
Superhydrophobic and Self-Cleaning Bio-Fiber
Surfaces via ATRP and Subsequent
Postfunctionalization
Daniel Nyström, Josefina Lindqvist, Emma Östmark, Per Antoni, Anna Carlmark,
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ABSTRACT Superhydrophobic and self-cleaning cellulose surfaces have been obtained via surface-confined grafting of glycidyl
methacrylate using atom transfer radical polymerization combined with postmodification reactions. Both linear and branched graft-
on-graft architectures were used for the postmodification reactions to obtain highly hydrophobic bio-fiber surfaces by functionalization
of the grafts with either poly(dimethylsiloxane), perfluorinated chains, or alkyl chains, respectively. Postfunctionalization using alkyl
chains yielded results similar to those of surfaces modified by perfluorination, in terms of superhydrophobicity, self-cleaning properties,
and the stability of these properties over time. In addition, highly oleophobic surfaces have been obtained when modification with
perfluorinated chains was performed.
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INTRODUCTION

The remarkable properties of superhydrophobic sur-
faces, including self-cleaning ability and water repel-
lency, have attracted much academic and industrial

interest recently because of the potential use of such surfaces
in various applications (1, 2). Inspired by Mother Nature’s
examples of these types of surfaces, present in plant leaves
such as the Lotus leaf and insects such as the water strider
(3, 4), researchers have utilized a great variety of techniques
to obtain the same properties synthetically (5-19). Truly
superhydrophobic surfaces, with a water contact angle (CA)
above 150° and low CA hysteresis, require a certain surface
roughness because chemical composition alone is insuf-
ficient to create superhydrophobicity (17-23). The super-
hydrophobicity and self-cleaning properties of the Lotus leaf
is obtained via a combination of low-energy compounds and
a binary structure of micro- and nanometer textures (3).

The need for renewable materials with improved material
properties is steadily increasing, and the desire to modify
bio-based materials, such as cellulose, for new application
areas has emerged during recent years. For example, the
fabrication of superhydrophobic cellulose surfaces could
extend the use of cellulose and its derivatives into new areas
such as self-cleaning textiles, water repellent packaging
materials, and coatings with improved barrier properties.

Cellulose is an abundant, inexpensive, biodegradable,
and renewable biopolymer exhibiting excellent mechanical

properties (24, 25). However, the use of cellulose in more
advanced applications typically requires modification to alter
and/or tailor its chemical and physical properties (24, 25).
Our group has focused on surface modification of bio-based
substrates by atom transfer radical polymerization (ATRP)
using the “grafting-from” methodology, where the polymer
brushes are formed in situ from surface-confined initiating
sites (26-33). For example, nanosized containers based on
cellulose (31), dual-responsive cellulose surfaces (32), and
cellulose surfaces with liquid-crystalline surface properties
(33) have been synthesized.

ATRP is a controlled radical polymerization technique
that has been proven useful for the synthesis of functional
macromolecules with controlled and complex architectures
(34-38). Surface-initiated ATRP has also been used for the
modification of a variety of other substrates (39-48). The
great advantage of ATRP compared to free-radical polym-
erization is the ability to control the length of the grafted
polymer chains and thereby tailor the properties of the
modified surface. Also, the dormant halide-carbon bond
present at the chain ends can be reactivated and is therefore
available for further (polymerization) reactions.

In order to convert hydrophilic cellulose into a highly
hydrophobic material, the incorporation of low surface
energy compounds is necessary. There are reports in the
literature describing the fabrication of superhydrophobic
(cotton/cellulose) textiles (49-54). Different approaches,
such as reduction of gold particles onto texiles (49), decora-
tion of textiles with nanoparticles combined with a mono-
layer of polymer (51), and attachment of a silicone coating,
have been utilized to obtain superhydrophobic textiles (52).
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We have previously reported a method based on the
combination of ATRP of glycidyl methacrylate (GMA) and
postfunctionalization using a perfluorinated acid chloride in
order to create superhydrophobic and self-cleaning bio-
based materials (29). Herein, we present our continued work
regarding the fabrication of superhydrophobic bio-based
fiber surfaces using ATRP of GMA and subsequent function-
alization techniques. Because of environmental concerns
caused by fluorine-containing compounds and their high
cost, we have investigated the possibility of obtaining super-
hydrophobic, highly oleophobic, and self-cleaning cellulose
surfaces using reduced amounts of fluorine or even by
complete replacement of fluorine with other hydrophobic
compounds such as long alkyl chains or poly(dimethylsilox-
ane) (PDMS). The main question addressed in the present
study is to what extent the functionalized cellulose surfaces
maintain their hydrophobic character over time.

EXPERIMENTAL SECTION
Materials. Copper(I) chloride (CuICl; 99+%), copper(II) bro-

mide (CuIIBr2; 99%), N,N,N′,N′′,N′′-pentamethyldiethylenetri-
amine (PMDETA; 99%), 2-bromisobutyryl bromide (98%),
pentadecafluorooctanoyl chloride (97%), heptafluorobutyryl
chloride (98%), palmitoyl chloride (98%), bis(3-aminopropyl)-
terminated poly(dimethylsiloxane) (PDMS; average Mw ) 2500),
and Whatman 1 filter paper were used as received from Aldrich.
4-(Dimethylamino)pyridine (DMAP; 99%), concentrated hydro-
chloric acid (HCl), and triethylamine (TEA; 99%) were used as
received from Acros. Glycidyl methacrylate (GMA; 97 %) was
also acquired from Acros but passed through a column of
neutral aluminum oxide prior to use.

Instrumentation. Infrared spectra were recorded on a Per-
kin-Elmer Spectrum 2000 Fourier transform infrared (FT-IR)
spectrometer equipped with a MKII Golden Gate, single reflec-
tion ATR System from Specac Ltd., London, U.K. The ATR
crystal was a MKII heated Diamond 45° ATR top plate. The bio-
fiber surface was pressed against the ATR crystal to obtain a
sufficient signal.

CA measurements were performed at 50% relative humidity
and 23 °C and conducted on a KSV Instruments CAM 200
equipped with a Basler A602f camera, using 5 µL droplets of
Milli-Q water. The water CAs were determined using the CAM
software.

Imaging of the surfaces was performed in tapping mode on
a NanoScope IIIa Multimode atomic force microscopy (AFM)
instrument, using silicon tips (supplied by Veeco) with reso-
nance frequencies of 267-348 kHz (according to the manufac-
turer).

Immobilization of 2-Bromoisobutyryl Bromide on Filter
Paper. The procedure for attachment of the initiator to the
surface was adopted from Carlmark and Malmström (26). Prior
to immobilization of the initiator, the filter paper (2 × 3 cm)
was washed with acetone and tetrahydrofuran (THF) and
subsequently ultrasonicated in both solvents. The accessible
hydroxyl groups on the cellulose surface were then converted
into ATRP initiators by immersing the cellulose surface in a
solution containing 2-bromoisobuturyl bromide (305 mg, 1.33
mmol), TEA (148 mg, 1.46 mmol), and a catalytic amount of
DMAP in THF (20 mL). The reaction was allowed to proceed
overnight at room temperature on a shaking device. After the
reaction was completed, the filter paper was thoroughly washed
with EtOH and THF successively to remove residual reactants
and byproducts. The filter paper was finally dried under vacuum
at 50 °C overnight. This procedure was also employed for the
immobilization of 2-bromoisobutyryl bromide onto hydrolyzed
PGMA-modified bio-fiber surfaces.

Grafting of GMA from 2-Bromoisobutyrate-Functional-
ized Filter Paper. The initiator-modified filter paper was im-
mersed in a flask containing toluene (4 mL), GMA (4.30 g, 30.2
mmol), CuICl (14.0 mg, 141 µmol), CuIIBr2 (4.0 mg, 17 µmol),
and PMDETA (25.0 mg, 140 µmol). The flask was sealed with a
rubber septum and thereafter evacuated and back-filled with
argon three times. Grafting of GMA from the initiator-modified
filter paper was conducted at 30 °C and allowed to proceed for
40-120 min. After the polymerization was completed, the filter
paper was thoroughly washed with THF, dichloromethane
(DCM), MeOH, THF/H2O, and MeOH successively to remove
residual monomer and the catalyst. The filter paper was finally
dried under vacuum at 50 °C overnight. This procedure was
also employed in the fabrication of graft-on-graft PGMA-modi-
fied bio-fiber surfaces.

Hydrolysis of the Epoxide Group. The epoxide groups in the
PGMA-grafted filter paper were hydrolyzed in a solution of THF
(10 mL), 12 drops of H2O, and 12 drops of concentrated HCl.
The reaction was allowed to proceed for 60 min; the substrate
was thereafter rinsed with THF, H2O, EtOH, and MeOH succes-
sively and finally dried under vacuum at 50 °C overnight.

Attachment of Pentadecafluorooctanoyl Chloride (C7F15)
to Hydrolyzed PGMA-Grafted Filter Paper. The hydrolyzed
PGMA-grafted filter paper was immersed in a round-bottomed
flask containing DCM (10 mL), TEA (74.0 mg, 730 µmol), and
DMAP (catalytic amount). C7F15 (288 mg, 670 µmol) was
added dropwise, and the acylation reaction was allowed to
proceed overnight. After the reaction was completed, the filter
paper was rinsed with THF, DCM, EtOH, and THF successively.
The filter paper was finally dried under vacuum at 50 °C
overnight. The other acylation reactions were performed in a
similar manner using the same molar amounts of acid chlorides
as those in the example above.

Attachment of Bis(3-aminopropyl)-Terminated PDMS to
PGMA-Grafted Filter Paper. The PGMA-grafted filter paper was
immersed in a round-bottomed flask containing toluene (6 mL)
and amine-functional PDMS (500.0 mg, 0.2 mmol). The reaction
was allowed to proceed at 100 °C overnight; the filter paper
was thereafter rinsed with toluene, THF, DCM, and MeOH and
finally dried under vacuum at 50 °C.

RESULTS AND DISCUSSION
We have previously reported on the fabrication of super-

hydrophobic and self-cleaning bio-fiber surfaces using surface-
initiated ATRP of GMA combined with postfunctionalization
using C7F15 (29).

Fluorine-containing compounds suffer, however, from
some disadvantages including the economic and environ-
mental aspects; the compounds are costly and are also
known to have a negative impact on the environment and
human health. In this study, we have therefore investigated
the possibility of accomplishing superhydrophobic surfaces
using reduced amounts of fluorine and also the complete
replacement of fluorine groups by other hydrophobic and
more environmentally friendly compounds such as long
alkyl chains or PDMS.

A series of hydrophobic surfaces were prepared and
carefully characterized (FT-IR, AFM, CA, CA over time, CA
hysteresis, oleophobic properties, and self-cleaning ability).

Surface Modification of Bio-fiber Substrates
To Obtain Superhydrophobic Surfaces. Filter paper
was chosen as the bio-fiber substrate because of its high
inherent surface roughness, which will facilitate an increased
hydrophobic character (17-22). Also, the use of filter paper
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will generate a flexible surface that can be folded without
disruption of the hydrophobic nature.

We have previously shown that the direct acylation of the
hydroxyl groups on the cellulose surface using C7F15 did not
result in sufficient surface coverage to yield a superhydro-
phobic surface over a prolonged period of time (29). In order
to increase the surface coverage and thereby also the thick-
ness of the hydrophobic layer on the cellulose surface, GMA
was grafted from the cellulose surface via surface-initiated
ATRP. PGMA is an interesting polymer because its epoxide
groups can be considered as protected 1,2-diols and it can
subsequently be used as a reactive handle for postfunction-
alization reactions (55-59). Grafting of GMA from the filter
paper was conducted at 30 °C in toluene and was catalyzed
by CuICl, CuIIBr2, and PMDETA, as previously described
(Scheme 1) (29). The residual monomer and the catalyst
complex were removed from the bio-fiber surface by exten-
sive washing in different solvents. The success of the grafting
of PGMA from the filter paper was confirmed by FT-IR
analysis, showing the carbonyl stretch at 1730 cm-1. The
carbonyl stretch increased with increasing polymerization
time, thus indicating a controlled polymerization (see the
Supporting Information).

Postfunctionalization of the PGMA-modified cellulose
substrates was performed with four different compounds:
C7F15, heptafluorobutyryl chloride (C3F7), palmitoyl chloride,
and PDMS. The longer fluoroalkyl chain (C7F15) was used in
our previous work, and in the present study, we wanted to
compare this compound with more attractive ones. The
shorter fluoroalkyl chain (C3F7) was chosen as an alternative
compound to C7F15, because it contains less fluorine but is
still a known hydrophobic compound. Palmitoyl chloride,
containing a long alkyl chain (C15H31) and bis(3-aminopro-
pyl)-terminated PDMS, is also known to be hydrophobic and
was used to investigate whether it was possible to obtain
highly hydrophobic surfaces completely without fluorine.

To achieve functionalization using C7F15, C3F7, and palmi-
toyl chloride, the pendant epoxide groups in the PGMA grafts

were hydrolyzed under acidic conditions using HCl in THF
to generate hydroxyl-functional polymer grafts (Scheme 1).
The hydrolysis was confirmed via FT-IR spectroscopy, where
a broadening of the carbonyl stretch was observed, and also
by an increased wettability (hydrophilicity) of the surface.
The postfunctionalization reactions were confirmed with FT-
IR via the appearance of a carbonyl stretch at 1800 cm-1

for the fluorinated surfaces and at 1730 cm-1 for the surface
postfunctionalized with palmitoyl chloride (see the Support-
ing Information).

For postfunctionalization using PDMS, the reaction was
performed directly with the epoxide groups on the PGMA
grafts (Scheme 1). It is proposed that each amine reacts
ultimately with two epoxide groups, suggesting the forma-
tion of a cross-linked network. The reaction was confirmed
via FT-IR by the appearance of the siloxane groups at 805
cm-1 (see the Supporting Information).

Characterization of Postfunctionalized PGMA-
Grafted Surfaces. The cellulose surfaces modified with
linear PGMA grafts were postfunctionalized in four different
ways as described above, and the hydrophobicity of the
resulting surfaces was assessed with water CA measure-
ments. It should be noted that the CA is somewhat difficult
to measure on filter paper, because of the fibrillar structure
of the cellulose, rendering it problematic to set the baseline
for the surface and water droplet. It is well-known that
surfaces with high CAs can be obtained by combining low-
energy compounds with high surface roughness. However,
one important parameter, often not reported when dealing
with superhydrophobic surfaces, is the CA hysteresis. The
hysteresis, calculated as the difference between the advanc-
ing CA and the receding CA, is of utmost importance for the
movement of water droplets on the surface (17-22). A low
hysteresis renders the surface “nonsticky”, a property that
is crucial for the fabrication of water-repellent and self-
cleaning surfaces. The static, advancing, and receding CAs

Scheme 1. Synthetic Approach to Functionalization of Bio-Fiber Surfacesa

a Conditions: (i) GMA, CuICl, CuIIBr2, PMDETA, toluene, 30 °C; (ii) toluene, bis(3-aminopropyl)-terminated PDMS, 100 °C; (iii) HCl(aq), THF, RT;
(iv) acid chloride (R1-R3), TEA, DMAP, DCM, RT.
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for the postfunctionalized PGMA-grafted cellulose surfaces
are displayed in Table 1.

The highest CA, 161°, was obtained for the surface
postfunctionalized with the longer fluoroalkyl chain (C7F15;
Figure 1 and Table 1). A low hysteresis of 9° was also
observed for this surface. Postfunctionalization with the
shorter fluoroalkyl chain (C3F7) still yielded a high static CA
(157°) and an even lower hysteresis than was obtained using
the longer flouroalkyl chain (C3F7; Figure 1 and Table 1).
Interestingly, this demonstrated that the hydrophobic nature
is maintained even though a perfluorinated acid chloride
with fewer fluorine groups is used. For the surface postfunc-
tionalized with the long alkyl chain, the obtained CA was
around 159° and the hysteresis 7°, similar values to those
obtained for the fluorinated surfaces, indicating that a su-
perhydrophobic surface was obtained without the use of
fluorine (C15H31; Figure 1 and Table 1). In addition, the
PDMS-modified bio-fiber surface was found to be superhy-
drophobic with a CA of 155° (PDMS; Figure 1 and Table 1).
The static CA for the PDMS surface is in agreement with the
result that Ming and co-workers obtained for cotton textiles
modified with silica particles in combination with PDMS (50).
The hysteresis of 11° is, however, higher than those for the
other surfaces studied in the series.

Even though all of the surfaces based on linear PGMA
graft copolymerization were found to be superhydrophobic
from CA measurements, they did not retain this superhy-
drophobicity over prolonged periods of time. The stability
of the CA over time is a very important parameter for
superhydrophobic surfaces, providing information about the
long-time surface dynamics. Unfortunately, results from
long-time stability measurements are seldom reported. We

found that the CA decreased from 161° to 138° over 1 h
for the C7F15-modified PGMA-grafted surface. A similar drop
was observed for the C3F7-modified surface, and the CA for
the surface functionalized with C15H31 decreased even more,
exhibiting 127° after 1 h.

Fabrication of Superhydrophobic Surfaces via
Postfunctionalization of a Branched Graft-on-
Graft Architecture. Conclusively, the bio-fiber surfaces
obtained via postfunctionalization of PGMA brushes with
different low-energy compounds were superhydrophobic
and had a low hysteresis. The surfaces did not, however,
exhibit permanent superhydrophobicity over an extended
time period (1 h). In order to create a surface capable of
maintaining its superhydrophobic character, a new route
had to be explored. The route was based on immobilization
of 2-bromoisobutyryl bromide onto the hydroxyl groups of
the hydrolyzed epoxide groups in the PGMA-grafted bio-fiber
surface, resulting in a multitude of initiators along the
backbone of each chain (29). A branched graft-on-graft
architecture was obtained when PGMA was grafted from
each brush (Scheme 2).

Characterization of Postfunctionalized PGMA-
g-PGMA Surfaces. Hydrophobicity. The postfunction-
alized PGMA-modified graft-on-graft surfaces were charac-
terized by CA measurements. The static, advancing, and
receding CAs can be found in Table 2.

The attachment of C7F15 to the graft-on-graft modified
surfaces resulted in the highest hydrophobicity. These sur-
faces showed a significant increase in hydrophobicity com-
pared to the linear graft modification, and an extremely high
CA of 172° and a very low hysteresis of 5° were obtained
(C7F15; Figure 2 and Table 2). The postfunctionalization using
C3F7 rendered a small increase in CA as compared to the
functionalization of the linear graft (C3F7; Figure 2 and Table
2). The hysteresis also showed to be increased compared to
the linear graft. The graft-on-graft architecture functionalized
with C15H31 exhibited a CA of 165°, which is an improve-
ment compared to the linear brush (C15H31; Figure 2 and
Table 2). The hysteresis for this alkyl-functionalized surface
was comparable to that of the C7F15 surface (5°). The
wettability of the graft-on-graft architecture functionalized
with PDMS was reduced (CA 162°) compared to that of the
single graft (PDMS; Figure 2 and Table 2). The hysteresis for
the PDMS-functionalized graft-on-graft surface reached a
level similar to that observed for the single graft surface.

Long-Term Hydrophobic Properties. CA measure-
ments over time showed an improvement for all surfaces
when compared to the linear graft modification. For the
C7F15-functionalized surface, the CA only decreased slightly
over time (from 172° to 164°), and the surface was still
superhydrophobic after 1 h (Figure 3).

In addition, the surface postfunctionalized with C3F7 was
observed to be superhydrophobic after 1 h, with the CA
decreasing from 162° to 156°, showing that the graft-on-
graft architecture also provides improved long-time stability
in this case in accordance with the observation for the C7F15-
modified graft-on-graft surface. The C15H31-functionalized

Table 1. CA Results Obtained for PGMA Graft
Architectures Modified with Different Low-Energy
Compounds

CA (deg)

single graft static advancing receding hysteresis

PGMA-C7F15 161 168 159 9
PGMA-C3F7 157 161 155 6
PGMA-C15H31 159 162 155 7
PGMA-PDMS 155 161 150 11

FIGURE 1. CA images for PGMA graft architectures modified with
different low-energy compounds (Table 1).
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surface also showed a significantly more stable CA over time,
compared to that of the linear graft. The CA decreased from
165 to 147° over 1 h, which is a larger decrease compared
to the fluorinated surfaces, but interestingly still showing a
virtually retained superhydrophobicity (Figure 3).

The PDMS-functionalized surface showed a decrease in
the CA over 1 h from 162 to 143°. The hydrophobicity of
this surface is overall more comparable to that of the linear
graft functionalized with C7F15.

Oleophobicity. To investigate the oil repellence (oleo-
phobic properties) of the modified cellulose surface, a drop
of sunflower oil was added on the surface, and the CA was

Scheme 2. Synthetic Approach to Graft-on-Graft Functionalization of Bio-Fiber Surfacesa

a Conditions: (v) 2-bromoisobutyryl bromide, TEA, DMAP, DCM, RT; (vi) GMA, CuICl, CuIIBr2, PMDETA, toluene, 30 °C; (vii) toluene, bis(3-
aminopropyl)-terminated PDMS, 100 °C; (viii) HCl(aq), THF, RT; (ix) acid chloride (R1-R3), TEA, DMAP, DCM, RT.

Table 2. CA Results Obtained for PGMA
Graft-on-Graft Architectures Modified with Different
Low-Energy Compounds

CA (deg)

graft-on-graft static advancing receding hysteresis

PGMA-g-PGMA-C7F15 172 173 168 5
PGMA-g-PGMA-C3F7 162 164 156 9
PGMA-g-PGMA-C15H31 165 167 162 5
PGMA-g-PGMA-PDMS 162 164 154 10

FIGURE 2. CA images for PGMA graft-on-graft architectures modified
with different low-energy compounds (Table 2).
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measured. For the C7F15-modified surface, the static oil CA
was 144°, meaning that the surface is highly oleophobic
(Figure 4).

The C3F7-modified graft-on-graft surface was found to
possess lower oleophobic properties (oil CA 124°) as com-
pared to the C7F15-modified graft-on-graft surface. The alkyl-
and PDMS-modified surfaces were not oleophobic, and the
oil drop was adsorbed into these surfaces as expected.

Surface Structure. Because the surface structure is
important for the superhydrophobic properties of a material,
the postfunctionalized graft-on-graft-modified surfaces were
also characterized using tapping-mode AFM. As reported
previously, for the C7F15-modified graft-on-graft bio-fiber
surface, AFM imaging showed that the grafted polymer
almost completely covered the fibrils and, in addition,
nanosized features were observed, displaying a micro-nano-
binary structure (29). AFM analysis of the C3F7-functionalized
surface showed a surface structure similar to that of the
C7F15-functionalized surface with fewer nanosized features.

The C15H31-functionalized graft-on-graft surfaces showed
superhydrophobicity similar to that of the C7F15-modified

surface, and interestingly AFM analysis showed that the
surface structure of these two surfaces also seems to be
very similar (Figure 5a) in the sense that the fibrils are almost
completely covered and both micro- and nanosized features
can be observed. The nanosized features on the C15H31-
modified surface were even more prominent in the AFM
phase image compared to those of the C7F15-modified
surface, which might be due to the difference in moduli
between the polymers in the graft-on-graft structure and the
attached C15H31 (Figure 5b). When one of these structures
is magnified and the height profile is extracted from the
height image, the actual height of the feature can be esti-
mated and is measured to approximately 50 nm (Figure
5c,d).

AFM analysis of the PDMS-functionalized surface revealed
a significantly smoother surface topography as compared to
that of the C7F15-modified graft-on-graft surface. The surface
appears to be covered by the grafted polymer, and only
microsized features can be observed because the nanosized
features are absent (see the Supporting Information).

Self-Cleaning Properties. For a surface to be self-
cleaning, a low hysteresis in the CA is necessary. The lowest
hysteresis was observed for the C7F15- and C15H31-function-
alized graft-on-graft samples, and as expected, these two
surfaces did show self-cleaning properties. We earlier dem-
onstrated that a C7F15-functionalized graft-on-graft cellulose
surface is self-cleaning; carbon black powder applied to the
surface can easily be removed when a water droplet is
allowed to roll over the surface (29).

The self-cleaning properties of the C15H31-functionalized
graft-on-graft surface could also be demonstrated by apply-
ing carbon black powder to the surface. The water droplet
adsorbed the carbon black powder as it rolled over the
surface, and it is clearly seen that the droplet is covered with
the powder (Figure 6).

FIGURE 3. Water CAs measured over time for PGMA-g-PGMA filter
paper functionalized with C7F15 (9) and C15H31 (O), respectively. The
size of the droplets decreases with time because of evaporation.

FIGURE 4. CA image of an oil droplet applied to the C7F15-function-
alized graft-on-graft surface.

FIGURE 5. (a) Tapping-mode AFM surface plot of filter paper with a graft-on-graft architecture and postfunctionalization with C15H31. (b and
c) Tapping-mode AFM phase images of C15H31-functionalized graft-on-graft surfaces: (b) 5 × 5 µm image; (c) enlargement of the image of 2 ×
2 µm. (d) Height profile extracted from the corresponding height image (the scale on the y axis is (100 nm).

FIGURE 6. Self-cleaning ability of a C15H31-modified graft-on-graft
surface.
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To further verify the superhydrophobic nature of the
C15H31-modified graft-on-graft surface, a water droplet was
allowed to fall onto the surface. It was observed that the
droplet bounced back up after impact with the surface,
meaning that the droplet acts like a spring and recovers its
spherical shape rapidly (Figure 7), similar to the findings
reported by Callies and Quéré (20). If the bio-fiber surface
was tilted before the water droplet hit the surface, the droplet
bounced off. This is of great importance in applications such
as water-repellent clothing, in order to avoid wetting of the
surface.

CONCLUSION
This work has demonstrated versatile routes for the

fabrication of superhydrophobic biofiber surfaces using low
amounts or complete removal of fluorinated compounds.
The surfaces possessing the highest hydrophobicity (static
CA and CA stability over time) were obtained via a graft-on-
graft architecture based on PGMA brushes. The epoxide
groups in the graft-on-graft architecture were subsequently
used for the attachment of hydrophobic compounds directly
or after being hydrolyzed under acidic conditions. The
formed hydroxyl groups are available for acylation reactions
in order to incorporate low surface energy acid chlorides.
The obtained surfaces showed low hysteresis and extremely
high water CAs, reaching a maximum of 172° for the C7F15-
modified graft-on-graft architecture. The fluorinated graft-
on-graft surfaces were also found to be oleophobic because
a droplet of sunflower oil applied to these surfaces exhibited
CAs ranging between 124 and 144°.

Superhydrophobic (CA 165°) and self-cleaning surfaces
with good long-term stability could be obtained without the
use of any fluorine-containing compounds when sufficiently
long alkyl chains (C15H31) were attached to the modified
graft-on-graft bio-fiber surface. Also, a water droplet allowed
to fall onto the surface bounced back up after impact and
recovered its spherical shape. AFM analysis showed that this
surface possessed a micro/nanobinary surface structure,
similar to what was observed for the C7F15-modified surface.
These results show that it is possible to obtain superhydro-
phobic surfaces even via nonfluorinating postfunctionaliza-
tion of branched PGMA grafts.

We believe that our findings regarding the ability to
fabricate superhydrophobic and self-cleaning surfaces using
more environmentally friendly and less expensive com-
pounds, such as long alkyl chains, will prove to be extremely
useful in the field of surface modification.
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(31) Östmark, E.; Nyström, D.; Malmström, E. Macromolecules 2008,

41, 4405–4415.
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