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We investigate the dynamics of nanoscale droplets in the vicinity of chemical steps which separate parts of a
substrate with different wettabilities. Due to long-ranged dispersion forces, nanodroplets positioned on one side of
the step perceive the different character of the other side even at a finite distance from the step, leading to a dynamic
response. The direction of the ensuing motion of such droplets depends not only on the difference between the
equilibrium contact angles on these two parts but in particular on the difference between the corresponding Hamaker
constants. Therefore, the motion is not necessarily directed toward the more wettable side and can also be different
from that of droplets which span the step.

I. Introduction heterogeneities are introduced via abrupt, lateral changes of those
parameters which characterize the potentials of homogeneous
substrate$*16.17 However, this does not capture the actual
behavior of such substrate potentials, even if the underlying
chemical steps are taken to be atomically sR&rBmooth
chemical heterogeneities have been studied in ref 18 by
introducing a continuously varying Hamaker constant. However,
this approach is only applicable for very smooth variations of

The interest in dynamical wetting phenomena has increased
significantly with the development of micro- and nanofluidic
systems, which allow one to handle minute amounts of liquid
containing, for example, DNA or proteins for chemical analysis
and biotechnology? In particular, chemically heterogeneous
systems with tailored, spatially varying wetting properties have

found important applications in this contéxtin open microf- the wetting properties. Studies of the dynamics of droplets in the

luidic systems, fluids are transported on chemical channels, that .~ . ¢ hi h h h h |
is, lyophilic stripes embedded in lyophobic substrates. While vicinity of topographic steps have shown that on the nanoscale
' a detailed modeling of the substrate and thus of the resulting

present devices are based mostly on micrometer sized Channelséffective interface potential is mandatdtor a chemical ste
further miniaturization down to the nanoscale is clearly on the P P,

road map. This will eventually lead to nanofluidic systems for this has been worked out within the framework of microscopic

which a variety of physical phenomena, which on the microscale den§|ty f“f‘c“o.”a'szﬂﬁigw with & view on the morphology of
and above are either irrelevant or summarized into boundaryStatlc wetting films: . ) .
conditions, become importahf. For the optimization of the Here, we study the paradigmatic case of the dynamics of a
performance of nanofluidic systems, it is critical to understand Nanodroplet of a simple liquid in the vicinity of a chemical step,
the basic fluidic issues occurring on those scales. Recentthatis, neara sharp and straight boundary between two parts of

theoretical studies of nanoscale fluids on chemicatind a substrate with different wetting properties. Because we want
topographicall§ structured substrates have underscored the t0 focus on the effect of chemical rather than topographical
importance of such investigations. heterogeneities (in contrast to ref 8), we assume the substrate

surface to be smooth and flat, although in many experimental
systems chemical steps are accompanied by a small topographical
step of a few angstroms up to a nanometer in height. We assume
the step to be formed by two adjacent quarter spaces composed
of different substrate particles, and we analyze the driving force
on the droplets and perform numerical calculations assuming
Stokes flow as the underlying dynamics.

For numerical reasons, we restrict our analysis to two-
* To whom correspondence should be addressed. E-mail: moosavi@ d|me'j15|9na_| (2D) dro_plets, corr(_espondlng to three'd'menSf'O”al
mf.mpg.de (A.M.); rauscher@mf.mpg.de (M.R.); dietrich@mf.mpg.de (S.D.). (3D) liquid ridges (or rivulets) which are translationally invariant
(1) Kamiadakis, G.; Beskok, A.; Aluru, NMicroflows and Nanoflows: i the direction parallel to the step. Such liquid ridges have been
Fundamentals and Simulatip@nd ed.; Springer: NewYork, 2005. . tallv studied. f le i f 23. While rivulet
(2) Dietrich, S.; Popescu, M. N.; Rauscher, 8.Phys.: Condens. Matter experimentally studied, for example, In re . le rivulets

2005 17, S577. can be unstable with respect to pearling (i.e., the breakup into
(3) Chaudhury, M. K.; Whitesides, G. Msciencel992 256, 1539.
(4) Kusumaatmaja, H.; Yeomans, J. Mangmuir2007, 23, 956.

Those analytical toofs12which rely on classical macroscopic
theory are not adequate for this purpose. However, there is a
variety of techniques which allow one to study the presentissues
numerically such as molecular dynamics simulatidfsor
standard computational fluid dynamics routif@s a large extent,
the available numerical investigations are based on solving thin
film equationst*18 In most of theses studies, the chemical
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the contour plot of which is shown. Here, both sides of the substrate Oeq=97.2 (CV = 3), g = 51.3 (CV = 1); fcq = 97.2 (CV =

] (N — () — 2)- () — () — N —
0 _ ) — 3), 6 75.5 (C 2); andf 120 (C 4), 0 75.5
are chosen to correspond to tecase withfey = 97.2 (B 0, (c® 2 2) from top to bottom. TF]?S means that in all t?\qree cases the

= (N— — — —
cO=3) and(?eé— 51.3 (B"=0,C0=1,q=1)(seeeqs8and  yignt part of the substrate is the more wettable one. The profiles
9). Lengths and the disjoining pressures are measured in uhits of correspond to times= 355, 2000, and 22 025:= 375, 8125, and
ando/b®, respectively. A coating of the substrate is not indicated, 54 300: andt = 185. 7800. and 23 500 resﬁectiveiy in units of
as herd() =B =0, so that fox— 4-o0 the equilibrium thicknesses ﬂb(')/(C(")a). ' ' ' '

of the underlying wetting film are the same, thatyi§,= y? =y,

= bO. the disjoining pressure in the vicinity of a chemical step, and in
section 1ll we discuss the mesoscopic hydrodynamics of the

droplets; see ref 24) and therefore might be not particularly groplets. In section IV, we relate the droplet dynamics to the

relevant for practical applications, we expect that our results will isjoining pressure induced forces and we discuss, inter alia, the

carry over qualitatively to the behavior of 3D droplets. Unless relevance of our findings for experimental systems in section V.

the drop touches or spans the chemical step, the force on thn section VI, we summarize our results and provide our

droplet (defined in, cf., eq 16) is expected to have the same signconclusions.

in two and three spatial dimensions.

Since the direction of motion of the droplets is determined by Il. Modeling of Chemical Heterogeneities

the forges acting on the droplet, it will be independent of the As depicted in Figure 1, we consider a partially wetting,
underlying dynamics. However, the absolute value of the velocity nonyolatile, and incompressible liquid forming a nanodroplet on
depends on the dynamics. Comparisons with molecular dynamicsip, of 3 wetting film over a chemical step. The type of chemical
simulations have shown that hydrodynamic equations reliably step which we consider here can be viewed as being composed
describe the flow of minute amounts of simple liquids on spatial oftwo different quarter spaces with each of the two corresponding
scaleg,sczié)wn to a few molecular diameters close to confining pper surfaces coated additionally with a thin layer of a different
walls*=*Below these scales, the structure of the liquid deviates material. Assuming purely additive intermolecular interactions,
from the bulk structure in that molecular layering can occur. The \ye can decompose the disjoining pressure into its contributions
droplets reside on and are connected to wetting films with trom four building blocks, thatis, the two quarter spaces forming
thicknesses on such microscopic scales (see Figure 1 and ref 27)ne supstrate and the two coating layers on the respective parts.
Therejore, the dynamics in t_hese wetting films is not Wel! A. The Edge as a Building Block First, we consider an edge
described by the Stokes dynamics we use. However, these wettingyithout surface coating, say the left part of the substrate shown
films exhibit little internal dynamics, as they are thinand strongly Figure 1, which we denote by the superscript Assuming
coupled to_ the_ substrate. Within our ap_prqaqh,_ the mfluencg of Lennard-Jones type intermolecular pair potentidls(r) = Mg/
these wetting films on the droplet dynamics is limited to removing 12 _ No/r®, whereM,s andN,; are material parameters and

the stress singularity at the moving three-phase contact line. It g relating to the liquid inside the droplet and precursor film
has turned out tha_t on this basis a quant|tat_|vely reliable (I), the surrounding vapor or gas)(Ithe substrate (s), or the
hydrodynamicmodeling of the dewetting dynamics of (even  coating (c), the local disjoining pressure (DJP) corresponding to
only a few nanometers thick) polymer films is possi#idhe an edge occupyingz(') ={r eR¥x<0,y<0,zeR} is given
paperis organized such thatin the following section Il we discuss by21.29 s ' '

(24) Brinkmann, M.; Kierfeld, J.; Lipowsky, Rl. Phys.: Condens. Matter 0) 0)
2005 17, 2349. ) (xy) = f AM e — f AN o

(25) Thompson, P. A.; Robbin, M. @hys. Re. A 199Q 41, 6830. e XY, QO 12 Q. _ .16

(26) Koplik, J.; Lo, T. S.; Rauscher, M.; Dietrich, Bhys. Fluids2006 18, Ir rl Ir rl
03z, ()220 ()60

(27) Dietrich, S. InPhase Transitions and Critical Phenomerizomb, C., = AMVIZV(X, y) — ANVITV(X, Y) (1)
Lebowitz, J. L., Eds.; Academic: London, 1988; p 1.

(28) Becker, J.; Gm, G.; Seemann, R.; Mantz, H.; Jacobs, K.; Mecke, K. R.; . | 2 O w1 O a0 |
Blossey, RNat. Mater.2003 2, 59. with AMO = oMy + prpg’ Mgl — piprMir — pipg’ Mg} andANO
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= piNi + prpd N — piorNi — ool NY, wherep, pr, andp)

are the number densities of the liquid, the surrounding fluid, and

the substrate, respectively. In many systems, the density of the

surrounding gas or vapor is negligible, and in the case that it is
the vapor-phase corresponding to the liquid, oneMas= M-
andN; = Ny.. Equation 1 is also valid for two-fluid systems with

a second immiscible liquid instead of the gas or vapor; however,
the dynamics of such a system differs significantly from the
modelin section lll. The edge geometry allows one to analytically
calculate bothintegrals in eq 1, thati andi$", respectively.

As we shall show belowAN® is proportional to the Hamaker
constant of a semi-infinite substrate composed of that material
which forms the left part of the substrate.

B. The Contribution of a Thin Coating Layer. The
contribution of a thin coating layer of thickned® on the upper
part of an edge2"") = {r e R¥x < 0, —d" <y < 0,ze R}
to the disjoining pressure is

N

, AN'C
AN 0 |g(|)(Xa Y) = _fgg(l)”—

d*r 2
N @

with ANO = p?Ny — 009 N&. Here, we have neglected the
effect of the repulsive part of the liquid-coating interaction which
gives rise to a contribution shorter rangedy(19 than the
corresponding termy ) arising in1220(x, y).2030The DJP of

an edge including the coating of its upper side is therefore given

by

O, y) = 100, y + d) + ANOILOx,y) - (3)

C. Building the Chemical Step.The DJP contribution from
the right-hand side of the substrate (marked with a superscrip
(r)) can be obtained analogously. Since the corresponding integral
1220150 andI® for the right-hand side are the mirror images

(with respect to thgzplane) of their counterparts for the left-

hand side, the former ones can be expressed in terms of the lattel!

ones, leading to

I3 y) = AM7120(=x, y + d) —
AN 120(—x, y + dV) + ANO 120(—x, y) (4)
We shall only consider coatings which are thin compared with

the wetting film. Foix— +, the DJP of the coated edge reduces
to that of a coated, laterally homogeneous substrate:

AMD ZANO AN OGO
o) =2 — (5a)
ch 45,° 6y° 2
AMO ZANO  ZANTOGO
ndy) == - 5b

with AN"(®) = AN® — AN'O andAN"® = ANO — AN'O). The
equilibrium thicknesseg) andy!’ of the wetting films on such

substrates is given by the smallest positive zero of the DJP, that

is, ng)](y = yg)) = Hgg(y = yg)) = 0. The effective interface
potentials corresponding %) (y) andI1!)(y) are.31

(29) Robbins, M. O.; Andelman, D.; Joanny, JPRys. Re. A1991, 43, 4344.
(30) Dietrich, S.; Napidkowski, M. Phys. Re. A 1991, 43, 1861.
(31) Napiagkowski, M.; Koch, W.; Dietrich, SPhys. Re. A 1992 45, 5760.

Moosai et al.
aAMD AN AN OGO
(y) = w0 122 T o (6a)
0) 0] ()40
q)g%(y):n’AM AN +JIAN d (6b)

360° 127 6y°

respectively. The second terms are usually written—&#"/
(127y3) and —H®Y/(127y?), respectively, wherél® = 72AN®
andH® = 72AN( are the Hamaker constants of the right and
left part of the substrate, respectively.

At this point, we introduce dimensionless quantities (marked
by a asterisk) based on the coefficients of the DJP on the left
part of the substrate. We measure lengths in untt®ef [2AMY/
(15|ANOD]YVE which for ANO > 0 is the equilibrium wetting
film thickness on theuncoatedhomogeneous substrate. For
polymer films, this length scale is of the order of the radius of
gyrationRy, typically of the order of 1 nni The pressure scale
is given by the surface tensiofo(). With this, far from the edge
(X = £), one has

9 3 40()
) B
e s I
. 1,1, 8Y
rdly) =cfl 5+ e = (7b)

with g = b®/b®, which is the ratio of the characteristic length
scales on the two substratd®)(= [2AM®/(15ANO|)]6). To
avoid a clumsy notation in the following we drop the asterisks.

In eq 7,BM = zAN"Od"/(2ANHN4) and B = 7 AN"Od/

1 (2ADLO%) quantify the strength of the coating, a8 = AVb0/o
and CO = ADb0/o determine the strength of the disjoining

pressures relative to the surface tension, wiébe= 7(AM®)/
4512 ANO|/6)32 and A = 7(AMO/45)-12(| ANO|/6)32. We
ote that since the pressure scale is given in termsoft is
also entering into the definition c&®. Since a more refined
analysis of the DJP beyond eq 1 yieB8 = 0 andB" = 0 even
inthe absence of a coating lay@rCin the following we consider
B" andB(" as independent parameters.

The contact angles 6< 6%) < 7 and 0< 6% < 7 of
macroscopic droplets on the right and left part of the substrate,
repsectively, and those values@?f, C, B®, BO, andg, which
give rise to partial wetting, are related via

cosOl) =1+ fy;; 9y dy=1+ oDy (8a)

coso0=1+ [3 IO dy=1+ )  (8b)

(see the insets of Figure 2 in ref 8). The actual contact angle of
nanodroplets defined, for example, as their slope at the point of
inflection or via a spherical extrapolation of their top cap toward
the substrate, may differ from the macroscopic value depending
on the size of the nanodroplets and details of the DJP.

In the second terms on the right-hand side of eq 7, the upper
plus (lower minus) sign corresponds AN® < 0 (AN® > 0)
and AN® < 0 (AN® > 0), respectively. In the following, we
shall refer to these cases as the pluand the minu® cases.
The dimensionless form of the DJP (in unitsxi() for a single
edge coated with a thin layer on the upper side is given by
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[ =9 3 20y = 20 =
10 y) = CO 22 120 y) 4 8T 180 y) Yvme e vemo o 0
- ) . By invoking Green’s second identity and the Rayleigbreen
29'B Iu(l)(_x )| (9a) identity, the above equations and therefore the whole dynamics
T ° ,y. is mapped onto that of the surface of the liquid. The boundary
conditions can be written in terms gfandw as well. At each
9, y) = c” 45 1220(x, y) + 6 180(x, y) — time step, spatial discretization leads to a system of algebraic
Y T equations from which the local surface velocity can be calculated.
2B o) The surface dynamics is integrated using an Euler sclé#ie.
T 7 (x, )| (9b) As initial condition, for this overdamped dynamics, only the
droplet shape has to be specified. To start reasonably close to
Due to the additivity of the interatomic potentials used here, the relaxed droplet shape, we choose a hemisphere centerd about
the DJP of the chemical step can be obtained by superimposingx = X which is smoothly connected to the wetting layer, that is,
the DJP of the constitutional parts, that is, the two edges coated
on the upper side. Thus, the DJP of the whole substrate with a y(xt=0)=y,+al— (x— >—<|/a)2]‘xfx|m+1 (14)
chemical step is given by

with the droplet heighain the center being equal to half the base
II(x,y) = Hf:'g(x, y) + H(CZ(X, y) (20) width. The distancev of the droplet from the step is then given
by w = |X| — a (see Figure 2). Fox > 0, the thicknesg, of
Figure 1 shows the contour lines of the DJP across a chemicalthe wetting film is given by, while we havey, =y for x
step for a typical example. < 0. In this study, we choos®, which specifies the smoothness
i . of the transition region from the drop to the wetting layer, to be
I1l. Mesoscopic Hydrodynamics 10.
To probe the influence of the DJP on droplets near and on
chemical steps, we have performed mesoscopic hydrodynamic IV. Dynamics of Droplets
calculations based on the 2D Stokes equation for an incompress- A. Chemical Steps without Coating.We first consider the
ible liquid of viscosityu on an impermeable substrate at which  case without coating®"’ = B = 0, which implies thaAN is
we impose a no-slip boundary condition, thatus= 0 at the negative on both sides, corresponding to €hease) and with
substrate surface. While the disjoining pressure calculated in thethe same wetting film thicknessg & 1). Numerical results for
previous section takes into account a gas or vapor phase or evegjifferent values ofc") andC® are shown in Figure 2. At time
a second fluid on top of the liquid, for the dynamics we assume t= 0, droplets of heigha = 15 have been positioned at a distance
the fluid to be surrounded by vacuum, that is, an inviscid and w= 5 (see Figure 2) from the chemical step on the less wettable
massless medium. Therefore, we solve the incompressible Stokegypstrate C(), which describes the ratio of the intermolecular
equation forces for the left side of the substrate and the surface tension,
was selected such thaf) is close to the contact angle of the
Veu=0 and uviu=vp (11) initial droplet prepared with 90i.e., 4= CO = 3), and therefore,
. . during theinitial relaxation of the prepared droplghape the
for the flow velocityu = (uy, u,) and the pressurgonly within distance of the leading edge of the droplet to the chemical step
the liquid and set the tangential stresses at the liquid surface toy, g not change significantly. Larger value€#¥lead to larger

zero. The normal stresses are balanced by the hydrostatic,aes ofg() for which the distance of the leading edge from the
pressure, the surface tension, and the disjoining pressure, Ieadlng,[ep would increase. For smaller valuesa$t (i.e., for 00 <

03 90°), the distance of the leading edge from the step decreases
(12) during the initial relaxation process and even_tu_ally crosses the
step such that the droplet spans the step. This is not the case in
with the local mean curvature, the stress tensar, and the which we are interested hel@" was chosen to be smaller than
surface normal vecton pointing out of the ||qu|d By mass C(I), so that the rlght Slde of the substrate was more wettable. In
conservation of the nonvolatile liquid, the local normal velocity all cases shown in Figure 2, the droplets gradually move to the
v of the liquid surface is given by = n-u at the surface. right, that is, toward the more wettable side, as expected
The equations of motion are cast into a dimensionless form intuitively, and continue their motion there. This indicates that
by using the length scali¥) and the pressure scai) introduced ~ the nanodroplets can perceive the presence of the other part of
in the previous section together with the velocity saafés/u. the substrate even if the leading contact Ime is at aflnltg distance
The corresponding time scaleuib®/(¢C®). This means that, in frqm the chemical step. As a fu.nct.|on of time, the wetting layer
the regime of low Reynolds numbers, for which the Stokes thickness changes slightly, which is expected due to the change
equation applies, the viscosity only sets the time scale of the o_fthe I__aplace pressure as the droplet flattens on the more wettable
dynamics but does not change the behavior of the dropletsright side.
qualitatively. B. Disjoining Pressure Induced ForcesOn a homogeneous
We have solved theses equations numerically with a standardsubstrate, the equilibrium contact angle can be calculated from
biharmonic boundary integral meth&This method is based ~ the DJP (see eq 8). Applying this formula to inhomogeneous
on formulating the Stokes equation in terms of the stream function Substrates, one can define a spatially varying “local contact angle”
¥, with dyyp = ux anddp = —uy, and the vorticityw = dyuy — via
dxUy so that eq 11 reads®

nten=-p+ox—1II

cosf() =1+ [ TI(xy)dy=1+D(x ys(x) (15)
(32) Kelmanson, M. AJ. Eng. Math.1983 17, 329. Yol

(33) Betely S.; Thomas, L.; Gratton, R.; Marino, Bit. J. Numer. Methods . . . .
Fluids 1997, 25, 1. with TI(X, yo(X)) = 0. ForII(x, y) rapidly varying as a function



738 Langmuir, Vol. 24, No. 3, 2008 Moosaii et al.

of x (e.g., in the close vicinity of a chemical stefifx) does not (a)
resemble an actual contact angle. However, for large droplets,
3y 6(x) is related to the lateral force per unit length (of the ridge 100
in z-direction) acting on a droplet in the direction parallel to the TR
substrate surface but normal to the chemical step and induced "5-.__‘\\_"-.\_
by the disjoining pressure, that is, FY
. 80 AR

E T LT P p——

= A7) 104 II(x, y) n,dS (16) D i

T
-

f

wheredQq is the 3D surface of the droplet (i.e., of the ridge), 80
Azis its length in the direction parallel to the step, agds the || . _._ 2.0
x-component of the outward surface normal ——e—— 2,5
For a microscopic droplet, the fordgper unit length) is a — 3.0
nontrivial function of its size. Here, we focus on nanodroplets T 4@
which are large enougla(> 10) such tha;f?o(x) TI(x, y) dy =~ -15 -10 -5 0 5 10 15
f;‘,‘; x I(x, y) dy. For these droplets, the foréén eq 16 can be x
approximately expressed in terms of the “local contact angles”
(see eq 159, andf, atthe right and left contact line, respectively.
Parametrizing the droplet surface py= h(x) and splitting the 0.003
integral in eq 16 into two parts, one for the left half and one for (b) C (r)
the right half of the droplet, expressing the integration in terms S I
of an integral with respect tg and comparing the two resulting ST |- === 15
integrals with the definition in eq 15, one obtains [ B 2.0

0.002 o
f~ cos@,) — cos@)) ~ cosf(X +a) — cosf(x —a) (17) i N/ 30

T

|

|

|

|
N
[4]]

with the position of the droplet center denotedkgsee Figure ‘l\ j T <k
2). For smoothly varying DJP (which is only the case if both 0.001

contact lines are on the same side of the chemical step and for d ok
w>> 1), one hadI(X + a,y) — II(X — a, y) ~ 2ad I1(X, y), SO I h
that for approximately symmetric droplets L

f~ ~2asin6 90/ (18) .
If TT(x, y) varies monotonicallyf,and—6/dx have the same sign 30 -15 0 15 30 45

even for larger droplets, that is, for droplets for which the b 4

difference of the cosines of the contact angleand, cannot Figure 3. (a) “Local contact angleB(x) (see eq 15) and (b) lateral

be expressed in terms of the gradient0f). Since in the cases  forcef(x) per unit length of the liquid ridge (eq 16) for droplets with
studied here the differences of the equilibrium contact angles ona = 15 as a function of the droplet centefsee Figure 2) in the

the two parts of the substrate are relatively small, we have vicinity of a chemical step separating two parts of the substrate with
estimated(x) by considering droplets with the shape used as the C" = 3, B = B = 0, andq = 1, for various values o£®. Both
initial condition for the Stokes dynamics (see eq 14) but centered Substrate sides correspond to éxeasef is measured in units af.
atx = x.

Figure 3a shows(x) as defined in eq 15 in the vicinity of the ~ = 1.25 so that the wetting layer is thicker on the right side than
chemical step for the parameters used in Figure6) on the left side. For this casg(x) andf(x) are depicted in Figure
monotonically decreases froff) to 6) and, as shown in Figure ~ 5; €q 8 reduces to ca) =1 - 0.375C0g and cosHy) = 1 —

q~~ Zeq @l . ;

3b, the force acting on droplets of initial height 15 is positive  0.375C0. With our choice forC® = 3, one ha®)!) > 6{) for

for all positionsx of the drop. The force curve has a rather flat, C® > 2.4. However, outside a small region around the sig,
plateaulike shape with a maximumsat 0 and varies sharply > 0 on both sides of the step for values 6f7 down to

if one of the contact lines is located near the chemical step. This approximately 1.6. This means that for k6C0 < 2.4 droplets
result is in agreement with the numerical calculations, and it are expected to move to the left even although the right part of
explains why the droplet speed decreases with the distance fronthe substrate has a smaller equilibrium contact angle. This is
the step. confirmed by analyzing the DJP induced force on the droplets

C. Different Wetting Layer Thicknesses across the Step.  (see Figure 5b). As in Figure 3, the force has a platead fer
In the case discussed in section 4.1, that is, with the sameO, and for large droplets the plateau height is described well by
thicknesses of the wetting layer and without coatiB@j & B® eq 17. This figure also shows that drops spanning the step will
=0andg= 1), the local contact ang¥x) changes monotonically ~ move to the right for 1.6< Ct) < 2.4 such that these drops as
from left to right (Figure 3a). This is not necessarily the case, well as drops starting on the right-hand side will stop and get
in particular, for steps between materials generating different stuck with the left contact line pinned to the step. The reason for
thicknesses of the wetting layer, and for two substrates with thisis thaf changes sign as this contact line crosses the chemical
different forms of the DJP, that i§ on the left and® on the step. ForC) > 2.4, we observe a double sign change which
right side. indicates that a droplet starting on the now less wettable right-

Figure 4 shows a contour plot of the DJP for a case in which hand side will be stopped and pinned by the chemical step as
the wetting layer thickness differs; hei®! = B(") = 0 andq it moves toward the left-hand side. This is also reflected in the
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Figure 4. Contour plot of the DJP in the vicinity of a chemical step 0.003
between two substrates wif) = 3, C0) = 2.15,B0) = B" = 0, (b) C (r)

andq = 1.25 (implying6"), = 97.2 and6{) = 90.#). Both parts I e 1,0

of the substrate correspond to tBecase. -—=—==15
o _ 0.002 s.

change of9(x) shown in Figure 5a, even thoudiix) loses its P, T T [ ——— a0

physical meaning close to= 0. il v

To confirm these theoretical predictions, we have performed \

a series of numerical calculations by positioning a nanodroplet 0.001

at a distancev = 5 on the right-hand side of the chemical step. ja; i

For the cas€ = 2.15, that is, if the nanodroplet (with= 15) TN

is initially positioned on the more wettable part of the substrate,

the results of these calculations are shown in Figure 6. This 0

droplet moves to the left (i.e., counterintuitively toward the less

wettable substrate), slows down, and stops when its advancing -30 -15 0 15 30 45

contactline touches the chemical step. A dropletinitially spanning ]

the step moves to the right, as expected, but stops when its receding X

contact line gets pinned by the step. Droplets completely locatedFigure 5. (a) “Local contact angle®(x) (eq 15) and (b) lateral

on the left part of the substrate move away from the chemical fc;]rces.f(xl) (teq %6% for drt(\)/\?lets t\aNittmt: \}&;I”_tge é’(il)CiEitl)S’(r?f_a

step, .that isawayfrom themorewettable substrgte, with the (C) grr:g;a: igg foer \\;\:ierﬁ)nus vglzlésséég).el_goth parts bf the substrate

velocity decreasing as the distance from the step increases. Thesgyrespond to the casef is measured in units of.

numerical results are in complete agreement with our analysis

of the effective DJP induced force. V. Discussion

D. Chemical Steps with Coating Layers.dx 6(x) will be A. Droplets Spanning the Chemical Step.For droplets
non-monotonous even for= 1 if the long-ranged contributions ~ spanning the chemical heterogeneity, according to eq 17, the
to the DJP have a different sign for the two sides of the substrate.lateral DJP induced force per unit ridge length reduces to
As an example, Figure 7 shows a contour plot of the disjoining
pressure in the vicinity of the chemical step for thecase on f= cosf(a) — coso(—a) (19)
the left side and th& case on the right side. In the plus case,
the disjoining pressure approaches zero from abowe-aso,
while in the minus case it is negative for &l yo. Therefore,
contour lines corresponding to positive values occur only on the
left-hand side. Figure 8 shové¥x) andf(X) for the same values
of BM, BM, g, andC" as in Figure 7 but for various values of _ o _ 0
C0. 8,6() isqpositive outside a%arrow region around the chemical fmacro = COS0eq ~ COSOeq (20)
step. This indicates that the droplet will move to the left por the first cases considered in section IV (ig) = BO =

independent of the relative valuesadf,and6(), althoughiitwill g andq=0, see Figure 3), we had¥) < 6(a) ando? > 6(—a),

be pinned at the step if coming from the right. This is confirmed \yhich implies thatf > fmacro that is(,] the macros?:qopic models
by the analysis of(x) in Figure 8b. If both contact lines are on  ynderestimate the driving force on the nanodroplets on the
the same side of the step, one fi@g > a) < 0. However, if chemical step. This is not always the case, in particul &6

the droplet spans the step, thatis, [fdr< a, the force is positive  is non-monotonic as in the other two cases considered above
for 6% > 6%) (here, forC® < 1) and negative fo6%) < 6%. In (see Figure 5 foE® > 1.6 and Figure 8). In these cases, we have
this case, the drop is driven toward the more wettable part of the 6% > 6(a) and 6% < 6(—a), which implies thatf < facro
substrate. Therefore, the macroscopic models can both over- or underes-

I

|

|

|

|
N
w

T
-

For macroscopic droplets, that is, @ o, one hag)(a) = 6%
andf(—a) = 9221 (see egs 8 and 15), and therefore one recovers
the following well-known expression for macroscopic liquid
ridges®10



740 Langmuir, Vol. 24, No. 3, 2008 Moosaii et al.

105

80
D
55
80 30 0 30 80
-1 <10 -5 0O 5 10 15
X x

Figure 6. Motion of a nanodroplet near a chemical step in@&e
case on both sideg§" = B"® = 0, Ch = 3, C" = 2.15, andq =
1.25 (implying ) = 97.2 and 6 = 90.4; compare Figure 5), (b)
starting at different positions. The droplet shapes are shown, top to 0.001F
bottom, at = 170, 100, and 45 (dashed) and at 4750, 4300, and I\ S

40 000 (solid), respectively. I
15 ,

-0.002
-30

-15

Figure 8. (a)6(x) and (b) dimensionless lateral fordég for droplets
with a = 15 in the vicinity of a chemical step separating two types
of substrates® case on the left side, ari@l case on the right side)
with BO = —2.762,C) = 2, B0 = —1, q = 1, and various values
of C, fis measured in units ef. The different coatings of the two
parts of the substrate associated with the nonzero valug8 ahd

B are indicated in the figures.

Figure 7. Contour plot of the DJP in the vicinity of a chemical step

separating two substrate® ¢ase on the left side, a@icase on the homogeneous substrate (see eq 7). This means that the wetting

right side) withBO) = —2.762,C0) = 2, BN = —1, C" = 1, and

q=1(implying6%,= 73.5 and6} = 77.7). The different coatings
of the two parts
of B® andB® are indicated in the figure.

timate the force on the nanodroplets. However, bec@ugg)

film thicknessyo(X) is independent ok up to this order. To
leading order in 24, the sign ofdy 6(X) is therefore given by the

of the substrate associated with the nonzero valuegpartial derivative of® (X, yp) with respect tak, which happens

to be the same on both sides of the chemical step and which is
given by

approached() ando{) rather rapidly ag— oo, the differences
betweenthe mlcroscoplc and the macroscopic force are relatively
small.

B. Droplets Completely on one Side of the Stepn contrast
to the case in which the droplet spans the step, for droplets whichwith the plus and minus signs in front@f? andC") corresponding
are completely on one or the other side of the step (i.e., with both to the ® and © cases on the right and the left-hand sides,
contact lines on the same side of the step), the force predictedrespectively. This means that far from the step the droplets move
by macroscopic models is exactly zero. Therefore, in this case,in the same direction on both sides of the step. For instance, for
even a small force amounts to a qualitative difference in the the case discussed in Figure 5 (wh= B = 0), the equilibrium
macroscopic prediction. In all the cases we considered, thecontact angle can be shown to be larger on the right side of the
direction of motion of a droplet near a chemical step is determined step ifqgC" > C(), that is, forC™ > 2.4, and the droplets move

9,0(x) ~ fxﬁ[—( +)C? + C + 0o(x ) (21)

by the sign ofdx 6(x), which is the same as the sign etld(x,
yo(X))/dx (see eq 15). Expandidd(x, y) for large|x| up toO(|x| ~3),
one finds on both sides of the step the limiting value for a

to the left forC" > CW/g® = 1.536 andx| > a, in agreement
with the numerical results. Equation 21 also indicates that the
motion of the droplet is only appreciable near the chemical step.
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Our numerical calculations show that for a droplet vats 15 exploited to increase the amplitude of the lateral force (see eq
and for the conditions given in Figures 2, 6, and 8 the speed of 23) by almost a factor of 10.
the droplet reduces drastically for| > 15. C. Experimental PerspectivesExperimentally, a chemical

According to egs 18 and 21 and the expressions given in step will be typically accompanied by a small topographical
section Il, it turns out that the lateral force on a droplet in the step, for example, on the order of a few angstroms as in ref 34.
vicinity of a chemical step is given by the difference of the The aforementioned correspondence between chemical and
coefficients of the long-ranged part of the substrate potential topographical steps shows that the lateral DJP induced force on
only. This allows one to express eq 21 (in its dimensional form) a droplet would not be significantly affected by the presence of
in terms of the Hamaker constart$) andH® on the left-and  a change in topography as long as the droplet does not touch the
right-hand sides, respectively: step. These considerations are relevant because typically substrates
are chemically patterned by thin coatings rather than by a change
in bulk properties. However, with modern lithographic methods,
deep trenches with high aspect ratios have been produced, for
example, in SP or Ni,** which could be filled with another
material, realizing chemical steps with changed bulk properties.
To observe the phenomena discussed in this paper, the trenches
should be at least 100 nm deep (i.e., on the order of the droplet
3asin () ;ize), but the width can be Iarger. To obtain larger differences
— == ZHO — HO) (23) in Hamaker constants, a metallic substrate would be the preferred

2|X|3 choice. Preparing smooth surfaces on such substrates to avoid
contact line pinning is a challenge, but as a first step it suffices
We note that in eq 23 the surface tensiwdrops out. To this  to create smoothness on one side of the chemical step. A further
order in 1k, the force vanishes if the Hamaker constants on both method to produce surfaces with underlying bulk chemical steps
sides of the chemical step are identical. This is the case if theis to make cuts through materials containing precipitates or
substrate is chemically structured only by a difference in the through sintered agglomerates.
surface coating rather than in the bulk substrate itself (see, e.g., |n practical terms, a chemical step between Si and SiO bulk
ref 34). In this case, the lateral force decays as a function of materials as considered in the numerical example above is not
according to a power law with an exponent increased by 1, that the best system to verify the theoretical predictions discussed in
is, ~[x| 74, this paper because under environmental conditions Si is always

Focusing only at the long-ranged part of the lateral, disjoining covered with a native oxide layer of at least a nanometer thickness,
pressure induced forces (i.e., for a droplet located completely onwhich is not thin as compared with the thickness of the wetting
one side of the step), the top part of a topographical step (or anjayer of polystyrene. This reduces significantly the effective
edge) as discussed in ref 8 can be considered as an extreme caggemical contrast between the two substrate parts. Furthermore,
of a chemical step with one Hamaker constant being exactly it is not clear whether the deposition methods used in refs 37 and
zero. For the experimentally frequently used system polystyrene 38 can be applied to polystyrene. The optimal material system
(PS) on silicon, the Hamaker constant is negative Witsi= to probe the predicted dynamic phenomena would consist of a
—2 x 10719 J3:3Using novel atomic force microscopy based nonvolatile liquid of which droplets with less than 100 nm
deposition techniques, droplets with diameters less thes 2 diameter can be positioned in the direct vicinity of a step between
100 nm can be positioned on a substrdt€. Considering a  two materials with Hamaker constants of opposite sign. In

__3 O _ —4
9, 0(x) —4O|X|3(H H™) + O(Ix| ™) (22)

The dimensional form of eq 18 leads to the following expression
for the force on a ridge of widtha&

f

polystyrene droplet with this diameter positioned at 2a from addition, the contact angle of the liquid should be rather high at
asilicon edge, eq 18 predicts a fofice 1.5 x 10-¢ N/m, which least on one side of the step and pinning should be negligible
is at least 4 orders of magnitude larger than the gravitational so that the droplets do not get stuck. Last but not least, the
force on a droplet of 100 nm diameter. viscosity of the droplets should be moderate such that the droplet

However, there are also substratiguid combinations with  motion is neither too fast nor too slow for the experimental
apositive Hamaker constant such as polystyrene on silicon oxidegbservation technique (e.g., optics or electron microscopy).
with Hps/sio= 2 x 1072%J. For a chemical step formed by two  Taking 1 nm and 0.03 N/m as typical values bfand o,
(uncoated) quarter spaces filled by Si and SiO, due to their respectively, for the parameters used in Figures 2 and 6, one
different sign, the contrast between the two Hamaker constantsobtains as the time scalgA values of the order of 1G u/Pa.
is _higher than that for the edge considered above where onefror ; between 1000 and 10 000 Pa s (PS at different temper-
Hamaker constant is zero. Therefore, the lateral force for this atureg®), the droplet velocities in our simulations range roughly
compound is larger than the estimate given above for the edge from 0.1 to 0.01um/s. Because the fast initial shape relaxation
Since the bulk materials of the step are different, in leading of the droplet can already lead to significant lateral motion in
order, the lateral force is independent of a potential coating on the vicinity of surface heterogeneities, eventually masking the
either side of the step such as octadecyltrichlorosilane (OTS) or |ateral motion due to the long-ranged dispersion forces, the initial
dodecyltrichlorosilane (DTS). Such coatings allow one to change droplet should have a shape close to the relaxed one.
th_e equilibrium contact angle of p_olystyrene_on Si(withanative  p The Force on 3D Droplets.Our analysis is restricted to
SiO layer) from roughly 72 (without coating) to about 70 jiquid ridges which are translationally invariant along their axes.
on an OTS or DTS coating. This degree of freedom can be  However, we expect that our arguments and conclusions carry
over qualitatively to actual 3D droplets. Equation 16 can be

(34) Checco, A.; Gang, O.; Ocko, B. NPhys. Re. Lett. 2006 96, 056104.
(35) Seemann, R.; Herminghaus, S.; JacobsPHKys. Re. Lett. 2001, 86,

5534. (39) Fetzer, R.; Jacobs, K.; Mah, A.; Wagner, B.; Witelski, T. FPhys. Re.
(36) Seemann, R.; Herminghaus, S.; Jacobs).Khys.: Condens. Matter Lett. 2004 95, 127801.

2001, 13, 4925. (40) Ansari, K.; van Kan, J. A.; Bettiol, A. A.; Watt, Appl. Phys. Let2004
(37) Yang, M.; Sheehan, P. E.; King, W. P.; Whitman, L1.JAm. Chem. Soc. 85, 476.

2006 128 6774. (41) Sunami, H.; Matsumura, S.; Yoshikawa, K.; Okuyamayiicroelectron.

(38) Fang, A.; Dujardin, E.; Ondaunbu, T.Nano Lett.2006 6, 2368. Eng. 2006 83, 1740.
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extended to 3D droplets in a straightforward manner, leading to C
the following expression for the forde on the droplets:

DJP
f
F=/ o, I1(x, y) n, dS (24) F
h
H
In contrast to the ridge, the surfaceqy of 3D droplets are m
finite. K
VI. Summary and Conclusions r':/'

In summary, we have outlined a theoretical approach which N
allows one to study in detail the behavior of nanodroplets near p
as well as on chemical heterogeneities. Our investigation reveals,
the dynamics of nanodroplets in the vicinity of chemical
heterogeneities caused by long-ranged forces. We have shown
that the direction of motion of the droplets is, to leading order T
in the distance from the step, determined by the competition of
the van der Waals forces acting between the droplet and the two
different materials of the substrate, that is, the difference in the ”’ 3_/ z
Hamaker constants (see eq 23), rather than by the equilibriumx’ Y
contact angles which depend also on the short-ranged parts of°
interaction potentials and on the subleading terms in the disjoining ¥
pressure. If the van der Waals forces direct the droplet toward

NI
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ratio of intermolecular and surface tension forcAb/(
0), dimensionless

disjoining pressure, N/in dimensional form)
force per unit length, dimensionless

force, N

film thickness, m

Hamaker constant€AN), J

parameter in eq 18

Boltzmann constant, 1.38 1002 m? kg s 2 K1
material parameter, J¢h

unit surface normal vector, dimensionless
material parameter, Jm

pressure, dimensionless

distance, m

distance vector, m

time, dimensionless

temperature, K

velocity vector, dimensionless

coordinates, m (in dimensional form)

droplet center coordinates, dimensionless
thickness of wetting layer, m (in dimensional form)

distance of the nearest edge of the droplet form the step,
dimensionless

the less wettable material, the droplet will stop as soon as the Greek letters

advancing contact line hits the step. Otherwise, it will continue
at a velocity rapidly decreasing with the distance from the step.
Droplets which span the chemical step will move toward the
more wettable substrate; however, the receding contact line ca
be pinned by the step.

This study demonstrates that taking into account the effect of P
long-ranged intermolecular forces is mandatory for accurately 7
controlling and guiding the liquids in open nanofluidic systems. i
Recent experiments have shown that the arrangement of dropletsg.I>
on structured substrates can be explained by their crossing of?
chemical steps from the less wettable to the more wettablé%ide. ¢
Our study indicates that in general there can be free-energetic
barriers to this process which would resultin significantly altered 92

contact angle

curvature, dimensionless
viscosity, Ns/m

disjoining pressure, N/M(in dimensional form)
number density, m?

surface tension, N/m

stress tensor

effective interface potential, JAn
stream function, dimensionless
vorticity, dimensionless

volume, n? (in dimensional form)
surface, dimensionless

patterns. Our analysis also provides a microscopic approach tosubscripts

the pinning and depinning of three-phase contact lines at chemical
surface heterogeneities which goes beyond the macroscopic
picture of a sharp transition between regions of different
wettability on a substra#4347 or the phenomenological €9
mesoscopic approach of introducing lateral variations of the 9
parameters entering into the effective interface potefitial. :
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coating

droplet
equilibrium
gyration

liquid of the droplet and the wetting layer
surrounding fluid
macroscopic
normal
substrate
tangential

lateral

vertical

liquid or solid
dimensionless

Superscripts

upper
dimensionless
left-hand side

right-hand side
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