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Abstract

Well-deflned heterogeneous surfaces consist ing of hydrophobic and hy'drophil ic re-eions were prepared on gold (a

2000A go ld  f i lm suppor ted on an Si iS iOr /T i  subst ra te)  by pat teming se l f -assenrb led monolayers  (SAMs) .  us ing an
elastomer  s tamp.  One sur face was composed of  a l ternat ing and para l le l  hr , 'd rophobic  (1 . ,5  pm) and hydrophi l ic  (3  pm)
str ips. and the second surface consisted of alternating hydrophil ic squares (3 prm x 3 prm) scparated by hydrophobic
str ips (1.5 frm). The rvett ing characterist ics of these well-defir-red heterogener)us sol id surfaccs \\ 'ere examined by contact
angle  measl l rements .  The contact  ang les for  water  drops.  which var ied in  pH f rom,5.E to  10.0.  were measured wi th
the str ips both tangential to and normal to the three-phase contact hne. The experirnental contact angles are in good

agreement rvith theory as calculated from the Cassie equation when the three-phase contact l inc- is non-ct.rt t torted ( i .e.

the three-phase contact  l ine is  s i tuated a long the hydrophobic  s t r ip) .  On the other  hand.  rvhen the s t r ips  are normal
to the drop ed_ee. corrusation of the three-phase contact l ine affects the contact angle signi l icantlr ' .  Contact angles.
measured rvith the str ips normii l  to the drop edge. were lower bt '  7 16 than those calculated from the Cassie
equation. Analysis of these measurements. together with contact angle drop size nrei.rsurernents for ful ly hydrophobic
and hydrophil ic surfaces. demonstrate the val idity of a modif ied Cassie equation that inclucles a term describing the
l i ne  t ens ion  con t r i bu t i on .

Ke-l ' r lold.s: Contact angle: Gold; Line tension; Thiol;  Wettabi l i ty

A

characteristics

l .  Introduction

Measurements of  contact  angles are among the
most rapid and convenient methods of characterrz-
ing surfaces, and are among the most popular
methods used in scientif ic and industrial laborato-
ries for this purpose. These solid surfaces, whether
polymers, minerals or metals, are not always homo-
geneous and clean. Some are composed of two or
more components that differ in surface/interfacial
properties. and thus exhibit heterogeneous charac-
teristics. Such surface heteroseneitv mav also result
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f rom mater ia l  anisotropy. or non-Ltni form dissoci-
at ion of  funct ional  groups located at  the surface.
Many intr insical ly homogeneous surfaces are
actual ly heterogeneous because of  the adsorpt ion
of contaminants and.or the deposi t ion of  dust
particles.

Composi te smooth sol id surfaces with varyin-e
degrees of heterogeneity were analyzed by Cassie
and Baxter  [1 .2 ]  and Cass ie  [3 ] .  Cass ie  der ived
an equation describin-q contact-angle chan-ees for
two-component surfaces as fo l lows [3] :

cos f /c : . / ,  cos 01 - t  f 'z  cos 0,  (1)

where / ', is the fractional area of the surface with



cont l rct  angle ( i , .  and I ,  i r  the f ract ional  area of
the surface rv i th contact  angle 0,  ( the superscr ipt
C ind ica tes  Cass ie  contac t  ang le ) .  Eq .  ( l ) .  known
as the Cassie cquat ion.  reduces to the Cassie-
Baxter  equat ion  (Eq.  (2 ) )  fo r  a  porous  sur face .
such as a mesh or screen surface [  1.2] '

cos ( /c : . / ' ,  cos 0,  - . / ' .  (2)

In th is casc.  / ,  is  the f ract ion of  a i r  spaces (open
arca ) .

Cassie ar-rd Barter [  1]  exper imental ly ver i f ied
Eq. (2 )  for  water drops ou copper screens coated
rvi th paraf l in.  Agreement of  theory wi th exper iment
n'as less satisfactory when the rvater' drops wcrc
placcd on wool yam i2l  Crawford et  a l .  t4 l
found that the advancins aud recedin_q contact
an-eles for water drops on ntcthylated clLrarlz plates
var ied wi th area fract ion of  t r imethyls i ly l  groups
in a manner s imi lar  to that  predicted by the Cassie
c q u a t i o r . r  ( E q .  ( l ) ) .  B a i n  e t  a l .  t 5 l  s t u d i e d  s e l f -
asscn-rbled rronolayers (SAMs) of  a lkanethiols
(  HS(CH,), ,X) w' i t l ' r  d i f ferent funct ional  groups (X:

OH.  Br .  CN.  COOH) adsorbed on to  go lc l .
They found thart  the Cassie equat ior-r  holds str ict l r ,
only for  systems rvhere intermolecular forces
bctween surface funct ioual i ty and probe l iquid are
dispersive.  When watcr was used as a probe l iquid.
on surfi ices where specil ic hydrogen bondin-e effects
were strong. thc contact  angle var ied non- l inear l l '
wi th surf t lce conrposi t ion.  This non- l inear i ty sug-
gests a l i rn i tat ion of  the Cassie equat ior-r  for  some
surfaces rv i th molecular ' -scale heterogenei t ies.
Thermodynamic analysis of  thc Cassie equat ion
for threc-phase systems shorvs that th is equat ion
should bc appl icable for  surfaccs composed
of l 'n i lcroscopical l l '  heterogcneous re-uions t6]
al thor-rgh the si tuat ion is less c lear for  molecular-
scale hetero-uenei t ies.  Iu th is regard.  Israelachvi l l i
and Gee proposed another theoret ical  equat ion for
the descr ipt ion of  surfaces with hetero_eenei t ies of
molecular or atomic s ize l7 l .  F-urther.  i t  was
recent ly postulated that the Cassie equat ion
requires modif icat ion to account for  thc contr ibu-
tion of the free eltergy associated with the tl-rree-
phase contact  l ine tBl  This modif icat ion (pre-
sented later or-r) seel-ns to be impclrtant. especially
for heterosenei t ics of  smal l  c l imensions (several
mic rometers  and less)  [8 ] .
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The Cassic cquat ion can be der ived from
thermodynamic considerat ions of  the f ree energy
chan-ee at the three interfaces" solid,'vapor, solidi
l iquid and l iquid, 'vapor (or l iquid, ' l iquid).  Gibbs
postulated [9]  that  an addi t ional  f ree energy com-
ponent for  such a three-phase system should be
included to provide a more complete descr ipt ion
of the systenr.  This addi t ronal  f lcc ener-uy compo-
nent.  the l ine tension. resul ts f rom nn excess free
cncrgv for  nrolecules lc lcated at  or  c lose to the
three-phase contacl  l ine.  The excess energy associ-
atccl  r i  i th the t r ip le jLrnct ion 'uvas not considered i r - r
the  der ivu t i t - rn  o f  the  Cass ic  equat ion .  Young I  l0 ]
also did not cc ' rnsicJcr th is r 'xcess energy in his
eranr inat ic-rn of  thc thrcc-phase system. Boruvka
ancl  Neur.r 'urr . rn I  I  1 ]  took into account the l ine
tensir-rn und rc-cranr inccl  thc cqui l ibr ium contact
anglc for  l ic lu ic l  drops at  homo_eeneous. r ig id.  iso-
troprc uncl sr.r.rot'rth solicl surfaces: they modified
Y o u n g ' s  c q u a t i o n  u s  f o l l o n ' s  I l 1 ] :

, ' s r  , ' s t .  :  ; ' l  \  C ( )S  { i  *  I ' s t - r  l i e ,

r i 'hcrc , 'sr .  ,  r ,  r - rnd ; ' r . \  i . r rc the interfacial  tensic lns
for sol ic l  \  apor ' .  sol ic l  l iqurd and l iquidivapor intcr-
faces respect i re l l :  ( i  is  the contact  angle:  I 'sr . , , .  is  the
l ine  tens ion  (no te  tha t  the  tens ion  te rm is  used in
thc l i teraturc to c lescr ibe the force I 'srr  )  def ined
thern-roclvnunr ical lv as the f ree energy chan_ue for
thc thrcc-phusc svstcnr (r)F) caused by the change
in thc thrcc-phasc contact  l ine len-eth dL at  cc ' r r - r -
stant tcnrpenrtLrrc f .  r .o lume V and interfacial  area
. { .  T h u s  , ' s r . r  : ( r i l L ' r j 1 - / r . r . . r .  I t  s l i o u l d  b e  n o t e d
that r ' ,u.-cos t  1t  is  thc gcodcsic curvature of  the
three-phasc  contac t  l ine  wh ich  is  equa l  to  the
rec ip roca l  o f  the  drop  base rad ius  ( r * . : l l r )  fo r  a
sphcr ical  c ' l rop s i t t in-r l  on n f lat .  hor izontal  and
hor l rogeneous surface. z is the angle between the
sol id surfacc and the plane conlaining the wett ing
per imeter ' .  anc- l  p is the radius of  curvature of  the
thrcc-phase contac t  l ine .

The forcc balancc. in terms of the interfacial free
enersies.  at  a sol id surface involv in-e a three-phase
system" in which the equi l ibr iurn contact  an-ele is
estarbl ished. is shoivn in Fi_e. 1.

Al though some controversy exists about the
magnitude of  the l ine tensic-rn,  thcre is a general
consensl ls that  i t  is  of  smal l  masni tude

( 3 )
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Fig.  1.  Thermodl 'nanr ic eclu i l ibr ium for  a spher ical  l iquid drop
on a r i -s id and homogcnc()us sol id surfacc.

( 1 0  e  1 0  1 r  J m  t )  
[ 1 2  l 7 ] .  P o o r  a c c u r a c y  a n d

precision of experimental techniques and di{i lcul-
t ies in prepar i i t ion of  atomical ly smooth and
molecular ly homogeneous samples make the deter-
mination of the l ine tension difi icult. Also. the
theoretical bases for the calculation of l ine tension
are very Llncertain owing to our l imited knowledge
on the contr ibut ion of  short-range forces to the
line free ener-qy (theoretical models for the calcula-
t ion of  the excess energy at  the t r ip le junct ion have
been recently proposed; see for example Refs.

[  1 8  2 0 ] t .
Smal l  values of  the l ine tension

(10 e  10  t t  J  rn  1 )  ind ica te  tha t  the  l ine- tens ion
term contributes si-enificantly to the modified
Young 's  equat ion  (Eq. (3 ) )  on ly  fo r  smal l  d rops  or
bubbles (radi i  of  the drop (bubble) base smal ler
than several micrometers). When the l iquid is in
contact with a heterogeneous surface composed of
chemically distinct patches, the three-phase contact
l ine is corrugated. as i l lustrated in Fi-e. 218.21 251.
Local deformations of the three-phase contact l ine
may have diameters smaller than several microns.
In such systems the excess energy at the triple
junction may contribute si,qnificantly to the equil ib-
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rium contact angle. even for lar-ee drops or bubbles.
Considerat ion of  the corru-eat ion of  the three-
phase contact  l ine led to another modif icat ion of
the Cassie equat ion 18,26.27f:

I
cos ( /MC :1, / ' ,  cos ( i  '  -  - -  

[ , . | i , 'sr  v in*,r  (4)
i L V

For a smooth and hor izontal  surface composed of
twc-r componcnts r-rniformly distributed with circu-
lar  curvertures of  the three-phase contact  l ine
(F ig .  2 ) .  Eq .  (4 )  i s  s imp l i f red  as  fo l lows:

.or PNfc' : . / ' ,  cos 0, i  lz cos 0., -

r  t  - ,  t  - ,  \
i . / l , s l  \ I  . / l , s l . \ :  \

x l  I
\  l ' r  t ' t  /

(s)
/ r \
( - )
\  i  L \ ' , u

I '

On thc basis of  a theoret ical  anal i rs is of  Eq. (5) i t
is  erpectecl  that  a corrugat ion of  the three-phase
contact  l ine n i th radi i  of  local  deformnt iot- t  on the
order of  huncJrecls of  tn icrot 'neters should not con-
tr ibute s igni l icant l l  to the equi l ibr iurn contact
angle.  ancl  lor  such s\  stents the contact  an-ule
ca lcu la ted  f ro r l  the  Cass ie  cqLra t ion  (Eq.  (  I  ) )  i s  a
good appror imat ion  to  the  observed contac t  ang le

[8.27].  The l ine-tensic-rn tent l  should be of  impor-
tance" hon'evcr.  for  systerns n here the radi i  of
deformat ion of  thc three-phase cr-rntact  l ine are less
than scvcral  r -n icrometers [8. ]7] .  An upper l imi t
for the size of hetero-qeneous patches thart affects
contact  angles throu-eh thc l tnc-tetrs ion term was
d iscussed in  our  p rev ious  cout r ibu t ions  [8 .27 ] .
The lou'er s ize l i rn i t  for  the heterogenei ty dimen-
sion is more di f f icul t  to predict .  Neumann [28]
est imated that there is no col l tact  angle di f ference
between the contorted and the smooth three-phase
contact  l ine for  surfaces with heterogeneous str ip
dirnensions of  approximately 0.1 prm or less.  In th is
model.  Neumann did not consider the contr ibut ion
of the excess ener-sy associated with the t r ip le
junct ion.  In another contr ibut ion.  Boruvka and
Neumann [21] predicted that a corrugat ion of  the
three-phase contact l ine can be expected for hetero-
geneous patches as smal l  as l0 A. Again.  they did
not consider a contr ibut ion of  the l ine tension to
the free ener-qy of the three-phase system, and they
suggested that this patch size l imit would be larger
i f  the l ine tension was included.
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F ig.  2.  N:r turc of  the three-phase contact  l inc for  l rc tero-
geneoLts surfaces.

From theoretical considerations. it appears that
the lower l imit for the heterogeneous patch size
that affects a corrugation of the three-phase contact
l ine may be somewhere between 10 and 1000A.
No experimental effort has. however" examined the
effect of heterogeneity. both size and distribution.
on the contact an-qle. Theoretical considerations
may also be flawed when the radius of curvature
approaches molecular size, since the macroscopic
and microscopic thermodynamic properties of the
system may be different. For example. the l ine
tension may change as a result of the curvature of
the three-phase contact l ine (note that the effect of
curvature on surface tension has already been
discussed [29,30]) .

To detcrmine the val id i ty oi  the modif ied Cassie
eqLra t ions  (Eqs .  (4 )  and (5 ) ) .  examinat ion  o f  so l id
surfaces with rvell-defined heterogeneity is required.
Preparation of well-defined heterogeneous sllrfaces.
especial ly wi th heterogenei t ies of  several  microme-
ters or less in s ize" has been technical ly di f f icul t .
Recent work has shou'n that  adsorpt ion of  th io ls
from solut ic-rn onto a gold surface leads to the
prepara t ion  o f  SAMs tha t  a re  mode l  o rgan ic  sur -
faces  [31  35 ] .  Pu t te rn ing  o i  the  SAM on go ld  by
contac t  p r in t ing  us ing  an  e las tomer  s tamp [35 ]  i s
an  espec ia l l y ' conven ien t  techn ique fo r  the  prepara-
t ion of  rvel I -dcfrncd heterogcneous surf i iccs.  Mosi t ic
patterns rv i th rnicron dimensions can be prepared
tusing t1-r is tecl i r r ique and the organic funct ional i ty
cxposecl  at  the surf i rce can be control led easi ly.

Model organic surfuces with wel l -defrned hetero-
senei t \ ,  \ \ 'ere prepared by.  patterning SAMs on a
golc l  surfacc to cramine the val id i ty of  the Cassie
ancJ n-rocl i f ied Cassie cquatrons. as part  of  a cooper-
at ive research program between Universi ty of  Utal i
ancl  Harrarcl  L,nrversi ty.  Two hetero-eeneous sur-
faces \ \ 'crc prcpurecl .  Al ternat ing and paral le l
hvdrophobic ancl  h1'c l rophi l ic  str ips,  and hy'dro-
phi l ic  sqLrarcs separated by hydrophobic str ips.
werc erar-r-rinccl br contact angle measurements.
Exper inrc-ntal  contuct  angle data for  rvater drops
placecl  on these sur luces support  the content ion
that a cornrgat ion of  the three-phase contact  l ine
is of  part icular s igni l icance in contact  an-ele meas-
urenrents at  heterogeneous surfaces. The exper i -
mental  resul ts also provide evidence for the val id i ty
o f  the  Cass ie  equat ion  (sys tems w i th  a  non-
contorted three-phase contact  l ine) and for the
val id i ty '  of  the nrocl i l iccJ Cassie equat ion (systems
u' i th a corru-uatecl  three-phase contact  l ine).

2. Erperimental procedure

2.1.  Prepurut ior t  o l  surf  ut 'es

Stamps were fabricated from polydimethylsilox-
ane (PDMS;,  Fi-e.  3 descr ibes the process. A tem-
plate consistin-q of the desired features was made
using convent ional  photol i thography. The tem-
plate was placed in a plast ic petr i  d ish.  A 10: I
(v :v )  mix tu re  o f  PDMS Sy lgard  S i l i cone

Q > O r

Tslvr
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Schematic for the fabrication of rnodel heterogeneous surfaces

Elastomer 184 and Sylgard Cur ing Agent 184
(Dow Corning Corp.,  Midland, MI)  was poured
into the petri dish. It was not necessary to put the
mixture of PDMS-elastomer and curing agent
under vacuum to remove dissolved oxygen. The
PDMS cured at room temperature in the labora-
tory ambient for 30 60 min. This cure was followed
by additional curing at 65 ' '  C for approximately
t h or unti l the polymer was rigid. After cooling
to room temperature. the PDMS stamp was care-
fully peeled from the template.

A piece of l int-free paper was moistened with a
solut ion of  hexadecanethiol  (HS(CH2),uCH.,
1 10mM in ethanol) .  Inking was accompl ished
by simply touching the active surface of the stamp
to the moistened paper. Alternatively, the ink was

poured directly onto the stamp, and the stamp was
allowed to dry. The stamp was then placed on the
substrate with the inked side in contact with
the bare gold surface (gold fi lm was prepared by
electron beam evaporation of high purity gold
onto a sil icon wafer that had been precoated with
titanium to improve adhesion). After removal of
the stamp, the gold surface was washed for 1 5 s
with a I  mM solut ion of  d iundecane disul f ide
carboxy l i c  ac id  (S [ (CHr) r lCOOH]r )  in  e thano l .
The surface was first washed in a stream of ethanol
for a few seconds and then dried in a stream of
ni t rogen. Fig.4 presents scanning electron micro-
graphs of the model heterogeneous surfaces
examined.

Slides with freshlv deoosited eold fi lm were
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F ig.4.  Scanning electron micrographs of  modelsurfaces.  Upper
pho tog raph :  3  p rn  hyd roph i l i c  s t r i ps  (Au  S [ (CHr ) r lCOOH] r )
and  2 .5  pm hydrophob ic  s t r i ps  (Au  S(CH2) ,oCH: ) .  Lower
photograph: 3 prm x 3 pm hydrophi l ic  squares in hydrophobic
field.

immersed for about 5 s into the 1 mM ethanol
solution of hexadecanethiol or the 1 mM ethanol
solution of diundecane disulfide carboxylic acid in
order to prepare homogeneous surfaces of hydro-
phobic and hydrophil ic nature respectively. After
removal from the adsorbate solution. slides were
washed with ethanol and then dried in a stream of
nitrogen.

2.2.  Contact  ungle measurements

The sessile-drop technique for contact angle
measurements was used as descr ibed in the l i tera-
ture [36]  using an NRL -eoniometer (Ram6-Hart .
Inc. .  USA).  The surfaces were washed with ethanol
and disti l ledtdeionized water before each experi-
ment and placed in a control led-atmosphere Ram6-
Hart  chamber.  A water drop was introduced onto
the solid surface through a microsyringe and the
needle remained in contact  wi th the drop. The
three-phase contact  l ine of  the water drop was
made to advance or retreat by adding or wi thdraw-
ing a smal l  volume of  water and the advancing
and recedin-s contact angles, respectively. were
measured af ter  30 45 s at  both s ides of  the drop.
The drop base diameter was control led to be
4 5 mm for al l  systems examined. The contact
an-eles were measured for 8 12 drops on both
sides. for each system, and the average contact
angle values i ire reported. All measurements were
made in water-saturated air .  Dist i l led and deion-
ized water (pH 5.8 + 0.1 )  and commercial  buf fers
of pH 7.0 and 10.0 were used in al l  exper iments.  A
stereoscopic microscope coupled with a camera
(Carl  Zeiss.  Jena. Germany) was used to record
the three-phase contact l ine for the water drop.

The dynamic captive-bubble technique was used
for the examination of the bubble size effect on the
contact an-qle (discussion of this technique is pre-
sented in Refs.  [37.38]) .  The air  bubbles of  varying
size were generated in water with a syringe under
the solid surface. Released bubbles were captured
at the solid surface as a result of bouyant transport
and attachment. A Zeiss stereo microscope coupled
with a camera was used to examine the shape of
the bubbles at the solid surface. The contact angle
was measured from photographs with an accuracy

F+l
20 pm
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of + 2" for large bubbles and + 3' for small
bubbles.

A ring technique was applied for surface tension
measurements of water using a Digital-Tensiometer
K10T (Kruss, GmbH, Germany) with an accuracy
of 0.2 mN m 

- 1.  The resul ts obtained with the
instrument were corrected in relation to the l iquid
density and the height of the lamella in maximum
tension using factors of Harkins and Jordan as
specified in the instrument manual.

All experiments were performed at a temperature
o f  2 2  +  1 ' C .

3. Results and discussion

3.1. Adt'urtt ' ing and rec'ecling c'ontac't angle clcrta

The advancing and receding contact angles for
water drops were measured for hydrophil ic, hydro-
phobic and hetero-eeneous surfaces. The experi-
mental data are presented in Table 1. The
advancing contact  angle values (107 108')  mea-
sured for the hydrophobic surface were in close
agreement wi th those (  110- l l2 ' )  reported in a
previous contr ibut ion t39] The contact  angle
hysteresis (i.e. the difference between the advancing
and receding contact  angle) of  14-16'  was close
to the hysteresis of 10 reported in the l iterature

Table 1

Contact  ansle values (dcg)for  u, 'ater  drops (4 5 rnm drop base dianretcr)

t39]  Poorer agreement between exper imental  and
l i terature contact  angle values was observed for
the hydrophi l ic  surfacc.  For example.  the advanc-
ing contact  an-ele for  the dist i l led water drop was
found to be 61 whereas that reported in a previous
contr ibut ion rvas about 50 t39l  Also.  the contact
an-ele hysteresis for the hydrophil ic surface was
four-rd to be 20 25 compared to 40 50'  reported
by  Troughton  e t  a l .  [39 ] .

The advancing contact  angles measured for
heterogeneous surface s differed significantly.
depending on the posi t ion of  the water drop edge
at w'hich thc contact  angle was measured (see

Table 1 ) .  For the heteroseneous surf i rce composed
of  a l temat ing  and pnra l le l  s t r ips .  the  advanc ing
contact  angles rneasured with the drclp edge normal
to the str ips r ,vere found to be mucl-r  lower (8 16 )
than those measured with the drop edge tan-uent ia l
to  thc  s t r ips  (F ig .  5  i l l us t ra tes  the  drop  s ides  a t
wh ich  contuc t  ang les  were  measured) .  When the
rvatcr c l ro l ' l  u 'as placed onto a hcterogeneous sur-
face conr l - losecl  of  h1'drophi l ic  squares surrounded
b1'  hr  c i ro l ' rhobic str ips.  t rvo dist inct  advi t t - tc ing con-
tact  unglcs \ \ 'cre also observecl .  When the three-
phasc  contuc t  l ine  c rossed the  hrc l roph i l i c  squares
acJr ancing contact  anglcs n 'crc found to be 7 12
kru'er than those measurecl  i r t  the drop edge
attachec- l  to the h1-drophobrc stnp (  F ig.  5 i l lustrates
thc cdgc 1-rosrt ions of  thc u 'uter c l rop at  which

pH Hr  d roph i l i c

s u rface
Hydrophobic

surface

Hetc rogcnco t rs  s t r r l l r ces

A u  S [ ( C H , ) l r C O O H ] 2  A u  S ( C H r ) , n C H . ,
() , (),.

.3 prrr  hrdrophi l ic  l . -5 prnr

1 1 1 i 1  1 ' p l r r r h i e  p r u ' r r l l c l  : t r i p :
.3 pn-r x .3 pnr hrclrophilic

squares in hrc l rophohrc f ie ld

NlcasLr rcd  N lcasLr rec i

t a n g c n t i a l l r  n u r m a l l r

t t r  l h c  s t l i p . .  t o  t l t c  s t r i p : .

( l( '  ()rt t

Mcasurcd l \ leasured

at the boundar i ,  across
( ) f  t l l e  p i l l t e f n .  t l ) e  f i r l l e | r ) .
0(. //\r( '

5 .8  Adv
Rec

7.0 Adv
Rec

10 .0  Adv
Rec

6 l . l  +  l . u
38.4 + 3 .7
50 .1  +  1 .0
30.6 + 3.4
3 1 . 7  +  1 . 8
10.3 + 2 .6

108.4 + 2 .8
92.6 + 3.3

107.8 + 2 .4
91.6 + 2 .7

106 .9  +  3 .1
92.1 + 2.9

8  5 . 8

76.5 + 3 .0

70. ,5  + 2 .1

93.0 + 1 .0

tttr .3 + l . l

E  l . l  +  1 . 7

8 t . 2 + 2 . 1

74.2 + 2.08. r .8  +  3 .1

69.4 + -r..i
,54.1 + 4.4
68.3 + l . -5
,50.9 * 4.6
_s8.5 l-  3.7
-19.1 + _s. I

+  3 . 5

Adv. advancing contact  angle;  Rec.  receding contact  angle
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and measured with the drop edge normal to the

strips. For a heterogeneous surface composed of

squares it was dil i icult to specify the position of

the retreating three-phase contact l ine with respect

to the hydrophi l ic  squares or hydrophobic str ips.

Most ly.  there was non-uni form movement of  the

retreat ing drop edge across the str ips and also the

three-phase contact  l ine was observed to jump

from one surface site to another. In view of the

above. the only reproducible receding contact

angles for heterogeneous surfaces were obtained

when measured with the drop edge normal to the

strips. Measurements of the recedin-e contact angles

for model heterogeneous surfaces rvil l  receive more

attention it-t our future experiments.

3 ) .  L ine I  pseut lo- l ine tensiort  t lutu. lor
"hontogene0us nrf  uces

The effect of bubble size on contact angle was

exar-r-rined for hvdrophil ic and hydrophobic sur-

faces in order to determine the l ine tension values

(note that  receding contact  angle or intermediate

contact  an-sle.  contact  angle betweeu receding and

advancin-u.  are measured with the dynamic capt ive-

bubblc technique t38l)  The exper imental  data are

shoi,vn in Figs. 6 and 7 for hydrophil ic and hydro-

phobic surfaces respect ively.  Non- l inear correla-

t ions betrvecn cos 0 artd l ,1r 'were obtained for both

h1'c l rophi l ic  and hvdrophobic surfaces (Figs.  6 and

7 \ ,  Sr-rch non- l i t rear i ty has also been observed

1 0

1ir  [1/mm]

Fig.  6.  The ef fect  of  bubble s izc on contact  angle for  the

h y d r o p h i l i c  s u r f a c e  ( A u  S [ ( C H . ) l r C O O H ] 2 ) .

o"
non -co r ruga ted

cootect l ine

(pa re l l e l  t o  s t r lPs )

| 3 /rm l?.5prq

H y d r o p h i l i c S q u a r e s  i n  H y d r o p h o b i c  F i e l d

X""t
lr

^YC
U

cor rugs ted .
con tac t  l i n€

o'
n o n -  c o r r u g a t e d

c o n t a c t  l i n e

":::l::::::::"",,
MODIFIED CASSIE EQUATION:

"o"@":f,cos@, 
* f.cos@, - 

*l!# lLStv',

F ig.  5.  Cclntact  angle measurenlc l l ts  fc l r  a water drop on twcl

rvell-c1c1ined heterogeneous surfaces. The contilct angle (,)\r( i '

obscrrcd f r t r  a col ' rugatccl  three-phase cont ; - tet  l ine and / i (  for

a non-corrugatcd three-phasc ct lntact  l ine.

contact  angles were measured ) .  The data presented

in Table I support the statement that corru-qation

of the three-phase contact l ine has a significant

irnpact on contact angle.
Some of the recedin-q contact angle measure-

ments for model heterogeneous surfaces were also
performed. At this time, the only acceptable experi-

mental data for the receding contact angle are

presented in Table I and they were obtained at the

heterogeneous surface composed of parallel strips

ITt]

@
a
o()

4030
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@
A _ i
o
o

o pH=5 8 ;" pH=7.0 r pH=10.0

0  5  1 0  1 5  2 0
1/ r  [1 /mm]

Fig.  7.  The ef lect  of  bubtr le s izc on contact  angle for  thc
hydrophob ic  su r lucc  (Au  S(CH.  )16 ,CH-1  ) .

for  other systems in our previous studies

[25 27.3] .381. Several  factors were examined to
accoLlnt  for  the non- l inear i tV i l t  pre\ ious systems
and these included sLlrface heterogeneity. surface
roughness. the efl 'ect of gravity. Lurd solid strain in
the vic in i ty of  the three-phase contact  l ine.  I t  has
been found that sllrface heterogeneity is responsible
for the non- l inear i ty [25 27.3] .381" but the nature
of the heterogenei ty for  such "homogeneous" sur-
faces has not been ident i f ied.  In th is study, contact
angf e hysteresis of  20-25 and 14-16 was
observed for hydrophi l ic  and hydrophobic surfaces
respect ively.  Or idat ion of  th io ls zrnd/or contamina-
lion of the surface durin-e transportation of the
samples f rom Harvard Universi ty to the Universi ty
of  Utah could harve occurred. Also owing to t l " re
extremely short  t i rne of  contact  of  the gold f i lm
wi th  the  e thano l  th io l  so lu t ion  ( l  5  s )  dur ing
organic monolaycr preparat ion microdefects i r - r
sel f -assembled monolavers could occur and con-
tribute to the surface heterogeneitv. F-urthe r. it
should bc noted that the hydrophi l ic  surface is
composed of  th io ls adsorbed onto gold wi th car-
boxyl ic -qroups exposed to thc environment.  These
carborylic -qroups dissociate on contact rvith water
as fo l lows:

S ( C H 2  ) l  ' C O O H  :  S ( C H 2  ) 1 ' C O O  +  H  "

The extent of  d issociat ion of  the carboxyl ic sroups
depends on the pH of the aqueous phase" and fron-r
previous resul ts [39]  i t  can be expected that s i -e-

ni f icant dissociat ion of  carboxyl ic -qroups occurs
under alkal ine condi t ior-rs.  The contact  angle meas-
urements were madc with water drops in which
the pH was char-rged from 5.8 to 10. For such
systems. the hydrophi l ic  surface is natural ly hetero-

-qeneous at  the molecular scale owing to the pres-
ence of  d issociated. COO and undissociated.

COOH. carboxl ' l ic  _qroups (note the scatter in the
contact  an-ele data and deviat ion f rom the l inear
cos ( i  vs.  l , i r  re ler t ionship decrease with increasing
pH for the exper imentzr l  data presented in Fig.  6 ) .

Olv in-c to the non- l inear i ty between cos ( l  and
l . ' r .  the  rnod i f ied  Young equat ion  (Eq.  (3 ) )  cou ld
not be used to calculate a t rue l ine tension value.
but a pseudo- l ine tension value cor,r ld be deter-
mined 126.21 .31 l .  The concept  o f  the  pseudo- l ine
tension was suggested by Good and Koo [22] for
interprctat ion of  the observed changes in contact
anglc rv i th drop (bubble) s ize for  systems with
sur lace l ieterogenci tv.  Thc pseudo- l ine tension

; ' t . r  can be calculated fronr the l inear range of  a
plot  o1'  cos ( /  vs.  I  , ' r '  for  l ivdrophi l ic  and hydro-
phob ic  sur faces .  l ' $ r_ r . :  [21(cos  01 t71 t r ' ) ] l ' r . r . .  bu t  o f
course  th is  i s  an  approx imat ion :  i t  changes fo r  the
ent i re  rangc  o f  bubb le  s izes  (F igs .  6  anc l  7 ) .  T rvo
ranges of bubble size were selected from Figs. 6
and l ' ^  those w i th  r>  100 prn  and those w i th
r '< 55 prm for the hydrophi l ic  surface. and those
wi th  r '>  125 prn  and r '<  l l0  p rm fo r  the  hydro-
phobic surface. These ranges were selected because
in each rar l -qe the cos ( /  vs.  l , r '  re lat ionship can be
approximated as a l i r " rear relat ionship and the
resul ts for  systems with varying pH can be
compared.

On the basis of  contact  angle c lata for  d i f ferent
bubble s izes.  the pseudo- l inc tcnsior-r  values ( ; '$,_,  )
were calculatecl  and are presented in Table 2.  As
reco-unizecl  by '  Gershfeld and Good t40] there
cxists the two-dinrensional  analo_e of  the Laplace
pressure.  I ' f r_ i ' r ' .  across sr-rch a cnrved three-phase
contact  l ine.  The pseudo- l ine tensions were found
to be negat ive for  a l l  systems when the contact
angle was measured through the aqueol ls phase.
The negat ive value indicates that the vector of  the
two-dirnensior-ral Laplace pressure is directed away
from the aqueous phase. The pseudo- l ine tension.
as calculated for the hydrophil ic surface. was
found to be in thc rar lse.  5.0 x 10 t  to
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Table 2
Pseudo- l ine tension values
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pH Hydrophi l ic  sLrr facc Hydrophobic surfaccSurface
tension,  ; ' , . ,
( m N  m  t ) Pseudo- l ine tension.  l '$rr  r  (J rn ' ) Pseudo- l i ne  tens ion .  l ' $ r_ r :  ( J  m '  )r\

( p m )
r'!'
( [ m )

r '> 100 prn
(  I  , r ' <  1 0 )

r ' < -  5 5  r t n r'  - - ' t " "

( 1 , r > 1 8 )
r ' >  1 l - 5 ; u r
( l  r ' < 8 )

r '<  I  l 0  p tm
( l  r ' > 9 )

5.8 12.4
1.0 72..0

10.0 12.0

- ( 8 . 5 i 2 . 4 ) x  l 0
- ( 9 . 3 * 1 . 3 ) x  l 0

( , 5 . 0 + 0 . 8 ) x  1 0

( 4 . 1  +  3 . 3 )  x  1 0  8

( 2 . 4 +  2 . 1 ) x  l 0  "
( 5 . 0 + 2 . 2 ) x  l 0  "

( 1 . 4 + 0 . 9 ) x
( 1 . 1  ' t  O . l  t  r

- ( l . l * 0 . 6 ) r

( 0 . 5 + 6 . 0 ) x l 0  "  l l 1
( 0 . ' 1 + , 1 . 6 ) x l 0  n  8 , +
( 0 . 1  +  3 . 5 ) x  l 0  "  l l 6

68
83
8rl

l 0
l 0
l 0

-9 .3  x  10  1  J  m-1  fo r  la rge  bubb les  (bubb le
base radius r  > 100 prm)" and -  1.4 x l0 8 to
-5 .0  x  10  8  J  m 1  fo r  smal l  bubb les  (bubb le  base
radius r  < 55 pm).  In the case of  the hydrophobic
surface. the corresponding pseudo-line tensions
were found to be about one order of magnitude
smaller.

3.3. Experinrental reri.f icutiort o.f Cassie equutiotr f or
w' e I I - tle.fi ne d het er o g en e ou s sur.f u ( e s

The experimental contact angle data were
compared with those calculated from the Cassie
equation and the modified Cassie equation for
heterogeneous surfaces. When the contact an-ele
was measured for a model heterogeneous surface
composed of parallel strips and with the three-
phase contact l ine tar-rgential to the strips (see
Fig.  5 )  or  composed of  squares and with a drop
base edge located at  the hydrophobic str ip (see
Fig. 5 ) (no corru-eation of the three-phase contact
l ine) ,  the  Cass ie  equat ion  (Eq.  (1 ) )  was  found to
be applicable:

cos 0c :./, cos 01 +.f 2 cos (/,

where subscripts 1 and 2 describe the hydrophil ic
and hydrophobic regions respectively. The hydro-
phil ic and hydrophobic area fractions of the model
surfaces were calculated from the dimensions of
str ips and squares,  and found to be / ,  :0.5455 and

J z:0.4545 for the model surface with paral le l
str ips,  and f ' t :0.297 5 and /  2:0.7025 for the surface
with squares. The advancing contact angles for
water drops on fully hydrophil ic or hydrophobic
surfaces were determined experimentally and are

presented in Table 1.  On the basis of  these data.
the contact an-eles for the nrodel hetero-eeneous
surfaces were calculated from the Cassie equat ion
and rcsul ts arc presented in Table 3 for  condi t ions
where t l " re three-phase contact  l ine is not contorted.
i .e.  the drop edge cloes not cross the pattern.  Good
agreement betrvecn contact  an-qle values measured
at a posi t ion wherc thc thrce-phase contact  l inc
was not al l .ected b1, heterogeneous str ips or squares
(no  contor t ion  o f  the  t r ip lc  junc t ion  by  hydroph i l i c
or h1, 'drophobic regions of  the model patten-r) .  and
those calculated from the Cassie equat ion wAS
obtained. The di f ference between exper imental  con-
tact  angle v i i lues and those calculated from the
Cassic cquat ion did not exceed 3 zts is evident
frorn the ciata presented in Table 3.

3.4.  Exper i t r ter tu l  rer i f i t 'ut iou f i '  mot l i f ied Cussie
eErcttiort f 'or u'ell-t lefirretl heterogeneous sutJuces

When the drop ed-qe crossed the pattern.  for
both hetero-[eneous surfaces. corru-eation of the
three-phase contact  l ine was observed and did
si-unificantly affect the contact angle (Table I ).
Contact  angles.  measured at  such posi t ions.  were
found to be signi f icant ly lower than those czr lcu-
lated from the Cassie equat ion (cornpare exper i -
mental data from Table I with those calculated
from the Cassie equat ion and presented in Table 3 ) .
Only the modif ied Cassie equat ion for  a binary
system (Eq. (5 )) .  incorporat ing the pseudo- l ine
tension term. can rcasonably descr ibc such contact
angles (Eq. (7 ) .  note that  the complexi ty of  th is
equat ion fo l lows from the non- l inear cos ( /  vs.  l / r
re lat ionships for  the "homogeneous" hydrophi l ic

( 6 )
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three-phase contact  l ine was close to the assumed
shape (see Fig.  B).  L imited magnif icat ion and reso-
lut ion capabi l i t ies of  the opt ical  equipment did not
permit  a more detai led analysis of  the corru-eat ion.

The contact angle values for hetero-qeneous sur-
faces when the drop edge crossed the pattern were
calculated using the modif ied Cassie equat ion (Eq.
(7 ) )  togc thcr  w i th  bo th  contac t  ang le  da ta  (Tab le  1 )
and pseudo- l ine tensior- t  values (Table 2),  as deter-
mined for fu l ly  h1'drophi l ic  and hydrophobic sur-
faces. and they are presented in Table 4. Tl"re
calculated contnct an-ele values differ by 1 9 from
those de termined exper i rnenta l l y  (Tab lc4) .  Thc
di f ferer-rce may be at t r ibutccJ to the uncertainty in
thc  dc tc rmina t ion  o f  the  pseudo- l ine  tens ions  and
the uncertainty in the local  deformat ion of  the
threc-phasc contact  l ine.

An addi t ional  comment is requircd to explain
wh1'  the l ine tension ef lect  w'as t rot  observed in
previous invest igat ions of  the el l 'ect  of  surface
heterogenei t l '  on contact  angle.  In exper iments of
Cassie ancl  Baxter [1. ] ] .  hctcrogencoLls surfaces
were cc-rr-r-rposcd of hy' 'drophobic rvires (70 and
130 pm in  d iameter )  o r  fabr ics  (  18  pr rn  in  d iameter )
wi th contact  angles lar-ecr than 100 .  The hetero-
geneous surfaces were composed of  much larger
patches than examined in our s1'stems. and oi

Fi-s.  8.  Corrugat ion of  thc thrcc-phasc contact  l ine as obscrrccl

b1'  opt ical  microscopr for  a \ \ 'a tcr  c l rop locatcd at  thc
model  hetcrogeneous surfacc cotrposcd of  3 ptn h1'c l ro-
ph i l i c  (Au  S [ (CH. ) .COOI { ] . )  anc i  2 .5  pm h l ' d rophob ic
(Au  S(CH. ) ,uCH: )  pa ra l l e l  s t r i ps .  The  l i qu id  d rop  edge  i s

observed f ror l  thc ton.

l l

./'t [;'$t,rt(t > rf )- - l . c
r l - V  I  t l

l '$r_r r(r.<, ' f  )- l- r ,  
l

I :  f ; ' f rur(r '>, '5)-;* 
L ,t

l '$r_r:(r '< r ' !  t- l-L l ( 7 )

where ; 'f,_n. is the pseudo-line tension, ; 'ru is the
surface tension of aqueous phase, r, and r, are the
hal f -widths of  hydrophi l ic  and hydrophobic str ips
or squares respectively, rt is the characteristic value
of the bubble base radius as determined from the
data presented in Fi-es. 6 and 7 (see Table 2).

For simplif ication it has been assumed that the
corrugations of the three-phase contact l ine in the
hydrophi l ic  and hydrophobic regions are symmet-
rical and the local deformations affected by these
regions are circular with a diarneter equal to the
width of  the str ips or squares.  This assumption
allows for the calculation of the contact angle for
the water drop with a corrugated three-phase
contact l ine but should be considered as a rough
approximat ion.  Al though the shape of  the drop
ed-ue might have been more complex l2l), micro-
scopic observat ion indicated that the shape of  the

Tablc 3

Contact  angle values 1/)(  ;  as calculated f rom the Cassie equat ion
(Eq ,  (6 ) )  us ing  con tac t  ang le  da ta  fo r  hyd roph i l i c  and  hyd ro -
phobic surfaccs.  and as determined exper imental ly  for  rnodel
hcterogeneous surfaces ( the three-phase contact  l ine is  not
contor tcd )

pH Advancing contact  angle.  ( l ( '  (de-s)

Paral le l  s t r ips Sq uares

Calculate d Erner imental  Calculated E.xner imental

5 .8
7.0

10.0

9 3 + 2
8 9 + 2
8 4 + 3

8 3 + l  8 6 + 4
7 8 + l  7 7 + 3
1 1 + 2  7 l + 2

9 5 + 2
9 l  +  2
u 7 + 2

P a r a l l e l St r ips
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Tablc 4
Contact  anglc valucs 1{ /Nrcl  t rs  calculated f rom the modi f icd Cnssie equat ion (Eq.(7))  usins contact  angle data and the pseudo- l ine
tensions calculated f rom the contact  angle,drop s ize re lat ionships for  fu l ly  hydrophi l ic  and h1'drophobic surfaces.  and as determined
cxpcr imental ly  for  model  heterogeneous surfaccs ( thc three-phase contact  l ine is  contor ted)

pH Contac t  an ,q le .  / )Nrc  (deg)

Paral le l  s t r ips Squares

Citlculatt 'd Exper imental Calculated Erpc r imen ta l

5.8

7.0

10 .0

Adv

Rcc
Adv

Rec
Adv
Rec

6 3 + 4
5 l + 4
A,'I -L I

5 0 + 4
5 0 + 4
4 6 + 4

6 9 +
5 4 +
6 8 +
5 l +

8 6 + 4

8 5 + 4

8 0 + , +

8 l + l

8 l  +  l

1 l  15 9 + 4
3 9 + 5

Adr ' .  advanc ing  contac t  ang le ;  Rec .  rcccd ing  contac t  ang le .

course, the corrugatiolt of the three-phase contact
angle becomes less significant for such heterogenei-
t ies as examined by Cassie and Baxter.  Also,  as
presented in th is contr ibut ion.  there is only a smal l
effect of the l ine tension ou contact angle for
hydrophobic surfaces. Even smaller changes in
col.ltact an-qle with bubble size were observed for
a carefully prepared polyethy'lene fi lm l27l In this
regard, the effect of three-phase contact l ine corru-
gat ion on contact  angle may have been too smal l
to have been observed by Cassie and Baxter.

Additional experimental support for the Cassie
equation was provided by Crawford et al. [4] for
methylated quartz plates. However, a careful analy-
sis of the experimental data presented by Crawford
et al .  [4]  indicates that in most cases the contact
an-qles are not predicted by the Cassie equation.
The scatter in contact angles may be attributed to
the experimental unccrtainty of the measurements
but also may be the effect of corrugation of the
three-phase contact l ine. There are also additional
effects that make the interpretation of contact
angle data on rnethylated quartz surfaces diff icult,
such as non-uniform methylait ion and formation
of multi layer fi lms or molecular clustersl25,41,42).

4. Conclusions

By patterning a self-assembled monolayer using
an elastomer stamD" well-defined heteroseneous

surfaces consist ing of  a l ternat ing and paral le l
hvdrophobic and hydrophi l ic  str ips (sample I
cal lcd "paral le l  str ips")  and hydrophi l ic  squares
separated by hydrophobic str ips (sample 2 cal led
"squares")  were prepared on an evaporated gold
fi lm sllpported on a sil icon wafer. The wettin-s
chi i racter ist ics of  these model heterogeneous sol id
surfaces consist ing of  mosaics of  sel f -assembled
monolaver f i lnrs were examined by contact  angle
mcasurements.  The cor i t : rct  angles for  water drops
in the pH range 5.8 10.0 were measured. The
exper imental  contact  angles were in agreement
with those calculatecl  f rom the Cassie equat ion.
when the three-phase contact  l ine was non-
contorted ( thc str ips \ \ 'cre tnngent ia l  to the drop
ed-se for the "paral le l  str ips" sample or the water
drop ed-ue r i 'as in the hrdrophobic f ie ld for  the
' "squ i r re  s ln rp lc ) .

When the drop crosscd the "square" pattern
surface or vuhen the str ips \ \ 'ere normal to the drop
ed-ee for the "paral le l  str ips" surface" corrusat io l r
of  the three-phase contact  l ine inf luenced the cc-rn-
tact an-ele si-enificantly. Contact angles. measured
in these cases. were mLlch lower than those calcu-
lated from the Cassie equat ion.  Analysis of  these
measurements,  together wi th those ior  fu l ly  hydro-
phobic and hydrophi l ic  surfaces. demonstrates the
necessi ty for  a modif ied Cassie equat ion that
includes a term descr ib ing the l ine tension contr i -
bution to the three-phase system.
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