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Contact Angle Interpretation: Combining Rule for Solid —Liquid Intermolecular Potential
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Recent contact angle studies provide an experimental foundation for theoretical developments of molecular
interactions. These newly obtained contact angles are interpreted in terms of combining rules fer solid
liquid intermolecular potential. Results suggest that existing combining rules do not describe adequately the
experimental adhesion pattetrihe calculated and experimental patterns differ considerably. It is shown
that the combining rule originally proposed by Hudson and McCoubrey can be improved to advance our
understanding for solidliquid interactions from like pairs. Macroscopic contact angle measurements are
used to infer relationships of unlike sotidiquid interactions at a molecular level. The resulting combining

rule gives a good fit to experimental adhesion and contact angle patterns for the range studied. The
thermodynamic property solid surface tension can also be obtained from this relation.

1. Introduction whereo is the collision diameter. The attractive potentials in

In the theory of molecular interactions and the theory of eqs 3 and 4 can be equated to give

mixtures, combining rules are used to evaluate the parameters 3 6
of unlike-pair interactions in terms of those of the like 2'1% = 4i0; (5)
interactions.=1° As with many other combining rules, the
Berthelot rulé? Equation 5 can be used to deriuganda;; substituting these
guantities into eq 2, we obtain
€ = V€€ @) 3 3
_ 2\ 40 o] Jaer ©6)

is a useful approximation, but does not provide a secure basis I L+1 8 i€

for the understanding of unlike-pair interactions; is the !

potential energy parameter (well depth) of unlike-pair interac- |t ywe write @i in the form —46i10i?/fi? such thawij = Y(0i +

tions; eii andej; are for like-pair interactions. 0, the energy parameter for two unlike molecules can be
From the London theory of dispersion forces, the attraction expressed as

potentialg; between a pair of unlike moleculésandj is given

by 2\ [ 4oio, |
“ =+ ARG @)
3 1l oy i THI\A+ oilg)
¢ij:_§|_+|_ 6 @) . . .
N I This forms the basis of the so-called combining rules for
intermolecular potential. The above expressiondpican be
wherel is the ionization potential and the polarizability. For simplified: whenl; = 1j, the first term of eq 7 becomes unity;
like molecules this term becomes when o; = o;, the second factor becomes unity. When both
conditions are met, we obtain the well-known Berthelot rule,
3 o2 ie., eql.
b =- _'_6' (3) For the interactions between two very dissimilar types of
4 ri molecules or materials where there is an apparent difference

betweene; and ¢j, it is clear that the Berthelot rule cannot
The total intermolecular potentir;) expressed by the (12:6) ~ describe the behavior adequately. It has been demonsttated
Lennard-Jones potentia| is in the form that the Berthelot geometl’ic mean Combining rule generally
overestimates the strength of the unlike-pair interactions, i.e.,
the geometric mean value is too large an estimate. In general,
the differences in the ionization potential are not large, lie.,

~ |;; thus the most serious error comes from the difference in
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following manner:46 Similarly, eq 8 can be expressed as

€51 = 9(0//09y €& 8) Wq = 29(0/0dy 71, 7s, (15)
whereg is a function ofo; and o, they are, respectively, the SinceW O € O y O o3, the functiong can be rewritten in
collision diameters for the liquid and solid molecules; and terms ofys, andy, explicitly:
€ are, respectively, the minima in the setidolid and liquid-
liquid potentials. Several other forms for the explicit function a(oilo) = gy By (16)

of g(o/og) have been suggested. For example, by compaging
with the minimum in the (9:3) Lennardlones potential, one  Thus, inserting eqs-911 into eq 15 yields, respectively, the

obtains following expressions:
1 0\ 1 7o \3\3
g(OI/OS) = é(l + EJ (9) WSI = Z(l + (ﬁ vV ViV s (17)
An alternative form has been investigated by Stéend 1 Ve | V32
others?5 Wo=35|1+ (- V1V s (18)
1 ;)2
g(G|/GS) = Z 1+ ; (10) and

Obviously from the (12:6) Lennarelones potential, eq 7

sl

Ay v, 3 \3
=2 &)2) Vs (19)

implies A+ /)™
Io) = dojlog |3 11 Since Wy now relates explicitly toy,, and ys,, the effect of
9(oilo) = 1+ 0|/Us)2 1) changingy, on Wy can be examined for constapy,.

Experimentally, one can in principle obtain the free energy

These are various attempts for a better representation of-solid of adhesiors via contact angles through the Young equation:

liquid interactions from soligtsolid and liquid-liquid interac-
tions. In general, these functions are normalized suchgiogt
o9 = 1 wheng, = o, they revert to the Berthelot geometric
mean combining rule eq 1 fa(o/og) = 1.

Nevertheless, adequate representation of unlike-sbfdid

V1, COSOy = yg, — 7y (20)

wherefy is the Young contact angle, i.e., a contact angle that
can be used in connection with the Young equation. Combining

interactions from like pairs is rare; moreover, the validity of €q 20 with 12 yields a relation as as a function ofy, and

the existing combining rules for solidiquid systems lacks O

experimental support. This is due to the difficulties involved in W, = 7, (1 + cosby) (21)
estimating the operative sotidiquid interactions. One attractive s v v
alternative is by means of the thermodynamic free energy of
adhesion via wetting, as recently suggesfeé® This can be
accomplished only when a set of thermodynamically significant
contact angles is generated. Recent Work in systematic
contact angle studies sheds light on this matter. Our aim is to
test existing combining rules for sofidiquid intermolecular
potential and, as a second objective, to construct similar ones
using experimental data.

Thus, experimental results can be compared with those predicted
from eqgs 14, 17#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, on Wy through6y.

We wish to point out that this strategy is straightforward;
the underlying assumptions are however not tritédf.26 For
example, there exist many metastable contact angles which are
not equal to the one given by Young’s equation, i, the
2. Theory contact angle made by an advancing liquig) (and that made

) by a receding liquid ;) are not identical. The difference

Thermodynamically, a relation of the free energy of adhesion betweend, and 6, is called contact angle hysteresis. Contact

per unit area of a solidliquid pair is equal to the work required  angle hysteresis can be due to roughness and heterogeneity of

to separate unit area of the seliliquid interface?? a solid surface. If roughness is the primary cause, then the
measured contact angles are meaningless in terms of the Young
Wo =7, t Ve — sl (12) equation.

(1) On ideal solid surfaces, there is no contact angle

Because the free energy is directly proportional to the energy hysteresis, and the experimentally observed contact angle is
parametef?* i.e., W O ¢, the Berthelot geometric mean  equal tofy.

combining rule (eq 1) for the free energy of adhesit can (2) On smooth, but chemically heterogeneous solid surfaces,
be approximated in terms of the free energy of cohesion of the g js not necessarily equal to the thermodynamic equilibrium
solid Wss and that of the liquidaj: 12325 angle; nevertheless, the experimental advancing contact angle
0a can be expected to be a good approximatiofA\ofThis has
Wy = /Wy W (13) been illustrated using a model of heterogeneous (smooth)

o vertical strip surface¥’ 28 Therefore, care must be exercised to
By the definitionsWi = 2y, andWess = 2ys,, €q 13 becomes  ensyre that the experimental apparent contact adglis, the
advancing contact angle in order to be inserted into the Young
Wo = 27178 (14) equation.
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Figure 1. The free energy of adhesidig vs y,, for polystyrene (PS) = 100.0 - ;\§ vo>y B
(circles), poly(styrene/methyl methacrylate, 70/30) P(S/IMMA, 70/30) Ag b e
(squares), and poly(methyl methacrylate) PMMA (diamonds). The r
diagonal line is the line of zero contact angle, i\ = 2y,,; other 80.0 | ]
solid lines are th&\y values predicted by eqgs 14,479 usingys, = :
30 mJ/n? from y;, = 30 to 75 mJ/rA
(3) On rough solid surfaces, no such equality between 60.0 |
advancing contact angle aifg exists. Thus, all contact angles ~ “
on rough surfaces are meaningless in terms of the Yound 40.0 . ) . .
equation. While the receding angle on a heterogeneous an 20.0 40.0 ,60.0 80.0
smooth surface can also be a Young angle, it is usually foun Y,, (mJ/m’)
to be nonrgprodumble (_)ften because of sorption of the liquid Figure 2. The fitted free energy of adhesiohl Vs yy, for (a) eq 22
into the solid and swelling of the solid by the liquid. and (b) eq 23, for the data in Figure 1: polystyrene (PS) (circles), poly-
The thermodynamic equilibrium angles on rough and het- (styrene/methyl methacrylate, 70/30) P(S/MMA, 70/30) (squares), and
erogeneous surfaces are the so-called Wéhaertl Cassi# 33 poly(methyl methacrylate) PMMA (diamonds).
angles, respe(_:t|vely. They are '.“°t equatP\tr_p_furthermore, they TABLE 1: Fitting Results of Experimental Free Energy of
are not experimentally accessible quantities. Adhesion from Contact Angles for Equations 22 and 23
Experimentally, one measures contact angles of different eq 22 eq 23

liquids on one and the same solid surface to fulfill the
requirement of constants, for changingy,,. However, recent
work suggested that contacting liquids often interact with the
solid surface of interest in an unpredictable manner that can

. . poly(styrene/methyl methacrylate,
cause the operative,, vs, (andys) to be different from the 70/30), P(S/MMA, 70/30) 345 16 335 117
original, anticipated on&.*> The applicability of the Young  polystyrene, PS 323 17 306 109
equatiod® is not guaranteed in such situations. Thus, experi-
mental determination of meaningful contact angles requires these equations in the following generalized forms:
painstaking efforts. A detailed discussion of these matters is

available!6.17 1/3\k
W, = Zlk(l + (Z_SU) ) VY1V s (22)

lv

Ysv Vsv
solid surface (Mmdm?) k (MIP n
poly(methyl methacrylate), PMMA  39.9 1.3 389 12.6

3. Results and Discussion

and
Figure 1 displays the free energy of adhesidh vs the Ay, ly )1/3 n
liquid—vapor surface tensiory;, from recent experimental W, =2 L S U /VWSU (23)
contact angles for polystyrene (PS)poly(styrene/methyl A+ Gty ">
methacrylate, 70/30) P(S/MMA, 70/38),and poly(methyl
methacrylate) PMMA?! eq 21 was used to relageto Wy The wherek andn are constants to be determined. ket 2 andn
predicted patterns from eqgs 14,-1T9 for a hypothetical solid = 3, eqs 22 and 23 revert respectively to eqs 18 and 19. The

surface withys, = 30 mJ/nt are also given. These results question now becomes how well these equations fit the
suggest that the above combining rules do not predict the experimental data in Figure 1. Assumipg to be constant for
observed adhesion patterns adequately; egs 14 and 17 beingne and the same solid surface, experimental contact angle data
the poorest. It should be noted that such failure is not surprising can be used to fit these equations using a least-squares scheme.
since the London dispersion theory together with the Lennard The best-fits of egs 22 and 23 to data are shown in Figure 2,
Jones potential are only approximation and cannot account forparts a and b, respectively. Clearly, eq 23 gives a better fit to
all solid—liquid interactions. the experimental data than eq 22. The fitting results are
3.1. Improved Combining Rule.Nevertheless, closer scru- summarized in Table 1. Although eq 23 appears to fit the data
tiny suggests that the forms of the combining rules in eqs 18 well, there is some indication thatmay change with the solid
and 19 may be useful in predicting the experimental adhesion surface tensiotys,. To account for this, we assumel os (i.e.,
patterns. As a step toward such an investigation, we rewrite n [ yi’s) and square it with an as yet undetermined constant
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TABLE 2: Fitting Results of Experimental Free Energy of 120.0 . T ¥ T T
Adhesion from Contact Angles for Equation 24 I
eq 24 L i
I Lo S 100.0 Sy sy
Vs o — As
solid surface (mJ/n?) (m?mJ) “2 800 | = |
poly(methyl methacrylate) PMMA 38.9 1.15 E <
poly(styrene/methyl methacrylate, 70/30) 33.6 1.19 =
P(S/MMA, 70/30) ~ 60.0 - 1
polystyrene PS 30.6 1.17 S
40.0 + ‘00, :
in the exponential, so that
/3 (ays)?® 20.0 40.0 60.0 80.0
(VSI/)/lv)l 2
sl = 1+ 1/3\2 VY1V s (24) Yy (mJ/m )
( YsdV1)) Figure 3. The predicted free energy of adhesl\dg vsy,, from eq 24

with oo = 1.17 n¥/mJ for FC722 fluorocarbon-coated surface (solid

Assumingys, anda to be constant for one and the same solid circles); Teflon (FEP) (open diamonds); pahifutyl methacrylate)
surface, we fitted the data to eq 24; the resulfigganda values (PnBMA) (solid left triangles); poly(ethyl methacrylate) (PEMA) (solid
are summarized in Table 2. It appears that such a modification 49N triangles); poly(methyl methacrylatdutyl methacrylate) P(MMA/

ield | h iallv ind d f th lid nBMA) (open circles); poly(propenak-N-(n-propyl)maleimide)
yields a. values that are essentially independent of the soli P(PPMI) (open rectangles).
surfaces used. Averaging and weightm@ver the number of
data used yields. = 1.17 n?¥/mJ. This procedure allows the liquid interfacial tensioryg as
determination of a combining rule for molecular potential from

: : 3 1/3 o 2/3

macroscopic contact angle measurements. Singex }_</oS B Ay, (ors)
and because of eq 24, the setiitjuid interaction potentiats Y= Viw T Voo — 2V V1o 1—1/3)2 (26)
can be expressed as A+ o)

4(U|/os)l/3 (aK/o39?3 T_hLIst, the Young equation (eq 20) in conjunction with eq 26
(1— + (g0 )"?? €i€ss (25) yields
I

2/3
costu— —14 2. 7| A0s/n) ) | @7)
wherea is 1.17 n¥/mJ;K is in general a constant that depends A Y\ + oty )32
on the Boltzmann constant, absolute and critical temperatures. !

Such a relation can be used to estimajefrom solid—solid The predicted contact angle patterns are shown in Figure 4 for
and liquid-liquid pairs for intermolecular potentiady can be v in the range from 12 to 38 mJAin 2 mJ/n? increments, in
related directly togy andegs by the collision diameters of the plots ofy;, cosf vs 1, and cosh vs y1,. These are experimental
solid s and I'iqgidm, as given by eq 25. In essenoereplacgs . contact a/ngles not used to obtain the values.gireviously.
a constant similar to that from molecular theory. The sensitivity The predicted and experimental contact angle patterns agree well
of a relies on the validity of the assumption that the differences \yithin s = +1 mJ/nk. Conversely, hypothetical contact angle
in the ionization potential between the liquids and solids are | 5jues can be generated using any given paipiofand ys.
not large, i.e.|s~ |j; if the difference is large, the explicit effects Usingys, = 35.0+ 1.0 mJ/nt anda. = 1.17 n¥/mJ, eq 27 can
of I and Is on €y would have to be considered in eq 25. ,eqict the contact angles corresponding to each experimental
Obviously, if further refinement of the Lennardones potential v1, value for P(MMAOBMA). The predicted angles are sum-
is available, the above procgdures together with the.contact anglemarized in Table 3 together with the observed ones. The
data can be employed to yield a more exact relation. agreement is very good and within the goniometer contact angle
3.2. Predictive Power.Free Energy of AdhesiorEquation accuracy of+2°.
24 can be used to predict the free energy of adhesion for Solid Surface TensionBurther, the best-fitted experimental
different SO|Id—|IQUId interactions. Experimentws| values from values (from the free energy of adhesion or contact angle
contact angles are plotted in Figure 3, for other solid surfaces patterns) to theoretical ones yield the solid surface tengion
not used to determine the above: these surfaces Table 4 summarizes the fittegl, values determined from eq
are FC722 coated-fluorocarbotfsTeflon (FEP)" poly(n- 24 with o = 1.17 n¥/mJ: they were obtained by using, as
butyl methacrylate) (fBBMA),3839 poly(ethyl methacrylate)  the only adjustable parameter to give the best fit. The fifted
(PEMA) 340 poly(methyl methacrylatetbutyl methacrylate)  values agree well with intuition that fluorocarbons should have
P(MMA/NBMA), %4t and poly(propenedt-N-(n-propyl)male-  surface tensior~ 12—14 mJ/n, PS~ 29-31 mJ/ni, and
imide) P(PPMI)3*3539The values oM as a function ofyi, PMMA =~ 38—40 mJ/ni. We also note that the agreement with
predicted by eq 24 are shown in Figure 3; each curve representshose determined from the equation of state approach for-solid
a singleys, value witha. = 1.17 n¥/mJ. The agreement between  |iquid interfacial tension¥42is remarkable; the results are also
the predicted and experimental results is striking. From experi- given in Table 4. It is apparent, and in principle obvious from
mental contact angles on the three solid surfaces not used infundamenta| Considera’[ions' that there is no corflicetween
Figure 3, eq 24 witle = 1.17 n¥/mJ can be used to predictthe  molecular theory and the equation of state approach for-solid
adhesion behavior for other polar and nonpolar seliguid liquid interfacial tensions; the former is based on intermolecular
combinations. interactions at a molecular level; the latter on thermodynamics
Contact Angles.Contact angle patterns can also be pre- and macroscopic measurements. The two approaches are indeed
dicted: Combining eq 24 with eq 12, we can write the selid  closely related. Combining rule in intermolecular potential can

€5 —
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T T TABLE 4: Fitting Results of the Solid Surface Tensionys,
40 + N\s . Using Equation 27 to Experimental Contact Angles witha. =

oo B Yo > Yoy 1.17 n?/mJ; the Averaged ys, Values Determined from the
\’\; Equation of State Approach from the Same Set of Data Are
N'g 20 e o Given Also
E "oy, 00 B C 1 Y (MJIINF)
- o @® o < solid surface eq 27 equation of state appréath
8 3 FC722 14.1 12.1
oz 20 ¢ . FEP 19.2 17.8
© PnBMA 29.8 28.8
wl @ | PS 30.6 30.2
) P(S/MMA, 70/30) 335 33.2
10 : . . PEMA 34.3 34.0
P(MMA/nBMA) 34.8 34.6
PET 36.2 35.4
06 L | P(PPMI) 37.2 37.3
PMMA 38.9 38.7
o 02r : adhesion and contact angle patterns yield the solid-surface
e tensions that are essentially identical to those determined from
02 - | the equation of state approach for sellduid interfacial
’ tensions.
{b) .
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