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Role of Surface Polarity in the Evolution of Polymer
Surface Properties in Liquid Medium

Jean Waku and Alain Carre
Corning SAS, Corning European Technology Center, Avon, France

Contact angle hysteresis of polystyrene and four modified polystyrenes, containing
polar sulfonic acid and carboxylic acid groups, have been evaluated in a two-phase
liquid system. Water contact angles have been measured in octane and octane
contact angles have been measured in water. It has been demonstrated that
wetting characteristics of polystyrene modified with sulfonic acid and carboxylic
acid groups can be reversely triggered from polar in the presence of water to
non-polar in the presence of octane. A contact angle hysteresis varying from 7 to
88� has been observed and a relationship between the contact angle hysteresis
and the polymer surface polarity has been established. The fast kinetics of the wet-
ting transition indicates that such polymers can permit external stimuli-induced
modulation of their structures.

Keywords: Adaptive surface properties; Contact angle hysteresis; Mobile interfaces;
Wetting transition

1. INTRODUCTION

Materials that change their structure and properties in response to
external chemical and=or physical stimuli, such as temperature, pH,
light, and electric fields, are continuing to gain considerable research
attention [1]. These materials sense a stimulus as a signal (sensor
function), judge the magnitude of this signal (processor function)
and, as a consequence, alter their function in direct response (effectors
function). They are called smart surfaces [2,3] or stimuli-responsive
polymers [4,5], and have permitted external stimuli-induced modu-
lation of their structures and on-off switching of their respective
functions at molecular levels [6].
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This change in the structure and the structure properties allows the
control of interfacial free energy and surface wettability. This ability
to control interfacial and surface attributes has been applied in appli-
cations such as adhesion of metal to polymers [7–9], modification
of surface properties for chromatographic separators [10–13], and
surfaces for regulated cell adhesion and detachment [14,15].

One way to characterize the change in structure of such material is
to quantify the contact angle hysteresis by measuring contact angles.
When subjected to the right stimuli, the surface of stimuli-responsive
polymers reorganizes or structures itself so as to achieve the lowest
possible interfacial tension. Therefore, measuring contact angles,
before and after the reorganization helps define a contact angle
hysteresis which is characteristic of the structure change.

In this paper, we report results of the study of contact angle hyster-
esis on polystyrene and four polystyrene substrates modified with
acidic polar groups. It has been observed that polystyrene containing
acidic polar groups can behave as stimuli-responsive polymers switch-
ing from hydrophilic in the presence of a polar liquid (water) to hydro-
phobic in the presence of a non-polar liquid (octane). While surface
rearrangement has been reported as being a relatively slow process
at room temperature for rigid solids [16,17], we have found that poly-
styrene modified with acidic polar groups can rearrange and achieve
the lowest possible interfacial tension within minutes, even seconds.
The hypothesis of a migration or a selective orientation of polar groups
at the surface has been validated by studying the contact angle
kinetics in water and octane. Moreover, a clear relationship has been
established between the contact angle hysteresis and the presence of
polar groups at the polymer surface.

2. THEORETICAL

2.1. Contact Angle Measurements

Contact angle measurements are widely used for quantifying surface
energies of solids [18,19]. The drop of a liquid for which surface tension
is known is deposited on the solid in the presence of a non-miscible
fluid which can be air or another liquid. After deposition, the drop
spreads until an equilibrium is attained providing the triple line
liquid-solid-non-miscible fluid from which the contact angle, h, can
be measured (Fig. 1a).

If the solid is tilted at a given angle, contact angles on both sides of
the drop might be different. In that case, advancing and receding
angles can be observed (ha and hr). These can be defined as the limit
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angles on both drop sides before the drop starts sliding on the inclined
plane (Fig. 1b). Contact angle hysteresis can, therefore, be defined as
the subtraction of the receding angle from the advancing angle:

H ¼ ha � hr: ð1Þ

Another technique for observing a contact angle hysteresis is by add-
ing and removing the liquid to the drop on the solid (tilting angle¼ 0).
If liquid is added to the drop, the contact line defined by the triple
point will advance until the drop reaches an equilibrium providing a
new triple line. The maximum measured angle, just before the triple
line advances, will be the advancing contact angle. Inversely, if the
liquid is removed from the drop then the contact angle will recede
until reaching a minimum value before the receding of the triple line.
The minimum measured angle, just before the triple line recedes, will
be the receding contact angle.

We have used a third technique for measuring the contact angle
hysteresis on solid polymers which consists of a two-phase liquid sys-
tem. Water contact angle has been measured on a solid immersed in
octane and inversely octane contact angle has been measured on the
same solid immersed in water (Figs. 2a and 2b). This system has the
advantage of allowing finite contact angles to be obtained for solids

FIGURE 1 (a) Liquid drop on a solid (tilting angle¼ 0). (b) Liquid drop on a
solid (tilting angle¼ a).
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on which most normal liquids would spread spontaneously, and to
eliminate contact angle variation due to evaporation. Another advan-
tage provided by this technique is the finite assessment of contact
angle hysteresis [20].

FIGURE 2 (a) Contact angle of water in octane. To gain contact with solid,
the water drop displaces octane. The measured angle is the advancing
water angle while the complementary angle is the octane receding angle
and hW(a)þ hO(r)¼ 180�. (b) Contact angle of octane in water. To gain contact
with solid, the octane drop displaces water. The measured angle is the
advancing octane angle while the complementary angle is the water reced-
ing angle and hO(a)þ hW(r)¼ 180�. The drop is underneath the solid substrate
in the case of octane drop in water because of the relative density of water
and octane.
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The contact angle hysteresis can be the result of surface attributes
such as heterogeneity [21–26], roughness [27–30], and swelling
[31–36]. However, polymer surface reorganization can also contribute
to the contact angle hysteresis [20,37–43]. This is the main focus of
this paper.

2.2. Determination of the Contact Angle Hysteresis

Contact angle measurements have been undertaken using the
two-phase n-octane=water and water=n-octane liquid systems to
assess the selective orientation of polar groups at the surface
(Figs. 2a and 2b). As demonstrated by Shanahan et al. [44], when
measuring the water contact angle in octane, water displaces octane
to gain contact with the solid. Therefore, we measure the advancing
water contact angle, hW(a), and the supplementary angle is the
receding octane contact angle, hO(r):

hWðaÞ þ hOðrÞ ¼ 180�: ð2Þ

Inversely, when measuring octane contact angle in water, octane
displaces water to gain contact with the solid. Therefore, we measure
the advancing octane contact angle, hO(a), and the supplementary
angle is the water receding angle, hW(r):

hOðaÞ þ hWðrÞ ¼ 180�: ð3Þ

Combining (1) and (3), the contact angle hysteresis can be
expressed as:

H ¼ hWðaÞ � hWðrÞ; or

H ¼ hWðaÞ þ hOðaÞ � 180�:
ð4Þ

2.3. Polar Component of the Solid Surface Free Energy

We consider the contact region between the solid, water, and n-octane.
In the case that we measure the water contact angle in octane, Young’s
equation can be written:

cSO ¼ cSW þ cOW � cos hWðaÞ: ð5Þ

As a first approximation, we will consider that solid-liquid interac-
tions can be classified either as non-polar (dispersion forces) or
polar. Polar interactions will include dipolar, acid-base, or ionic
forces. Using the Dupré equation, the solid-liquid interfacial free
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energy is given by:

cSW ¼ cS þ cW � WSW; ð6Þ

cSO ¼ cS þ cO � WSO; ð7Þ

wherein c refers to interfacial or surface tension, W refers to the work
of adhesion, and subscripts O and W refer to n-octane and water.

The work of adhesion (WSW) between the solid and water can be
expressed as the sum of the dispersive and the polar components of
the energy of solid-liquid interaction (ISW):

WSW ¼ ID
SW þ IP

SW; ð8Þ

wherein the superscripts D and P refer to dispersive and polar
contributions.

Similarly, the work of adhesion between the solid and octane is
defined as:

WSO ¼ ID
SO þ IP

SO; ð9Þ

(However, as demonstrated below and as octane is purely non-polar,
the term IP

SO ¼ 0).
The dispersive and the polar component of the work of adhesion can

be expressed as a geometric mean of dispersive and polar component of
surface tensions of the solid substrate, S, and the liquid, L, according
to the model developed by Owens and Wendt [45]:

ID
SL ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cD

S � cD
L

q
ð10Þ

IP
SL ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
cP

S � cP
L

q
; ð11Þ

where the superscripts D and P refer to dispersive and polar
components of the surface free energies.

Combining (6)–(11) we obtain:

cSW ¼ cS þ cW � 2ðcD
S � cD

WÞ1=2 � 2ðcP
S � cP

WÞ1=2 ð12Þ

cSO ¼ cS þ cO � 2ðcD
S � cD

OÞ
1=2 � 2ðcP

S � cP
OÞ

1=2 ð13Þ

Octane is purely non-polar,

cP
O ¼ 0 ð14Þ

and

cD
W � cD

O ¼ 21:6 vs: 21:3 mJ=m2: ð15Þ
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Combining Equations (5) and (12)–(15) we obtain the polar component
of the solid surface free energy when the solid is immersed in octane:

cP
S ¼ cP

SðOÞ ¼
½cW � cO þ cOW � cos hWðaÞ�2

4cP
W

: ð16Þ

In the inverse situation where we measure the contact angle of an
octane drop in water, Young’s equation can be written:

cSW ¼ cSO þ cOW � cos hOðaÞ: ð17Þ

Combining Equations (12)–(15) and (17) we obtain the polar compo-
nent of the solid surface free energy when the solid is immersed
in water:

cP
S ¼ cP

SðWÞ ¼
½cW � cO � cOW � cos hOðaÞ�2

4cP
W

: ð18Þ

2.4. Energy of Polar Interactions

In the case of a water drop on a solid in n-octane, the relationships of
Young and Fowkes Equations can be combined to obtain the energy of
polar interactions per unit of area [20]:

IP
SWðOÞ � cW � cO þ cOW � cos hWðaÞ: ð19Þ

IP
SWðOÞ represents the polar interaction between the solid and water, in

the presence of octane.
In the case of the inverse situation where we measure the contact

angle of n-octane on a solid in water we obtain:

IP
SWðWÞ � cW � cO � cOW � cos hOðaÞ: ð20Þ

IP
SWðWÞ is the energy of polar interactions between the solid and water,

when the polymer is immersed in water.
Ideally, IP

SWðOÞ and IP
SWðWÞ should be equal. Subtracting (20) to (19)

would give:

cos hWðaÞ þ cos hOðaÞ ¼ 0()hWðaÞ þ hOðaÞ ¼ 180� ð21Þ

As defined in paragraph 2.2., the contact angle hysteresis (H) in the
two-phase n-octane=water and water=n-octane liquid systems can be
expressed as:

H ¼ hWðaÞ þ hOðaÞ � 180�: ð22Þ ¼ ð4Þ
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3. MATERIALS

Polystyrene (PS) and four modified polystyrene substrates containing
polar acidic groups have been studied: sulfonated polystyrene (SPS),
polystyrene copolymerized with maleic anhydride (PSAM), plasma-
treated Corning1 polystyrene for cell culture [polystyrene treated
for cell culture (PSTCT)], and Corning CellBIND1 surface (CellBIND).
Those polymers possess a hydrophobic backbone made of methylene
groups that bear hydrophilic acidic groups.

Corning polystyrene cell culture treated vessels (PSTCT) are
surface modified using either corona discharge (flasks, dishes, and
microplates) or gas-plasma (roller bottles and culture tubes). These
processes generate highly energetic oxygen ions and free radicals
which graft onto the surface polystyrene chains so that the surface
becomes hydrophilic and negatively charged. The more the oxygen is
incorporated onto the surface the more hydrophilic it becomes.

The Corning CellBIND Surface is prepared with a technology that
uses microwave plasma. The process incorporates significantly more
oxygen into the cell culture surface, rendering it more hydrophilic.
X-ray photoelectron spectroscopy (XPS) shows that the amount of oxy-
gen incorporated into the Corning CellBIND Surface is more than 60%
higher than with the traditional tissue culture surface treatment with
29 versus 17.2% of oxygen atoms (http://www.corning.com/lifesciences/
us_canada/en/technical_resources/surfaces/culture/corning_cellbind_
polystyrene.aspx).

PS, PSTCT, and CellBIND cell culture dishes where directly pur-
chased from Corning Life Sciences (Corning Inc., Corning, NY, USA)
(http://catalog2.corning.com/Lifesciences/en-US/Shopping/index.aspx).

Pellets of PSAM, polystyrene copolymerized with maleic anhydride,
copolymerization rate of 7 mol% and 14 mol%, were purchased from
Sigma-Aldrich (http://www.sigmaaldrich.com). Those pellets were
compounded, extruded, and molded into 32-mm discs using the DSM
micro-extruder machine (http://www.xplore-together.com/products.
htm) with the equipment settings in Table 1.

TABLE 1 Molding and Extrusion Settings for Producing
32 mm PSAM Discs with DSM Mico-Extruder Machine

Pellets weight (g) 16

Screw’s speed (rpm) 100
Screw’s acceleration (rpm=s) 100
Extrusion temperature (�C) 190
Molding temperature (�C) 220

Evolution of Polymer Surface Properties in Liquid Medium 881

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



After molding, the maleic anhydride groups were hydrolyzed by
immersing PSAM discs for 3 hours in a basic solution (pH¼ 9),
followed by rinsing with deionised water and drying at room tempera-
ture with a nitrogen gun.

Polystyrene with sulfonation rate ranging from 3 to 22 mol% were
synthesized by homogeneous sulfonation [46–48]. Extrusion and
compounding of sulfonated polystyrene into discs was not possible
due to the cross-linking of the material favored by elevated extrusion
temperature. As a consequence, the polymer turned dark. Cross-
linking was confirmed by the polymer insolubility in dichloromethane
[47,48]. Thus, sulfonated polystyrene was dissolved in a mixture of
equal volumes of toluene and acetone (2 to 5 wt% of sulfonated
polystyrene in the mixture), spin-coated on polystyrene discs at
1500 rpm for 30 seconds, and dried at 80�C for 1 hour.

4. RESULTS

4.1. Contact Angle Data and Mechanism of
Wettability Change

Samples were first measured in octane (water drop in octane) and then
in water (octane drop in water). After the measurement of the advanc-
ing water contact angle in octane (hW(a)), the sample was dried at room
temperature with a nitrogen gun and immediately immersed in water
(Figs. 2a and 2b) for the measurement of the advancing octane contact
angle in water (hO(a)). The aim was to assess the change in surface
wetting and surface free energy.

As demonstrated with Eq. (21), one would expect to see the sum of
hW(a) and hO(a) to be 180� in the absence of contact angle hysteresis,
which is not the case. The summary of contact angle in Table 2 clearly
indicates that hysteresis is observed on all tested polymers.

TABLE 2 Water Contact Angle in n-octane (hW(a)), n-octane Contact Angle
in Water (hO(a)), and Contact Angle Hysteresis (H)

Polymer hW(a) (�) hO(a) (�) hW(a)þ hO(a) (�) H (�) DH (�)�

PS 170 73 243 63 0
PSTCT 170 80 250 70 7
PSS 8.5 mol% 170 115 285 105 42
PSAM 14 mol% 174 132 305 125 62
CellBIND 156 175 331 151 88

DH (�)� is the contribution of surface chemical functions to contact angle hysteresis,
polystyrene being considered as a reference. Standard deviation on contact angles �1�.
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We used Eq. (16) to compute the polar component of the surface free
energy when the sample is immersed in octane (cP

S ðOÞ) and Eq. (18) for
the polar component of the surface free energy when the sample is
immersed in water (cP

S ðWÞ). One would also expect cP
S in octane and cP

S

in water to be equal, which is not the case. Let us examine in detail
the changes on the surface of PSS 8.5 mol% sample. When immersed
in octane, the surface turns from polar to non-polar and cP

S decreases
from 8.8 down to 0 mJ=m2 in 10 minutes (Fig. 3). When immersed in
water, cP

S increases from 0 up to 28 mJ=m2 in 1 minute, reaching a value
higher than the initial value before immersion in octane (Fig. 4). This
trend was also observed on other polystyrenes modified with polar acidic
groups (Tables 3–5). We believe that the observed variation of the polar
properties of the polystyrene substrate result from a reorganization or
migration of polar groups at the surface according to the nature of the
environmental medium (polar or non-polar). These data confirm that
the polymer polarity cannot be considered as an intrinsic property of
the material but rather as a property that can be induced [49] by the
medium in contact with the polymer surface. The fact that this change
occurs within minutes indicates fast kinetics. Therefore, these poly-
styrene modified with polar acidic groups can be used as smart surfaces
or stimuli-responsive polymers, the properties of which can be switched
from hydrophilic to hydrophobic by a change in the medium (Figs. 5a
and 5b). The switch from hydrophilic to hydrophobic, then from hydro-
phobic to hydrophilic, has been checked several times.

FIGURE 3 Variation of the polar component of the solid surface free energy.
Water contact angle is measured in octane.
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FIGURE 4 Variation of the polar component of the solid surface free energy.
Octane drop contact angle is measured in water.

TABLE 3 Variation of cP
S in Octane. Water Contact Angle is Measured

on Polymer Immersed in Octane

Polymer Immersion time in octane (hours) 0.003 0.2 2.8

PS cP
S ðOÞ (mJ=m2) 0.5 0.1 0.0

PSTCT cP
S ðOÞ (mJ=m2) 18.7 2.9 0.0

PSS 8.5 mol% cP
S ðOÞ (mJ=m2) 8.8 0.2 0.0

PSMA 14 mol% cP
S ðOÞ (mJ=m2) 0.0 0.0 0.0

CellBIND cP
S ðOÞ (mJ=m2) 4.1 4.0 0.1

TABLE 4 Variation of cP
S in Water. Octane Contact Angle is Measured

on Polymer Immersed in Water

Polymer
Immersion time in

water (hours) 0.02 0.1 0.2 0.3 2.2 4.0

PS cP
S ðWÞ (mJ=m2) 5.2 6.3 7.4 7.7 5.6 6.3

PSTCT cP
S ðWÞ (mJ=m2) 3.7 6.8 7.1 7.9 8.8 8.8

PSS 8.5 mol% cP
S ðWÞ (mJ=m2) 28.0 22.5 24.5 22.0 25.4 25.9

PSMA 14 mol% cP
S ðWÞ (mJ=m2) 9.3 30.0 30.0 32.6 36.0 35.4

CellBIND cP
S ðWÞ (mJ=m2) 50.2 50.4 51.0 51.0 51.0 51.0
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If we assume that the polar component of surface free energy is
proportional to the density of polar groups on the surface, then the
migration of polar groups to and from the surface has to be considered
as part of the effects that contribute to the change of polar free energy.
Furthermore, subtracting cP

S ðOÞ when the polymer is immersed in
octane from cP

S ðWÞwhen the polymer is immersed in water, we found
an energy transition of 19.6 mJ=m2, which, to our knowledge, is
reported for the first time. Mendez et al. [4] reported contact angle
transitions on stimuli-responsive polymers containing carboxylic acid
groups. A relationship between the transition range and the amount
of carboxylic groups was even established. The difference between
the work of the Mendez group and the present paper is that their
stimuli-responsive polymers comprised poly(N-isopropylacrylamide),

TABLE 5 Polar Energy Transition. cP
S in Octane (Water

Drop in Octane) is Subtracted from cP
S in Water (Octane Drop

in Water)

Polymer DcP
S (mJ=m2) DcP

S (mJ=m2)�

PS 6.3 0
PSTCT 8.8 2.5
PSS 8.5 mol% 25.9 19.6
PSMA 14 mol% 35.4 29.1
CellBIND 50.9 44.6

DcP
S (mJ=m2)� is the contribution of surface chemical functions

taking polystyrene as a reference. Polar energy transition has been
determined using contact angle measurements at equilibrium (after
3 and 5hours of immersion).

FIGURE 5 (a) Selective migration of SO3H at the surface of sulfonated
polystyrene (SPS). (b) Selective migration of CO2H at the surface of plasma
oxygen-treated polystyrene (PSTCT and CellBIND) and polystyrene copoly-
merized with maleic anhydride (PSAM).
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a thermoresponsive polymer, that was synthesized on self-assembled
monolayers that contained carboxylic acid groups. While the car-
boxylic acid groups played a clear role in the transition range, the
wetting transition was still the consequence of a structure change of
poly(N-isopropylacrylamide) under the effect of temperature.

To study the consequence of surface polarity on the hysteresis, polar
interactions IP

SWðWÞ and IP
SWðOÞ were calculated (Table 6) by using Eqs.

(20) and (19). There is an indication in Table 6 that contact angle hys-
teresis evolves with the polymer polarity ðIP

SWðWÞ and IP
SWðOÞÞ. This

evolution is even clearer when the contact angle hysteresis is plotted
as a function of polar interactions when the polymer surface is
immersed in water (IP

SWðWÞ). The linear relationship clearly indicates
that the contact angle hysteresis is directly proportional to the polar

TABLE 6 Water Contact Angle in n-octane (hW(a)), n-octane Contact Angle
in Water (hO(a)), and Energy of Polar Interactions (Io and Iw)

Polymer hW(a) (�) hO(a) (�) H (�)
IP

SWðWÞ
(mJ=m2)

IP
SWðOÞ

(mJ=m2)

PS 170 73 63 36 1
PSTCT 170 80 70 42 1
PSS 8.5 mol% 170 115 105 73 1
PSAM 14 mol% 174 132 125 85 0.5
CellBIND 156 175 151 102 4.8

Standard deviation on contact angles <1�.

FIGURE 6 Relationship between polymer polarity and contact angle
hysteresis.
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interactions IP
SWðWÞ (Fig. 6) as observed by Shanahan et al. with a

series of eight polymers of very different polarity [50].

5. DISCUSSION

As described in the introduction, the contact angle hysteresis can be
the result of surface attributes such as roughness. The surface rough-
ness of polystyrene (PS), polystyrene treated cell culture (PSTCT), and
CellBIND has been checked and we have found similar roughness on
all tested samples with arithmetic roughness (Ra) ranging from 2 to
8 nm (Table 7). Thus, a variable roughness cannot explain the contact
angle hysteresis measured on each substrate.

One might also argue that polymer swelling in a liquid can induce
contact angle hysteresis. One has to keep in mind that the wetting
hysteresis reported in this work, in either water or octane, is very fast
and reversible (Figs. 3 and 4). Moreover, references linking contact
angle hysteresis to swelling, liquid retention, or surface imperfection
(21–36), report moderate contact angle hysteresis below or equal to
35� and none of the polymers cited demonstrate both hydrophobic
and hydrophilic properties. As the main result of our work, poly-
styrene surfaces modified with sulfonic or carboxylic acid groups
display large contact angle hysteresis, likely resulting from the
migration or orientation of these groups as a function of the nature
of the contacting medium. However, we acknowledge that in addition
to the polymer chain orientation mechanism discussed above, other
effects, including liquid penetration and surface swelling, can also
have contributed to some extent to the observed contact angle
hysteresis.

As a practical application, polystyrene substrates described in this
study were used in cell culture. The hydrophobic-hydrophilic switch-
ing ability of surfaces was successfully used to facilitate cell harvest-
ing by changing the liquid medium. Only substrates modified with
sulfonic or carboxylic acidic functions showed this possibility.

TABLE 7 Surface Roughness of Polymers

Polymer Ra (nm) Std. dev. (nm)

PS 2.2 0.1
PSTCT 1.8 0.1
PSS 8.5 mol% 8 2
PSMA 14 mol% 2.9 0.2
CellBIND 2.1 0.2
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6. CONCLUSION

The contact angle hysteresis of four polystyrenes modified with
hydrophilic acidic compounds has been evaluated in a two-phase liquid
system. Water contact angles have been measured in octane and
octane contact angles have been measured in water. A contact angle
hysteresis varying from 7 to 88� has been observed and a relationship
between the contact angle hysteresis and the polymer surface polarity
has been established. While effects such as liquid penetration and sur-
face swelling can contribute to the contact angle hysteresis, the fast
kinetics and the reversibility of contact angle variation suggest in this
work that polymer chain orientation is the main contributor to the
phenomena. The fast kinetics of the contact angle hysteresis has per-
mitted the external stimuli-induced modulation of structures of the
studied polymers.
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[47] Kučera, F. and Jančář, J., Polymer Engineering and Science 38 (5), 782–792 (1998).
[48] Martins, C. R., Ruggeri, G., and De Paoli, M.-A., Journal of the Brazilian Chemical

Society 14 (5), 797–802 (2003).
[49] Carre, A., J. Adhesion Sci. Technol. 21 (10), 921–981 (2007).
[50] Shanahan, M. E. R., Carre, A., Moll, S., and Schultz, J., Journal de Chimie

Physique et de Physico-Chimie Biologique 83 (5), 351–354 (1986).

Evolution of Polymer Surface Properties in Liquid Medium 889

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
2
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1


