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Line tension approaching a first-order wetting transition: Experimental results
from contact angle measurements
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The line tension values af-octane and 1l-octene on a hexadecyltrichlorosilane coated silicon wafer, are
determined by contact angle measurements at temperatures near a first-order wetting tigpsitissishown
experimentally that the line tension changes sign as the temperature increasesTigwaejreement with a
number of theoretical predictions. A simple phenomenological model possessing a repulsive bdgier at
=5.1+0.2 nm and a scale factor &=78+6 provides a quantitative description of the experiments.
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[. INTRODUCTION position x in the vicinity of the boundaryEq. (11) below].
Early experiments never investigated the close connection
During the past few decades the line tension, which is théetweenr and V(l). An appropriate way of studying this
excess energy associated with the contact line at the bounthterrelationship is to measurein the vicinity of a phase
ary between three bulk phases, has attracted the attention @nsition, such as a first-order wetting transition where the
numerous theoreticdll—14] and experimenta]15-33 re-  potentialV(l) is known to change markedly as a function of
search groups. Although this thermodynamic quantity wagemperature; hence is expected also to vary dramatically
proposed over 100 years ago by GiljBg], the magnitude with tempe_ra;ure. Th_ere are _e>_<t(_enS|ve theor_etlcal pre_d_lctlons
and even the sign of the line tension are still not understoodPr the variation of7 in the vicinity of a wetting transition
experimentally within an acceptable marg8s]. This is un-  [47—63; however, only recently has our group completed an
fortunate because the line tension plays an extremely impo€Xperimental study of in the vicinity of a first-order wetting
tant role in determining the contact angle for microscopictransition[66] which could be compared with theory.
droplets[27,35, the nucleation behavior of droplets on sur-  The aim of this publication is to provide more complete
faces [36—3§, the dynamics of contact line spreading €xperimental details concerning our line tension measure-
[39,40, the attachment of solid particles to a fluid interface ments in the vicinity of a first-order wetting transition. This
[41], and the formation of Newton black fims and foam Paper is organized as follows. In Sec. Il we briefly review the
films [42—45. theoretical considerations for the behavior of the line tension
Theoretical analysis of the excess energy in the region of€ar a first-order wett_ing trans?tion. In Sec. Il we describe
the three-phase contact line indicates that the magnitude &R€ procedures used in preparing a molecularly smooth and
the line tension is very small: of order 18 to 107 1°N homogeneous solid surface. The microscopic interferometer
[5—14]. However, experiments have determined line tensiort/S€d in measuring the line tension is also described in this
values ranging from 10*2to 10"° N, where some measure- Section. The experimental resu_lts are pres_ented and discussed
ments[26—33 are 5-6 orders of magnitude larger than anyusing & simple phenomenological model in Sec. IV. The pa-
theoretical estimation of the line tension. Such a large variaPe" concludes with a summary in Sec. V. A number of aux-
tion in the magnitude of the experimental line tension maylliary considerations related to the interpretation of the inter-
arise from nonequilibrium conditions within the system ferometric image of the droplet are confined to an Appendix.
[45,46. There are many difficulties associated with accu-
rately determining the line tension experimentally because its Il. THEORY
magnitude is believed to be small. For example, to determine
the correct line tension from contact angle versus droplet size
data(see details beloyfor a droplet situated on a solid sur- ~ Consider a simple three-phase system, such as a droplet
face the basic requirements dipan accurate contact angle resting on gerfecthomogeneous, horizontal, isotropic solid
technique(ii) a molecularly smooth and homogeneous solidsurface. If this droplet is sufficiently large so that the effects
surface, andiii) a highly purified liquid. The presence of Of the three-phase contact line can be neglected, the change
any surface-active liquid contaminants or solid surface imof the free energy due to the change in droplet size can be
perfections, heterogeneities, and/or roughness are believedWglitten as
significantly influence the magnitude of the line tension.
In the theoretical analysis the line tensiors predicted to dF=o5dAg+ o5, dAs, + 0, dA,
be related to the interaction potenti(l), wherel=1(x) =(0g— s+ 0),€050,,)dAg, (1)
represents the thickness of the liquid film as a function of
whereF is the free energyA is the area of an interface where
the subscripts, |, v correspond, respectively, to tiselid,
*Present address: School of Mathematics, University of Minnediquid, and vapor phases,o is the surface free energy or
sota, Minneapolis, MN 55455. surface tension, and.,, is the contact angle of the droplet.

A. Young’s equation and the line tension
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nation (as we will see later in this papeit is sometimes
possible to find a wetting transition as a function of increas-
ing temperature where below a wetting temperatlijea
droplet possesses a finite, nonzero contact afglehereas
aboveT,, the contact angl®,.=0.

The wettability of a surface is sometimes expressed in
terms of the spreading coefficief&8]

S=og,—(0gt0,) )

which compares the energy of a solid-vapor surfaeg, X
with the energy when this surface is covered by a thick wet-
| 0 [ -~/ ting film (o +0y,). From Egs.(2) and(5) therefore
1

I T = | S=o0,,(cosf,.—1). (6)

FIG. 1. Schematic diagram of a microscopic droplet situated Onl;ence fo;llpa;tlal Wett'rllg' Wher§<TW ﬁnd 9; IS nonzero,
a solid substrate. The droplet has a contact afigied base radius <9' While for c_:omp e_te _vvettlng, w eré'/'l_'w and 6.,
r and is in mechanical equilibrium with an adsorbed layer of '[hic:k-:0 , $=0. The singularity ifSat T, can be written ag53]
nesd ;. The interface displacement profilex) is also shown in the

_ _ 2—«a
vicinity of the solid and/or liquid and/or vapor contact line. S (Tw=T)" %, @)
or, equivalentl
At (mechanical equilibrium F is a minimum @F=0) q y
and we obtain Young’s equatidi,25] cosf,.c — (T, —T)2™ %, (8)
05, =0g 10,086, (2)  whereas is the surface specific-heat exponent whilg is

assumed constant over a small temperature interval. The or-

which describes the mechanical equilibrium of the forcesyer of the wetting transition &, is determined by the value
(per unit length on the three-phase contact line in the planeys ihe exponentr. . If ac=1 thendS/dT is discontinuous at

of the soI’id surface. _ T, and the wetting transition is first order; alternatively,
Y(_)ung s equation(2) |s_str|ctly _\_/al!d only for macro- &0, [Eq. (8)], if cosé.. depends linearly upoAT=T,,—T
scopic droplets at mechanical equilibrium with any adsorbeqnep, the wetting transition is first order. For higher-order

film of thicknessl, (Fig. 1) on a molecularly smooth hori- \ eing transitions the slopgS/dT will approach zero con-
zontal solid surface. For microscopic droplets the Contacfinuously atT. ie. a.<1
we e, as<l.

angle will be influenced by surface interactions and the na-
ture of the three-phase solid-liquid-vapor contact line of
lengthLg, , which will contribute an additional free energy
per unit length or line tension to the excess free energy of  The contact angle decreases and vanishes on raising the
the droplet. This effect adds an excess energy tettin,, to ~ temperature to the wetting transition temperatilize [69].
Eq. (1) [35]. Hence for a spherical droplet of contact angle The line tension is therefore only defined b T,,; above
and lateral radius (Fig. 1), we obtain the modified Young’s T, the three-phase contact line disappears. A number of dif-
equation[2,67] ferent theoretical approaches have been used to study the
singular behavior of the line tension &t,. These ap-
proaches have produced vastly different results for
[47-653 where this quantity was observed to be zero, finite,
or diverge to infinity afl, and so, for a time, there was great
which can alternatively be written as confusion concerning the theoretically predicted behavior of
the line tension atT,,. A consensus has recently been
reached50-65 which is summarized i53]. It is found
that the singular behavior of the line tension, upon approach-
ing T,,, depends sensitively on both tbeder of the wetting
whered,, is the contact angle in the limit of very large drop- transition and therange of the intermolecular forces
lets (r—0). Hence from Eq(4) the quantitiesr and cos,, Indekeu used an “interface displacement model” to pre-
can be determined from a study of abas a function of /. dict the features of the line tension ndgy [50]. This model

The contact angled.., provides important information is a useful tool for studying the behavior of the line tension
about the wettability of a surface. A liquid partially wets a near wetting. We review Indekeu’s model below and use it to
surface if a large droplet possesses a finite contact angléjterpret our line tension measurements négrlater. The
0..>0. If, however, this liquid has a contact angle=0 the  key point of this model is that the inhomogeneity of the
liquid completely wets the surface and the surface is coverethree-phase contact line is described by a single-valued in-
by a thick liquid film. For an appropriate solid-liquid combi- terface displacement profilgx), wherex is a coordinate

B. Line tension approaching a first-order wetting transition

r
O, = 0gt 0,080+ T (3

.
COSH=C0Sf..— ——, (4)

lv
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thicknesd. At partial wetting T<T,,) the interface potential
V(l) has the typical shape depicted in Figa)2 This poten-
tial possesses global energy minimumoyg, at |4, corre-
sponding to a microscopically thin adsorbed film of thick-
nessl,, and alocal energy minimumog+ o), at|—o,
corresponding to the presence of a macroscopically thick
droplet on the surface. An energy barried gt |, separates
the global minimum from the local minimum where the dif-
ference between these two energy minirdée)—V(l;)
=—S. For a first-order wetting transitior S [Eq. (7)] and
cosé,, [Eq. (8)] vary linearly with T on approachingT,,,
until at T,,, S=0 and the two minima possess precisely the
same energy. Abové,, the thin adsorbed film is now a local
minimum while the thicker wetting film is a global mini-
mum; hence another signature of a first-order wetting transi-
Ar\_/— b tion is the presence of a thin adsorbed filjwhich in-
. creasegliscontinuouslyto a large and perhaps macroscopic

u] thickness [— ) at the wetting temperatufg,, [70]. A con-
- AL e tinuousincrease in the adsorption thickndgsvith tempera-

X ture to a large and perhaps macroscopic value could be an
indication of the presence of a second-order wetting transi-
('S) tion [71].

The equilibrium droplet profile(Fig. 1) corresponds to
that functionl (x) which possesses the minimum line energy
‘ l or line tensionT=T[I(X)]|min- It can be shown thd50]

Cs+Ow

Osv

. . R T=Bﬁa.ulof dL[WV(L)/ o, = =Sloy,] (1D
FIG. 2. (a) A typical interface potential/(l) for partial wetting 0

described by Eq13) where a repulsive barrier existslat-1,. The

adsorbed film of thicknesk, has a lower energy, than a thick

film or droplet, al — o, with energyog,+ oy, . (b) Plot of JV(I) as =Bv20,lo[J1= 2]

a function of thickness for the above potential where the adsorp-

tion minimum has been shifted to the origin. The shaded aleas \where for convenience the adsorption minimum has been

andJ, of the function\V(I) determine the line tension of a droplet placed at the originlg=0) and the integration over the di-

according to Eq(12). mensionless thickneds=1/1, extends from the adsorption
minimum out to the infinitely thick droplet. An arbitrary

parallel to the substrate arh(x) is the thickness of the pro- scale factoB has been included in E¢L1) where the theo-

file at positionx. A typical shape fot(x), at partial wetting,  ries [50] assume thaB=1. Equation(11) can also be ex-

is shown in Fig. 1 where the shape varies from a microscopipressed via a graphical representation to the shaped dieas,

cally thin adsorbed film of thickneds to a macroscopically and J,, depicted in Fig. &) which connects the shape of

(12

thick droplet of lateral radius and contact angl®. [V(H]1*2to .
In the interface displacement model the line energy A qualitative understanding of can be obtained by ex-
I'[I(x)] is written as a functional of the profilgx), amining how Fig. 2b) varies as a function of temperature in
. the vicinity of a first-order wetting transition. When<T,,
r[|(x)]:f G(I,1,)dx+ const, (9)  the value of{—Sis large and the ared, dominates); so

that 7 is negativeaccording to Eq(12). However, asT ap-
proached,, the spreading coefficield— 0 and therefore the
where the integration proceeds from the thin-film sttt areaJ,— 0, hencer is positive and perhaps infinitéepend-
x=—) to the bulk liquid(atx=0). The integrand5(l.l,)  ing upon the ared, at T,,. This positivity of  at T,, is a
is the surface excess free energy, which can be expressed @nsequence of the repulsive barrier between the two
minima atl, andl=cc in the interface potentia¥/(l1). This
ny characteristic feature, for first-order wetting transitions, that
(), (10 . ) :
the line tensionr changes sign as the temperature approaches
T, is evident in the theoretical calculations of many authors
where the first term is the surface excess free energy cost d{i61—65.
to any increase in interfacial area while the second term is An explicit expression for the interface potential is re-
the interface potentialwhich represents the excess free en-quired before the line tension can be calculated. The follow-
ergy per unit area due to the presence of a uniform film oing dimensionless potential

2

1 d
G(|,|x)=§(7|u ax
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A(1)[1—cogwL)]/2, O=L<1 preparation conditions under which the SAM was formed.
AL), L=1 (13 For a liquid with o> o at room temperature, a wetting

' transition should occur at sufficiently high temperature pro-
where A(L)=W,/L2—Sloy, and Wo=W/o,12, will be vided the liquid does not boil first. This follows from the fact

used in later calculations. It includes many realistic featurest.hat according to Eq(6) S<0 at room temperaturas 6.,

it is harmonic (-12) at 1<, with a repulsive barrier at >0) while with increasing temperature,, is expected to
~1, while for largel >, it exhibits a nonretarded interaction decrease much faster thag, ~ o because the thermal ex-
V(1)~W/I12— S which correctly decays to-S at very large ~ Pansion coefficient of liquids is much larger than the thermal
| —o0 [see Fig. 2a)]. The spreading coefficier in this po- expansion _Coe_ff|C|ent_of solids, henSshould gpproach zero
tential is related ta., [see Eq(6)] or T (using Fig. 7, while [Eg. (5)] with increasing temperature. In this study we ex-

the Hamaker constakV'is a system-dependent constant, ThedMine wetting transitions that occur for “alkane like” lig-

shapeof the potential and thaeightof the repulsive barrier uids deppsned on molecularly flat Si wafers that had been
is controlled by the length, coated with a self-assembled monolayer where the outermost

Indekeu [53] also derived explicit expressions for the molecular group is a methyl group-{Ch).
variation of the line tension with temperature in the vicinity

V(L)/O-Iv:

of a first-order wetting transition from Eq11) for various A. Materials
interaction potentials. He found that The liquids used in this experiment are-octane
[ CH3(CH,)sCHs] (99+%) and 1-octend CHz(CH,)sCH
=70~ 71X, (14 =CH,] (98+%) purchased from Aldrich Chemical Com-

pany and used without further purification. TEO0) silicon

wafers were purchased from Semiconductor Processing
Company. The original wafers were polished on one side,
possessedr-type phosphorus doping with a resistivity of
1-10Q cm, thickness 0.3 cm, and radius 7.6 cm. These

wafers were subsequently diced into quarters by the com-
any for ease of handling. The surface of the wafer is typi-
ally covered by a uniform oxide layer of thicknes® nm.

whereX takes the fornt*An(1/) for short-rangeSR) inter-
actions[V(I)~e™'], Int for nonretarded long-rang@\LR)
interactions[V(l)~1~2], and t® for retarded long-range
(RLR) interactions[V(I)~1~3], and the reduced tempera-
ture t=(T,—T)/T,,7,>0 while 7g=7(t=0)>0 for SR
and RLR interactions. For each of these situatiomhanges
from a negative to a positive value with increasing absolut
slope|d7/dt| asT,, is approached. AT,, 7 is positive and
finite .for SR_ and RLR interactions while it is infinite for B. Silanization of the Silicon Wafer
NLR interactions.

The preparation of self-assembled monolayers on the mo-

IIl. EXPERIMENTS lecularly smooth Si wafer followed a fairly standard proce-
. N dure[73,74.
The early work of Zisma72] on the wettability of sur- (1) The wafers were first covered with a tough plastic

faces provides valuable information which can be used imdhesive tape to protect the polished surface from dust and
determining which liquid-solid surface combinations will ex- scratching. They were then diamond sawed to a size of
hibit a wetting transition as a function of temperature. In~2 cmx2 cm.

these early studies it was found that the wettability of a solid  (2) The tape was removed and the wafers were rinsed and
surface could be characterized by the molecular group whichitrasonically cleaned in chloroform for 15—20 min to re-
was predominant at the interface. For example, Zisman anghove any gross organic impurities.

co-workers prepared a number of surfaces where the methyl (3) The wafers were then cleaned in a solution of 30%
group—CHjs formed the outer most molecular group at the H,0,+ 70% H,SO, for 30 min at 120°C which effectively
interface by coating a solid surface with a self-assembledemoves any trace organic impurities on the surface. During
monolayerlSAM) possessing this end group. The wettability this time the wafers were continuously shaken in this solu-
of this type of interface was characterized by determining theion. Following this procedure the wafers were rinsed well in
droplet contact anglé.. for a homologous series of organic 18 M) cm distilled deionized water and stored in a beaker
liquids; a “Zisman plot” of cosf., as a function of the sur- of this clean water prior to silanization.

face tension of these liquids defined the critical surface ten- (4) After complete drying using a warm jet of air, the
sion g, for the surface where cas=1. Liquids with a sur-  wafers were immersed for more tha h in asilane solution
face tensiono>o. formed droplets with a finite contact composed of 70 ml hexadecane, 30 ml carbon tetrachloride,
angle on the surface whereas liquids with a surface tensioand 0.5 ml ofn-hexadecyl-trichlorosilansvhich was main-
o<o. completely wet the surface. A Zisman plot of the tained at a temperature of 18°C. This procedure was per-
n-alkanes determined that CH; possessed a critical surface formed inside a closed, sealed plastic preparation bag, where
tension o,~24 mN/m. Later work qualitatively confirmed the humidity was kept below 30% using phosphorus pentox-
this picture: Wasserman, Tao, and Whitesidé8] found ide (P,Os).

that—CHjz had ac;~24 mN/m while Brzoska, Ben Azouz, (5) The wafers were finally removed, rinsed in chloro-
and RondeleZ74] found thato. ranged from 20 to 23 mN/m  form, and shaken for 15 min in an ultrasonic bath of chloro-
for —CHj; where the precise value depended rather sensform. After this preparation procedure the wafers were stored
tively upon the length of the SAM and also upon the specificimmersed in the same liquid to be studied in order to elimi-
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FIG. 3. Schematic diagram depicting the microscopic interfer- L 6 = 5.099° + 0.006° ]
ometry technique and sample chamber. M1, M2, reflecting mirrors; 0.2 1
P1, P2, crossed polarizers; L1, L2, L3, lenses. The quarter wave 0.0L— L n 1 L L L L
plate ensures that only light reflected from the substrate passes 9@ 10 20 = 40 &0 0 70 B0
through polarizer P2 to the CCD camera. x (pm)
nate the accumulation of dust particles on the surface. FIG. 4. Droplet image which shows the interference fringes for

It is believed that this procedure creates a chemicallyctane at a temperature of 40.9°C. The constructive and destructive
bonded silane monolayer to the underlying Si wafer. In thenterference fringegsolid squaresare fitted to a spherical cap
experiments belowSec. V) we find that this surface pos- Shaped droplet using EGL5) from which the center thicknessi)
sesses a low critical surface tensiap~19 mN/m and low gnd base radiug) of the droplet are determined. The contact angle
contact angle hysteresis in approximate agreement with prdS then calculated using EGL7).
vious measurement§74]. An atomic force microscopy
(AFM) study of this monolayer confirms the absence of an
atomic-sized pinholes in an areax1@0 um? where the sur-
face roughness-5 A is characteristic of the underlying sur-
face roughness for a bare silicon wafer.

>jIIuminating beam. After propagating through the other arm
of the binocular microscope the second polarizer P2 allows
this light to be incident upon the charge-coupled device
(CCD) camera. Stray light reflected from surfaces within the
microscope, and above the quarter wave plate, cannot pass
through the crossed polarizer P2. In order to optimize the
measurement of the interference pattern within the droplet
Previous techniques used for contact angle measuremerttse binocular microscope was modified as follows. One eye
[24-31] are incapable of studying droplets possessing smalpiece was replaced by lens L1 which, together with the mi-
contact angles <€10°) because of limited accuracy croscope objective lengOL), illuminated the droplet and
(0.5°=3°). Hence the surface transition from partial to com- wafer with plane parallel light. The other eye piece possessed
plete wetting could not be studied. In this paper we describ@ 100.um square grid. Lens L2 focused the grid while the
a microscopic interferometry technique that can study dropeombination of L2 and OL focused the droplet and wafer
lets with contact angles in the range2°—10° with high surface to the same image plane. Lens L3 then projected
accuracy for droplet radit~1— 2100 um. This technique is these overlapping images of the grid and droplet onto the
therefore ideally suited for studying line tension effects inCCD camera. Real-time images of a droplet at a specific
small droplets in the vicinity of a wetting transition whete  temperature were recorded and shown on a television screen
is small. The optical configuration is schematically shown inconnected to the CCD camera.
Fig. 3. A droplet on the Si wafer substrate is illuminated by If the substrate surface is smooth and homogeneous, a
the 551 nm mercury line. This light first passes through thespherical droplet is formed by vapor deposition on the sub-
linear polarizer P1 and is incident upon a quarter wave platstrate, and a circular droplet image with interference fringes
via one arm of the binocular microscope. The gquarter wavés observed on the television screen, as shown in Fig. 4. This
plate converts the light to circular polarized light. After re- digitized image is analyzed by a computer program to deter-
flection from the wafer and/or droplet surface and a secondnine the radius r;j) of each black(minimum) or bright
pass through the quarter wave plate, the light is converted ttmaximum) fringe. The spherical cap shape for the droplet is
linear polarized light but turned by 90° with respect to thethen fitted via a least-squares method to

C. Experimental setup
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TABLE I. The values ofr and 4., at different temperatures for
octane.

FIG. 5. Plot of co9 versus 17 for droplets of 1-octene on a
hexadecyltrichlorosilane coated Si wafer at various temperatures

T=40.7 (pluses, 42.1, 43.1, 44.0, 46.0, 47.3, 48.6, and 50.0°C

(solid circles. The solid lines are linear fits to the data from which

the line tensionr and co9., can be obtained according to E¢).

N2

to obtain the center thicknesbl) and the base radius) of
the droplet(Fig. 4). In this equation

hi=ix2n  (i=0,3,13,...) (16)
is the thickness of the droplet associated withittefringe.

Half-integral values ofi correspond to minima(black
fringes while integral values ofi correspond to maxima

(bright fringes, N\(=551 nm) is the wavelength of light, and
n(=1.40) is the refractive index of liquid. The contact angle

0 is finally determined from

f=arctari2H/r). (17)

Least-squares fits to the droplet shape show that the contagg

angle is obtained to better than0.01° while the contact line
radiusr is obtained to better tham 0.1 um for big droplets
or £0.01xm for small droplets (<20 xwm). The accuracy
of Egs.(15) and(16) are discussed in the Appendix.

Temperature Line tension Contact angle
T(°C) (10 1 N) 0..(°)
28.0 —4.4+0.8 9.545
29.2 -3.6+14 9.305
30.5 —2.9+0.6 8.791
31.8 —4.7+0.9 8.559
33.3 —2.5+0.9 7.844
34.9 —1.9+0.6 7.343
36.7 —0.6£0.6 6.822
38.2 —-1.3x04 6.202
39.8 —0.2£0.6 5.543
40.9 0.x-0.2 5.020
42.0 1.3:0.5 4.248
43.3 2.4:0.3 2.916

small temperature difference between the temperature of the
substrate and the temperature of the oven. The top of the
chamber was covered by a sapphire window whosis

was parallel to the beam propagation direction. Droplets on
the substrate were readily evaporated by opening this cover
window.

IV. RESULTS AND DISCUSSION

In Fig. 5 we show a plot of coé versus 1If at various
temperatures for an octene droplet vapor-deposited on the
silane coated silicon wafer where the solid lines are linear fits
to the data. A similar plot was also measured for octane
oplets on this surface. From the modified Young's equa-

TABLE II. The values ofr and 6., at different temperatures for
octene.

g 4 . i © .. . Temperature Line tension Contact angle

In studying the line tension near a wetting transition it is (- c) 7(1071°N) 0.(°)
important to be able to control the temperature and vary the
radiusr of the droplet in a continuous fashigsee Eq.(4)]. 40.7 —-17+0.3 8.735
The sample chamber was de5|gneq for _thls purpose. This 121 _18+07 8.190
chamber was constructed from aluminum in the form of two,
sections which were separated by a thin aluminum (fid). 43.1 —1.4+0.7 7.858
3). The upper section, in which the liquid and Si wafer were
placed, was wrapped with heating wire and acted as an oven ~ 44.0 —0.2+0.6 7.078
which was controlled by a Lakeshore DRC-91CA tempera- 46.0 0.3-0.6 6.045
ture controller. A thermoelectric cooler, which was in close
contact with the Si wafer, was placed underneath the alumi- 47.3 0.70.5 5.622
num foil in the lower chamber. The aluminim foil acted as a
clean impenetrable barrier between the thermoelectric cooler 48.6 1.8-0.4 4357
and the highly purified liquid and clean Si wafer. Droplets 50.0 25-0.6 3.282

could be grown slowly on the Si wafer by maintaining a
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FIG. 8. Line tensionr as a function of the reduced temperature
FIG. 6. Plot of cod.. as a function of surface tensian, for  t=(T,—T)/T,, for n-octane and 1-octene. The solid, dashed, and
n-octane and 1-octene. The solid lines are linear fits to the datgotted lines are fits to the octane data for short-ranged, nonretarded
while the critical surface tensiom corresponds to cas.=1. long-ranged, and retarded long-ranged interactions, respectively,
using Eq.(14). If the octane data is fitted with the nonretarded

tion (4) the line tensionr and cog,, can be deduced where interface potential model described by Egi3), this model gives a
the surface tension variation Ugctane: 2352  curve identical to the dashed line wheré =0.0018 andBo,lo

= —9
~0.09509° mN/m and 00%"=23.68-0.0958T mN/m _ o>X10°N.
[75] have been used in this deduction. The valuesrfand

9. at each temperature are tabulated in Tables I and Il fop€nSitive to the value of the liquid surface tensiap; al-
octane and octene, respectively. though both liquids have very close surface tension values

As mentioned previously the critical surface tensignis ~ (A91,=0.14 mN/m) their wetting transition temperatures
an important quantity for characterizing an interface. In Fig.differ by nearly 6 °C. We have also measured the critical
6 we show a Zisman pld2] of cos6, as a function ofr, surface tension and wetting transition temperature for octane

o0 v

for the two liquids. From this plot the critical surface ten- droplets on the same wafer but at different positions, or on
sions (corresponding to cog.=1) are ¢O%"%=19.20 different wafers but under the same silane preparation con-

Octene_ . ditions. We find that the variabilities are less than 1 °C for
=0.01 mN/m andyg™ ™= 18.75=0.01 mN/m. In Fig. 7 we T, and 0.1 mN/m foro; . Such small variabilities if,, and
o. indicate that the SAMs exhibit excellent reproducibility
and a low surface heterogeneity &tr./o.~0.005.

In Fig. 8 we plot the line tensiom as a function of the
reduced temperature=(T,—T)/T, for octane (solid
‘circles and octendopen circles Both liquids exhibit almost
identical behavior. This behavior agrees with many of the
predictions in[53] and[61], specifically, for increasing tem-

plot cosh,, now as a function ofT in order to deduce the
wetting temperaturesT Q@™%= (45.4+0.1) °C and TOoe"e
=(51.2-0.1) °C (corresponding to co&,=1). The linear
relationship of cog., with T exhibited in Fig. 7 indicates that
the wetting transition in this experiment is indeed first order
We note that the wetting transition temperatdig is very

[t IR ' peratures towards,,, 7 changes from a negative to a posi-
® Octane tive value with an increasing absolute slojger/dT|. We
0.996 - O Octene - have also used Eql4) to fit the octane data for short-ranged
(solid line), nonretarded long-rangedashed ling and re-
tarded long-rangeddotted ling interactions where the ad-
02621 justable parameters, and ; are listed in Table Ill. From
C0SB0 Fig. 8 one can readily see that the experimental resolution for

0.988 - i 7 and the range foAT are insufficient to distinguish be-

i TABLE llI. The values ofr, and 7, for different interactions in
0.984 7 Eq. (14).

0986 ¢ w X To(nN) Tl(nN)
g —r v 1 r r v {1 1 v 17
A R S Short range 1177 2.254
T(°C) g : :
Nonretarded long range —1.226 0.296

FIG. 7. Plot of co9, as a function of temperatur@ for
n-octane and 1-octene. The solid lines are linear fits to the dat®etarded long range 1.754 3.482
while the wetting temperaturek,, corresponds to cos,=1.
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tween the various models for short-range, nonretarded ang=(5.1+0.2) nm andB= 78+ 6. The position of the repul-
retarded long-range interactions; these three interactions prgive barrier atl,;=5.1 nm is in reasonable agreement with
vide an equally good description of the experimental datathe repulsive barrier measured for liquids between two mica
An unfortunate aspect of this method of analysis is that theplates in the surface forces apparatus of Israelachvii.
physical meaning of the parametefgand 7;, for each po- The scale factoB= 78 determines the magnitude of the line
tential, is not at all clear and therefore it is difficult to assesgensionr.
whether the values obtained for these parameters are reason-Our line tension results are of similar magnituder| (
able. ~10 1°N) to a number of other groupks5,78 and are

An alternative approach is to return to the more funda-@amongst the smallest values for liquid droplets situated on
mental equation, Eqi11), which relates the interaction po- flat solid surfaces. In particular they agree in magnitude with
tential V(1) to the line tensionr. According to this approach the line tension measurements of Pompe, Fery, and Her-
the behavior exhibited in Fig. 8 is in qualitative agreementMinghaus{78] for droplets of hexaethylene glycol on rather
with the expectations of Eqél1) and(12) as the spreading similar sgrfaces. In this work the line tenspn was determined
coefficientS—0. At T,, the line tensionr is positive, as is by examining the contact angi¢as a function of théocal
observed, because for first-order wetting transitions the er{—ad'us of curvature (NO‘.l ©0-~1 '“m). f(_)r droplets depos-
ergy barrier which exists between the two minimd aand ited upon a §tructured Si wafer (?onS|st|ng .Of aIternatmg_ hy-
I—o o ) " . _ drophilic (SiG,) and hydrophobic(perfluorinated alkylsi-

gives rise to a positive aredy (while J,=0 atT,). lang stripes where the periodicity was of order 500 nm. The

The order of magnitude measured fal~10 1°N is in >1IP e p yV - '

. - technique of tapping mode atomic force microscopy was
agreement within the upper limits expected from theory; seq in this study of liquid droplets at very small length
however, upon closer inspection there are also S|gn|f|cargca|es[79]_ Line tension values ofr|~10 10N for liquid
guantitative differences between these experimental res”'@roplets deposited upon Si wafers are approximately two or-
and the theoretical calculations. Various models for the inya g of magnitude larger than values that are typically mea-
tera<_:ti0n potentia}\/_(l) [14,50,6] determined that the line ¢ aq for liquid droplets on liquid surfac®2,23,80. This
tension changes sign at a large contact arfjle-60° or g narhaps not so surprising. It is well known that the surface
correspondingly at low temperaturesT=T,—~T~30°C  gnergy of solid surfaces is frequently much larger than the
well belowT,, . In contrast the experiments for both liquids gy face tension of liquid surfaces, hence, droplets deposited
find that 7 changes sign close td,, at t=0.016 AT  yhon a solid surface may well have a larger line tension than
~5 °C) corresponding t6..(7=0)=5.0°. The experimental qroplets deposited upon a liquid surface. There are additional
quantity 6.,(7=0)=5.0° provides importarticroscopicin-  complications for droplets deposited upon solid surfaces that
formation about the shape of(l) because this quantity is are not present for droplets on liquid surfaces. For example,
determmed by the integral in Eq11), independent of _the (i) solid surfaces possess a characteristic surface roughness
magnitude ofBay,lo, and occurs when the aredg=J, i [81-83 and (ii) molecularly smooth solid surfaces induce
Fig. 2(b). . smectic layering within the first few monolayers of a liquid

What does the quantity..(7=0)=5.0° tell us about the deposited upon such a surfd@; it is not understood how
shape of/(1)? In order to examine this question we considerejther of these two effects influence the line tension. What
the phenomenological potential given in H43) which, as e find so surprising and unexpected from this study is that
discussed previously, includes many physically reasonablggs.(11) and(13) can describe the experimental line tension
features expected for a potential near a first-order wettingesylts with aconstantvalue of the scale factoB. These
transition. For a given liquid-solid combination the Hamakerequations are expected to describe the line tension variation
constantW and liquid-vapor surface tensian, are known  with temperature for liquid droplets on liquid surfaces with
while the temperature variation of the spreading coefficnt B=1. |t is truly remarkable that these equations can continue
can be deduced from E¢6) and Fig. 7. Hence in Eq$1ll)  to describe the line tension variation for droplets on solid
and(13) there are only two unknowns, namely, the positionsyrfaces for a consta~100 despite the additional com-
of the repulsive barriel, and the scale factdd. [Recall that  plications which occur at solid surfaces. This implies that the

lo also determines the height of the repulsive barrier accordmtegral within Eq.(11) correctly incorporates the required
ing to Eq. (13)]. These two parameters can be determinedhermal dependence of the line tension.

independentlyl, determines when the integral in E4.3) is
zero[corresponding td@..(7=0)=5.0°] while B determines
the absolute magnitude of the line tensien Hence W,
=W/a,15(=0.0018) was adjusted to provide agreement |n this paper a microscopic interferometry technique was
with the experimental condition that.(7=0)=5.0° while  used to investigate the behavior of the line tension in the
the quantityBo,1 o(=8.3x 10 ° N) was adjusted to provide vicinity of a first-order wetting transition fon-octane or
the correct magnitude far. The results forr as a function of ~ 1-octene droplets on a hexadecyltrichlorosilane coated Si
t agree with the dashed line in Fig. 8, obtained previouslywafer surface. The experimental results are in qualitative
using Eq.(14) for NLR interaction. The phenomenological agreement with the interface displacement model of Indekeu
potential[Eq. (13)] therefore provides a good description of and theoretical calculations of others which predict that the
the experiments. Both octane and octene possé¥s=4.0 line tension should change from a negative to a positive
x 1072 J[76] and o,~20.7 mN/m. We therefore find that value with increasingnegative slope as the wetting transi-

V. SUMMARY
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1t 2 x?
0/ =HI 17 %5rH
H 8 X
h(x) ) s 3 d ~H 1_r_2 (R>H), (A1)
r +d and the contact anglé is determined by
[fe———— X ] q——"/
| dh(x) _2H A2
HO @no= 5| = (A2)
X=r
R which is used to calculate the contact angle in this paper. The
-0 S/ contact angle may also be determined from the average value
0.,e Of each fringe’s contact angle calculated by
tang = — ! (A3)
/, anf,=————,
' r2-r?—n?

FIG. 9. Sketch of a spherical capped shaped droplet resting on Whereh; andr; correspond to the thickness and radius of the
solid surface. The interference fringe at pokis formed by the ith fringe of the droplet. To obtain the fitting parametets
illuminating beam 1 and the reflected beam(ghich originates andr, the value ofh; can be calculated from Eq16), an
from illuminating beam 2 at poirB). approximate interference condition, by assuming the re-

fracted beam is perpendicular to the silicon wafer. To ensure
tion temperaturdl,, is approached. The change in signof that Eq.(16) is a good approximation, a strict interference
with increasing temperature and the positive value afT,, ~ condition is considered below.
is a direct consequence of the presence of a repulsive barrier Theith interference fringe at poir is formed from the
in the interface potentia¥(l) for a first-order wetting tran- interference between the illuminating beam 1 and the re-
sition. Our measurements cannot yet distinguish whether thééected beam Boriginating from illuminating beam 2 at point
short-range or long-range interactions make the dominarf) as shown in Fig. 9. The distance between the two illumi-
contribution to the line tension; however, a simple phenomMating beams1 and 2 is d. Then the strict interference
enological mode]Egs.(11) and(13)] which possesses many condition is
realistic features correctly accounts for the experimental re- .
sults withl;=5.1+ 0.2 nm[corresponding to the position of h(x) =h(x+d)+nyd*+[h(0) +h(cHd)P=in,

the repulsive barrier in the interface potentigl)] and B (A4)
=78+6 (a scale factor which determines the magnitude ofwhereh(x) is expressed as E¢A1) and
the line tensionr).
d=tan 6— ¢)[h(x)+h(x+d)]
ACKNOWLEDGMENTS ~[—h'(x+d)+h'(x+d)/n][h(x) +h(x+d)]
Acknowledgment is made to the Donors of the Petroleum =—h'(x+d)[h(x)+h(x+d)](1—1/n). (A5)

Research Fund, administered by the American Chemical So-
ciety, and to the National Science Foundation through Granf\s an example, consider the interference fringes of octane at
No. DMR-9631133 for partial support of this research. 40.9 °C shown in Fig. 4. The positions of the destructive and
constructive interference fringes are determined by a com-
APPENDIX puter program and displayed as square points in Fidgpo#
tom graph. The droplet shape is fitted to E¢AL) (solid
For a spherical droplet resting on a solid surface adine) where the fitting parametersandH are, respectively,
sketched in Fig. 9, the shape of a droplet is described by 35.13+0.03 um and 1.568 0.003 xm. The contact angle is
therefore 6=5.099°+0.006° according to Eq(A2). The

h(x)=VR?—x*—Hy contact angle may also be calculated from E&3) or by
2 iolving oEqs.(AE), (A4)o,+and (A°5) to giye 0,4,e=5.089°
~R|1- —|—-Hy, (R>X) +0.006° orf,..= 5.09_7 __0.006 , respectlvely.'These three
2R? contact angle determinations are the same within the calcu-

lated error. Hence the method that we used in this paper,
_H Eqgs.(15—(17), is reliable for measuring small contact angles
0 with a precision of better than 0.01°.

X2
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