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1.   INTRODUCTION 
 

Polymers because of their unique properties find an interesting 
application in many fields of science, technology and everyday life. 
Unfortunately, often polymers directly after their synthesis do not possess 
needed properties and therefore they have to be modified using suitable 
method leading to improvement of physicochemical properties of given 
polymer, e.g. polarity increment, surface free energy increase or build–in 
appropriate functional groups on the surface. Generally, improvement in 
hydrophilic-hydrophobic character of the surface. 

The hydrophilic-hydrophobic properties of solids can be modified in 
several different ways, among others plasma surface treatment has 
become a very popular means [1–5]. This technique provides an 
alternative to traditional methods of surface modification like wet 
chemical cleaning, etching, cross-linking and functionalization. By using 
reactive gases in the plasma like O2, Ar or CO2 the surface becomes more 
hydrophilic on which new groups are formed which can interact 
specifically with other groups [6, 7]. Plasma technique treatment is fast, 
clean and ecological method. Furthermore, it leads to obtaining the 
resulting material with different surface properties from the original 
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polymer. Usually, in result the surface free energy of the modified by 
plasma surface significantly increases. On the other hand, the appropriate 
plasma choice, duration and temperature of treatment allow for increased 
the surface hydrophobicity as well. The materials which are often 
subjected to this type of treatment are polymers because of susceptibility of 
their surface to plasma modification and their wide applications. Among the 
polymers used for plasma treatment are: polypropylene (PP), polyethylene 
(PE), polymethylmethacrylate (PMMA), polyetheretherketone (PEEK), 
polyethylene terephthalate (PET), poly(tetrafluoroethylene) (PTFE), 
polydimethylsiloxane (PDMS), polyvinylidene fluoride (PVDF) and 
polysulfone (PS) whose surface can be modified by using argon, helium, 
oxygen, nitrogen, air, or less often carbon dioxide plasma [8, 9]. 

PMMA is a typical thermoplastic material with high endurance for UV, 
high rigidity and combustibility and because it is widely applied in cars 
and airplanes industry. In biomedicine it is applied as bone cement [10], 
blood filters [11], plastic surgery fillers and dental extender [12]. 
However, PMMA application, especially in the medical areas, is very 
often limited due to the fact that the adhesion between its surface and 
deposited film is not sufficiently strong [13, 14]. Therefore PMMA 
surface needs to be modified for its stronger adhesion, and enhanced 
biocompatibility. This can be achieved by different methods among 
which plasma treatment seems to be the appropriate one. Klemberg-
Sapieha et al. [15] studied the adhesion of amorphous hydrogenated 
silicon nitride films prepared by plasma enhanced chemical vapor 
deposition, considered as an optical and protective coating on PMMA and 
other polymers. They found that for longer time (10–30 min) of PMMA 
exposure of both types He and H2 plasma leads to removal of outer layers 
on the surface and formation of crosslinked surface layer (about 50–100 
nm thick) which stabilizes mechanically the interface [15]. In everyday 
life PMMA is applied inter alia as shower cabins or road screens and 
microelectronic microchip processing [16].  

It was proved that treatment of PMMA surface with Ar, N2, O2 or air 
plasma causes increase in its surface free energy and hydrophilic 
properties [17–21]. Furthermore, it was found that atmospheric pressure 
plasma treatment leads to introduction on the surface new functional 
groups no matter of the reactive gas type used during the modification 
[21]. In consequence PMMA surface becomes more tractable for further 
reactions.  

The purpose of this research was investigation of wettability changes of 
PMMA modified with air plasma for 25, 90 and 180 s via contact angle 
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measurements of three probe liquids. Having measured contact angles, the 
surface free energy of PMMA was determined applying of two different 
theoretical approaches. That proposed by van Oss et al. [22–24], in which 
only the advancing contact angles of three used liquids are applied, and the 
other one suggested by Chibowski [25–28] where the hysteresis of contact 
angles of these liquids are used for calculations. The chemical changes on 
PMMA surface were also investigated by the IR spectroscopy. Moreover, the 
surface roughness was estimated on the basis of three dimensional images 
obtained from an optical profilometer. 

 
 

2.   EXPERIMENTAL 
 

2.1. PMMA plates preparation 

PMMA plates of 2 × 2 cm size were cut off from a bigger plate. Next 
the plates were cleaned thoroughly with a surfactant solution (Extran MA 
02 Merck) in an ultrasonic bath for 15 min and rinsed with deionized 
water. Then the PMMA plates were rinsed with 20 % methanol and 
deionized water and were dried for 30 min in a vacuum dryer. 

 
2.2. Air plasma treatment 

Air plasma activation was performed in a low-pressure plasma 
system Pico from Diener Electronic, Germany. The polymer PMMA 
plates were placed in the vacuum chamber and the system was subjected 
to pressure 0.2 mbar at gas flow rate 22 sccm (standard cubic centimeters 
per minute). The plates were treated at plasma power 160V (400V max) 
for 25, 90 or 180 s (further denoted as PT-25, PT-90, PT-180). In order to 
remove the gaseous products from the chamber after treatment it was 
purged with air for 10 s and then when the pressure inside the chamber 
has increased to atmospheric one, the chamber was opened. 

 
2.3. Contact angle measurements  

Digidrop GBX Contact Angle Meter (France) equipped with a video-
camera system and computer software was used for the contact angle 
measurements by the sessile drop method. The contact angles of probe 
liquids were measured at 20 ± 1°C in a closed chamber. The advancing 
contact angles of water (Milli-Q), diiodomethane (99% Sigma-Aldrich 
Germany) and formamide (POCH S.A.) were measured after gently 
settling 6 cm3 droplets on the surface with a help of automatic deposition 
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system. Then after sucking of 2 cm3 from the droplet into the syringe, the 
receding contact angle was measured. In this way the contact angles of 
three probe liquids on the PMMA plates were measured. From mean 
values of the measured contact angles the apparent surface free energy 
was calculated for each plate.  
 

2.4. Surface free energy determination 

The surface free energy of after air plasma treated PMMA was 
determined applying two different theoretical approaches: the contact 
angle hysteresis (CAH) model [25–28] and the Lifshitz-van der 
Waals/acid-base (LWAB) model [22–24].  

Using CAH model the total apparent surface free energy of a solid 
��
��� is calculated from contact angle hysteresis of probe liquid and its 

surface free energy (surface tension) ��. The contact angle hysteresis is the 
difference between advancing �� and receding �� contact angles [25–28]: 

 ��
��� =	

��	(�������)
�

��������	�����
 (1) 

From LWAB model, proposed by van Oss et al. [22–24], a solid 
surface free energy is expressed as a sum of apolar Lifshitz-van der Waals 
component ��

�� and polar Lewis acid-base component ��
��: 

 ��
��� = ��

�� +	��
�� =	��

�� + 2(��
!��

�)�  (2) 

where ��
!	is the electron-donor and ��

� is the electron-acceptor 
complementary parameters of the energy. Then using this approach the 
work of adhesion "� solid/liquid can be expressed following: 

"� =	��(1 + $%&��) = 	2(��
����

���)� + 2(��
!��

�)� + 	2(��
���

!)�	 (3) 

Taking advancing contact angles of at least three different liquids, 
one apolar (diiodomethane) and two polar (water and formamide) with 
known their surface free energy, one may calculate first the components 
of surface free energy of the solid and then its total value. 
 

2.5. Images of the PMMA surface from the optical profilometer and ATR–IR  

 spectra 

With the help of an optical profilometer (Contour GT, Veeco) images 
of one representative PMMA sample were taken and the roughness of the 
surfaces were analyzed. Also the ATR–IR spectra were obtained using  
a spectroscope (Nicolet 8700 Tchermo).  
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3.   RESULTS AND DISCUSSION 
 

3.1. IR and surface roughness analysis 

The ATR-IR spectra plotted in Fig. 1 show peaks of specific original 
PMMA functional groups. In the range of 3050–2750 cm–1 a band 
characteristic for C–H stretching bond (νC–H) is observed. The multiple 
peaks between 1500–1400 cm–1 are interpreted as CH3 and CH2 
deformation vibrations ('()�, '()*). However, the biggest intensity are 
observed at 1720 cm–1 corresponds to the stretching vibrations C=O 
(ν(,-) and other 1200–1100 cm–1 corresponds to the stretching vibrations 
C–O (ν(–-) [29, 30]. The highest intensity is characteristic for C=O and 
C–O stretching vibration and its value increase in following order: 25, 90 
and 180 s. The obtained results are consistent with the results presented 
by Vesel et al. [31]. 
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Fig. 1.  IR spectra obtained for untreated (UT) and plasma treated (PT) PMMA  
 plates for 25, 90 and 180 s. 
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3.1. The literature PMMA XPS analysis 

Liu et al. [32] and Schultz et al. [33] found that exposition of PMMA 
plates to the air plasma resulted in the surface chemistry changes, which 
were deduced analyzing the XPS spectra. They found that the C1s peak at 
285.7 eV resulted from the quaternary carbon units of the PMMA; the third 
C1s peak at 286.8 eV was due to –C–O– species, while C1s peak at 289.1 eV 
could be assigned to the carboxylic group (O–C=O). The component at 532.8 
eV could be assigned to carbonyl group (C=O), and the O1s peak at 533.8 
eV belonged to the methyl ester group (C–O–CH3). It was found that 15 min 
plasma treatment caused oxygen concentration increase on the surface by 
about 6% and C/O ratio decreased by about 20% after only 2 min air plasma 
treatment. 

 
3.2. Contact angles and surface free energy analysis 

In Fig. 2 the decrease of water and formamide contact angles on 
PMMA depended on duration of the air plasma treatment is clearly seen. 
The largest decrease occurs in the case of polymer plate treated for 180 s 
(PT-180). The water contact angle decreased from 74.3° ± 4.2 to 
13.9° ± 2.4 and that of formamide decreased from 55.6 ± 4.4 to 5.8 ± 2.4. 
The contact angles on original unmodified plates are in good agreement 
with those obtained by Liu et al. [32] and Radelczuk et al. [34].  
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Fig. 2.  Changes of advancing (��) and receding (��) contact angles for water 
 (W), formamide (F) and diiodomethane (DM) on untreated and plasma 
 treated PMMA plates for different time. 
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The prolongation of the plasma treatment time causes significant 
decrease of the probe polar liquid contact angles (i.e. water, formamide). 
The only one exception is observed for apolar diiodomethane where the 
contact angle on the PMMA plate treated with air plasma for 90 s (PT-90) 
is bigger than on 25 s and 180 s treated samples, respectively (PT-25 and 
PT-180). 

The apparent surface free energy calculated from the two approaches 
is very similar (Fig. 3). The surface free energy increases with prolon-
gation of the plasma treatment time. The standard deviation of the 
apparent surface free energy calculated form CAH approach is higher 
than that calculated from LWAB approach.  
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Fig. 3.  Changes of PMMA surface free energy determined from CAH and 
 LWAB approaches depending on the time treatment with the air plasma.  

 
It should be mentioned that for the energy calculations from CAH 

approach, both advancing and receding contact angles are used. Therefore 
higher values of the apparent energy are obtained from this approach than 
those calculated from LWAB approach where only advancing contact 
angles are applied. Furthermore, the apparent surface free energy from 
CAH approach is calculated from the contact angles of each single probe 
liquid separately and then the averaged value is calculated. In the case of 
diiodomethane, which interacts by dispersive forces only, the apparent 
surface free energy of PMMA treated for 180 s calculated from CAH 
amounts 49.6 ± 2.3 mJ/m2, while it is 71.4 ± 0.5 mJ/m2 if calculated from 
water, and 57.8 ± 0.2 mJ/m2 if calculated from formamide contact angles. 
Therefore, despite that the averaged surface free energy from CAH model 
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is similar to that from LWAB, the standard deviation is bigger from CAH. 
Comparison of the values obtained from both approaches gives better 
inside into the energetic changes taking place on the PMMA during the 
plasma treatment.  

In Fig. 4 the components of surface free energy calculated from 
LWAB approach for modified and unmodified PMMA plates are 
presented. It can be seen that ��

�	values are very small or negligible 
However, the electron-donor parameter ��

! increase greatly with the 
plasma treatment from 10 mJ/m2 (original) up to 52 mJ/m2 after 180 s 
plasma treated surface. Thus the ��

! parameter of PMMA plate treated 
with air plasma for 3 min is five times higher than for untreated PMMA 
surface. This clearly indicates that the electron-donor parameter is 
responsible for the increase in polarity of PMMA plasma treated surface. 
As it results from Fig. 1 the amount of oxygen atoms on PMMA increases 
with the air plasma exposure time. 
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Fig. 4.  The components of surface free energy determined for the untreated 
 (UT) and plasma treated (PT) PMMA surface for 25, 90 and 180 s. 
 
3.3. Surface roughness analysis 

The topography images of the untreated and plasma treated PMMA 
surface are presented in Fig. 5. In the first column 2D images of the 
surface are shown and 3D images presents second column, while in the 
third column the roughness profiles are placed. The images were obtained 
using the profilometer (Contur GT) the size of scanned surfaces was 
1.3 × 0.94 mm2. The surface topography is quantified by the surface 
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roughness parameters, which are: average roughness (/�), root-mean-
squared roughness (/01�), and peak-to-valley difference (/�) (Table 1).  
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Fig. 5.  2D and 3D images of PEEK plates surface roughness for untreated (UT) 
 and 25, 90 and 180 s treated (PT-25, PT-90, PT-180), respectively. 
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Table 1. The roughness parameters: average roughness	/�, root mean 
    square roughness /01�  and total height of the roughness profile /�. 

Sample 
Ra  

[nm] 

RRMS  

[nm] 

Rt  

[µm] 

UT 9.6 48.8 4.5 

PT-25 12.4 72.4 5.0 

PT-90 19.8 75.8 5.4 

PT-180 32.7 152 6.1 

 
 The surface roughness parameters of the studied polymer surface 

(Table 1) show that the surface activation with plasma results in surface 
roughness increase. If the treatment lasted 25 s (PT-25) the average 
roughness increased from 9.6 nm for untreated sample to about 12.4 nm. 
Longer activation with air plasma causes in further increase of the 
roughness. The average roughness increased to 32.7 nm if the plates were 
treated for 3 min (PT-130). The increasing roughness is also clearly 
demonstrated by /01�   index, which for untreated sample (UT) is 48.8 
nm but for sample treated for 3 min it increase to 152 nm. Analyzing the 
shape of the side profile of the surfaces it can be seen that with 
prolongation of the plasma activation time the surface profile becomes 
rougher, what also confirms the /� values. 

 
 

4.  CONCLUSIONS 
 

Treatment of PMMA surface with air plasma causes increase of the 
amount of oxygen atoms on the surface which is confirmed by the IR 
spectra on which the bands characteristic for carbonyl group are present 
in the structure, as well as by XPS analysis found in the literature. The 
appearance of functional hydrophilic groups on the surface causes sharp 
increase in the polar interactions, especially the electron-donor parameter 
of apparent PMMA surface free energy. Moreover, significant increase in 
the surface roughness also appears on the increased hydrophilic PMMA 
surface. The two approaches applied to determine the apparent surface 
free energy show the same tendency of the energy changes, as well its 
similar values. As follows from the calculation, the increasing polar 
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��
!	parameter of the surface free energy interactions is responsible for the 

wettability increase of the studied polymer surface. 
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