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AN IMPROVED COMBINING RULE FOR SOLID–LIQUID
ADHESION AND INTERMOLECULAR POTENTIALS:
FORMULATION AND APPLICATION

Junfeng Zhang
Daniel Y. Kwok
Nanoscale Technology and Engineering Laboratory,
Department of Mechanical Engineering, University of Alberta,
Edmonton, Alberta, Canada

We have formulated a combining rule for solid�liquid adhesion and intermolecu-
lar potentials using macroscopic adhesion data. The combining rule is applied
successfully to determine macroscopic solid�liquid adhesion and to calculate
adhesion patterns using molecular theory. We found that the results determined
from our combining rule are better than those by the 9:3, Steele’s, and 12:6 combin-
ing rules in terms of scatters and details. Our results suggest that macroscopic
data from careful contact angle and adhesion findings can be used to infer
relationships of unlike solid�fluid interactions at a molecular level.

Keywords: Combining rule; Solid surface tensions; Adhesion; Contact angles; Inter-
molecular potential

INTRODUCTION

Interfacial free energy plays an important role in a variety of pheno-
mena and processes such as wetting, spreading, and floatation. How-
ever, direct measurement of the solid�vapor csvð Þ and solid�liquid
cslð Þ interfacial tensions is not available because of the absence of
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solid mobility. Among the different indirect approaches in determin-
ing solid surface tensions, contact angle is believed to be the
simplest, and hence it is the most widely used approach [1, 2].

The possibility of estimating solid surface tensions from contact
angles relies on a relation known as Young’s equation [3],

clv cos hY ¼ csv � csl: ð1Þ

Here clv is the liquid�vapor interfacial tension and hY is the Young
contact angle, i.e., a contact angle that can be inserted into Young’s
equation. Within the context of this work, we assume the experimental
contact angles, h, to be the Young contact angle, hY . Since Young’s
equation (Equation (1)) contains only two measurable quantities,
clv and h, an additional expression relating csv and csl must be sought.
Such an equation can be formulated using experimental adhesion or
contact angle data.

The origin of surface tensions arises from the existence of unba-
lanced intermolecular forces among molecules at the interface.
Recently, starting from macroscopic experimental adhesion patterns,
Kwok and Neumann [4] proposed a fruitful procedure in formulating
a new combining rule that is meant to better reflect solid�liquid
interactions for intermolecular potentials. On the other hand, using
a generalized van der Waals model and a mean-field approximation,
van Giessen et al. [5] presented a calculation of surface tensions from
intermolecular potentials, which is in fact similar to that of Sullivan
[6]. Their calculated surface tensions of selected liquids were in
reasonably good agreement with the measured data. However, the
behavior of contact angles (the curve of cos h versus clv) deviates con-
siderably from the experimental trend. We noticed that no combining
rule was involved in the calculations of the liquid�vapor surface
tension clvð Þ; such a relation, however, was required for the calcula-
tions of csv and csl and, hence, cos h, in order to evaluate the solid�fluid
fluid intermolecular potential strength. Therefore, it is reasonable to
attribute the discrepancy between the calculated and experimental
cos h to the choice of the combining rule involved. By employing a
better combining rule that represents more accurately the intermole-
cular attractions, we speculate that the calculation results of contact
angles should be improved accordingly.

Recently, we have studied the most commonly used combining
rules, and the one proposed by Kwok and Newmann. [4] using the
method in Gissen et al. [5], and found that their behaviors are not
satisfactory [7, 8]. In this article we propose a new formulation for
solid�liquid adhesion using macroscopic adhesion data based on the
original idea by Kwok and Newmann [4]. We will also examine the
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application of the derived combining rule in molecular theory by calcu-
lating the solid�liquid adhesion patterns using a van der Waals model
with a mean field approximation, similar to the previous work [5, 7, 8].
The calculated adhesion and contact angle patterns by the new
combining rule are compared against those from the 9:3, Steele’s,
12:6, and Kwok’s combining rules. It will be shown that the newly
formulated combining rule presented here follows the experimental
patterns very closely.

THEORY

Combining Rules

In the study of mixtures and solid�liquid systems, combining rules are
used to evaluate the interaction potential parameters between differ-
ent molecules in terms of those between the same kind of molecules
[6, 9�16]. In general, the minimum of the solid�liquid interaction
potential, Esl, is often expressed in the following manner:

Esl ¼ g rl=rsð Þ ffiffiffiffiffiffiffiffiffiffi
EssEll

p
; ð2Þ

where g rl=rsð Þ is a function of rl and rs; they are, respectively, the
collision diameters for the liquid and solid molecules. Respectively
Ess and Ell are the minima in the solid�solid and liquid�liquid poten-
tials. Several forms for the function of g rl=rsð Þ have been suggested
and utilized.

Among these rules, the Berthelot rule [17],

Eij ¼
ffiffiffiffiffiffiffiffiffi
EiiEjj

p
; ð3Þ

is the simplest and most widely used approximation, but it does not
provide a secure basis for the understanding of unlike-pair inter-
actions. It has been demonstrated [18�20] that the Berthelot geo-
metric mean combining rule generally overestimates the strength of
the unlikepair interaction i.e., the geometric mean value is too large
an estimate. By comparing Esl with the minimum in the (9:3)
Lennard-Jones potential, one obtains a combining rule as

Esl ¼
1

8
1þ rl

rs

� �3 ffiffiffiffiffiffiffiffiffiffi
EssEll

p
: ð4Þ

Al alternative form,

Esl ¼
1

4
1þ rl

rs

� �2 ffiffiffiffiffiffiffiffiffiffi
EssEll

p
; ð5Þ
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has been investigated by Steele [21] and others [22]. For comparison
purpose, we call Equation (5) the Steele combining rule in this article.
Furthermore, from the (12:6) Lennard-Jones potential, a (12:6)
combining rule can be obtained as follows [4]:

Esl ¼
4rl=rs

1þ rl=rsð Þ2

" #3 ffiffiffiffiffiffiffiffiffiffi
EssEll

p
: ð6Þ

In general, these functions are normalized such that g rl=rsð Þ ¼ 1 when
rl ¼ rs; they revert to the Berthelot geometric mean combining rule
(Equation (3)). Nevertheless, adequate representation of unlike
solid�liquid interactions from like pairs is rare, and their validity
for solid�liquid systems lacks experimental support.

On the other hand, Kwok and Neumann [4] recently proposed a
novel approach of combining rule formulation from macroscopic
experimental results, and a modified rule based on the (12:6) com-
bining rule was obtained:

Esl ¼
4rl=rs

1þ rl=rsð Þ2

" # akk=r3sð Þ2=s ffiffiffiffiffiffiffiffiffiffi
EssEll

p
; ð7Þ

where k is, in general, a constant that depends on the Boltzmann
constant, and absolute and critical temperatures.

Calculation of Interfacial Tensions and Contact Angles

In order to examine the combining rules at a molecular level, we
employ a mean-field approximation here to calculate numerically the
three interfacial tensions from molecular interactions. In our simple
van der Waals model, the fluid molecules are idealized as hard spheres
interacting with each other through a potential /ff ðrÞ, where s is a dis-
tance between two interacting molecules. A Carnahan-Starling model
[5, 16, 23] is adopted as the hard sphere reference system. For a planar
interface formed by a liquid and its vapor, each of which occupies a
semi-infinite space—z > 0 and z < 0, respectively—the surface tension
is given by [5�7]

clv ¼ min
q

Z þ1

�1
dz F½qðzÞ� þ 1

2
qðzÞ

Z þ1

�1
dz0�//ff ðz0 � zÞ½qðz0 � zÞ � qðzÞ�

� �
:

ð8Þ

Here the minimum is taken over all possible density profiles, qðzÞ; F is
the excess free energy; and �//ff represents the interaction potential
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that has been integrated over the whole x0y0 plane. For the solid�fluid
(i.e., a solid�liquid or a solid�vapor) interface, the solid is modeled as
a semi-infinite impenetrable wall occupying the domain of z < 0 and
exerting an attraction potential V(z) to the fluid molecule at a distance
z from the solid surface. The interfacial tension of such an interface
can be obtained from

csf ¼ cs þmin
q

Z þ1

0

dz F½qðzÞ� þ qðzÞVðzÞf

þ 1

2
qðzÞ

Z þ1

0

dz0�//ff z0 � zð Þ½q z0ð Þ � qðzÞ�

� 1

2
q2ðzÞ

Z 0

�1
dz0�//ff z0 � zð Þ

�
; ð9Þ

where cs is the solid�vacuum surface tension, a constant that exists in
the calculations of csv and csl. This constant csð Þ will be canceled out in
the calculations of the contact angles and adhesion work via Young’s
equation, Equation (1); it has no impact on the implication of our
results since we are interested only in the difference between csv and
csl. Considering a solid with molecules interacting with fluid molecules
through a potential /sf ðsÞ, we easily obtain the intermolecular poten-
tial V(z) by integrating /sf ðsÞ over the solid domain. We wish to point
out that the above equations for clv and csf (Equations (8) and (9)) are
identical to those reported in Giessen et al. [5], and Sullivan [6],
although the forms of equations are different.

We believe that the integral terms

� 1

2
q2ðzÞ

Z 0

�1
dz0�//ff z0 � zð Þ

in Equation (9) and

�qðzÞ
Z 0

�1
dz0�//ff z0 � zð Þ

in Equation (10) in Giessen et al. [5] are missing. Without such
integral terms, for the case of a fluid against a wall with VðzÞ ¼ 0;
qðzÞ ¼ qf (the density of bulk fluid) would be the solution to the
Euler-Lagrange equation (Equation (10)) there. Thus, we would not
be finding the ‘‘drying’’ layer of vapor between the bulk liquid and
the wall. In the expressions of all combining rules there, i.e, Equations
(12)�(14) in Giessen et al. [5] and throughout that paper, all of the
terms ds=df should be corrected as df=ds [6]. We have employed
rf=rs here, rather than df =ds.
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To carry out the calculations of interfacial tensions, and hence the
contact angles, a given interaction potential is required. Here we
assume a (12:6) Lennard-Jones potential model and consider only
the attraction part. It should be noted that the Lennard-Jones poten-
tial function requires knowledge of two parameters: the potential
strength, E, and the collision diameter, r. The potential strength Esf
for /sf ðrÞ is obtained from the fluid, Eff , and solid, Ess potential
strengths via a combining rule, such as that given by Equations (5)
or (7).

As mentioned above, the calculation of liquid surface tension, clv,
requires two parameters, Eff and rf , which can be related to the critical
temperature, Tc, and pressure, Pc, of the liquid in the following expres-
sions for the Carnahan-Starling model [5, 16]

kBTc ¼ 0:18016a=r3f ;

Pc ¼ 0:01611a=r6f ; ð10Þ

where kB is the Boltzmann constant and a is the van der Waals para-
meter given by

a ¼ � 1

2

Z
/ff ðrÞdr: ð11Þ

The densities of the liquid, ql, and vapor, qv, were obtained by requir-
ing the liquid and vapor to be in coexistence at a given temperature,
T [5, 16]. In our calculations, we have selected thirty liquids of
different molecular structures and have assumed T = 21�C,

rs ¼ 10 A
�
, and qs ¼ 1027 molecules/m3 for the solid surface.

RESULTS AND DISCUSSION

Solid–Liquid Adhesion Patterns

Kwok et al. [1, 4, 24] have recently published experimental contact
angle patterns for a large number of polar and nonpolar liquids on a
variety of low-energy solid surfaces. These contact angles were
believed to the most accurate sets that had been produced so far,
which satisfy the underlying assumptions of all contact angle
approaches to determine solid surface tensions. While these app-
roaches are, logically and conceptually, mutually exclusive, neverthe-
less they share the following basic assumptions:

1. All approaches rely on the validity and applicability of Young’s
equation for surface energetics from experimental contact angles.
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2. Pure liquids are always used; surfactant solutions or mixtures of
liquids should not be used, since they would introduce complica-
tions due to preferential adsorption.

3. The values of clv and csv (and csl) are assumed to be constant during
the experiment, i.e., there should be no physical=chemical inter-
action between the solid and the liquid.

4. The liquid surface tensions of the test liquids should be higher than
the anticipated solid surface tension.

5. The values of csv going from liquid to liquid are also assumed to be
constant, i.e., independent of the liquids used.

The contact angle studies by Kwok et al. [1, 4, 24] have shown the
complexities of contact angle phenomena, which prevent use of
measurements for surface energetic calculations, by means of low-rate
dynamic contact angle measurements using an automated drop shape
analysis. It was found that there were three apparent contact angle
complexities that violated the basic assumptions made in the inter-
pretation of contact angles for solid surface tensions:

1. Slip=stick of the three-phase contact line;
2. Contact angle increases=decreases as the drop front advances; and
3. Liquid surface tension changes as the drop front advances.

These contact angles should not be used for the determination of
solid surface tensions. With respect to the first point, slip=stick of
the three-phase contact line indicates that Young’s equation is not
applicable. Increase=decrease in the contact angle and change in the
liquid surface tension as the drop front advances violate the expec-
tation of no physical=chemical interaction. Therefore, when the experi-
mental contact angles and liquid surface tensions are not constant,
they should be disregarded. A recent contact angle study [25] on
self-assembled monolayers has illustrated the more complicated
phenomena. After eliminating the meaningless (nonconstant) data,
experimental contact angles on a large number of polymer surfaces
yield smooth curves of clv cos h versus clv, cos h versus clv, and Wsl

versus clv for one and the same solid surface. The solid�liquid work
of adhesion, Wsl, can be obtained from experimental contact angles
and liquid surface tensions through Equation (20). Here we replot
their results in Figure 1 and will compare them with our patterns
calculated from intermolecular potentials. Figure 1a illustrates
that for a given solid surface, say the FC722 surface (Fluorad fluoro-
chemical coating, 3M, St. Paul, MN, USA), the experimental
solid�liquid work of adhesion, Wsl, increases as clv increases and
up to a maximum Wsl value identified as W�

sl. Further increase in
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FIGURE 1 (a) The solid�liquid work of adhesion, Wsl, versus the liquid�
vapor surface tension, clv, and (b) cosine of the contact angle, cos h, versus
the liquid�vapor surface tension, clv, for a fluorocarbon FC722 (&), hexatria-
contane (�), cholesteryl acetate (^), poly(n-butyl methacrylate) (4), poly
(methyl methacrylate=n-butyl methacrylate) (~), and poly(methyl metha-
crylate) (3) surfaces.
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clv causes Wsl to decrease from W�
sl. The trend described here appears

to shift systematically to the upper right for a more hydrophilic
surface (such as PMMA) and to the lower left for a relatively more
hydrophobic surface. There are also some indications that the lo-
cation of the maximum point W�

sl appears to shift to the right as sur-
face hydrophobicity decreases. Figure 1b shows the experimental
contact angle patterns in cos h versus clv. We see that, for a given
solid surface, as clv decreases cosine of the contact angle (cos h)
increases, intercepting at cos h ¼ 1 with a ‘‘limiting’’ clv value. We
identify this ‘limiting’’ value as cclv. As clv decreases beyond this cclv
value, contact angles become more or less zero (cos h � 1), represent-
ing the case of complete wetting. The trend described here appears to
change systematically to the right for a more hydrophilic surface
(such as poly(methyl methacrylate): PMMA) and to the left for a rela-
tively more hydrophobic surface (such as a fluorocarbon). Changing
the solid surfaces in this manner changes the limiting cclv value, sug-
gesting that cclv might be of indicative value as a solid property. In
fact, Zisman labeled this cclv value as the critical surface tension of
wetting of the solid surface cc.

Reformulation of a New Combining Rule

With careful examination of the modification procedures in Kwok and
Neumann [4], we found that the assumption of c / r�3 can be better
represented by a more reasonable one: c / r�2 [6]. Since surface
tension is defined as the work required to generate a unit surface area,
the relationship c / r�2 is entirely compatible with this stipulation,
as r can be related directly to the changes in interfacial area. There-
fore, we reformulate a new combining rule here and fit the expression
to the experimental adhesion patterns.

According to the thermodynamic definition of the energy of
adhesion,Wsl, and cohesion,Wss andWll [26, 27], we have the following
relations:

Wsl ¼ clv þ csv � csl; ð12Þ

Wss ¼ 2csv; Wll ¼ 2clv: ð13Þ

Because the free energy is directly proportional to the energy
parameter [20, 27], i.e., W / E; the general form of combining rule
(Equation (2)) can be expressed as [17, 20, 27, 28]

Wsl ¼ g rl=rsð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
WssWll

p
¼ 2g rl=rsð Þ ffiffiffiffiffiffiffiffiffiffiffi

csvclv
p

: ð14Þ
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Due to the relation of c / r�2 [6], the function g can be further
rewritten in terms of csv and clv explicitly:

g rl=rsð Þ ¼ g c1=2sv =c1=2lv

� �
: ð15Þ

Combining Equations (14) and (15) with Equations (3)�(6) yields,
respectively, the following expressions:

Wsl ¼ 2
ffiffiffiffiffiffiffiffiffiffiffi
clvcsv

p
; ð16Þ

Wsl ¼
1

4
1þ csv

clv

� �1=2
" #3 ffiffiffiffiffiffiffiffiffiffiffi

clvcsv
p

; ð17Þ

Wsl ¼
1

2
1þ csv

clv

� �1=2
" #2 ffiffiffiffiffiffiffiffiffiffiffi

clvcsv
p

; ð18Þ

and

Wsl ¼ 2
4 csv=clvð Þ1=2

1þ csv=clvð Þ1=2
h i2

8><
>:

9>=
>;

3 ffiffiffiffiffiffiffiffiffiffiffi
clvcsv

p
: ð19Þ

Since Wsl now relates explicitly to clv and csv, the effect of changing
clv on Wsl can be examined for constant csv.

Experimentally, one can in principle obtain the free energy of
adhesion, Wsl, via contact angles through Young’s equation (Equation
(1)). Combining Equation (1) with the definition of Wsl, Equation (12)
yields a relation of Wsl as a function of clv and h:

Wsl ¼ clv 1þ cos hð Þ: ð20Þ

Thus, experimental results can be compared with those predicted from
Equations (16)�(19); i.e., contact angles of different liquids on one and
the same solid surface can be employed to study the systematic effect
of changing clv on Wsl through h.

Figure 2 displays the free energy of adhesion, Wsl, versus the
liquid�vapor surface tension, clv, from recent experimental contact
angles for polystyrene (PS) [29], poly (styrene/methyl methacrylate,
70/30) P(S/MMA, 70/30) [30], and PMMA [31]; Equation (20) was used
to relate h to Wsl. The predicted patterns from Equations (16)�(19) for
a hypothetical solid surface with csv ¼ 30 mJ=m2 are also given in solid
lines. These results suggest that the above combining rules do not
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predict the observed adhesion patterns adequately. The (9:3) combin-
ing rule of Equation (17) even shows a monotonous decreasing fashion
of Wst as clv increases, which is clearly different from the experimental
trends.

Nevertheless, closer scrutiny suggests that the form of the (12:6)
combining rule in Equation (19) may be useful in predicting the
experimental adhesion patterns. As a step toward such an investi-
gation, we rewrite this equation in the following generalized form:

Wsl ¼ 2
4 csv=clvð Þ1=2

1þ ðcsv=clvÞ1=2
h i2

8><
>:

9>=
>;

n ffiffiffiffiffiffiffiffiffiffiffi
clvcsv

p
; ð21Þ

where n is a constant to be determined. For n ¼ 3, Equation (21)
reverts to Equation (19). The question now becomes how well this
equation fits the experimental data in Figure 2. Assuming csv to be
constant for one and the same solid surface, experimental contact

FIGURE 2 The free energy of adhesion, Wsl, versus clv for polystyrene
(PS) (circles), poly(styrene=methyl methacrylate, 70=30) P(S=MMA, 70=30)
(squares), and poly(methyl methacrylate) PMMA (diamonds). The diagonal
lines is the line of zero contact angle, i.e., Wsl ¼ 2clv; other solid lines are the
Wsl values predicted by Equations (16)�(19) using csv ¼ 30mJ=m2.

Improved Combining Rule for Solid�Liquid Adhesion 755

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
8
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



angle data can be used to fit this equation using a least-squares
scheme.

The best fits of Equation (21) to experimental data are shown in
Figure 3. Clearly, Equation (21) provides a good fit to the experimental
data, with the fitting results summarized in the second and third
columns in Table 1. Although Equation (21) appears to fit the data
well, there is some indication that the power term, n, is changing with

FIGURE 3 The fitted free energy of adhesion, Wsl, versus clv for Equation
(21), for the data in Figure 2: polystyrene (PS), poly(styrene=methyl metha-
crylate 70=30) P(S=MMA, 70=30), and poly(methyl methacrylate) PMMA.

TABLE 1 Fitting Results of Experimental Energy of Adhesion from Contact
Angles for Equation (21)

Solid surface n csv csv=n csv=n
2

poly(methyl methacrylate), PMMA 5.61 38.85 6.925 1.234
poly(styrene=methyl methacrylate, 70=30),
P(S=MMA, 70=30) 5.26 33.59 6.386 1.214
polystyrene, PS 4.98 30.74 6.173 1.239

csv is expressed in mJ=m2.
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the solid surface. We noticed that n decreases systematically with solid
surface tension, csv. In Table 1, we attempted to normalized such
changes by expressing the fitted results as csv=n and csv=n

2 in the
fourth and fifth columns, respectively. We found that the values of
csv=n

2 appear to be essentially independent of the solid surfaces
used. Averaging and weighting csv=n

2 over the number of data
used yields csv=n

2 ¼ 1:23 m2=mJ. The relationship between the energy
of adhesion, Wsl, and surface tensions, csv and clv, can now be
expressed as

Wsl ¼ 2
4 csv=clvð Þ1=2

1þ ðcsv=clvÞ1=2
h i2

8><
>:

9>=
>;

ðscsvÞ1=2 ffiffiffiffiffiffiffiffiffiffiffi
clvcsv

p
; ð22Þ

where s ¼ 1=1:23 m2=mJ ¼ 0:813 m2=mJ.

Predictive Power

Theoretically, combining Equations (22) with (20) allows determi-
nation of the solid surface tension, csv, from a single pair of experi-
mental data ðclv; hÞ on a surface. Nevertheless, we fit Equation (22)
to the experimental Wsl versus clv values on one and the same solid
surface to obtain the solid surface tension, csv. Combining Equation
(22) with Equation (20) yields

cos h ¼ �1þ 2

ffiffiffiffiffiffi
csv
clv

r
4 csv=clvð Þ1=2

1þ ðcsv=clvÞ1=2
h i2

8><
>:

9>=
>;

ðscsvÞ1=2

ð23Þ

With a calculated csv value, one can predict the contact angle from the
liquid surface tension, clv, by the above equation. To illustrate the
prediction of Equations (22) and (23), we selected 5 other surfaces
which were not used in the determination of the s value here. The 5
surface are FC722 coated-fluorocarbons [32], Teflon1 (FEP) [33], poly
(n-butyl methacrylate) (PnBMA) [24, 34], poly(ethyl methacrylate)
(PEMA) [24, 35], and poly(propene-alt-N-(n-propyl)maleimide) P
(PPMI) [24, 36, 37]. The determined solid surface tensions, csv, are
listed in Table 2. It is apparent that the prediction of the csv values
agree well with the intuition that a fluorocarbon should have a csv
around 12�15 mJ=m2 and the csv for an ethyl methacrylate polymer
(PEMA) should be less than that of the PMMA and should fall
between 30�35 mJ=m2. The averaged csv values determined from
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the equation of state approach using the same sets of experimental
data are also given in Table 2 for comparison purposes. It can be
seen that the csv values obtained from Equation (23) are essentially
identical to those determined from the equation of state approach.

Figure 4 displays the predicted and experimental adhesion, Wsl,
and the cosine of the contact angle, cos h, patterns for the 5 surfaces
in Table 2. It is clear from Figure 4 that the predicted curves
fit very well to the experimental data of Wsl and cos h versus clv. It
should be noted that these predicted values were calculated with
s ¼ 0:813 m2=mJ, which was obtained from the other three solid
surfaces (PS, P(S=MMA, 70=30), and PMMA) as described earlier,
Furthermore, the agreement between the two cases appears to be
even more striking when a contact angle error of� 1�2 degrees is
considered.

Application in Molecular Theory

We have recently examine the combining rules discussed above in
the section ‘‘Combining Rules’’ [7, 8]. For the completeness and con-
venience of comparison, we represented the results here in Figure 5.
Thirty polar and non polar liquids have been used to calculate the
interfacial tensions for the adhesion patterns using Berthelot’s (9:3),
Steele’s, (12:6), and Kwok’s combining rules [7, 8]. In order to change
the hydrophilicity of the model surface and observe the change in
patterns, we hypothesize that solid surface energy increases with
stronger solid�solid interaction energy, Ess: increasing the solid�solid
solid interactions increases the surface free energy required to gener-
ate a unit interfacial surface area. Thus, we increased the solid�solid

TABLE 2 Solid Surface Tension Values, csv, Obtained from Equation (23)
with s ¼ 0:813 m2=mJ

csvðmJ=m2Þ

Solid surface Equation (23) Equation of state approach

FC722 14.9 12.1
FEP 19.7 17.8
PnBMA 30.0 28.8
PEMA 33.9 34.0
P(PPMI) 38.9 37.3

The averaged csv values [4] determined from the equation of state approach from the
same set of data are also given.

758 J. Zhang and D. Y. Kwok

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
5
8
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



FIGURE 4 The predicted free energy of adhesion, Wsl, and cosine of contact
angles, cos h, versus clv with s ¼ 0:813 m2=mJ for FC722 fluorocarban-
coated surface (�), Teflon (FEP) (�), poly(n-butyl methacrylate) (PnBMA)
(3), poly (ethyl methacrylate) (PEMA) (&), and poly(propene-alt-N-(n-propyl)
maleimide) P(PPMI) (").
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FIGURE 5 The solid�liquid work of adhesion, Wsl, versus the liquid�vapor
surface tension, clv, and cosine of the contact angle, cos h, versus the
liquid�vapor surface tension, clv, calculated from (a) (9:3) combining rule,
(b) Steele’s combining rule, (c) (12:6) combining rule, and (d) Kwok’s combining
rule. The symbols are calculated data and the curves are the general trends of
the data points.
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interactions systematically tomodel hydrophilic surfaces anddecreased
the interactions for hydrophobic ones.

Our calculation results suggest that Berthelot’s rule (Equation (3))
is the worst among all combining rules that we have considered, and
the results are therefore not shown in Figure 5. With the exception
of Berthelot’s rule, the (9:3) rule (Equation (4)), Steele’s rule (Equation
(5)), the (12:6) rule (Equation (6)), and Kwok’s rule (Equation (7)) all
yield the general adhesion and contact angle patterns observed exper-
imentally, but with larger scatters or less details [7, 8]. Kwok’s rule
(Equation (7)) produced the most similar behavior to the experimental
results, but still with some scatters.

To apply the newly obtained rule here to the interfacial tension
calculation, a relation of the potential parameters is needed. Since
W / E and csv � K=r2s ; Equation (22) can be rewritten as

Esl ¼
4rl=rs

ð1þ rl=rsÞ2

" #ðsK=r2s Þ
1=2 ffiffiffiffiffiffiffiffiffiffi

EssEll
p

: ð24Þ

Application of this combining rule requires knowledge of the
unknown constant, K, which relates solid surface tension to molecular
collision diameters. Since K is not readily known, we adopted here
the assumption of K � csvr

2
s � clvr

2
l and, hence, K=r2S � clvr

2
l =r

2
s ;

leading to

Esl ¼
4rl=rs

ð1þ rl=rsÞ2

" #ðsgvr2l =r
2
s Þ

1=2 ffiffiffiffiffiffiffiffiffiffi
EssEll

p
: ð25Þ

Using the theory and procedures described earlier, Equation (25)
was used to evaluate the intermolecular potential strength, Esl,
between the solid and fluid molecules. The calculated adhesion pat-
terns are plotted in Figure 6. It can be seen that the newly formulated
combining rule here (Equation (25)) generates a much steeper trend of
the cos h versus clv curve similar to the experimental trend observed.
Other than providing a steeper trend, Equation (25) proposed here
also generates much smoother curves of Wsl and cos h versus clv than
all other combining rules considered here. To elucidate this point,
we superimposed the results generated from Equation (25) onto Figure
5 from Giessen et al. [5], and show them here in Figure 7. Here the
solid intermolecular potential strength for Equation (25) was adjusted
to produce a curve with cc ¼ 18 mJ=m2 on order to be compared with
the data for a FEP surface. It can be seen in this figure that for low
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FIGURE 6 (a) The solid�liquid work of adhesion, Wsl, versus the liquid�
vapor surface tension, clv, and (b) cosine of the contact angle, cos h, versus
the liquid�vapor surface tension, clv, calculated from the combining rule in
Equation (25).
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energy liquids (clv < 50mJ=m2) the calculated curve from Equation
(25) follows the experimental points almost exactly. Because of the
existence of hydrogen bonding in the high-energy liquids such as
hydrazine and water, which are not considered in our theoretical
model, these calculated Wsl and cos h tend to deviate from the experi-
mental results. Nevertheless, if we compare the absolute values of
cos h between the calculated and experimental results for water and
hydrazine, the results would be very similar: for example, the cal-
culated cos h of water on the FEP is �0.34, while the experimental
value is �0.37. If we plot Figure 6 using the experimental surface
tension of water and hydrazine as 72.8 and 67.6 mJ=m2 rather than
the calculated ones as 92.3 and 71.8 mJ=m2, respectively, our cal-
culated curve would fall exactly on the experimental data of FEP.
According to the above analysis, it is more apparent that the calcu-
lated data from our modified-rule Equation (25) follows the experi-
mental results very closely. Superposition of the calculated results
onto the experimental patterns in Figure 8 illustrates the similarity
of the two patterns more clearly (FC721, noted in the inset in

FIGURE 7 Cosine of the contact angle, cos h, versus the liquid�vapor surface
tension, clv; open symbols are experimental data; (.) and (^) represent the
calculated data from Equations (5) and (25), respectively.
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Figures 7 and 8 refer to a Fluorad1 fluorochemical coating, similar to
FC722, from 3M, St. Paul, MN, USA).

SUMMARY

We have formulated a new combining rule between clv and csv for Wsl

from experimental adhesion patterns. The obtained relation gives a
good fit to experimental adhesion and contact angle data for the
systems studied. By extending such a relation to the molecular level,
we have derived an improved combining rule for intermolecular poten-
tials and employed a van der Waals model using a mean field approxi-
mation for calculation of the adhesion and contact angle patterns.
The calculated patterns follow the experimental results almost
exactly. The remarkable agreement between the predicted and experi-
mental data, both at a macroscopic and molecular level, suggests that
the combining rule we derived here is useful to represent the relation-
ship for solid�liquid adhesion as well as solid�fluid intermolecular
potentials.

FIGURE 8 Superposition of experimental and calculated cosine of the contact
angles, cos h, versus the liquid�vapor surface tension, clv; experimental
data and calculated curves are represented by open symbols and solid lines,
respectively.
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