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Model heterogeneous surfaces consisting of alternating and parallel 2.55 µm hydrophobic and 2.45 µm
hydrophilic stripswereprepared onagold filmbypatterning self-assembledmonolayers of hexadecanethiol
and mercaptohexadecanoic acid using an elastomer stamp. The advancing and receding contact angles
were measured for liquid drops (distilled water, buffer solutions with pH ) 8.0, 10.0, and 11.0, ethylene
glycol, glycerol, and formamide) placed on this specially prepared surface. Contortion of the three-phase
contact line is a significant property of these systems. Both contact angles, advancing and receding, were
2-10° lower when measured with the strips normal to the three-phase contact line than those measured
with the strips tangential to the three-phase contact line. Formost of the systems examined, experimental
contact angles,whenmeasured for the liquid drop edge situated along the strips of themodel heterogeneous
surface (noncontorted three-phase contact line), were in an agreement with theoretical values calculated
from theCassie equation. Also, formost of the systems examined, therewas an agreement of experimental
contact angles, asmeasured for the liquid drop edge located normal to the strips (i.e., when the three-phase
contact line was contorted), with theory calculated from the modified Cassie equation, including the line-
tension term. Only in selected cases could the theory as expressed by the Cassie equation or the modified
Cassie equation not predict the experimental contact angles. These were the systems in which the liquid
phase interacted strongly with COOH groups of the self-assembledmonolayer and completely spread over
this hydrophilic portion of the surface.

Introduction

Over forty years ago, Cassie1 proposed that the contact
angle (θC) for a liquid at a composite solid surface can be
predicted theoretically from a simple equation incorpo-
rating the composition of a solid surface and its wetting
characteristics. For a two-component surface this equa-
tion is1

where fi is the fractional area of the surfacewith a contact
angle of θi and the superscript C designates the contact
angle for theheterogeneous surfaceasproposedbyCassie.
Recent theoretical analysis2-4 of the free energy for the

three-phase system with a heterogeneous solid surface
pointed out the limitation of Cassie’s approach and
indicated that the Cassie equation (eq 1) is not universal
but, rather, requires a correction that incorporates the
excess free energyassociatedwith the three-phase contact
line. This correction is especially recommended for
systems with micron-size (a few microns in diameter or
less) heterogeneities. On this basis, a new theoretical
relationshipdescribing theequilibriumcontactangle (θMC)
for a liquid at a heterogeneous surface was derived and
proposed.2-4 For example, if a solid surface is composed
of two components, uniformly distributed, the equation
describing the contact angle is as follows:4

where γLV is the surface tension for the liquid; ri is the
radius of the three-phase contact line at the i-component
of the surface; γSLVi ) (δFi/δLi)T,V,Aij,ni is the line tension;
F is the free energy of the system; T, V, A, and L are the
temperature, volume, interfacial area, and length of the
three-phase contact line, respectively; and the superscript
MC designates the modified Cassie contact angle.
The contact angles, θC and θMC, for the model hetero-

geneous solid surface are distinguished by the drawing
presented in Figure 1. In this particular case, the solid
surface is composed of alternating and parallel strips
differing insurfaceproperties (surface/interfacial tension),
for simplicity called hydrophobic and hydrophilic strips.
A pure liquid at each surface strip forms an intrinsic
contact angle (θ1 and θ2 where 0° < θ1 < 180°, 0° < θ2 <
180°, and θ1 > θ2) which satisfies the modified Young’s
equation5

whereγSV andγSL are the interfacial tensions for the solid/
vapor and solid/liquid interfaces, respectively.
Two extremely different positions of the three-phase

contact line at the model heterogeneous surface are
illustrated in Figure 1, for the surface strips parallel and
normal to the three-phase contact line.
For the first position, thewetting line is smoothbecause

it is situatedalonga strip. Assuming that thedimensions
of the strips are very smallsmicron-size or lesssthe
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contact angle as measured for a liquid with the three-
phase contact line parallel to the strips should be equal
to the theoretical valuepredictable by theCassie equation
(eq 1). The analysis of the system becomes more com-
plicated for strips of larger dimension, several microns
andmore. The total free energy of the systemmaydepend
on the position of the three-phase contact line (i.e., at
which strip type, hydrophilic or hydrophobic, and atwhat
distance from the boundary between thehydrophobic and
hydrophilic strips). Under these circumstances several
different contact angles are possible (including the ther-
modynamic equilibrium contact angle which the Cassie
equation predicts), due to metastable configurations of
the system.6,7
Only one equilibrium contact angle describes the

situation for the second location of the wetting line
presented in Figure 1, when the micron-size strips are
normal to the three-phase contact line, i.e., the wetting
line is contorted (of course, ideal hydrophilic and hydro-
phobic surfacesare consideredandnohysteresis in contact
angle is allowed for both materials, hydrophilic and
hydrophobic). The corresponding contact angle is de-
scribed by eq 2.
According to eqs 1 and 2, a difference between θMC and

θC depends on the line tension value, which is believed to
be extremely small, 10-12 J/m < γSLV < 10-9-10-8 J/m,8
and the dimensions of the local deformations of the
contorted three-phase contact line (r1 and r2). If the

dimensions of the heterogeneous mosaics (strips in the
model being considered) are too large, the contribution of
the linear free energy to the total free energy of the three-
phase system is negligible (γSLV/r f 0 for r f ∞), and the
modified Cassie equation (eq 2) is reduced to the original
Cassie equation (eq 1).4
Preparation of well-defined heterogeneous surfaces,

especially with micron-size heterogeneities, is required
in order to verify the hypothesis that the contact angle for
the system with a smooth wetting line differs from that
for the system with a contorted three-phase contact line.
Patterning of self-assembledmonolayers (SAMs) of thiols
at a gold surface by contact printing using an elastomer
stamp9,10 was found in our previous studies11 to be a
convenient technique for the preparation of model het-
erogeneous surfaces. Mosaic patterns of 2.5 µm hydro-
phobic/3 µm hydrophilic strips, and 3 µm × 3 µm
hydrophilic squares separated by 2.5 µm hydrophobic
stripswerepreparedusing this technique, and thewetting
characteristics of these surfaces were established by
contact angle measurements.11 It was found that experi-
mental advancing contact angles are in good agreement
with theory as calculated from the Cassie equation (eq 1)
when the three-phase contact line was smooth, i.e.,
situated along the strips. On the other hand, when the
strips were normal to the drop edge, contortion of the
three-phase contact line affected the advancing contact
angles significantly, and these contact angleswere in close
agreementwith those calculatedwith themodifiedCassie
equation (eq 2).
Also in thepresent contribution,model organic surfaces

withalternatingandparallel hydrophobic andhydrophilic
stripswerepreparedatHarvardUniversity bypatterning
SAMsof thiols onagold surfaceusinganelastomer stamp.
These model surfaces were examined by contact angle
measurementsat theUniversityofUtah inorder to further
verify thevalidityof the theoreticalanalysisas represented
by the Cassie and modified Cassie equations. Mostly,
advancing contact angles for the model heterogeneous
surfacesweremeasured in the previous studies.11 In this
current research, measurements of both the advancing
and receding contact angleswere conducted for themodel
surface composed of alternating and parallel 2.55 µm
hydrophobic and 2.45 µm hydrophilic strips. The experi-
mental data again support our previous statement on the
effect of the three-phase contact line contortion on the
contactangle for systemswithmicron-sizeheterogeneities.

Experimental Procedure

SubstratePreparation. Electron-beamevaporation of gold
(Materials Research Co.; 99.999%) onto silicon [100] test wafers
(Silicon Sense) at room temperature provided 1000 Å thick gold
films. Titanium (JohnsonMathey, 99.99%;∼5-25 Å thick) was
used as an adhesion promoter between the gold and the silicon
surface.
Formation ofMonolayers. Silicon wafers coated with gold

were fractured into rectangular slides (1-2cm×4-5cm);washed
with heptane, deionized water, and absolute ethanol; and dried
with a stream of dryN2 gas. Homogeneous (unpatterned) SAMs
were prepared by immersing the substrate in a 1.0 mM solution
of alkanethiol in anhydrous ethanol. For SAMs terminated by
COOH, the alkanethiol was mercaptohexadecanoic acid (HS-
(CH2)15COOH); for SAMs terminated by CH3, hexadecanethiol
(HS(CH2)15CH3) was used.
Heterogeneous (patterned) SAMs were prepared by micro-

contact printing.9,10 Microcontact printing transfers by contact
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(10) Kumar, A.; Biebuyck, H. A.; Whitesides, G. M. Langmuir 1994,

10, 1498.
(11) Drelich, J.; Miller, J. D.; Kumar, A.; Whitesides, G. M. Colloids

Surf., A: Physicochem. Eng. Aspects 1994, 93, 1.

Figure 1. Schematic of a three-phase contact line for a liquid
drop at a heterogeneous surface consisting of alternating and
parallel hydrophobic and hydrophilic strips. When the three-
phasecontact line isnormal to thestrips, theequilibriumcontact
angle is described by themodified Cassie equation, θMC. On the
other hand, the equilibrium contact angle is predicted by the
Cassie equation, θC, for a three-phase contact line which is
situated parallel to the strips. Both equilibriumcontact angles,
normal and parallel to the strips, are experimentally observed
for systems for micron-size strips. The local contact angles at
hydrophilic, θ1, and hydrophobic, θ2, strips cannot be distin-
guished during contact angle measurements for such systems
using low-magnification goniometers andmicroscopes, such as
commonly used in traditional surface chemistry laboratories.
Also, the distortion of the drop base, as affected by the micron-
size strips and illustrated in the figure, is difficult to detect
with these instruments. The effect of local contact angles, θ1
and θ2, on the shape of the liquid drop and local distortions of
the dropbasewill complicate themeasurements of both contact
angles (normal and parallel to the strips)when thewidth of the
strips exceeds the micron-size range.
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alkanethiol “ink” from an elastomeric “stamp” to a gold surface:
if the stamp is patterned, a patternedSAM forms.9,10 The stamp
is fabricatedbycastingpolydimethylsiloxane (PDMS)onamaster
having thedesiredpattern. Mastersarepreparedusingstandard
photolithographic techniques or are constructed from existing
materials having microscale surface features.
For the present experiments, we used an elastomeric stamp,

cast fromamasterproducedphotolithographically,withanarray
of 2.5 µm wide lines separated by 2.5 µm wide spaces. Micro-
contact printingwithHS(CH2)15CH3 formed∼2.55µmwide lines
of SAMs terminated byCH3, separated by∼2.45 µmwide spaces
of bare gold. Exposing the sample (after microcontact printing)
to a 1.0 mM solution of HS(CH2)15COOH in anhydrous ethanol
formed SAMs terminated by COOH on surface regions of gold
not derivatized by the microcontact printing process (the spaces
between the lines of SAMs terminated by CH3). Figure 2 shows
an image (by lateral force microscopy12 ) of a 24 µm × 24 µm
regionof thepatternedSAMformedbythisprocess. Light regions
of the image correspond to SAMs terminated by COOH.13 The
roughness of the surface results from the crystallinity of 1000
Å thick films of gold prepared by electron-beam evaporation.
The fidelity and regularity of the pattern in Figure 2 is typical
of the samples used in these experiments. Images similar to
Figure 2 were obtained overmany regions of a 1 cm2 sample and
were reproducible on different samples.
Imaging of the Patterned Surface. Scanning probe

microscopy measurements (AFM, LFM) were performed with a
Topometrix TMX 2010 scanning probe microscope (Mountain
View). A cantilever fabricated from silicon nitride, in constant
contact with the surface, scanned across the substrate at a
constant rate (∼150 µm/s for a 50 µmregion) andwith a constant
force (∼0.1 nN). The patterned SAMs were imaged at room
temperature and ambient humidity (40-60%).
ContactAngleMeasurements. Thesessile-drop technique,

which is described in the literature,14-17wasused in these studies
for contactanglemeasurementsusinganNRLgoniometer (Ramé-
Hart, Inc.). The optical system of the NRL goniometer has
independently-rotatable cross hairs and an internal protractor
readout calibrated in 1° increments. The supporting stage of
the instrument is calibrated on both horizontal and vertical axes
in 0.02 mm divisions.
Themodel sample was washed with distilled/deionized water

and ethanol, dried, andplaced in a controlled-atmosphereRamé-
Hart chamber. The chamber was partially filled with the liquid
used for the contact angle measurements to maintain liquid-

saturated air. A drop of liquid was placed at the surface of the
substrate using a microsyringe. The needle of the syringe
remained incontactwith thedropanddidnotdistort thespherical
shape of the drop. The three-phase contact line of the liquid
drop was made to advance or retreat by adding or withdrawing
a small volume of liquid. The advancing and receding contact
angles were measured at both sides of the drop after about 30-
45 s delay. The contact angles were measured with an accuracy
of (1°, for varying drop size.
The dynamic captive-bubble technique8,16-18 was used for the

examination of the effect of bubble size on the contact angle. Air
bubbles of varying size (diameter) 0.05-3mm)were generated
in the liquidwithasyringeunder thesolid surface. Thesebubbles
were capturedat thesurfaceof thesubstrateasaresult of bouyant
transport and attachment. A Zeiss stereo-microscope coupled
with a camerawas used to examine the size of the bubbles at the
solid surface. The contact angles were measured from photo-
graphs with an accuracy of (1-2°.
Distilled and deionized water (pH ) 5.8 ( 0.1), commercial

buffers (pH ) 8.0, 10.0, 11.0) freshly prepared, ethylene glycol
(99.5%, Mallinckrodt, Inc.), glycerol (99.5%, EM Science), for-
mamide (98%,Mallinckrodt, Inc.), diiodomethane (99%, Aldrich
ChemicalCo., Inc.), andhexadecane (99%,AldrichChemicalCo.,
Inc.) were used in the contact angle experiments. The surface
tensions of these liquids were measured with the ring method
of de Noüy using a Digital-Tensiometer K10T (KRÜSS, GmbH,
Germany), taking into account the correction factors of Harkins
and Jordan.
All experiments were performed at 21 ( 1 °C.

Results and Discussion
WettingCharacteristics ofHydrophilicSurfaces.

A self-assembledmonolayer (SAM) terminated by COOH
was used as the “hydrophilic” surface. This SAM was
prepared by immersing freshly deposited gold films into
a solution of mercaptohexadecanoic acid. Mercaptohexa-
decanoic acid formed a self-assembled monolayer at the
gold surface with a gold-sulfur bond and the carboxylic
acid group oriented into the environment.19,20
The advancing and receding contact angles for liquid

drops (aqueous phase with varying pH, ethylene glycol,
glycerol, formamide, andhexadecane) of varyingdropbase
diameter (1-6 mm)21 were measured with a goniometer
using the sessile-drop technique. Figures 3-5 showplots
of contact angle vs drop size for drops of distilled water
(pH ) 5.8 ( 0.2), ethylene glycol, and glycerol on SAMs
terminated by COOH (hydrophilic). Similar data il-(12) For recent reviews of scanning probe microscopy studies on

organic surfaces, see: Fuchs,H.J.Mol. Struct.1993,292, 29. Frommer,
J. Angew. Chem., Int. Ed. Engl. 1992, 31, 1265.

(13) Wilbur, J. L.; Biebuyck, H. A.; MacDonald, J. C.; Whitesides, G.
M. Langmuir 1995, 11, 825.
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(15) Neumann, A. W.; Good, R. J. Surf. Colloid Sci. 1979, 11, 31.
(16) Drelich, J.; Miller, J. D. Preprints of the SME Annual Meeting,

Denver,CO,March6-9,1995;SME/AIME;Littleton,CO,1995;Preprint
No. 95-11.

(17) Drelich, J.; Miller, J. D.; Good, R. J. J. Colloid Interface Sci., in
press.

(18) Drelich, J.;Miller, J.D.;Hupka, J.J.Colloid InterfaceSci.1993,
155, 379.

(19) Troughton, E. B.; Bain, C. D.; Whitesides, G. M.; Nuzzo, R. G.;
Allara, D. L.; Porter, M. D. Langmuir 1988, 4, 365.

(20) Whitesides, G. M.; Laibinis, P. E. Langmuir 1990, 6, 87.
(21) The liquid drops with a base diameter less than 1 mm were

difficult to place on the substrate surface without any disturbance of
drop shape, and thus, the contact angles as measured for such small
dropswereveryuncertainand theyarenot reported in this contribution.

Figure 2. Scanning electron micrograph of a model hetero-
geneous surface composed of 2.45 µm wide hydrophilic strips
(Au-S(CH2)15COOH)and2.55µmwidehydrophobic strips (Au-
S(CH2)15CH3).

Figure3. Effect of drop size onadvancingand receding contact
angle for water drops at the self-assembled monolayer of
mercaptohexadecanoic acid (Au-S(CH2)15COOH) as obtained
with the sessile-drop technique.
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lustrating the relationshipbetweencontactangleanddrop
size were also obtained for buffer solutions with varying
pH (from pH ) 8.0 to pH ) 11.0), formamide, and
hexadecane. The experimental contact angle data of all
liquids studied on aCOOH-terminated SAMare reported
in Table 1.
In previous studies,16,17 we found that the variation of

contact angle with drop (bubble) size provided useful
informationabout thequality of the surface. Weobserved
that the contact angle hysteresis remained unchanged
with varying drop size for close-to-ideal systems, i.e.,
systems with homogeneous and smooth solid surfaces.
Different contact angle/drop size correlations were found
for nonideal systems with heterogeneous and/or rough
solid surfaces. For these systems, the contact angle
hysteresis increased with decreasing drop size.
In thepresentstudy,weobservedthatadvancingcontact

angles remained essentially unchanged ((1-2°) for drop
base diameters of 1-6 mm. Similar correlations have

been reported for other systems.16,17 The advancing
contact angle, however, is much less sensitive to solid
surface imperfections than the receding contact angle. In
this regard, the receding contact angle always should
receive more attention in the analysis of the surface
quality.16,17 We observed a slight effect of drop size on
receding contact angle for some samples in this study,
and these experimental data suggest that hydrophilic
monolayers deviate from perfect homogeneity and/or
cleanness. For example, the receding contact angle
decreased by 3-5° with a decrease of drop base diameter
from 6mm to about 1-2mm for the systemwith distilled
water (Figure 3) and for the system with ethylene glycol
(Figure 4). Such changes were not observed for other
systems (glycerol (Figure 5) and (not shown here) buffer
solutions of pH ) 10.0 and 11.0, formamide, and hexa-
decane) because of zero or close-to-zero receding contact
angles for these systems (see Table 1). Also, we observed
that the wetting properties of the hydrophilic surface
changedwith the time of exposure towater. After several
experiments with the same sample, the advancing and
receding contact angles for distilledwater increased from
60-65° and 15-20° to 75-80° and 35-40°, respectively.
When the advancing contact angle approached 70° and
more, we found that such SAMs terminated by COOH
were only slightly sensitive ((3-5°) to variation in pH.
Although the SAMs were washed with ethanol and
distilledwater beforemeasurement andprecautionswere
taken to avoid contamination, adsorption/deposition of
contaminants still occurredandaffected the contact angle
measurements. It should be noted that the liquids used
in all the experiments were not the highest purity and
that impurities from them could contribute to the con-
tamination of the model SAMs. In this regard, samples
which provided “reproducible” contact angle data were
used twoor three times in theexperiments. Theseselected
samples, however, had different wetting characteristics
than previously reported for similar substrates. For
example,when thewettingproperties ofSAMsterminated
by COOHwere testedwith distilled water, the advancing
and receding contact angles (sessile-drop technique)were
found to be 60-65° and 15-20°, respectively (see Table
1). These values are significantly different from those
observed in previous measurements:19 the advancing
contact angle for a freshly prepared monolayer of mer-
captohexadecanoic acid was found to be less by 10°.
WettingCharacteristicsofHydrophobicSurfaces.

SAMs formed from hexadecanethiol on gold were used as
model hydrophobic surfaces. Theadvancingand receding
contact angles were measured on these SAMs for liquid
drops (aqueous phase with varying pH, ethylene glycol,
glycerol, formamide, hexadecane, and diiodomethane) of
varying base diameter (1-6mm). The experimental data
for distilledwater, ethylene glycol, andglycerol are shown

Table 1. Wetting Characteristics of Hydrophilic Surface, Au-S(CH2)16COOH

contact anglea

liquid pH
surface tension

(mN/m) θA (deg) θR (deg) ∆θ (deg) line/pseudo-line tension (J/m)

deionized water 5.8 72.4 60-65 15-20 40-50 -(8.7 ( 9.4) × 10-9

buffer solution 8.0 71.8 58-64 13-18 40-51 -(7.2 ( 6.6) × 10-9

buffer solution 10.0 71.2 50-55 0 50-55 -(5.6 ( 8.9) × 10-9 b

buffer solution 11.0 71.4 48-52 0 48-52 ND
ethylene glycol 47.8 51-53 18-23 28-35 ND
glycerol 63.4 64-66 <8 56-66 ND
formamide 58.0 55-57 <7 48-57 ND
hexadecane 27.5 <5 0 <5 ND
a Contact angles are reported for the drop base diameter from 4 to 6 mm. b Uncertain result due to the small number of experimental

data; θA, θR, and ∆θ are the advancing contact angle, receding contact angle, and contact angle hysteresis (∆θ ) θA - θR), respectively;
ND ) not determined.

Figure4. Effect of drop size onadvancingand receding contact
angle for ethylene glycol drops at the self-assembledmonolayer
ofmercaptohexadecanoicacid (Au-S(CH2)15COOH)asobtained
with the sessile-drop technique.

Figure5. Effect of drop size onadvancingand receding contact
angle for glycerol drops at the self-assembled monolayer of
mercaptohexadecanoic acid (Au-S(CH2)15COOH) as obtained
with the sessile-drop technique.
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in Figures 6-8. Similar contact angle/drop size measure-
ments were also performed for buffer solutions with
varying pH (from pH) 8.0 to pH) 11.0), formamide, and
hexadecane. The data for all liquid drops on a hydro-
phobic surface (base diameter 4-6 mm) are presented in
Table 2.
We observed that the values of contact angle for the

SAMs terminated by CH3 were in close agreement with

those reported previously.19,22 No significant change in
the advancing contact angles was found when the drop
base diameterwas increased fromabout 1-2mmto 6mm
(Figures 6-8). The receding contact angle, however,
decreasedwithdecreasingdropvolume,particularlywhen
the drop base diameter was reduced below 2-3 mm (see
Figures 6 and 8). We observed a similar variation of the
receding contact angle with varying drop size for hetero-
geneous, rough, and/orunstable surfaces.16,17,23 Gold films
used in this studywere smoothwith roughness stepsabout
5-10 nm (height). In this regard, the surface roughness
wasnot amain reason for the observed changes in contact
angle. It is expected that surface contamination occurred
to a certain extent and caused the receding contact angle
variation. The receding contact angle values, however,
were not widely scattered andwere reproducible ((1-3°)
for a given drop size.
Figure 9 shows the advancing and receding contact

angles when measured for diiodomethane drops with
varyingdrop size. Theadvancing contact angle remained
at almost the same level of 70-72° over the range of drop
basediameter from3mmto6.5mm. The receding contact
angle decreased with decreasing drop volume (Figure 9).
We hypothesize that the SAM was not stable in the
presence of diiodomethane. In support of this hypothesis,
a similar variation in contact angle occurred with drop
size for unstable Langmuir-Blodgett carboxylate films
that had been deposited at a calcite crystal surface.23
Because of the instability of SAMs towarddiiodomethane,
this liquid was eliminated from further experiments.
Line/Pseudo-line Tensions for Homogeneous

Monolayers. Therelationshipbetweencontactangleand
bubble sizewasexaminedwith thedynamic captive-bubble
technique. Air bubbles of varying volumewere generated

(22) Bain, C. D.; Troughton, E. B.; Tao, Y-T.; Evall, J.; Whitesides,
G. M.; Nuzzo, R. G. J. Am. Chem. Soc. 1989, 111, 321.

(23) Jang,W.-H.;Drelich, J.;Miller, J.D.Preprints of theSMEAnnual
Meeting, Denver, CO, March 6-9, 1995; SME/AIME: Littleton, CO,
1995; Preprint No. 95-96. Jang, W.-H.; Drelich, J.; Miller, J. D.
Langmuir 1995, 11, 3491.

Table 2. Wetting Characteristics of Hydrophobic Surface, Au-S(CH2)16CH3

contact anglea

liquid pH
surface tension

(mN/m) θA (deg) θR (deg) ∆θ (deg) line/pseudo-line tension (J/m)

deionized water 5.8 72.4 109-112 96-99 10-16 -(2.1 ( 2.8) × 10-8

buffer solution 8.0 71.8 108-111 94-96 12-17 -(4.5 ( 3.5) × 10-9

buffer solution 10.0 71.2 105-109 89-93 12-20 -(3.1 ( 11.6) × 10-9

buffer solution 11.0 71.4 104-108 86-92 12-22 ND
ethylene glycol 47.8 76-79 48-51 25-31 ND
glycerol 63.4 94-96 73-75 19-23 ND
formamide 58.0 92-94 71-74 18-23 ND
hexadecane 27.5 44-46 32-34 10-13 ND
a Contact angles are reported for the drop base diameter from 4 to 6mm; θA, θR, and∆θ are the advancing contact angle, receding contact

angle, and contact angle hysteresis (∆θ ) θA- θR), respectively; ND ) not determined.

Figure6. Effect of drop size onadvancingand receding contact
angle for water drops at the self-assembled monolayer of
hexadecanethiol (Au-S(CH2)15CH3)asobtainedwith thesessile-
drop technique.

Figure7. Effect of drop size onadvancingand receding contact
angle for ethylene glycol drops at the self-assembledmonolayer
of hexadecanethiol (Au-S(CH2)15CH3) as obtained with the
sessile-drop technique.

Figure8. Effect of drop size onadvancingand receding contact
angle for glycerol drops at the self-assembled monolayer of
hexadecanethiol (Au-S(CH2)15CH3)asobtainedwith thesessile-
drop technique.

Figure9. Effect of drop size onadvancingand receding contact
angle for diiodomethanedrops at the self-assembledmonolayer
of hexadecanethiol (Au-S(CH2)15CH3) as obtained with the
sessile-drop technique. The arrows indicate the direction of the
drop size change.

Contact Angles for Liquid Drops Langmuir, Vol. 12, No. 7, 1996 1917

+ +



in the bulk liquid beneath the hydrophobic or hydrophilic
surface with a syringe and allowed to be captured at the
surface. Photographs of air bubbles attached to themodel
surface were taken, and the contact angles and bubble
dimensions were measured from these photographs. An
advantage of this technique is the ability to examine the
relationship between contact angle and bubble size for
bubbles ranging from several micrometers to several
millimeters in diameter. The line/pseudo-line tension24
values can also be determined from the cos θ vs 1/r
relationship (θ is the contact angle; r is the bubble base
radius), according to the modified Young’s equation
(eq 3).
Figures 10 and 11 present the contact angle values as

measured for distilled water at the hydrophilic and
hydrophobic surfaces, respectively, forvaryingbubble size.
Similar contact angle/bubble size relationships were
obtained for buffer solutions of pH ) 8.0 and 10.0 (only
a few air bubbles were able to attach at the hydrophilic
surface in the buffer solution of pH ) 10.0, and thus, the
experimental data for this system were limited). Other
systemswerenot examined in this studydue todifficulties
with deposition of gas bubbles at the SAMs in the
environment of such liquids as the buffer solution with
pH ) 11.0, ethylene glycol, glycerol, formamide, and
hexadecane.
The contact angles as determined with the dynamic

captive-bubble techniquecorresponded to therecedingand
intermediate (between advancing and receding) contact
angles as measured with the sessile-drop technique16,17
(Table 1). A 2-5° scatter in contact angle values was
observed. In other studies, much larger scatter in the
contact angle data was reported for the dynamic captive-

bubble technique when rough and/or heterogeneous
surfaceswere examined.8,18 Thus, thesedataalso indicate
that the SAMs were well prepared with regard to
smoothness of the substrate and homogeneity of the
surface. However, as discussed in the previous para-
graphs, some surface defects/contamination affected the
contact angle measurements to a certain extent.
The contact angles decreased with decreasing bubble

volume for all systems. The relationship between contact
angle andbubble size for distilledwater at thehydrophilic
andhydrophobic surfaces is presented inFigures 10Band
11B. The linear correlation between the cosine of the
contact angle (cos θ) and the reciprocal of the bubble base
radius (1/r) was obtained, and this linearity satisfies the
modified Young’s equation (eq 3). Equation 3 predicts
that the line tension can be calculated from the slope of
the lineplottingcosθvs1/r, foran ideal three-phasesystem
involving a pure liquid and a homogeneous, smooth,
isotropic, and rigid solid surface. Unfortunately, the
surfaces examined were not ideal. The contact angle
hysteresis was always significant for the surfaces being
examined (see Tables 1 and 2), and a 2-3° scatter in
contact angle values was observed during measurement
of the advancing and receding contact angle (sessile-drop
technique). A precaution must therefore be taken in the
interpretation of the correlation between contact angle
and bubble size (Figures 10 and 11) because the relation-
ship between contact angle and bubble size may not be
simply affected by the line tension alone as expected from
the modified Young’s equation (eq 3). For such systems,
the term“pseudo-line tension” is recommended todescribe
the value calculated from the cos θ vs 1/r correlation in
order to distinguish the experimental observation from
the actual thermodynamic line tension.18,25
The line/pseudo-line tension values were determined

for systems with distilled water and buffer solutions of
pH) 8.0 and 10.0, and they are presented in Tables 1 and

(24) Line tension: the excess free energy of the system at the three-
phase contact line. The line/pseudo-line tension term is used in this
paper to describe the value calculated from the cos θ vs 1/r function.
At the present time, we are not able to discuss how close our
experimentally-measured pseudo-line tensions are to the actual ther-
modynamic line tensions. (25) Good, R. J.; Koo, M. N. J. Colloid Interface Sci. 1979, 71, 283.

Figure 10. Effect of bubble size on contact angle for the air/
water/(Au-S(CH2)15COOH) system as obtained with the dy-
namic captive-bubble technique: (A) contact angle vs bubble
base diameter; (B) cosine of the contact angle vs reciprocal of
the bubble base radius.

Figure 11. Effect of bubble size on contact angle for the air/
water/(Au-S(CH2)15CH3) systemas obtainedwith thedynamic
captive-bubble technique: (A) contact angle vs bubble base
diameter; (B) cosine of the contact angle vs reciprocal of the
bubble base radius.
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2. Thehydrophilic surfacehad the line tensionvalue-5.6
× 10-9 J/m to -8.7 × 10-9 J/m (Table 1), and the
hydrophobic surface had -3.1 × 10-9 J/m to -2.1 × 10-8

J/m (Table 2). The 2-5° scatter in contact angle values
and the narrow range of bubble size examined (0.04-2
mm diameter base) affect the accuracy of the line/
pseudo-line tension values. As presented in Tables 1 and
2, the confidence intervals for the line/pseudo-line tension
values determined are of the same order of magnitude as
the average values. In this regard, the line/pseudo-line
tension values remain uncertain.
Finally, it needs to be emphasized that thehydrophobic

and hydrophilic surfaces prepared and examined in this
study were found to be of higher quality than those
examined inprevious studies (surfaceswere certainly less
contaminated and/ormonolayers better organized).11 The
line/pseudo-line tension values obtained in this study
(Tables 1 and 2) were found to be one or two orders of
magnitude smaller than those reported in the previous
contribution,11 and these values are very close to those
values which are expected for perfect homogeneous
surfaces (from 10-12 to 10-9-10-8 J/m).8
WettingCharacteristicsofLiquidDropsatModel

Heterogeneous Surfaces. Heterogeneous surfaces con-
sisting of alternating and parallel 2.55 µm hydrophobic
(Au-S(CH2)16CH3)and2.45µmhydrophilic (Au-S(CH2)16-
COOH) strips were prepared on a gold surface (a 2000 Å
gold film supported on a Si/SiO2/Ti substrate) by pat-
terning self-assembled monolayers, using an elastomer
stamp.9,10 The wetting characteristics of these model

heterogeneous surfaces were examined by contact angle
measurements using the sessile-drop technique. The
advancing and receding contact angles for liquid drops
(distilled water, buffer solutions of pH ) 8.0, 10.0, and
11.0, ethyleneglycol, ethyleneglycol, glycerol, formamide,
and hexadecane) were measured with the strips both
parallel to and normal to the three-phase contact line.
Figures12-14 illustrate examples of contactangle results
obtained for thismodel heterogeneous surfacewith liquid
(water, ethyleneglycol, andglycerol) drops of varying size.
Similar contact angle/drop size relationships were ob-
tained for buffer solutions, formamide, and hexadecane.
The advancing and receding contact angle data for all
liquids are presented in Table 3.
The relationshipbetween the contact angleand thedrop

size was linear for both advancing and receding contact
angles when the drop base diameter was decreased from
about 5 to 2 mm. A 2-4° scatter in contact angle was
commonly observed (Figures 12-14). In some experi-
ments, the contact anglesespecially the receding contact
anglessignificantly decreased with decreasing drop size.
If this behavior was observed, the heterogeneous surface
was replaced, assuming that the nonlinear correlation
between contact angle anddrop sizewas causedby surface
contaminants (deposited dust particles and adsorbed
organic compounds from the laboratory environment are
the most common and undesirable contaminants).
The advancing and receding contact angles measured

with the drop edge normal to the strips were found to be
2-10° lower (Table 3) than thosemeasuredwith the drop
edge parallel to the strips (Figure 1). The effect of
contortion of the three-phase contact line on contact angle
is evident. Even a stronger effect of the wetting line
contortion on the advancing contact angle (8-16° differ-
ence between contact angles as measured at contorted
and noncontorted water drop edge) was reported in our
previous contribution;11 however, heterogeneous surfaces
with different strip dimensions and different wetting
characteristics were used in the previous studies.
A 2-4° scatter in contact angle values was commonly

observed during measurements, particularly during re-
ceding contact angle measurements. This variation in
the value of the contact angle was more pronounced for
liquid drop edges situated parallel to the strips. Also,
different contact angles, smaller and larger, than those
presented in Table 3 were sometimes observed for such
position of the three-phase contact line at parallel strips.
These results may suggest that the system could adopt
metastable configurations with a different apparent
contact angle. On the other hand, surface defects or

Figure 12. Effect of drop size on advancing and receding
contact angle forwater drops at amodel heterogeneous surface
consisting of 2.45 µm wide strips of self-assembled monolayer
terminated by COOH (Au-S(CH2)15COOH) and 2.55 µmwide
strips of self-assembled monolayer terminated by CH3 (Au-
S(CH2)15CH3).

Figure 13. Effect of drop size on advancing and receding
contact angle for ethyleneglycol dropsatamodelheterogeneous
surface consisting of 2.45 µm wide strips of self-assembled
monolayer terminatedbyCOOH(Au-S(CH2)15COOH)and2.55
µmwide strips of self-assembledmonolayer terminated byCH3
(Au-S(CH2)15CH3).

Figure 14. Effect of drop size on advancing and receding
contactangle forglyceroldropsatamodelheterogeneoussurface
consisting of 2.45 µm wide strips of self-assembled monolayer
terminated by COOH (Au-S(CH2)15COOH) and 2.55 µmwide
strips of self-assembled monolayer terminated by CH3 (Au-
S(CH2)15CH3).
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contaminants could stimulate these differences in contact
angle values as well.
ExperimentalVerificationof theCassieEquation.

The contact angles (advancing and receding) measured
for the model heterogeneous surface composed of alter-
nating and parallel strips with the three-phase contact
line parallel to the strips (Figure 1; no contortion of the
three-phase contact line) can be fit by theCassie equation
(eq 1). Here, the subscripts 1 and 2 correspond to the
hydrophilic (COOH) and hydrophobic (CH3) strips, re-
spectively. Using the known (Figure 2) dimensions of the
strips, the fractional area of the hydrophilic and hydro-
phobic regionswas calculated to be f1 ) 0.49 and f2 ) 0.51.
On the basis of the data for homogeneous surfaces (from
Tables 1 and 2 the smallest and largest values for contact
angles were selected for calculation), the advancing and
recedingcontactangles for theheterogeneoussurfacewere
calculated from the Cassie equation (eq 1). The results
of these calculation are presented in Table 4. Good
agreement was obtained between experimental contact
angle values, bothadvancingand receding contact angles,
measuredat a positionwhere the three-phase contact line
was not affected by heterogeneous strips, and those
calculated fromthe theoretical relationship (eq1) formost
of thesystems. Asignificantdifferencebetween thevalues
of the receding contact angles and those calculated from
the Cassie equation was found for buffer solutions with
pH ) 10.0 and 11.0 and hexadecane (Table 4). Strong
interactions between these liquids and the hydrophilic

strips (receding contact angle ) 0, Table 1) might be
responsible for preferential metastable configurations of
the three-phase system which are far away from the
equilibrium state (pinning effect). No correlation of
experimentalandcalculatedadvancingcontactangleswas
observed when the model surface was probed with
hexadecane (zero contact angle at thehydrophilic surface,
Table 1). Again, this discrepancy indicates that theory
may fail for heterogeneous surfaces with patches having
a strong affinity for the testing liquid (contact angle) 0).
ExperimentalVerificationof theModifiedCassie

Equation. When the edge of the dropwas perpendicular
to the strips, a contortion of the three-phase contact line
was observed. The contortion of the wetting line signifi-
cantly affected the contact angle value (see experimental
data in Table 3). The advancing and receding contact
angles for the contorted drop side were 2-10° lower than
those for thenoncontorted side of the liquiddropand lower
than those calculated from the Cassie equation. When
the three-phase contact line is contorted, the contact angle
should be predicted by the modified Cassie equation (eq
2). For this system, the modified Cassie equation, which
incorporates the line/pseudo-line tension term, isas follows

γSLV is the line/pseudo-line tension; γLV is the surface
tension of the liquid; and r1 and r2 are the half widths of
the hydrophilic and hydrophobic strips, respectively. For
simplification, we assumed that the contortions of the
three-phase contact line at the hydrophilic and hydro-
phobic strips were symmetrical and that the local defor-
mations of the three-phase contact line affected by these
strips were circular with a diameter equal to the width
of the strips. These assumptions allow the calculation of
the contact angle for the liquiddropwitha contorted three-
phase contact line; they are, however, rough approxima-
tions. Although the shape of the drop edge may be more
complex,microscopic observationsof the corrugated three-
phase contact line indicated that the shape of the wetting
line was close to the assumed shape. Accurate radii of
the local deformations, however, could not be determined
due to the limitedmagnification of the optical stereoscopic
microscope used in this study (Figure 15).
The advancing and receding contact angle values for

heterogeneous surfaces, where the drop edge is situated

Table 3. Wetting Characteristics of the Model Heterogeneous Surface Composed of Alternating and Parallel 2.45 µm
Hydrophilic, Au-S(CH2)16COOH, and 2.55 µm Hydrophobic, Au-S(CH2)16CH3, strips

contact anglea

measured tangential to the strips measured normal to the strips
liquid pH

surface tension
(mN/m) θA (deg) θR (deg) ∆θ (deg) θA (deg) θR (deg) ∆θ (deg)

deionized waterb 5.8 72.4 92-96 67-71 21-29 88-90 65-68 20-25
89-93 64-69 20-29 84-89 62-66 18-27

buffer solutionb 8.0 71.8 90-94 65-68 22-29 84-88 60-64 20-28
87-92 64-67 20-28 83-86 61-65 18-25

buffer solutionb 10.0 71.2 80-85 43-47 33-42 74-79 36-40 34-43
79-83 48-52 27-35 70-76 40-43 27-36

buffer solution 11.0 71.4 76-80 20-25 51-60 71-76 38-42 29-38
ethylene glycol 47.8 66-69 34-38 28-35 62-65 32-37 25-33
glycerol 63.4 84-86 55-58 26-31 79-82 54-56 23-28
formamide 58.0 75-78 45-49 26-33 65-68 44-46 19-24
hexadecane 27.5 17-21 <5 12-21 12-16 0 12-16
a Contact angles are reported for liquid drops with a base diameter from 3 to 5 mm. b For these systems the contact angle measurements

were repeated for a second set of heterogeneous surfaces; θA, θR, and∆θ are the advancing contact angle, receding contact angle, and contact
angle hysteresis (∆θ ) θA - θR), respectively. For distilled water and buffer solutions of pH) 8.0 and 10.0, the contact anglemeasurements
were repeated for two sets of model heterogeneous surfaces.

Table 4. Contact Angle Values (θC) As Calculated from
the Cassie Equation (Eq 1) Using Contact Angle Data for

Hydrophilic (Table 1) and Hydrophobic (Table 2)
Surfaces and As Determined Experimentally for Model

(Parallel Strips) Heterogeneous Surfaces (the
Three-Phase Contact Line Is Parallel to the Strips;

Noncontorted)

advancing contact
angle θCA (deg)

receding contact
angle θCR (deg)

liquid (pH) exp calc exp calc

deionized water (5.8) 92-96 85-89 67-71 65-68
89-93 85-89 64-69 65-68

buffer solution (8.0) 90-94 84-88 65-68 64-66
87-92 84-88 64-67 64-66

buffer solution (10.0) 80-85 79-83 43-47 60-63
79-83 79-83 48-52 60-63

buffer solution (11.0) 76-80 78-82 20-25 58-62
ethylene glycol 66-69 64-67 34-38 36-39
glycerol 84-86 80-82 54-57 50-52
formamide 75-78 75-77 45-49 49-51
hexadecane 17-21 31-33 <5 23-24

cos θMC ) f1 cos θ1 + f2 cos θ2 -

( 1
γLV)(f1γSLV1r1

+
f2γSLV2
r2 ) (2a)
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normal to the strips, were also calculated using the
modifiedCassie equation (eq2a) (Table 5). Theadvancing
and receding contact angles as determined for fully
hydrophilic and hydrophobic surfaces (from Tables 1 and
2 the smallest and largest contact angles were selected
for calculations), and line/pseudo-line tensionvalues taken
from Tables 1 and 2 (average values) were used in these
calculations. Additional calculations were performed for
systemsassuming selected values for the line/pseudo-line
tension of -1 × 10-9 J/m and -1 × 10-8 J/m.26
There is good agreement between the experimental

contact anglesand those calculated formost of the systems
when the line/pseudo-line tension values from Tables 1
and 2 or the theoretical values of -1 × 10-9 J/m and -1
× 10-8 J/mwere used in the calculations (Table 5). Again
no agreement was obtained for buffer solutions of pH )
10.0 and 11.0. For these systems, the experimental
receding contact angles were found to be 10-20° smaller
than the theoretical values (Table 5). A strong interaction

between the buffer solutions and the hydrophilic strips
(receding contact angles ) 0, Table 1) could cause
unpredictable behavior of the wetting line at a hetero-
geneous surface.
Thecontactangles forall organic liquidswere calculated

on the basis of theoretically assumed line/pseudo-line
tension values, -1 × 10-9 J/m and -1 × 10-8 J/m. The
data in Table 5 indicate good agreement between experi-
mental and calculated contact angle values when such
order ofmagnitude of line/pseudo-line tensionvalueswere
selected.

Summary and Conclusions

Heterogeneous surfaces consisting of alternating and
parallel 2.55 µm hydrophobic and 2.45 µm hydrophilic
strips were prepared on a gold surface by patterning self-
assembled monolayers with an elastomer stamp. Hexa-
decanethiol and mercaptohexadecanoic acid were used
for the formation of model organic monolayers with
hydrophobic andhydrophilic properties, respectively. The
wetting characteristics of these model heterogeneous
surfaces were examined by contact angle measurements
with the sessile-drop technique using distilled water,
buffer solutionsofpH)8.0, 10.0, and11.0, ethyleneglycol,
glycerol, formamide, andhexadecane. Fordiiodomethane
the value of the contact angle was not stable. We
hypothesize that diiodomethane damaged the SAM.
The advancing and receding contact angles, when

measured with the drop edge normal to the strips (the
three-phase contact line was contorted), were found to be
∼2-10° lower than those measured with the drop edge
parallel to the strips (the three-phase contact line was
smooth). Thesedataprove that themicron-size contortion
of the three-phase contact line affects the contact angle.
Homogeneous surfaces of SAMs (terminated by CH3,

hydrophobic, andCOOH,hydrophilic)wereprepared.The

(26) This assumption with regard to the order of magnitude seems
to be reasonable in view of the experimental data obtained for a few
systems, see Tables 1 and 2.

Figure 15. Contortion of the three-phase contact line as
observedby opticalmicroscopy for a drop ofwater (A) andglycol
(B) located at the model heterogeneous surface consisting of
alternating and parallel 2.55 µm hydrophobic and 2.45 µm
hydrophilic strips. The drop edge is observed from above. The
orientation of alternating and parallel strips is illustrated as
a point of reference. It appears quite clearly from these
photographs that hydrophobic and hydrophilic strips exhibit
different wetting properties and that a different local contact
angle existsat eachstrip.Consequently, the three-phase contact
line is contorted. Unfortunately, the exact shape of the contact
line cannot be well defined from these photographs due to
limited magnification of the images which were obtained with
a stereoscopic microscope.

Table 5. Advancing and Receding Contact Angles As
Determined Experimentally for Model (Parallel Strips)
Heterogeneous Surfaces (the Three-Phase Contact Line
Is Normal to the Strips; Contorted) and Contact Angle
Values (θMC) As Calculated from the Modified Cassie
Equation Using Contact Angle Data for Hydrophilic

(Table 1) and Hydrophobic (Table 2) Surfaces and Using
the Line/Pseudoline Tensions from Tables 1 and 2 and
Assuming Values of γSLV1 ) γSLV2 ) -1 × 10-8 J/m and

-1 × 10-9 J/m

advancing contact
angle θMC

A (deg)
receding contact
angle θMC

R (deg)

liquid (pH) exp calc exp calc

deionized water (5.8) 84-90 80-84a 62-68 61-64a
83-87b 64-67b
89-93c 70-73c

buffer solution (8.0) 83-88 85-89a 60-65 66-67a
82-86b 63-65b
88-92c 69-71c

buffer solution (10.0) 70-79 81-85a 36-43 63-65a
78-82b 58-61b
84-87c 65-68c

buffer solution (11.0) 71-76 72-75b 38-42 50-54b
78-81c 58-61c

ethylene glycol 62-65 56-58b 32-37 18-24b
66-68c 37-40c

glycerol 79-82 72-74b 55-58 40-42b
79-81c 49-51c

formamide 65-68 66-68b 44-46 37-40b
74-76c 48-50c

hexadecane 12-16 0b 0 0b
28-29c 18-20c

a Values found using the line/pseudo-line tensions from Tables
1 and 2. b Values found assuming γSLV1 ) γSLV2 ) -1 × 10-8 J/m.
c Values found assuming γSLV1 ) γSLV2 ) -1 × 10-9 J/m.
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wetting characteristics of these model surfaces were
examined with contact angle measurements using the
sessile-dropanddynamic captive-bubble techniques. The
line/pseudo-linetensions(calculatedfromthecontactangle/
bubble size relationship) were-1× 10-9 to-1× 10-8 J/m
for both hydrophobic and hydrophilic surfaces.
The values of the advancing contact angles, receding

contact angles, and line/pseudo-line tension, which were
determined for the homogeneous surfaces, were used for
theoretical calculations of contact angles for the hetero-
geneous surfaces consisting of alternating and parallel
2.45 µmhydrophilic and 2.55 µmhydrophobic strips. The
theoretical values (as calculated from theCassie equation
and from the modified Cassie equation) were compared
withexperimental contactanglevalues. Formost systems
the experimental advancing and receding contact angles
were ingoodagreementwith these theoretical valueswhen
the three-phase contact line was noncontorted, i.e., the
three-phase contact line was situated along the strip.
There was also good agreement between experimental

advancing and receding contact angles for the liquid drop
edge normal to the strips (the contorted three-phase
contact line) and theoretical contact angle values calcu-
lated from the modified Cassie equation (which incorpo-
rates a contribution of the line/pseudo-line tension to the
three-phase system).
No agreement between experimental and theoretical

contact angle values was obtained when the liquid
demonstrated a strong affinity for the hydrophilic strips
(contact angle ) 0). These experimental data indicate
that the theory expressed by the Cassie equation or
modified Cassie equation may fail for heterogeneous
surfaces with high-energy surface components.

Acknowledgment. This work was financially sup-
ported in part by theNational Science Foundation, Grant
No. CTS-9215421. J.L.W. gratefully acknowledges a
postdoctoral fellowship from the NIH.

LA9509763

1922 Langmuir, Vol. 12, No. 7, 1996 Drelich et al.

+ +


