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Simple method for lowering poly(methyl methacrylate)
surface energy with fluorination

Kaya Tokuda, Tomoya Ogino, Masaru Kotera and Takashi Nishino

A poly(methyl methacrylate) (PMMA) surface was fluorinated by immersion in 3-(perfluoro-7-methyloctyl)-1,2-epoxypropene and

subsequent heat treatment at 120 °C. The water contact angle on PMMA increased from 67° to 111° after the fluorination

treatment with no loss of optical transparency. This high contact angle corresponds to a surface free energy of 10mJm−2, which

is much lower than that of poly(tetrafluoroethylene) (22mJm−2). X-ray photoelectron spectroscopy analysis revealed that the

surface was almost completely covered by fluoroalkyl groups, which imparted high hydrophobicity. This simple fluorination

method effectively lowers the surface free energy of PMMA. The fluorinated PMMA also demonstrated low albumin adsorption,

low blood clotting and antifouling properties against fingerprints. These characteristics reveal that fluorinated PMMA generated

by a simple immersion treatment could serve as an antithrombogenic or antifingerprint fouling material.
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INTRODUCTION

Controlled surface properties are required for high performance of a
number of products, including adhesives, paints and biomaterials.
Many studies have been performed to generate hydrophilic surface
modification of polymers by acid, alkali,1–3 plasma and corona
treatments.4,5 However, a hydrophobic surface with low free energy
would be useful for achieving various properties, such as lubricity,
biocompatibility, controlled release, and durability.6–9

The fluorine atom is very effective for production of low free-energy
surfaces because it possesses high electron negativity and a small
atomic radius; therefore, fluorine forms a stable covalent bond
with carbon.10 Poly(tetrafluoroethylene) (PTFE), a highly fluorine-
containing polymer, is widely utilized in fields such as coating
engineering, biomaterials, soilresistance and breathable textiles because
of its high water and oil repellency, organic solvent resistance and
lubricity. However, the use of fluorine-containing polymers is limited
by their mechanical properties. For example, PTFE requires processing
by sintering powder at high pressure and temperature. Ideally, for
surface fluorination, polymeric materials with low surface free energy
(γ) should be obtained without any changes in their bulk properties.
When reactive functional groups are present on the surface, such as
hydroxyl groups, a fluorinated coupling reagent reaction is
effective.11,12 For example, hydroxyl groups on the surface of poly
(vinyl alcohol) have been previously fluorinated using a fluorinated
silane coupling agent, which resulted in a hydrophobic surface with a γ
of 10mJm− 2. Durand et al.13 reported hydrophobic silica surface
formation by radical addition of tetrafluoroethylene. Nyström et al.14

reported that a super water repellent and self-cleaning cellulose surface
were obtained through grafting of glycidyl methacrylate to hydroxyl
groups and subsequent fluorination.

In this study, the surface of PMMA was fluorinated with a
fluorinated reagent composed of glycidyl and perfluoroalkyl groups.
The properties of the fluorinated PMMA were investigated, and its
biocompatibility and antifouling properties against fingerprints were
tested using albumin adsorption measurements, thrombogenesis
studies and oleic acid wettability.

MATERIALS AND METHODS

Sample preparation
The PMMA used in these studies is commercially available Acrypet VH (kindly
supplied by Mitsubishi Rayon Co. Ltd.). The number average molecular weight
(Mn) and the polydispersity index Mw/Mn (Mw: weight average molecular
weight) measured using gel permeation chromatography were 76 000 and 3.1,
respectively. PMMA was purified twice by reprecipitation from an acetone
solution into 10 volumes of methanol. PMMA films were cast onto a poly
(ethylene) sheet from a 0.05 gml− 1 chloroform solution at room temperature
(thickness: 45 μm). The cast films were dried in air for 24 h and under vacuum
at 40 °C for 1 day. PMMA films were rinsed with cyclohexane for 5min after
immersion in 3-(perfluoro-7-methyloctyl)-1, 2-propeneoxide (Scheme 1: Wako
Pure Chemical Industries, Ltd., Osaka, Japan) for 30min at 25 °C. Then, the
films were air dried and heat-treated at 120 °C for 1 day.

Characterization
X-ray photoelectron spectroscopy (XPS) measurements were performed with a
Shimadzu ESCA-850 to investigate the surface composition and bindings. The
film surfaces were irradiated with Mg-Kα radiation, generated at 8 kV, 30 mA
and then XPS spectra were collected at 90° of the take-off angle between the
sample and the analyzer. The pressure in the instrumental chamber was
o1.0× 10− 5 Pa. No radiation damage occurred during the data collection.
The dynamic contact angles of distilled water and diiodomethane were

evaluated at room temperature.15–17 The advancing contact angle (θa) and the

Department of Chemical Science and Engineering, Graduate School of Engineering, Kobe University, Kobe, Japan
Correspondence: Professor T Nishino, Department of Chemical Science and Engineering, Graduate School of Engineering, Kobe University, Rokko, Nada, Kobe 657-8501, Japan.
E-mail: tnishino@kobe-u.ac.jp
Received 4 July 2014; revised 27 August 2014; accepted 31 August 2014; published online 5 November 2014

Polymer Journal (2015) 47, 66–70
& 2015 The Society of Polymer Science, Japan (SPSJ) All rights reserved 0032-3896/15

www.nature.com/pj

http://dx.doi.org/10.1038/pj.2014.91
http://www.nature.com/pj


receding contact angle (θr) were measured when the droplet enlarged (o2mm
diameter) and shrunk, respectively. The average contact angle (θav) was
calculated as:

yav ¼ cos �1 1=2ð Þ cos ya þ cos yrð Þf g: ð1Þ
The surface free energy (γs) of the polymer solid was calculated from the

contact angle values using Equations (2) and (3), which were proposed by
Owens and Wendt17 in an extension of the Fowkes’ concept:18

gds þ gps ¼ gs; ð2Þ

ð1þ cos yÞgl ¼ 2ðgds gdl Þ1=2 þ 2ðgps gpl Þ1=2; ð3Þ
where γl is the surface free energy of the liquid, and gdl and gpl are its

dispersion and polar components, respectively. The gdl and gpl values of water
are 21.8 and 51.0mJm− 2, respectively, and those of diiodomethane are 48.5
and 2.3mJm− 2, respectively.17 To evaluate γs from the contact angles, several
equations have been proposed. In this study, we employed the Young–Owens
equation to simplify the evaluation, because the polar component contribution
was negligibly small relative to the total γs value, as shown below. The static
contact angle of oleic acid was also measured at room temperature to estimate
surface antifouling properties against fingerprints.
To estimate the stability of the fluorinated PMMA surface in hot water, the

sample was immersed in distilled water at 50 °C for 4 days. Then the static
contact angle of water was measured on the surface.
Bovine serum albumin (Sigma-Aldrich Co., St Louis, MO, USA) was used to

assess protein adsorption on the fluorinated PMMA surface. First, the films
were immersed in a BSA solution (2 mgml− 1 in phosphate-buffered saline) for
24 h at 37 °C. Then, they were rinsed three times with phosphate-buffered
saline to remove weakly adsorbed proteins. The amount of adsorbed albumin
on the film surface was assessed using the bicinchoninic acid method,19

wherein the absorbance change of the solution at 562 nm was measured using
a UV-vis spectrophotometer (Hitachi Ltd., U-2000). The amounts of albumin
adsorbed on PMMA, PTFE, poly(urethane) (Nissho, Pellethane 2363-91AE),
and poly(ethylene terephthalate) (PET) films were measured as references. In
addition, the fluorinated films were immersed in distilled water at 37 °C for a
prescribed time period to estimate the stability of the fluorinated PMMA
surface in water.
Square films (1× 1 cm2) of fluorinated PMMA, PMMA and PTFE were

immersed in fresh human whole blood for 20min and then rinsed with
phosphate-buffered saline three times to remove weakly attached clots. Then,

the films were immersed in a glutaraldehyde solution (Nacalai Tesque Inc.,
Kyoto, Japan) at 37 °C for 24 h to fix attached clots on the surface. After 24 h,
the films were observed using an optical microscope (Nikon Co., Tokyo, Japan,
E950). Fresh human whole blood supplied from a health donor was collected at
the medical center for student health at Kobe University. All samples were
obtained in accordance with ethical committee regulations of Kobe University.

RESULTS AND DISCUSSION

Fluorinated PMMA surface
Figure 1 shows the XPS C1s core level spectra of the PMMA and
fluorinated PMMA films. The C1s spectrum for the fluorinated PMMA
surface can be resolved into five peaks: at 294.1 eV (–CF3), 291.8 eV
(–CF2–), 288.8 eV (–C=O), 286.5 eV (C–O) and 285.0 eV (–CHn). In
contrast, the C1s spectrum for the PMMA surface has no peaks
assigned to the perfluoroalkyl groups (–CF2– and –CF3). After
fluorination, the O/C ratio had reduced from 0.43 to 0.27. These
results confirm that fluorine-containing groups were successfully
introduced onto the PMMA surface.
PMMA surfaces do not intrinsically possess any functional groups

that can be reacted with the glycidyl groups of fluorinated reagents.
However, the methoxycarbonyl groups of PMMA can change slightly
to carboxylic acid.20 Thus, it is assumed that trace carboxylic acid has a
role in the surface reaction. One of the plausible fluorination
mechanisms of PMMA through the reaction between PMMA and
glycidyl groups is as follows:

Figure 2 shows photographs of water droplets on PMMA and
fluorinated PMMA films. The PMMA surface clearly became water
repellent by simple immersion in the fluorinated reagent and
subsequent heat treatment. The photographs superimposed on the
upper-right corners demonstrate that the high optical transparency of
PMMA was maintained after fluorination.
Table 1 lists the dynamic contact angles and the surface free energies

of the PMMA and fluorinated PMMA films. The θav value of water on
the PMMA film was increased from 67° to 111°, and the γs value
decreased from 42.8mJm− 2 to 10.0mJm− 2 after fluorination. The
low γs value after fluorination corresponds to almost complete
coverage of the PMMA surface with fluorine components, as
confirmed by XPS measurements. Moreover, the surface free energy
of 10mJm− 2 achieved using this fluorination technique is much
lower than that of other hydrophobic polymers, such as poly(ethylene)

(CF3)2CF(CF2)6-CH-CH2
                                                                O

Scheme 1 Chemical formula of 3-(perfluoro-7-methyloctyl)-1,
2-propeneoxide.

Figure 1 XPS C1s core level spectra of PMMA and fluorinated PMMA. Incident angle of X-ray is 90°.
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(36 mJm− 2), poly(propylene) (32mJm− 2) and PTFE (22mJm− 2).15

The fluorinated PMMA in this study showed higher water repellency
than that achieved with other hydrophobizing methods, such as
plasma treatment followed by fluorination with a silane-coupling
treatment.14,21 In contrast, the value is much higher than that achieved
with –CF3 groups with a hexagonally close-packed surface (6.7
mJm− 2), which was reported as the lowest surface free energy of
any solid at room temperature.16 This difference occurred because
–CF2– groups (γ: 18mJm− 2)22 were exposed on the surface
in addition to –CF3 groups, similarly to what is observed for the
random copolymer of methyl methacrylate and perfluorinated
methacrylate.23,24

Figure 3 displays the static contact angle of distilled water on the
fluorinated PMMA after immersion in distilled water at 50 °C for

designated time periods. Even after 4 days, the static contact angle of
distilled water was maintained at 112°. It is very difficult to show direct
evidence of covalent bonding of the reagent to the surface; however,
the results in Figure 3 indicate that the fluorinated PMMA coating is
stable under heat and under wet conditions.

Applications of fluorinated PMMA
Figure 4 shows photographs of PMMA and fluorinated PMMA films
with lines drawn with a permanent marker. Unlike the original
PMMA surface, the oily felt pen resin was repelled on the fluorinated
PMMA surface.
Figure 5 displays a droplet of oleic acid on PMMA films before and

after fluorination. Oleic acid is the main component of sebum. The
contact angle of oleic acid on the PMMA films was markedly increased
from 16° to 82° by fluorination. The results in Figures 4 and 5 indicate
that the fluorinated surface has antifouling properties and could
potentially be utilized in antifingerprint applications.
Figure 6a shows the amount of albumin adsorbed onto various

polymer films. Tamada and Ikada25 reported that protein adsorption
was reduced on very hydrophobic surfaces. In comparison with

Figure 2 Photographs of water droplets on (a) PMMA and (b) fluorinated PMMA. Film transparency is shown in the upper-right corners.

Table 1 Contact angle (θ) and surface free energy (γ) of PMMA and

fluorinated PMMA films

Contact angle of water

(degree)

Contact angle of

CH2I2 (degree) γsd γsp γs

θav θa θr Δθ θav θa θr Δθ (mJm−2)

PMMA 67 75 56 19 43 47 39 8 30.9 11.9 42.8

Fluorinated

PMMA

111 121 101 20 99 108 90 18 7.4 2.6 10.0

Figure 3 Contact angle of water on fluorinated PMMA after immersion in
distilled water at 50 °C for 1, 2, 3 and 4 days. A full color version of this
figure is available at the Polymer Journal online.

Figure 4 Photographs of (left) PMMA and (right) fluorinated PMMA films.
Lines drawn with permanent marker. A full color version of this figure is
available at the Polymer Journal online.
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conventional hydrophobic polymers, such as PTFE, poly(urethane),
poly(ethylene terephthalate) and PMMA, the fluorinated PMMA
surface showed reduced albumin adsorption. This result is in
accordance with Tamada and Ikada’s observation, that is, low γ values
impart high protein repellency to surfaces.
Figure 6b shows the amount of albumin adsorbed on fluorinated

PMMA surfaces before and after immersion in water at 37 °C for
several days. The low albumin adsorption on fluorinated PMMA was
maintained even after 4 days of immersion in water. This result
confirmed that the protein repellency of the fluorinated film is stable
in water.
Figure 7 shows photographs of PMMA, PTFE and fluorinated

PMMA films after immersion in human whole blood and subsequent
rinsing. On PMMA and PTFE films, adhered clotting was observed
over the entire surfaces. Whereas no apparent clotting occurred on the
right side of the PMMA film, visible blood clots formed and localized
on the left side. By contrast, blood on the fluorinated PMMA film was
easily removed by rinsing, resulting in no observable clots. This
antithrombogenicity originated from the protein repellent character-
istics of the fluorinated PMMA surface. When synthetic materials
come into contact with blood, proteins rapidly adsorb onto their
surfaces, which triggers clotting. Platelet adhesion and subsequent
clotting are inhibited on surfaces with resistance to protein
adsorption.26,27 Thus, this result exhibits that the fluorinated PMMA
has weak platelet affinity and is a good candidate for use as an
antithrombogenic material.

Figure 5 Photographs of oleic acid droplets on (left) PMMA and (right) fluorinated PMMA films. A full color version of this figure is available at the Polymer
Journal online.

Figure 6 (a) Amount of albumin adsorbed on various polymer surfaces. PET, poly(ethylene terephthalate); PTFE, poly(tetrafluoroethylene); PU, poly(urethane).
(b) Amount of albumin adsorbed on fluorinated PMMA surfaces before and after immersion in water for several days. Amount of albumin adsorbed on PMMA
surface was superimposed on the figure with the arrow. A full color version of this figure is available at the Polymer Journal online.

Figure 7 Photographs of (a) PMMA, (b) PTFE and (c) fluorinated PMMA
films after immersion in whole blood for 20min at 37 °C. A full color version
of this figure is available at the Polymer Journal online.
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CONCLUSIONS

PMMA surfaces were fluorinated by simple immersion in a fluorinated
reagent and subsequent heat treatment. The contact angle of water on
the PMMA increased to 111° after fluorination, which corresponds to
a surface free energy of 10mJm− 2. This surface free energy is much
lower than that of PTFE and is stable under wet/heat conditions. In
addition, the fluorinated PMMA surface demonstrated high resistance
to albumin adsorption and thrombogenesis, as well as antifouling
properties against fingerprints. This fluorination technique simply and
effectively lowers the surface free energy of PMMA.
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