


Micrometer-widelinesof ahydrophobicself-assembled with which to manrpulate the shapes of liquid drops'
monolayer separat€ square regions of a hydrophilic See page 1380. The sides of each square are about 4
monolayer; drops of water (with blue and green colora- millimeters long. The blue drops do not completely wet
tion) wet the square regions but do not contact one the comers. [Photograph: F. Frankel]
another. The lines of seoaration provide new structures

Manipulation of the Wettability of Surfaces on the
0. | - to 1-Micrometer Scale Through

Micromachining and Molecular Self-Assembly

Nicholas L. Abbott, John P. Folkers, George M. Whitesides*
Micromachining allows the formation of micrometer-sized regions of bare gold on the
surface of a gold film supporting a self-assembled monolayer (SAM) of alkanethiolate. A
second SAM forms on the micromachined surfaces when the entire system-the remaining
undisturbed gold-supported SAM and the micromachined features of bare gold-is ex-
posed to a solution of dialkyl disulfide. By preparing an init ial hydrophil ic SAM from
HS(CH2)1.COOH, micromachining features into this SAM, and covering these features
with a hydrophobic SAM formed from [CH"(CHr),1S]2, it is possible to construct microme-
ter-scale hydrophobic l ines in a hydrophil ic surface. These lines provide new structures with
which to manipulate the shapes of l iquid drops.

depths of -0.05 pm (Fig. 2). The microma-
chined gr(x)ves were bordered by two lips of
raised metal (-0.1 pm high and -0.2 pm
wide) formed by the plastic deformation of
the Au during machining (7). Each lip
presents an inclined surface to the edge of a
spreading drop of liquid and influences the
wetting behavior of the surface. In contrast,
much smaller lips of metal bordered the
-0.1-pm-widc grooves that were formed
with the t ip of a carbon {rber (8). Third, a
second, hydrophobic SAM was formed
selectively on the bare Au features by
immersion of the micromachined surface
in  a  so lu t i on  o f  ICH , (CHr ) , ,S ] t .  We  used
a dialkyl disul l ide in this step because the
rare at which dialkyl disulf ides replace
surface thiolates in SAMs is - 1/100 of
that of the corresponding alkanethiols and
thus the dialkyl disul l ides minimize the
modif icarion of the propert ies of the orig-
inal hydrophil ic SAM while forming the
second hydrophobic SAM (9, l0).

Features on the 0.1-  to  1-p-  sca le  hav-
i.rg contrasting wettabiliry can pin the
edges of drops of water. The extent of this
pinning was influenced by the rype of SAM
within the micromachined groove and by
the shape of the groove (/ I  ) .  We have used
grooves 0.1 to I pm wide having hydropho-
bic SAMs to manipulate the positions and
the shapes of drops' several features that
can be controlled are illustrated in Fie. 3.
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A .o-bi.ration of micromachining (l) and
molecular self-assembly provides the basis for
a procedure that can be used to generate
micrometer-scale pattems of contrasting sur-
face properties. This procedure has three
steps: (r) formation of an initial SAM of
alkanethiolate on Au (2); (ii) generation of
regions of bare Au in the SAM by microma-
chining; and (iii) formation of a second SAM
on these micromachined regions. Because the
two SAMs can have different compositions
and physical properties and because the
shapes of the micromachined features (3) can
be controlled, this process controls the char-
acteristics of a surface with micrometer reso-
lution without the use of photolithography.
We illusnate the capability of this rype of
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microfabrication by forming pattems of SAMs
of contrasting wettabiliry on Au surfaces and
by using these pattems to manipulate the
shapes of drops of water.

The experimental procedure is sum-
marized in Fig. 1. First,  a hydrophil ic
SAM was formed by reaction of an Au 6lm
(4) with to-mercaptohexadecanoic acid

IHS(CH2)lsCOOHl (5). The carboxylic acid
group makes the surface hydrophilic, with
wettabiliry dependent on the pH of the water:
the contact angle [measured under cyclcx-rc-
tane (5)l decreased liom 0Hzo : 30o (pH 5)
to <5" (pH 10). Second, 0.1- to i- t-r*
features of bare Au were micromachined into
the surface of the Au supporting the SAM.
Either a surgical scalpel blade or the cut end of
a carbon 6ber was used as a tool (6). \7e used
a 3 mN load on the tip of the scalpel tcr
machine uniform grcrcves with macroscopic
lengths (>1 cm), widths of -l pm, and
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0.1 to 1 pm
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Fig. 1. Schematic i l lustrat ion of the formation of
0.1- to 1-pm hydrophobic l ines in a hydrophil ic
surface with micromachining and SAMs. We
imply no asymmetry in the structure of the
SAMs within the micromachined grocve. Au,
evaporated film of gold; Ti, evaporated film of
t i tanium used to promote adhesion of the gold
to the si l icon wafer.
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Fig. 2. Scanning electron micro-
graphs of the scalpel (A and B)
and the carbon f iber (D and E)
The inset in (A) is a low-magnif i-
cat ion image (x10)  o f  the t ip  o f
the scalpel.  The grooves [(C and
F) (marked by an arrow)l were
micromachined in to  an Au f i lm
bearing a SAM formed from
HS(CH/)  ,5COOH The samples
were fractured normal to the
groove rn l iquid nitrogen for imag-
ing The sizes and shapes of the
grooves are probably determined
by local features of the t ip of the
sca loe l  and f iber .

Fig 3. Top and side views of drops of water on
a SAM formed f rom HS(CHr)1SCOOH and
oat terned wr th  micrometer -sca le  microma-
chrned grooves (see F ig .  2C)  suppor t ing a
SAM formed f rom [CH3(CH2) j  jS ]2 .  (A)  Dia-
gram of  grooves,  (B)  top v iew of  drops,  (C)
side view of two drops separated by a hydro-
phobic groove The pH values of the buffered
drops of  water  are shown in  (A) .  The hydro-
phobic  l ine that  forms the hypotenuse of  the
t r iangular  drops of  pH 10 water  cuts  o f f  lhe top
r ight  corner  o f  the rectangular  drop,  a  dust
pa r t r c l e  can  be  seen  on  a  t r r angu la r  pH  10
r { r n n  o n d  l h a  n i r n r  r l a r  o r l n o  n f  a  n l - {  t r .urop,  i j i lu  rne cr rcL, - ,  -  | - ,  ,  -  orop ls
s l rght ly  prnned.  The dark  regtons rn  (C)  are the
two water droos. which almost meet at the
hydrophobic  l ine in  the center  o f  the photo-
graph The top surface of each dark region is
the arr-water interface, and the apparent bot-
tom surface is caused by the ref lect ion and
dr f f rac t ion o f  l ight  in  the v ic in i ty  o f  the c lose ly
pos i t ioned edges of  the two drops

L)rcps can be posit ioncd with edges
str ir ight and can be pinncd ckrsc together:
the reso lu t ion o f  a  s ide v iew of  two dnrps
wi th  edges p inned by a  common,  l -p- -
widc l inc is l imited by the effects of dif-
fract ion and ref lect ion, but the drop edges
are clearly separated by less thirn 30 pm
(12) .  Thc dnrps do not  appear  t r )  commu-
n icate  wi th  one another :  a  dyc in  one
compartment rcmains krcal ized and does
not dif fuse into ne ighboring compart-
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menrs. The extent of wett ing of the cor-
ncrs of the pattern depends on the contact
angle of the water on the SAM (and thus,
in this system, on the pH of the water),
the angle at the corner, and the volume of
l iquid in the drop.

Control experiments in which the initial
SAM and the second SAM deposited on
the surface of the micromachined features
were both formed from HS(CHr)r5COOH
showed little or no pinning of a drop (pH
10,  0 .05 M borate)  ( l l ) .  Micromachined
fearures with hydrophobic SAMs having
0. 1-pm widths showed a weaker tendency to
pin a drop than those with l-pm widths. \7e
have not quantilied the importance of the
width of the groove and the shape of its edge
in pinning the edge of the drop (13, 14).

The combination of micromachining
with molccular self-assembly offers a versa-
tile procedure for manipulating the struc-
ture and properties of surfaces and the
shapes of liquids drops on them. Microma-
chining provides both convenient access to
small fcaturcs and control over the geome-
try of these features. By using simple proce-
dures, we have generated features thar are
already smaller (0.1 pm) than those that
can be routinely generated wirh optical
l i thography (15). With the use of improved
nricnrnrachining tools ( including rhe scan-
ning tunneling microscope), i t  should be
possihlc to extend this technique to create
features as small  as lO nm or less. Molecular
self-assembly is particularly useful as a part
of this procedure because it allows mole-
culcs to bc adsorbed on very small features
(< I nm) with high selectivi ty and because
it permits sensitive control of the surface
free energies (, l6).

The procedure i l lustrated in Fig. I  is an
uncomplicated one that uses an Au sup-
port, one width for the grooves, and two
differcnt SAMs. Thc procedure can be ex-
tended to other supports and geometries of
the gnroves and, through combinations of
sequential pattern formation and orthogo-
nal self-assembly (17), to mult iple combi-
nations of SAMs. We believe that this
procedure can be readily generalized and
widely useful in controlled patterning of
surfaces. It provides an alternative to opti-
cal lithography and should be applicable tcr
problems for which optical techniques are
not (such as, nonplanar substrates) and in
laboratorics where optical lithography is
not available. The abiliry to manipulate the
shapcs of dnrps should be applicable to
problems in wetting and adhesion and tcr
the characterization of surfaces (.18).
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l iquids [P.  G de Gennes,  Rev.  Mod. Phys.57,827
(1985),  and references therein l .
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lithography with radiation wavelengths in the
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News 2, 23 (May 1991 )1.
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