface via peptide
coupling. Noncovalent immobilization of biomolecules has been
reported, whereby their functionality was retained. These promising
results could pave the way to polymer-brush-based biosensors
[12e15]. PEL brushes are also excellent scaffolds for polyelectrolyte
multilayer deposition, as the obtained layer thickness is tunable by
varying the conditions during deposition and/or the nature of the
underlying brush [16,17]. Polyelectrolytes can be deposited selec-
tively on patterns of charged polymer brushes on a suitable
substrate, leading to surface-anchored objects with defined vertical
layering. Therefore, the creation of layers of polyelectrolytes on
nano-patterned brushes could lead to novel assemblies on the
nanoscale.

In this study, radiation-grafting has been used to grow polymers
from the surface of fluoropolymers, i.e. poly(ethylene-alt-tetra-
fluoroethylene) (ETFE) foils. Radicals are created directly in the
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polymer substrate by irradiation with electrons or photons,
a process established in the production of bulk grafted membranes
for fuel cells [18,19]. In order to limit the creation of radicals to the
surface, the penetration depth of the radiation must be very small.
The “nano-grafting” approach has been developed to fulfill this
requirement and to prepare nano-patterned polymer brushes
[20,21]. ETFE substrates are exposed to extreme ultraviolet (EUV)
light (Eph ¼ 92 eV, l ¼ 13.4 nm) in an interference setup at the EUV
Interference Lithography Beamline (EUV-IL) at the Swiss Light
Source (SLS) [22]. The interference of beams diffracted by a silicon
nitride (Si3N4) membrane mask with chromium gratings creates
a pattern of radicals in the topmost 100 nm of the foil (Scheme 1).
Upon contact with ambient air, the radicals react to form stable
peroxides and hydroperoxides [23,24]. During the grafting proce-
dure, the peroxide moieties are thermally cleaved, yielding radical
initiators for free-radical polymerization (FRP).

Here, we present strategies to modify ETFE surfaces with micro-
and nanopatterns of weak polyelectrolyte brushes with carboxylic
acid or amine functionality. Variation of the exposure dose leads to
changes in the grafting density which influences, along with other
parameters, the dry brush thickness. The pH of the monomer
solution has a large impact on the dry brush thickness in the case of
PMAA. Characteristic dependencies of the brush thickness on the
exposure dose were observed for different monomers and will be
discussed in detail.
2. Experimental section

2.1. Materials

Extruded 100 mm thick films of ETFE (Nowoflon, ET-6235
Nowofol GmBH, Siegsdorf, Germany) were placed between two 400

silicon wafers and hot pressed for 5 min at 230 �C with an applied
pressure of 2 MPa in order to obtain flat surfaces. Acrylonitrile (AN,
for synthesis, Merck, Switzerland), N-vinylformamide (VF, 98%,
Aldrich, Germany), 4-vinylpyridine (4VP, 95%, Aldrich, Germany),
boraneeTHF complex (1 M solution in THF, Aldrich, Germany),
NaOH (p.a., Merck, Switzerland), HCl (fuming, 36e38%, Baker, NJ,
USA), poly(ethylene glycol) (PEG, average Mn 380‑420, Aldrich,
Germany) and chloroform (puriss. p.a. � 99.8%, Fluka, Germany)
were used as received. Methacrylic acid (MAA, 99%, Aldrich,
Scheme 1. EUV interference lithography. The incoming beam from the SLS (A) hits
a membrane mask (B) with diffraction gratings and a beam stop (C). The direct beam
(D) creates an area of high radical density (E ¼ unpatterned region) on the ETFE foil (F),
while the 1st order diffracted beams (G, dashed lines) interfere in (H) and create
a pattern of radicals (I) on the ETFE surface.
Germany) was distilled under vacuum prior to use. Water for
rinsing or as a solvent was used in Millipore quality.

2.2. Exposure

ETFE samples were exposed to extreme ultraviolet (EUV) light at
the EUV Interference Lithography Beamline at the Swiss Light
Source. Exposures were performed in vacuum (<5 � 10�6 mbar).
The beamline uses undulator light with a central wavelength of
13.4 nm (92.5 eV photon energy) andw3% spectral bandwidth. The
incident EUV power on the sample was several mW/cm2 and
the delivered dose was controlled using a fast beam shutter. The
samples were irradiated using interfering beams according to the
methods described earlier [25]. Patterns of radicals were created on
the ETFE surface by irradiation through silicon nitride masks with
chromium gratings of different periods. Moreover, areas of higher
radical density (without patterning on the nanoscale) were created
where the direct, undiffracted beam hit the sample. These areas
will subsequently be referred to as “unpatterned”. The irradiated
samples were stored in a deep freezer at �80 �C.

2.3. Grafting from ETFE surfaces via free-radical polymerization

General procedure: Monomer solutions were degassed with
argon for 10min. The ETFE sample was taken from the deep freezer,
rinsed with acetone and dried in a stream of nitrogen. It was then
added to the vial containing the monomer solution, which was
sealed with a rubber septum and degassed for another 15 min. The
vial was placed in an oil bath and heated to the given temperature
for the time indicated. After rinsing and washing, the samples were
dried with nitrogen.

PMAA: The pH of the methacrylic acid solution (10 vol.-% in H2O)
was adjusted with NaOH or HCl. The polymerization was carried
out at 60 �C for 1 h. The grafted sample was rinsed with H2O. P4VP:
4-Vinylpyridine was polymerized from the ETFE surface without
added solvent at 60 �C for 1 h. The sample was washed in 0.1 M HCl
and immersed therein overnight. PVF: The polymerization was
carried out in an aqueous solution of N-vinylformamide (20 vol.-%)
at 70 �C for 2 h. The sample was rinsed with H2O. PAN: the FRP of
acrylonitrile (66 vol.-% in PEG) was conducted at 60 �C for 2 h. The
sample was washed with water and stored in water overnight.

2.4. Chemical modification on the surface

Hydrolysis of PVF: in order to obtain poly(vinylamine) (PVAm)
polymer brushes, the formamide moiety was hydrolyzed in 2 M
NaOH at 70 �C for 8 h. The sample was then rinsed with DI water
and blown dry with nitrogen. Reduction of PVF and PAN: the nitrile
or formamide group was reduced in 1 M BH3 in THF at 50 �C for at
least 8 h. The samples were then washed in 0.1 M HCl and
immersed therein overnight. Finally, boric acid, a reaction
byproduct, was extracted with chloroform at 50 �C for 8 h.

2.5. ATR-IR microscopy

Spectra were recorded on a Hyperion 3000 IR-microscope
(Bruker, Switzerland) using an ATR-IR objective with an anvil sha-
ped Ge crystal with 100 mm contact area (Bruker, Switzerland). The
ATR crystal contacted the surface with a preset and constant
pressure. A Globar source and a KBr beamsplitter were used. Light
was collected using dedicated optics and sent to a liquid nitrogen
cooled MCT (mercury cadmium telluride) detector of
250 mm� 250 mm size (Infrared Associates, FL, USA). The detector is
sensitive between 500 and 10,000 cm�1. Reference spectra were
recorded just prior to the actual measurement. Apart from



Fig. 1. Dry thickness of PMAA brushes measured with AFM as a function of the
exposure dose and the pH of the monomer solution. The maximum thickness is
marked for each pH value with a dashed line starting at the dose where saturation was
reached. The error in the thickness measurement is estimated to be smaller than 10% of
the measured value.

A

B

Scheme 2. Strategies for the creation of weak PEL brushes on ETFE substrates: A) FRP
of monomers with dissociable side groups; B) graft polymerization of a neutral
monomer followed by transformation of functional groups. a) FRP initiated by surface-
bound initiators; b) primary amines in PVAm by hydrolysis of PVF in 2 M NaOH; c)
secondary amines in PMVAm by reduction of PVF in 1 M borane/THF; d) primary
amines in PAAm by reduction of PAN in 1 M borane/THF. Details are given in the
experimental section.
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measurements on the brush covered areas, neighboring substrate
areas were also characterized in order to monitor possible substrate
damage or modification.

2.6. AFM

Measurements were performed in TappingMode� in air on
a Dimension IIIa instrument (Veeco, Germany). Silicon cantilevers
with a Si3N4 coating and a tip radius of 20 nm, a spring constant of
40 N/m and a resonance frequency of 325 kHz (NSC15/AlBS, Mik-
romasch, CA, USA, manufacturer’s specifications) were used for
obtaining images in both height and phase mode. Images were
processed with second-order flattening procedures (Nanoscope
software, Veeco, Germany). The step-height-measurement func-
tion implemented in the program was used to determine the dry
thickness of polymer brushes at the edge of unpatterned regions.

2.7. Profilometry

Measurements were performed on a DEKTAK profiler (Veeco,
Germany) with a stylus of 2.5 mm radius with an applied load of
5 mg. For each exposure dose, three scans of 250 mm length across
unpatterned regions were performed and the obtained thickness
values were averaged.

3. Results and discussion

3.1. Strategies for the creation of weak nanopatterned PEL brushes
on ETFE

Starting fromETFE substrates carrying peroxide initiators created
with EUV-IL, a straightforward approach to obtainweak PEL brushes
is via free-radical polymerization (FRP) of charged monomers or
monomers with dissociable side groups. A variety of monomers was
therefore tested for applicability. The dry thickness of the resulting
brushes was measured, which is much lower than the thickness of
apolymerbrush in theswollenstate, i.e. inagoodsolvent.However, it
is more easily and precisely accessible and usually correlates closely
with the thickness in the swollen state [26].

The grafting of methacrylic acid (MAA) proceeded smoothly in
aqueous solution. The brush thickness (measured in air) could be
tuned from less than 100 nm to 700 nm by variation of the expo-
sure dose and the pH of the monomer solution, offering the
possibility to grow PMAA brushes of a desired thickness by
adjusting simple experimental parameters (Fig. 1).

Thick brushes of P4VP, i.e. a polymer carrying aromatic amines,
were also obtained in one step (Scheme 2A), but pH control of the
polymerization was not possible due to the insolubility of the
monomer in water. The introduction of primary or secondary
amines was more problematic, as most monomers with amine
functionality suitable for free-radical polymerization are available
in the more stable salt form (e.g. 2-aminoethyl methacrylate
hydrochloride, AEMA). However, the hydration sphere around
highly ionized side groups seems to be incompatible with the
hydrophobic ETFE substrate, as grafting of AEMA, diallyldimethyl
ammonium chloride and sodium styrene sulfonate from ETFE did
not succeed in our experiments. In line with our findings, Shkolnik
et al. reported similar observations for the grafting of sulfonated
styrene from poly(ethylene) [27]. Neutralization of the side groups
is not an option for AEMA, since this monomer undergoes rear-
rangements at higher pH. Therefore, graft polymerization of
a neutral monomer followed by a transformation of the functional
groups was applied (Scheme 2B). PEL brushes with primary and
secondary amines could be derived from PVF brushes by basic
hydrolysis and reduction in borane/THF, respectively. Interestingly,
the dependence of the PVF brush thickness on exposure dose was
very distinct from that of P4VP brushes (Fig. 2). These findings are
detailed in the next section.

PAAm brushes were obtained by grafting of PAN followed by
reduction with borane. ATR-IR microscopy of reduced samples
showed that boric acid had been incorporated into the substrate and
the brush. It could be extracted by washing the samples in chloro-
form at 50 �C. Other than that, no changes in the substrate were
observed after the harsh chemical treatments, confirming the
stability of ETFE against the applied conditions.Moreover, the stable



Fig. 2. Dry thickness of PVF and P4VP brushes measured with a profiler as a function of
the exposure dose. In the dose range shown, the thickness of PVF brushes increases
steadily, while the thickness of P4VP brushes saturates at a low exposure dose.
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covalent anchoring of the polymer brushes to the surface also
tolerated these treatments.

The presented approaches as summarized in Scheme 2 are very
versatile, as a large variety of weak polyelectrolyte brushes can be
created. The two-step approach is extendable to strong PEL
brushes, e.g. by the sulfonation of poly(styrene) brushes or the
quaternization of P4VP brushes. Therefore, the limitations imposed
by the incompatibility of certain monomer/substrate combinations
or the lack of a suitable monomer can be overcome by the two-step
procedure involving grafting and subsequent transformation of
functional groups on the surface.

With the strategies presented above, dot patterns with
a 283 nm-period, as well as line patterns with a 200 nm-period
were routinely obtained (Fig. 3). Note that due to the significantly
lower initiator density, the structure thickness in patterned areas is
in the tens-of-nanometers rather than in the hundreds-of-nano-
meters range, as is observed for unpatterned areas. The pattern
resolution can be further improved by means of controlled living
polymerizationmethods, such as reversible addition fragmentation
transfer (RAFT) [28]. Note that the discussion of the interplay
between initiator density and brush thickness in Section 3.3 is
based on measurements on unpatterned regions.
3.2. Parameters influencing the polymer dry brush thickness

In one exposure at the EUV-IL beamline, a number of samples
can be prepared. On each sample, the exposure dose is varied from
one field to another. This allows assessing nine exposure doses in
Fig. 3. AFM height images of PMAA structures forming a 283 nm-period dot pattern
(top) and a 200 nm-period line pattern. Height scale is in nm.
a single free-radical polymerization experiment, ensuring consis-
tent reaction conditions. The exposure dose correlates with the
initiator density, and an increase in dry brush thickness with
increasing initiator density is naturally observed (Figs. 1 and 2). The
grafting conditions such as monomer concentration, solvent and
solvent viscosity affect the thickness of the obtained brushes and
were adjusted such that the brush regime was reached and the dry
thickness was on the same order of magnitude for all monomers.
The polymerization times (1e2 h) are long enough to reach the
maximum brush thickness obtainable with FRP, as initiator
decomposition is fast [29,30] and an almost constant monomer
concentration can be expected throughout the polymerization
reaction, making the obtained molecular weight dependent on the
ratio of the rate constants of propagation and termination, but
independent of time [31].

The grafting of P4VP and PVF brusheswaswell reproducible; the
data points shown in Fig. 2 are averages of measurements on
several samples. The range over which the brush thickness can be
tuned by simply varying the exposure dose is remarkable. The
thickness of P4VP brushes saturates at a low exposure dose, while
the PVF brush thickness increases steadily in the regime shown,
only saturating at a much higher exposure dose. Possible reasons
for these trends will be discussed in the next section.

In addition to the exposure-dose dependence discussed above,
the thickness of PMAA brushes could be tuned by the pH of the
monomer solution as illustrated above (Fig. 1). The thickest brushes
were obtained at pH 1, where the MAA monomer is undissociated
and neutral. When increasing the pH and therefore the fraction of
negatively charged monomers, the brush thickness steadily
decreased. Above pH 4.5, MAA could not be grafted from ETFE. For
MAA polymerizations in solution, the dependence of the propa-
gation rate on the pH of the monomer solution has been investi-
gated by several groups, resulting in intricate interpretations
[32e34]. In our case, two explanations for our observations are
possible. Firstly, electrostatic repulsion between growing chain
ends and monomer molecules must be considered, as this could
hinder the incorporation of more monomers. Secondly, when the
degree of dissociation is high, the incompatibility of the negatively
charged monomer with the hydrophobic base polymer could
hamper polymerization, especially in the initiation step and during
the initial brush growth, when the charged monomers are very
close to the surface [27]. We assume that a combination of these
factors led to the decrease in brush thickness with increasing pH
value. The reason notwithstanding, adjusting the pH of the
monomer solution offers a straightforward approach to tuning the
brush thickness to the desired value over a wide range. The same
tunability by pH adjustment was observed in experiments with the
grafting of acrylic acid monomers.

3.3. Interplay of exposure dose, initiator density and monomer type

The different dependencies of the P4VP, PVF and PMAA brush
thicknessonexposuredosewarrant furtherconsideration. In a former
investigation in our group, the diffraction efficiency (f) of a typical
Si3N4 membrane mask was determined using a CCD camera [28]. In
unpatterned areas, roughly 50% of the set dose reached the sample,
whereas patterned areas were irradiated with 6e10% of the dose
incidenton themask (note that the exposure dose given in thefigures
always corresponds to the set dose). With this information and the
photonenergy (Eph¼ 92eV), thenumberof photons (NPh) incident on
1 nm2 at a given exposure dose (D) can be calculated as follows:

NPh ¼ f $D
�
J=nm2�

EPhðJÞ
(1)



Table 1
The projected area a2 of eachmonomer was calculated from the molecular weightM
and the bulk monomer density rm. A dimensionless grafting density of s* ¼ 0.4 was
assumed to estimate the grafting density sest.

Monomer Molecular
weight M (g/mol)

Bulk density
rm (g/cm3)

Area/monomer
a2 (nm2)

Grafting density
sest (chains/nm2)

VF 71.08 1.014 0.43 0.9
MAA 86.09 1.015 0.52 0.8
4VP 105.14 0.975 0.66 0.6

Fig. 4. ATR-IR spectrum of a PMAA brush (solid line) and ETFE (dashed line) for
comparison. A number of bands indicate the dimerization of carboxylic acids.
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For example, for a set dose of 10 mJ/cm2, 3.4 photons would
impinge on 1 nm2 in an unpatterned area and an average of
0.7 photons/nm2 in a patterned area. Taking the bond energy in the
main chain of ETFE as roughly 400 kJ/mol (4 eV/bond), one EUV
photon (92 eV) is more than 20 times higher in energy than the
bond to be broken [35]. Therefore, we assume that almost every
photon incident on the sample is able to create radicals, which are
then converted to peroxides or hydroperoxides upon exposure to
air [23,24]. These considerations are complicated by radical
recombination events and the finite penetration depth of the
photons (<100 nm), i.e. some radicals will recombine before they
are stabilized and not all of the created radicals will be located near
enough to the surface to initiate a chain. However, despite these
complications and even if the initiation efficiency was very low, the
number of chains grown from the surface should be near to or
above the limit for polymer brushes at a moderate exposure dose
for high-molecular-weight polymer chains. The dependence of dry
thickness (measured on unpatterned areas) on exposure dose
observed in Figs. 1 and 2 corroborates this statement. A monotonic
increase of dry brush thickness with exposure dose, i.e. with
increasing grafting density, is expected in the regime where
a decreasing distance between initiating sites forces growing
polymer chains to stretch away from the surface. This trend is
interrupted, however, when a certain initiator density (corre-
sponding to a certain exposure dose) threshold is crossed. This is
the case when there is no space to accommodate additional chains.
Therefore, the observed saturation in polymer brush thickness at
a given exposure dose implicates a very high grafting density.
Following the argument of the geometric constraints on chain
initiation and growth, the varying threshold doses for different
monomers can be explained. Tsujii and coworkers have introduced
the dimensionless grafting density s*, which allows comparing
different monomers [36]. The cross-sectional area a2 (i.e. the
projection) of a monomer is given by

a2 ¼ v0
l0

(2)

where v0 is the molecular volume per monomer unit, which is
estimated from the bulk density of the monomer, and l0 is the
length of a repeat unit in all-trans conformation (0.27 nm). The
dimensionless grafting density s* is then calculated as

s� ¼ a2s (3)

where s is the grafting density. A dimensionless grafting density of
s* ¼ 1 presents the hypothetical limiting case where the surface is
tightly packed with polymer chains in all-trans conformation. Very
highly stretched PMMA chains, i.e. with a thickness measured in
a good solvent approaching 90% of their contour length, were found
experimentally for s* ¼ 0.4 by Yamamoto and coworkers [37].
Moreover, the dry thickness of these brushes reached about 40% of
the extended chain length, indicating a high degree of stretching
even in the dry state. Based on these findings and our experimental
evidence pointing to high graft densities in the brush regime,
a dimensionless grafting density of s* ¼ 0.4 is assumed in the
following. Using eqs. (2) and (3), the cross-sectional area a2 for the
monomers used in this study as well as an estimate for the grafting
density sest was calculated (Table 1).

The results in Table 1 indicate that, the space demand of a 4VP
monomer or repeat unit (0.66 nm2) is 1.5 times larger than for VF
repeat units (0.43 nm2). The fact that a 4VP unit occupies the largest
area can be easily appreciated, as it is the only monomer with an
aromatic ring, and thus has a stiff and bulky side group. The results
presented in Fig. 2 can therefore be explained by the substantially
higher space demand of P4VP chains, leading to saturation at low
exposure doses, while the maximum density of PVF chains is not
reached in the dose range shown. On the other hand, it is less clear
why the space demand of a PMAA unit should be considerably
larger than a PVF unit. A potential explanation is the dimerization of
carboxylic acids, which fixes pairs of carboxylic acid side groups in
one plane, decreasing the rotational freedom of single bonds and
increasing the occupied area. This theory is supported by the ATR-
IR spectrum of a PMAA brush grown at low pH (Fig. 4). The C]O
band is clearly in the region of hydrogen-bonded carboxylic acids.
More evidence for dimerization is the shoulder around 940 cm�1, as
this OCeOH deformation (out of plane) band only appears in
dimers [38]. Based on this observation, the trend of increasing
saturation dose with increasing pH of the monomer solution can
also be justified (cf. Fig. 1). With increasing pH, the fraction of
charged MAA monomers increases. However, dimerization is not
possible for carboxylates, and the fraction of dimers will therefore
decrease with increasing pH. As the space demand concomitantly
decreases, the saturation dose will be shifted to higher values as
clearly observed in Fig. 1.

The estimated grafting density sest also indicates the approxi-
mate number of radicals that need to be created by the EUV
photons to obtain saturation. The estimated grafting density is
0.6 chains/nm2 for P4VP, i.e. a minimum of 0.6 radicals must be
created per nm2. In the case of P4VP, saturation is reached at an
exposure dose of about 12 mJ/cm2, corresponding to 4 photons
impinging on 1 nm2. From these data, the efficiency of the radia-
tion-grafting process, i.e. the number of grafted polymer chains per
impinging EUV photon, is estimated to be about 15%. This process
leading to a grafted chain is composed of the creation of radicals by
EUV photons followed by their stabilization as peroxides, and
finally, the initiation and growth of a polymer chain.

As we have measured brush thicknesses in the dry state, the
density of the brush ensemble is expected to approach the



Fig. 5. IR spectrum of a P4VP brush on ETFE recorded on an IR-microscope in ATR
mode (solid line). The bands corresponding to pyridine ring skeleton vibrations
(marked with arrows) could be clearly identified. The spectrum of the ETFE substrate is
shown for comparison (dashed line).
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theoretical density of the bulk polymer when saturation is reached.
Therefore, the grafting density can be expressed by the following
[39]:

s ¼ trdryNA

Mw
(4)

where t is the dry brush thickness,Mw the molecular weight, rdry is
the bulk polymer’s dry density and NA Avogadro’s number. This
equation describes the proportionality of the brush thickness to the
molecular weight of the polymer chains and the grafting density.
Solving the above equation for Mw and entering the measured
saturation thickness tsat and the estimated grafting density sest,

Mw ¼ tsatrdryNA

sest
(5)

we can roughly estimate the averagemolecular weight using the
values in Table 1 and a typical polymer density of 1.1 g/cm3. A
considerable variation in the grafted polymer chain length is
expected due to the free radical character of the polymerization.
The results are given in Table 2.

Summing up, the dry brush thickness is a function of the
grafting density and the molecular weight of the grafted chains. By
varying the exposure dose, the grafting density was experimentally
controlled. In the case of MAA, variation of the pH of the monomer
solution allowed tailoring of the molecular weight. With this
selection of parameters at hand, the thickness of a polymer brush
can be adjusted to the desired value.
A

B

3.4. Polymer brush integrity and modification of functional groups
monitored by ATR-IR microscopy

IR spectroscopy is well suited to confirm the presence of func-
tional groups and their transformation by reduction or hydrolysis.
However, the limited area covered by polymer brushes and the fact
that the brush is about two orders of magnitude thinner than the
ETFE foil necessitates the use of an IR-microscope, which allows for
the surface sensitive characterization of defined areas. In the case of
P4VP, the pyridine ring skeleton vibrations could be clearly iden-
tified (Fig. 5). Features common to all spectra of polymer brushes on
ETFE are the bands between 1320 cm�1 and 970 cm�1, which are
attributed to CeF stretching vibrations and the CH2 deformation
band at 1455 cm�1. The spectra are shown from 2000 cm�1 to
600 cm�1 because the most important spectral information can be
found in this wavenumber range.

The hydrolysis of PVF to PVAm is shown in Fig. 6A. After
hydrolysis, the intensities of the amide I and amide II bands were
drastically reduced, and the amide NH wagging band disappeared
completely. The band at 3265 cm�1 associated with the amide NH
group was also strongly reduced (cf. Supplementary material). Two
NH2 deformation bands are in evidence in the PVAm spectrum as
expected. The hydrolysis of formamide to amine groups was
therefore successful, even though it was apparently not quantita-
tive, despite the very long reaction time. It is probable that the
Table 2
Estimation of the average molecular weight of polymer chains in a polymer brush,
based on the measured saturation thickness in the dry state tsat and the estimated
grafting density sest.

Polymer Saturation
thickness tsat (nm)

Grafting density
sest (chains/nm2)

Average molecular
weight Mw (g/mol)

PVF 1000 0.9 710,000
PMAA 500 0.8 430,000
P4VP 450 0.6 500,000
thick, dense polymer brushes limited the diffusion of the reactant
molecules to functional groups buried at large depth. We can
therefore assume that the conversion to amines is higher at the
brush surface than at the substrate/brush interface. The reduction
of the formamide moiety to yield secondary amines also resulted in
Fig. 6. ATR-IR spectra of PVF as grafted (dashed line) and after hydrolysis (A) and
reduction (B) (solid lines). The relevant PVF bands are labeled in italics; the PVAm and
PMVAm bands are labeled in normal script.
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a drastic decrease in amide band intensity and the spectrum of the
resulting PMVAm brush (Fig. 6B) was clearly distinct from that of
the PVAm brush. After reduction, the band corresponding to the
CH3 group appeared as a shoulder to the CH2 deformation band and
the amide NH wagging band was replaced by a NH deformation
band. The change in intensity in the CeN stretching band
(1388 cm�1) hints at a change in the vibrational properties in the
two CeN bonds as the side group carbon atom is reduced from
eCOH to eCH3.

The reduction of the PAN brush resulted in a brush with primary
amine functionality, as confirmed by the disappearance of the
nitrile peak at 2243 cm�1(cf. Supplementary material). As the PAN
brushes had a low dry thickness, the expected weak NH2 d band
could not be unambiguously identified.

4. Conclusions

We have presented a versatile approach to the modification of
fluoropolymer surfaces, which allows the retention and use of their
excellent bulk properties. Weak PEL brushes with carboxylic acid
and amine functionalities were obtained by the nano-grafting
approach and subsequent transformation of functional groups on
the surface. Some straightforward experimental parameters influ-
encing the brush thickness were identified and used to tune the
latter over awide range. It was found that the nature and size of the
repeat unit strongly influenced the exposure dose required to
reach saturation. Average molecular weights in the range of
400,000e700,000 g/mol were reached in the free-radical graft
polymerization as estimated from the dry thickness of the brushes
at saturation. Furthermore, the efficiency with which an impinging
EUV photon finally leads to a grafted polymer chain could be esti-
mated to reach w15%.
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