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Line tension approaching a first-order wetting transition: Experimental results
from contact angle measurements
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~Received 2 June 2000; published 21 February 2001!

The line tension values ofn-octane and 1-octene on a hexadecyltrichlorosilane coated silicon wafer, are
determined by contact angle measurements at temperatures near a first-order wetting transitionTw . It is shown
experimentally that the line tension changes sign as the temperature increases towardTw in agreement with a
number of theoretical predictions. A simple phenomenological model possessing a repulsive barrier atl 0

55.160.2 nm and a scale factor ofB57866 provides a quantitative description of the experiments.
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I. INTRODUCTION

During the past few decades the line tension, which is
excess energy associated with the contact line at the bo
ary between three bulk phases, has attracted the attentio
numerous theoretical@1–14# and experimental@15–33# re-
search groups. Although this thermodynamic quantity w
proposed over 100 years ago by Gibbs@34#, the magnitude
and even the sign of the line tension are still not underst
experimentally within an acceptable margin@35#. This is un-
fortunate because the line tension plays an extremely im
tant role in determining the contact angle for microsco
droplets@27,35#, the nucleation behavior of droplets on su
faces @36–38#, the dynamics of contact line spreadin
@39,40#, the attachment of solid particles to a fluid interfa
@41#, and the formation of Newton black films and foa
films @42–45#.

Theoretical analysis of the excess energy in the region
the three-phase contact line indicates that the magnitud
the line tension is very small: of order 10212 to 10210 N
@5–14#. However, experiments have determined line tens
values ranging from 10212 to 1025 N, where some measure
ments@26–33# are 5–6 orders of magnitude larger than a
theoretical estimation of the line tension. Such a large va
tion in the magnitude of the experimental line tension m
arise from nonequilibrium conditions within the syste
@45,46#. There are many difficulties associated with acc
rately determining the line tension experimentally because
magnitude is believed to be small. For example, to determ
the correct line tension from contact angle versus droplet
data~see details below! for a droplet situated on a solid su
face the basic requirements are~i! an accurate contact ang
technique,~ii ! a molecularly smooth and homogeneous so
surface, and~iii ! a highly purified liquid. The presence o
any surface-active liquid contaminants or solid surface
perfections, heterogeneities, and/or roughness are believ
significantly influence the magnitude of the line tension.

In the theoretical analysis the line tensiont is predicted to
be related to the interaction potentialV( l ), where l 5 l (x)
represents the thickness of the liquid film as a function

*Present address: School of Mathematics, University of Min
sota, Minneapolis, MN 55455.
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position x in the vicinity of the boundary@Eq. ~11! below#.
Early experiments never investigated the close connec
betweent and V( l ). An appropriate way of studying this
interrelationship is to measuret in the vicinity of a phase
transition, such as a first-order wetting transition where
potentialV( l ) is known to change markedly as a function
temperature; hencet is expected also to vary dramatical
with temperature. There are extensive theoretical predicti
for the variation oft in the vicinity of a wetting transition
@47–65#; however, only recently has our group completed
experimental study oft in the vicinity of a first-order wetting
transition@66# which could be compared with theory.

The aim of this publication is to provide more comple
experimental details concerning our line tension measu
ments in the vicinity of a first-order wetting transition. Th
paper is organized as follows. In Sec. II we briefly review t
theoretical considerations for the behavior of the line tens
near a first-order wetting transition. In Sec. III we descri
the procedures used in preparing a molecularly smooth
homogeneous solid surface. The microscopic interferom
used in measuring the line tension is also described in
section. The experimental results are presented and discu
using a simple phenomenological model in Sec. IV. The
per concludes with a summary in Sec. V. A number of au
iliary considerations related to the interpretation of the int
ferometric image of the droplet are confined to an Append

II. THEORY

A. Young’s equation and the line tension

Consider a simple three-phase system, such as a dro
resting on aperfecthomogeneous, horizontal, isotropic sol
surface. If this droplet is sufficiently large so that the effe
of the three-phase contact line can be neglected, the ch
of the free energy due to the change in droplet size can
written as

dF5ssldAsl1ssvdAsv1s lvdAlv

5~ssl2ssv1s lvcosu`!dAsl , ~1!

whereF is the free energy,A is the area of an interface wher
the subscriptss, l, v correspond, respectively, to thesolid,
liquid, and vapor phases,s is the surface free energy o
surface tension, andu` is the contact angle of the droplet.
-
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At ~mechanical! equilibrium F is a minimum (dF50)
and we obtain Young’s equation@7,25#

ssv5ssl1s lvcosu` , ~2!

which describes the mechanical equilibrium of the forc
~per unit length! on the three-phase contact line in the pla
of the solid surface.

Young’s equation~2! is strictly valid only for macro-
scopic droplets at mechanical equilibrium with any adsorb
film of thicknessl 1 ~Fig. 1! on a molecularly smooth hori
zontal solid surface. For microscopic droplets the cont
angle will be influenced by surface interactions and the
ture of the three-phase solid-liquid-vapor contact line
lengthLslv , which will contribute an additional free energ
per unit length or line tensiont to the excess free energy o
the droplet. This effect adds an excess energy termtdLslv to
Eq. ~1! @35#. Hence for a spherical droplet of contact angleu
and lateral radiusr ~Fig. 1!, we obtain the modified Young’s
equation@2,67#

ssv5ssl1s lvcosu1
t

r
~3!

which can alternatively be written as

cosu5cosu`2
t

rs lv
, ~4!

whereu` is the contact angle in the limit of very large dro
lets (r→`). Hence from Eq.~4! the quantitiest and cosu`

can be determined from a study of cosu as a function of 1/r .
The contact angleu` provides important information

about the wettability of a surface. A liquid partially wets
surface if a large droplet possesses a finite contact an
u`.0. If, however, this liquid has a contact angleu`50 the
liquid completely wets the surface and the surface is cove
by a thick liquid film. For an appropriate solid-liquid comb

FIG. 1. Schematic diagram of a microscopic droplet situated
a solid substrate. The droplet has a contact angleu and base radius
r and is in mechanical equilibrium with an adsorbed layer of thi
nessl 1. The interface displacement profilel (x) is also shown in the
vicinity of the solid and/or liquid and/or vapor contact line.
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nation ~as we will see later in this paper! it is sometimes
possible to find a wetting transition as a function of incre
ing temperature where below a wetting temperatureTw a
droplet possesses a finite, nonzero contact angleu` whereas
aboveTw the contact angleu`50.

The wettability of a surface is sometimes expressed
terms of the spreading coefficient@68#

S[ssv2~ssl1s lv! ~5!

which compares the energy of a solid-vapor surface (ssv)
with the energy when this surface is covered by a thick w
ting film (ssl1s lv). From Eqs.~2! and ~5! therefore

S5s lv~cosu`21!. ~6!

Hence for partial wetting, whereT,Tw andu` is nonzero,
S,0. While for complete wetting, whereT>Tw and u`

50°, S50. The singularity inSat Tw can be written as@53#

2S}~Tw2T!22as, ~7!

or, equivalently

cosu`}2~Tw2T!22as, ~8!

whereas is the surface specific-heat exponent whiles lv is
assumed constant over a small temperature interval. The
der of the wetting transition atTw is determined by the value
of the exponentas . If as51 thendS/dT is discontinuous at
Tw and the wetting transition is first order; alternativel
from @Eq. ~8!#, if cosu` depends linearly uponDT5Tw2T
then the wetting transition is first order. For higher-ord
wetting transitions the slopedS/dT will approach zero con-
tinuously atTw , i.e., as,1.

B. Line tension approaching a first-order wetting transition

The contact angle decreases and vanishes on raising
temperature to the wetting transition temperatureTw @69#.
The line tension is therefore only defined forT,Tw ; above
Tw the three-phase contact line disappears. A number of
ferent theoretical approaches have been used to study
singular behavior of the line tension atTw . These ap-
proaches have produced vastly different results fort
@47–65# where this quantity was observed to be zero, fin
or diverge to infinity atTw and so, for a time, there was gre
confusion concerning the theoretically predicted behavior
the line tension atTw . A consensus has recently bee
reached@50–65# which is summarized in@53#. It is found
that the singular behavior of the line tension, upon approa
ing Tw , depends sensitively on both theorder of the wetting
transition and therange of the intermolecular forces.

Indekeu used an ‘‘interface displacement model’’ to p
dict the features of the line tension nearTw @50#. This model
is a useful tool for studying the behavior of the line tensi
near wetting. We review Indekeu’s model below and use i
interpret our line tension measurements nearTw later. The
key point of this model is that the inhomogeneity of th
three-phase contact line is described by a single-valued
terface displacement profilel (x), where x is a coordinate

n

-
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parallel to the substrate andl (x) is the thickness of the pro
file at positionx. A typical shape forl (x), at partial wetting,
is shown in Fig. 1 where the shape varies from a microsco
cally thin adsorbed film of thicknessl 1 to a macroscopically
thick droplet of lateral radiusr and contact angleu.

In the interface displacement model the line ene
G@ l (x)# is written as a functional of the profilel (x),

G@ l ~x!#5E
2`

`

G~ l ,l x!dx1const, ~9!

where the integration proceeds from the thin-film state~at
x52`) to the bulk liquid~at x5`). The integrandG( l ,l x)
is the surface excess free energy, which can be express

G~ l ,l x!5
1

2
s lvS dl

dxD
2

1V~ l !, ~10!

where the first term is the surface excess free energy cos
to any increase in interfacial area while the second term
the interface potentialwhich represents the excess free e
ergy per unit area due to the presence of a uniform film

FIG. 2. ~a! A typical interface potentialV( l ) for partial wetting
described by Eq.~13! where a repulsive barrier exists atl 11 l 0. The
adsorbed film of thicknessl 1 has a lower energyssv than a thick
film or droplet, atl→`, with energyssl1s lv . ~b! Plot ofAV( l ) as
a function of thicknessl for the above potential where the adsor
tion minimum has been shifted to the origin. The shaded areaJ1

andJ2 of the functionAV( l ) determine the line tension of a drople
according to Eq.~12!.
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thicknessl. At partial wetting (T,Tw) the interface potentia
V( l ) has the typical shape depicted in Fig. 2~a!. This poten-
tial possesses aglobal energy minimumssv at l 1, corre-
sponding to a microscopically thin adsorbed film of thic
ness l 1, and a local energy minimumssl1s lv at l→`,
corresponding to the presence of a macroscopically th
droplet on the surface. An energy barrier atl 11 l 0 separates
the global minimum from the local minimum where the d
ference between these two energy minimaV(`)2V( l 1)
52S. For a first-order wetting transition2S @Eq. ~7!# and
cosu` @Eq. ~8!# vary linearly with T on approachingTw ,
until at Tw , S50 and the two minima possess precisely t
same energy. AboveTw the thin adsorbed film is now a loca
minimum while the thicker wetting film is a global mini
mum; hence another signature of a first-order wetting tra
tion is the presence of a thin adsorbed filml 1 which in-
creasesdiscontinuouslyto a large and perhaps macroscop
thickness (l→`) at the wetting temperatureTw @70#. A con-
tinuousincrease in the adsorption thicknessl 1 with tempera-
ture to a large and perhaps macroscopic value could be
indication of the presence of a second-order wetting tra
tion @71#.

The equilibrium droplet profile~Fig. 1! corresponds to
that functionl (x) which possesses the minimum line ener
or line tensiont5G@ l (x)#umin . It can be shown that@50#

t5BA2s lvl 0E
0

`

dL@AV~L !/s lv2A2S/s lv# ~11!

5BA2s lvl 0@J12J2#, ~12!

where for convenience the adsorption minimum has b
placed at the origin (l 150) and the integration over the d
mensionless thicknessL5 l / l 0 extends from the adsorptio
minimum out to the infinitely thick droplet. An arbitrary
scale factorB has been included in Eq.~11! where the theo-
ries @50# assume thatB51. Equation~11! can also be ex-
pressed via a graphical representation to the shaped areaJ1
and J2, depicted in Fig. 2~b! which connects the shape o
@V( l )#1/2 to t.

A qualitative understanding oft can be obtained by ex
amining how Fig. 2~b! varies as a function of temperature
the vicinity of a first-order wetting transition. WhenT!Tw

the value ofA2S is large and the areaJ2 dominatesJ1 so
that t is negativeaccording to Eq.~12!. However, asT ap-
proachesTw the spreading coefficientS→0 and therefore the
areaJ2→0, hencet is positive and perhaps infinitedepend-
ing upon the areaJ1 at Tw . This positivity of t at Tw is a
consequence of the repulsive barrier between the
minima at l 1 and l 5` in the interface potentialV( l ). This
characteristic feature, for first-order wetting transitions, t
the line tensiont changes sign as the temperature approac
Tw is evident in the theoretical calculations of many auth
@61–65#.

An explicit expression for the interface potential is r
quired before the line tension can be calculated. The follo
ing dimensionless potential
1-3
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V~L !/s lv5H A~1!@12cos~pL !#/2, 0<L,1

A~L !, L>1
~13!

where A(L)5W0 /L22S/s lv and W05W/s lvl 0
2 , will be

used in later calculations. It includes many realistic featur
it is harmonic (; l 2) at l ! l 0 with a repulsive barrier atl
; l 0 while for largel @ l 0 it exhibits a nonretarded interactio
V( l );W/ l 22S which correctly decays to2S at very large
l→` @see Fig. 2~a!#. The spreading coefficientS in this po-
tential is related tou` @see Eq.~6!# or T ~using Fig. 7!, while
the Hamaker constantW is a system-dependent constant. T
shapeof the potential and theheightof the repulsive barrier
is controlled by the lengthl 0 .

Indekeu @53# also derived explicit expressions for th
variation of the line tension with temperature in the vicin
of a first-order wetting transition from Eq.~11! for various
interaction potentials. He found that

t5t02t1X, ~14!

whereX takes the formt1/2ln(1/t) for short-range~SR! inter-
actions@V( l );e2 l #, ln t for nonretarded long-range~NLR!
interactions@V( l ); l 22#, and t1/6 for retarded long-range
~RLR! interactions@V( l ); l 23#, and the reduced tempera
ture t[(Tw2T)/Tw ,t1.0 while t05t(t50).0 for SR
and RLR interactions. For each of these situationst changes
from a negative to a positive value with increasing absol
slope udt/dtu as Tw is approached. AtTw t is positive and
finite for SR and RLR interactions while it is infinite fo
NLR interactions.

III. EXPERIMENTS

The early work of Zisman@72# on the wettability of sur-
faces provides valuable information which can be used
determining which liquid-solid surface combinations will e
hibit a wetting transition as a function of temperature.
these early studies it was found that the wettability of a so
surface could be characterized by the molecular group wh
was predominant at the interface. For example, Zisman
co-workers prepared a number of surfaces where the me
groupuCH3 formed the outer most molecular group at t
interface by coating a solid surface with a self-assemb
monolayer~SAM! possessing this end group. The wettabil
of this type of interface was characterized by determining
droplet contact angleu` for a homologous series of organ
liquids; a ‘‘Zisman plot’’ of cosu` as a function of the sur
face tension of these liquids defined the critical surface t
sion sc for the surface where cosu`51. Liquids with a sur-
face tensions.sc formed droplets with a finite contac
angle on the surface whereas liquids with a surface ten
s,sc completely wet the surface. A Zisman plot of th
n-alkanes determined thatuCH3 possessed a critical surfac
tension sc'24 mN/m. Later work qualitatively confirmed
this picture: Wasserman, Tao, and Whitesides@73# found
thatuCH3 had asc'24 mN/m while Brzoska, Ben Azouz
and Rondelez@74# found thatsc ranged from 20 to 23 mN/m
for uCH3 where the precise value depended rather se
tively upon the length of the SAM and also upon the spec
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preparation conditions under which the SAM was formed
For a liquid with s.sc at room temperature, a wettin

transition should occur at sufficiently high temperature p
vided the liquid does not boil first. This follows from the fa
that according to Eq.~6! S,0 at room temperature~as u`

.0) while with increasing temperatures lv is expected to
decrease much faster thanssv2ssl because the thermal ex
pansion coefficient of liquids is much larger than the therm
expansion coefficient of solids, henceSshould approach zero
@Eq. ~5!# with increasing temperature. In this study we e
amine wetting transitions that occur for ‘‘alkane like’’ liq
uids deposited on molecularly flat Si wafers that had be
coated with a self-assembled monolayer where the outerm
molecular group is a methyl group (uCH3).

A. Materials

The liquids used in this experiment aren-octane
@CH3(CH2)6CH3# (991%) and 1-octene@CH3(CH2)5CH
5CH2# (981%) purchased from Aldrich Chemical Com
pany and used without further purification. The~100! silicon
wafers were purchased from Semiconductor Proces
Company. The original wafers were polished on one si
possessedn-type phosphorus doping with a resistivity o
1 –10V cm, thickness 0.3 cm, and radius 7.6 cm. The
wafers were subsequently diced into quarters by the c
pany for ease of handling. The surface of the wafer is ty
cally covered by a uniform oxide layer of thickness;2 nm.

B. Silanization of the Silicon Wafer

The preparation of self-assembled monolayers on the
lecularly smooth Si wafer followed a fairly standard proc
dure @73,74#.

~1! The wafers were first covered with a tough plas
adhesive tape to protect the polished surface from dust
scratching. They were then diamond sawed to a size
;2 cm32 cm.

~2! The tape was removed and the wafers were rinsed
ultrasonically cleaned in chloroform for 15–20 min to r
move any gross organic impurities.

~3! The wafers were then cleaned in a solution of 30
H2O2170% H2SO4 for 30 min at 120°C which effectively
removes any trace organic impurities on the surface. Dur
this time the wafers were continuously shaken in this so
tion. Following this procedure the wafers were rinsed well
18 MV cm distilled deionized water and stored in a beak
of this clean water prior to silanization.

~4! After complete drying using a warm jet of air, th
wafers were immersed for more than 2 h in asilane solution
composed of 70 ml hexadecane, 30 ml carbon tetrachlor
and 0.5 ml ofn-hexadecyl-trichlorosilanewhich was main-
tained at a temperature of 18 °C. This procedure was p
formed inside a closed, sealed plastic preparation bag, w
the humidity was kept below 30% using phosphorus pent
ide (P2O5).

~5! The wafers were finally removed, rinsed in chlor
form, and shaken for 15 min in an ultrasonic bath of chlo
form. After this preparation procedure the wafers were sto
immersed in the same liquid to be studied in order to elim
1-4
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LINE TENSION APPROACHING A FIRST-ORDER . . . PHYSICAL REVIEW E 63 031601
nate the accumulation of dust particles on the surface.
It is believed that this procedure creates a chemic

bonded silane monolayer to the underlying Si wafer. In
experiments below~Sec. IV! we find that this surface pos
sesses a low critical surface tensionsc'19 mN/m and low
contact angle hysteresis in approximate agreement with
vious measurements@74#. An atomic force microscopy
~AFM! study of this monolayer confirms the absence of a
atomic-sized pinholes in an area 10310 mm2 where the sur-
face roughness;5 Å is characteristic of the underlying su
face roughness for a bare silicon wafer.

C. Experimental setup

Previous techniques used for contact angle measurem
@24–31# are incapable of studying droplets possessing sm
contact angles (,10°) because of limited accurac
(0.5° –3°). Hence the surface transition from partial to com
plete wetting could not be studied. In this paper we desc
a microscopic interferometry technique that can study dr
lets with contact angles in the range;2° –10° with high
accuracy for droplet radii;12100 mm. This technique is
therefore ideally suited for studying line tension effects
small droplets in the vicinity of a wetting transition whereu`

is small. The optical configuration is schematically shown
Fig. 3. A droplet on the Si wafer substrate is illuminated
the 551 nm mercury line. This light first passes through
linear polarizer P1 and is incident upon a quarter wave p
via one arm of the binocular microscope. The quarter w
plate converts the light to circular polarized light. After r
flection from the wafer and/or droplet surface and a sec
pass through the quarter wave plate, the light is converte
linear polarized light but turned by 90° with respect to t

FIG. 3. Schematic diagram depicting the microscopic interf
ometry technique and sample chamber. M1, M2, reflecting mirr
P1, P2, crossed polarizers; L1, L2, L3, lenses. The quarter w
plate ensures that only light reflected from the substrate pa
through polarizer P2 to the CCD camera.
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illuminating beam. After propagating through the other a
of the binocular microscope the second polarizer P2 allo
this light to be incident upon the charge-coupled dev
~CCD! camera. Stray light reflected from surfaces within t
microscope, and above the quarter wave plate, cannot
through the crossed polarizer P2. In order to optimize
measurement of the interference pattern within the dro
the binocular microscope was modified as follows. One e
piece was replaced by lens L1 which, together with the m
croscope objective lens~OL!, illuminated the droplet and
wafer with plane parallel light. The other eye piece posses
a 100-mm square grid. Lens L2 focused the grid while th
combination of L2 and OL focused the droplet and wa
surface to the same image plane. Lens L3 then projec
these overlapping images of the grid and droplet onto
CCD camera. Real-time images of a droplet at a spec
temperature were recorded and shown on a television sc
connected to the CCD camera.

If the substrate surface is smooth and homogeneou
spherical droplet is formed by vapor deposition on the s
strate, and a circular droplet image with interference fring
is observed on the television screen, as shown in Fig. 4. T
digitized image is analyzed by a computer program to de
mine the radius (r i) of each black~minimum! or bright
~maximum! fringe. The spherical cap shape for the droplet
then fitted via a least-squares method to

-
s;
ve
es

FIG. 4. Droplet image which shows the interference fringes
octane at a temperature of 40.9°C. The constructive and destru
interference fringes~solid squares! are fitted to a spherical cap
shaped droplet using Eq.~15! from which the center thickness~H!
and base radius~r! of the droplet are determined. The contact ang
is then calculated using Eq.~17!.
1-5
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hi5HF12S r i

r D 2G ~15!

to obtain the center thickness~H! and the base radius~r! of
the droplet~Fig. 4!. In this equation

hi5 il/2n ~ i 50,1
2 ,1,32 , . . . ! ~16!

is the thickness of the droplet associated with thei th fringe.
Half-integral values of i correspond to minima~black
fringes! while integral values ofi correspond to maxima
~bright fringes!, l(5551 nm) is the wavelength of light, an
n(51.40) is the refractive index of liquid. The contact ang
u is finally determined from

u5arctan~2H/r !. ~17!

Least-squares fits to the droplet shape show that the co
angle is obtained to better than60.01° while the contact line
radiusr is obtained to better than60.1mm for big droplets
or 60.01mm for small droplets (r ,20 mm). The accuracy
of Eqs.~15! and ~16! are discussed in the Appendix.

In studying the line tension near a wetting transition it
important to be able to control the temperature and vary
radiusr of the droplet in a continuous fashion@see Eq.~4!#.
The sample chamber was designed for this purpose.
chamber was constructed from aluminum in the form of t
sections which were separated by a thin aluminum foil~Fig.
3!. The upper section, in which the liquid and Si wafer we
placed, was wrapped with heating wire and acted as an o
which was controlled by a Lakeshore DRC-91CA tempe
ture controller. A thermoelectric cooler, which was in clo
contact with the Si wafer, was placed underneath the alu
num foil in the lower chamber. The aluminim foil acted as
clean impenetrable barrier between the thermoelectric co
and the highly purified liquid and clean Si wafer. Drople
could be grown slowly on the Si wafer by maintaining

FIG. 5. Plot of cosu versus 1/r for droplets of 1-octene on a
hexadecyltrichlorosilane coated Si wafer at various temperat
T540.7 ~pluses!, 42.1, 43.1, 44.0, 46.0, 47.3, 48.6, and 50.0
~solid circles!. The solid lines are linear fits to the data from whic
the line tensiont and cosu` can be obtained according to Eq.~4!.
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small temperature difference between the temperature of
substrate and the temperature of the oven. The top of
chamber was covered by a sapphire window whosec axis
was parallel to the beam propagation direction. Droplets
the substrate were readily evaporated by opening this co
window.

IV. RESULTS AND DISCUSSION

In Fig. 5 we show a plot of cosu versus 1/r at various
temperatures for an octene droplet vapor-deposited on
silane coated silicon wafer where the solid lines are linear
to the data. A similar plot was also measured for octa
droplets on this surface. From the modified Young’s eq

TABLE I. The values oft andu` at different temperatures fo
octane.

Temperature
T(°C)

Line tension
t(10210 N)

Contact angle
u`(°)

28.0 24.460.8 9.545

29.2 23.661.4 9.305

30.5 22.960.6 8.791

31.8 24.760.9 8.559

33.3 22.560.9 7.844

34.9 21.960.6 7.343

36.7 20.660.6 6.822

38.2 21.360.4 6.202

39.8 20.260.6 5.543

40.9 0.160.2 5.020

42.0 1.360.5 4.248

43.3 2.460.3 2.916

TABLE II. The values oft andu` at different temperatures fo
octene.

Temperature
T(°C)

Line tension
t(10210 N)

Contact angle
u`(°)

40.7 21.760.3 8.735

42.1 21.860.7 8.190

43.1 21.460.7 7.858

44.0 20.260.6 7.078

46.0 0.360.6 6.045

47.3 0.760.5 5.622

48.6 1.860.4 4.357

50.0 2.560.6 3.282

es
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tion ~4! the line tensiont and cosu` can be deduced wher
the surface tension variation s lv

Octane523.52
20.09509T mN/m and s lv

Octene523.6820.09581T mN/m
@75# have been used in this deduction. The values fort and
u` at each temperature are tabulated in Tables I and II
octane and octene, respectively.

As mentioned previously the critical surface tensionsc is
an important quantity for characterizing an interface. In F
6 we show a Zisman plot@72# of cosu` as a function ofs lv
for the two liquids. From this plot the critical surface te
sions ~corresponding to cosu`51) are sc

Octane519.20
60.01 mN/m andsc

Octene518.7560.01 mN/m. In Fig. 7 we
plot cosu` now as a function ofT in order to deduce the
wetting temperaturesTw

Octane5(45.460.1) °C and Tw
Octene

5(51.260.1) °C ~corresponding to cosu`51). The linear
relationship of cosu` with T exhibited in Fig. 7 indicates tha
the wetting transition in this experiment is indeed first ord
We note that the wetting transition temperatureTw is very

FIG. 6. Plot of cosu` as a function of surface tensions lv for
n-octane and 1-octene. The solid lines are linear fits to the d
while the critical surface tensionsc corresponds to cosu`51.

FIG. 7. Plot of cosu` as a function of temperatureT for
n-octane and 1-octene. The solid lines are linear fits to the d
while the wetting temperaturesTw corresponds to cosu`51.
03160
r

.

.

sensitive to the value of the liquid surface tensions lv; al-
though both liquids have very close surface tension val
(Ds lv.0.14 mN/m) their wetting transition temperature
differ by nearly 6 °C. We have also measured the criti
surface tension and wetting transition temperature for oct
droplets on the same wafer but at different positions, or
different wafers but under the same silane preparation c
ditions. We find that the variabilities are less than 1 °C
Tw and 0.1 mN/m forsc . Such small variabilities inTw and
sc indicate that the SAMs exhibit excellent reproducibili
and a low surface heterogeneity ofDsc /sc'0.005.

In Fig. 8 we plot the line tensiont as a function of the
reduced temperaturet[(Tw2T)/Tw for octane ~solid
circles! and octene~open circles!. Both liquids exhibit almost
identical behavior. This behavior agrees with many of t
predictions in@53# and@61#, specifically, for increasing tem
peratures towardsTw , t changes from a negative to a pos
tive value with an increasing absolute slopeudt/dTu. We
have also used Eq.~14! to fit the octane data for short-range
~solid line!, nonretarded long-ranged~dashed line!, and re-
tarded long-ranged~dotted line! interactions where the ad
justable parameterst0 and t1 are listed in Table III. From
Fig. 8 one can readily see that the experimental resolution
t and the range forDT are insufficient to distinguish be

TABLE III. The values oft0 andt1 for different interactions in
Eq. ~14!.

X t0(nN) t1(nN)

Short range 1.177 2.254

Nonretarded long range 21.226 0.296

Retarded long range 1.754 3.482

ta

ta

FIG. 8. Line tensiont as a function of the reduced temperatu
t5(Tw2T)/Tw for n-octane and 1-octene. The solid, dashed, a
dotted lines are fits to the octane data for short-ranged, nonreta
long-ranged, and retarded long-ranged interactions, respectiv
using Eq. ~14!. If the octane data is fitted with the nonretarde
interface potential model described by Eq.~13!, this model gives a
curve identical to the dashed line whereW050.0018 andBs lvl 0

58.331029 N.
1-7
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tween the various models for short-range, nonretarded
retarded long-range interactions; these three interactions
vide an equally good description of the experimental da
An unfortunate aspect of this method of analysis is that
physical meaning of the parameterst0 andt1, for each po-
tential, is not at all clear and therefore it is difficult to asse
whether the values obtained for these parameters are rea
able.

An alternative approach is to return to the more fund
mental equation, Eq.~11!, which relates the interaction po
tentialV( l ) to the line tensiont. According to this approach
the behavior exhibited in Fig. 8 is in qualitative agreeme
with the expectations of Eqs.~11! and ~12! as the spreading
coefficientS→0. At Tw the line tensiont is positive, as is
observed, because for first-order wetting transitions the
ergy barrier which exists between the two minima atl 1 and
l 5` gives rise to a positive areaJ1 ~while J250 at Tw).
The order of magnitude measured forutu;10210 N is in
agreement within the upper limits expected from theo
however, upon closer inspection there are also signific
quantitative differences between these experimental res
and the theoretical calculations. Various models for the
teraction potentialV( l ) @14,50,61# determined that the line
tension changes sign at a large contact angleu`;60° or
correspondingly at low temperaturesDT5Tw2T;30 °C
well below Tw . In contrast the experiments for both liquid
find that t changes sign close toTw at t50.016 (DT
;5 °C) corresponding tou`(t50)55.0°. The experimenta
quantityu`(t50)55.0° provides importantmicroscopicin-
formation about the shape ofV( l ) because this quantity i
determined by the integral in Eq.~11!, independent of the
magnitude ofBs lvl 0 , and occurs when the areasJ15J2 in
Fig. 2~b!.

What does the quantityu`(t50)55.0° tell us about the
shape ofV( l )? In order to examine this question we consid
the phenomenological potential given in Eq.~13! which, as
discussed previously, includes many physically reasona
features expected for a potential near a first-order wet
transition. For a given liquid-solid combination the Hamak
constantW and liquid-vapor surface tensions lv are known
while the temperature variation of the spreading coefficienS
can be deduced from Eq.~6! and Fig. 7. Hence in Eqs.~11!
and ~13! there are only two unknowns, namely, the positi
of the repulsive barrierl 0 and the scale factorB. @Recall that
l 0 also determines the height of the repulsive barrier acco
ing to Eq. ~13!#. These two parameters can be determin
independently:l 0 determines when the integral in Eq.~13! is
zero@corresponding tou`(t50)55.0°# while B determines
the absolute magnitude of the line tensiont. Hence W0

5W/s lvl 0
2(50.0018) was adjusted to provide agreeme

with the experimental condition thatu`(t50)55.0° while
the quantityBs lvl 0(58.331029 N) was adjusted to provide
the correct magnitude fort. The results fort as a function of
t agree with the dashed line in Fig. 8, obtained previou
using Eq.~14! for NLR interaction. The phenomenologica
potential@Eq. ~13!# therefore provides a good description
the experiments. Both octane and octene possess aW'1.0
310221 J @76# ands lv'20.7 mN/m. We therefore find tha
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l 05(5.160.2) nm andB57866. The position of the repul-
sive barrier atl 055.1 nm is in reasonable agreement wi
the repulsive barrier measured for liquids between two m
plates in the surface forces apparatus of Israelachvili@77#.
The scale factorB578 determines the magnitude of the lin
tensiont.

Our line tension results are of similar magnitude (utu
'10210 N) to a number of other groups@35,78# and are
amongst the smallest values for liquid droplets situated
flat solid surfaces. In particular they agree in magnitude w
the line tension measurements of Pompe, Fery, and H
minghaus@78# for droplets of hexaethylene glycol on rath
similar surfaces. In this work the line tension was determin
by examining the contact angleu as a function of thelocal
radius of curvaturer (;0.1 to;1 mm) for droplets depos-
ited upon a structured Si wafer consisting of alternating
drophilic (SiO2) and hydrophobic~perfluorinated alkylsi-
lane! stripes where the periodicity was of order 500 nm. T
technique of tapping mode atomic force microscopy w
used in this study of liquid droplets at very small leng
scales@79#. Line tension values ofutu'10210 N for liquid
droplets deposited upon Si wafers are approximately two
ders of magnitude larger than values that are typically m
sured for liquid droplets on liquid surfaces@22,23,80#. This
is perhaps not so surprising. It is well known that the surfa
energy of solid surfaces is frequently much larger than
surface tension of liquid surfaces, hence, droplets depos
upon a solid surface may well have a larger line tension t
droplets deposited upon a liquid surface. There are additio
complications for droplets deposited upon solid surfaces
are not present for droplets on liquid surfaces. For exam
~i! solid surfaces possess a characteristic surface rough
@81–83# and ~ii ! molecularly smooth solid surfaces induc
smectic layering within the first few monolayers of a liqu
deposited upon such a surface@84#; it is not understood how
either of these two effects influence the line tension. W
we find so surprising and unexpected from this study is t
Eqs.~11! and~13! can describe the experimental line tensi
results with aconstantvalue of the scale factorB. These
equations are expected to describe the line tension varia
with temperature for liquid droplets on liquid surfaces wi
B51. It is truly remarkable that these equations can contin
to describe the line tension variation for droplets on so
surfaces for a constantB'100 despite the additional com
plications which occur at solid surfaces. This implies that
integral within Eq.~11! correctly incorporates the require
thermal dependence of the line tension.

V. SUMMARY

In this paper a microscopic interferometry technique w
used to investigate the behavior of the line tension in
vicinity of a first-order wetting transition forn-octane or
1-octene droplets on a hexadecyltrichlorosilane coated
wafer surface. The experimental results are in qualitat
agreement with the interface displacement model of Inde
and theoretical calculations of others which predict that
line tension should change from a negative to a posit
value with increasing~negative! slope as the wetting transi
1-8
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tion temperatureTw is approached. The change in sign oft
with increasing temperature and the positive value oft at Tw
is a direct consequence of the presence of a repulsive ba
in the interface potentialV( l ) for a first-order wetting tran-
sition. Our measurements cannot yet distinguish whether
short-range or long-range interactions make the domin
contribution to the line tension; however, a simple pheno
enological model@Eqs.~11! and~13!# which possesses man
realistic features correctly accounts for the experimental
sults with l 055.160.2 nm@corresponding to the position o
the repulsive barrier in the interface potentialV( l )# and B
57866 ~a scale factor which determines the magnitude
the line tensiont).
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APPENDIX

For a spherical droplet resting on a solid surface
sketched in Fig. 9, the shape of a droplet is described b

h~x!5AR22x22H0

'RS 12
x2

2R2D 2H0 ~R@x!

5H01H2
x2

2R
2H0

FIG. 9. Sketch of a spherical capped shaped droplet resting
solid surface. The interference fringe at pointA is formed by the
illuminating beam 1 and the reflected beam 3~which originates
from illuminating beam 2 at pointB).
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5HS 12
x2

2RHD
'HS 12

x2

r 2D ~R@H !, ~A1!

and the contact angleu is determined by

tanu5U dh~x!

dx U
x5r

5
2H

r
, ~A2!

which is used to calculate the contact angle in this paper.
contact angle may also be determined from the average v
uave of each fringe’s contact angleu i calculated by

tanu i5
2rhi

r 22r i
22hi

2
, ~A3!

wherehi andr i correspond to the thickness and radius of t
i th fringe of the droplet. To obtain the fitting parametersH
and r, the value ofhi can be calculated from Eq.~16!, an
approximate interference condition, by assuming the
fracted beam is perpendicular to the silicon wafer. To ens
that Eq.~16! is a good approximation, a strict interferenc
condition is considered below.

The i th interference fringe at pointA is formed from the
interference between the illuminating beam 1 and the
flected beam 3~originating from illuminating beam 2 at poin
B) as shown in Fig. 9. The distance between the two illum
nating beams~1 and 2! is d. Then the strict interference
condition is

h~x!2h~x1d!1nAd21@h~x!1h~x1d!#25 il,
~A4!

whereh(x) is expressed as Eq.~A1! and

d5tan~u2f!@h~x!1h~x1d!#

'@2h8~x1d!1h8~x1d!/n#@h~x!1h~x1d!#

52h8~x1d!@h~x!1h~x1d!#~121/n!. ~A5!

As an example, consider the interference fringes of octan
40.9 °C shown in Fig. 4. The positions of the destructive a
constructive interference fringes are determined by a co
puter program and displayed as square points in Fig. 4~bot-
tom graph!. The droplet shape is fitted to Eq.~A1! ~solid
line! where the fitting parametersr andH are, respectively,
35.1360.03mm and 1.56860.003mm. The contact angle is
therefore u55.099°60.006° according to Eq.~A2!. The
contact angle may also be calculated from Eq.~A3! or by
solving Eqs. ~A1!, ~A4!, and ~A5! to give uave55.089°
60.006° oruacc55.097°60.006°, respectively. These thre
contact angle determinations are the same within the ca
lated error. Hence the method that we used in this pa
Eqs.~15!–~17!, is reliable for measuring small contact angl
with a precision of better than 0.01°.

a
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