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Chemical influences on adsorption-mediated self-propelled drop movement
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We report studies of reactive wetting employing droplets of a nonpolar ligledahydronaphthalepen
chemically patterned surfaces. The drops contain alikylamine that adsorbs onto surfaces exposing carboxy-
lic acid groups and produces surfaces exposing methyl groups. The change in surface energy that occurs
concurrent with the formation of an oriented monomolecular film of alkylamine during this process is sufficient
to produce a self-propelled movement of decahydronaphthalene drops on the surface. We employed patterning
to direct the movement of the drops on the surface, thereby allowing measurements of the relationships
between the macroscopic fluidic behavior of the droplets and microscopic adsorption events. Specifically, we
examined the effects of the unbalanced surface-tension force and the influences of adsorbate concentration on
drop movement. In this latter case, both kinetic and thermodynamic arguments can be applied to describe the
system. We compared the predictions from these two approaches by analyzing data from the present system
and those reported by F. Domingues Dos Santos and T. Onddieblgs. Rev. Lett75(16), 2972(1975] that
exhibited opposite trends in behavior. The present analysis provides insight into the influence of chemical
reaction kinetics on adsorption-mediated drop moven(es, reactive wetting
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[. INTRODUCTION glass surface and decreases the wettability of the substrate.
The change in wettability effected by contact with the reac-
Solid-liquid interactions play an important role in the de-tive drop results in its self-propelled movement on
sign and operation of numerous processes. Current interestse glass surface. Domingues Dos Santos and Ondarcuhu
in microfluidics, microdroplet handling, microarray genera-have studied the movement of octane and dodecane drops
tion, and integrated microsystems share common requireeontaining  1,1,2,2-tetrahydroperfluorodecyltrichlorosilane
ments of handling and manipulating fluidic behavior in case$ CF,(CF,),(CH,),SiCl;] on glass and examined the effects
dominated by surface effecfd—9]. The behavior of these of silane concentration and drop length on drop movement
systems is influenced by a variety of microscopic factors anql10]. These different approaches provide a collection of
cannot be easily described. Capillary forces and other surfag@ethods for moving liquids within microscale systems and
effects are sufficient to alter fluidic behavior due to the pro-3ypid the need for mechanical parts, pumps, or external
portionately large areas of solid-liquid contact on these afig,ces for driving liquid flow.
fected small volumes.

A b ¢ h ical and ) | di In this paper, we examine the effects of adsorbate chain
number of recent theoretical and experimental stu Iesf’ength, concentration, and drop length on reactive wetting on
[10-2Q have shown that drop motion can be initiated and

. chemically patterned surfaces. We employed decahydro-
self-propelled by a surface energy gradient on a substrate, . )
. ) . . naphthalene droplets that contain various amounts afi-an

Such gradients can be generated either passively using surs . .
alkylamine to reactively wet and move about surfaces that

Spose a dense packing of carboxylic acid functionalities.
surface and induce localized dewetting evé; 16,18,20) The amine compounds adsorb onto this surface and produce
The former approach has been effectively developed b@n€ With alower energy that exposes methyl groups, thereby
Chaudhury and Whitesides using oxide surfaces that ha/g2using a local surface energy gradient that is _suff|C|ent to
been modified to expose a monotonically decreasing covetnduce a self-propelled movement of the contacting droplets
age of immobilized alkyl chains along the direction that pro-0on the surface. We employ patterning methqugcrocontact
pels drop movemerjtl7,19. Examples of the latter include Printing, [21]) to confine the direction of drop movement on
the self-propelled movement on glass surfaces of hydrocathese surfaces, thereby allowing direct measurement of flu-
bon drops containing fatty acids, or alkyltrichlorosilanesidic movement and velocity. This ability allowed examina-
[10,16. In these experiments, the adsorbate modifies th&ion of the relationships between macroscopic droplet behav-
ior and microscopic adsorption events. Specifically, we
examined the effects of the force due to the unbalanced sur-
*Present address: Biosite, Inc., San Diego, CA; electronic adface tension and of drop compositi¢adsorbate concentra-
dress: SEOKWON@ALUM.MIT.EDU tion and drop sizeon the drop velocity, and analyzed these
TPresent address: Department of Mechanical Engineering, Univerresults using both thermodynamic and kinetic considerations.
sity of Alberta, Edmonton, Alberta, Canada T6G 2G8; electronicThe former effect was examined by varying the molecular

address: DANIEL.Y.KWOK@UALBERTA.CA structure of the adsorbate as a means to produce functional-
*Corresponding author. FAX617) 258-5042; electronic address: ized surfaces with different wetting properties. These studies
PEL@MIT.EDU established fundamental relationshjg§)] that are expanded
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Si (master) with photoresist pattern

FIG. 1. Schematic overview of the process for
preparing the patterned elastomeric stamp and its
use in the generation of patterned areas exposing
CH; and CQH surfaces. These different regions
are illustrated as black and gray coated areas, re-
spectively, on the Si/Cr/Au substrate.

y———— CHg-terminated monolayer (~ 2 nm)

Si

\ Exposure to a solution containing HS(CH, )15 CO,H

fills open areas

Ve 1

Si

in their analysis here by considering the influences of reac-

tion kinetics.

Il. MATERIAL AND METHODS

A. Materials

Au (100 nm) on Cr (10 nm)

CO, H-terminated monolayer

CH 5 —terminated monolayer

C. Formation of patterned surfaces

Figure 1 provides a schematic overview of the microcon-
tact printing process and it is used to generate patterned sur-
faces for directing drop movement. In the first step, masters
for fabrication of the elastomeric stamps used for microcon-
tact printing a self-assembled monolayer film pattern on the

Silicon wafers were test grade and obtained from Siliconyo|q surface were prepared using conventional photolithog-

Sense(Nashua, NH. Gold shot(99.99% and chromium-

raphy methods as described elsewhg2#&]. The masters,

coated filaments were obtained from Americana Preciougynsisting of a developed photoresist film with the desired

Metals (East Rutherford, NJand R.D. Mathis Co(Long
Beach, CA, respectively. Stamps for generating patterne
surfaces by microcontact printif@1] were made of poly-
(dimethylsiloxang (PDMS) as sold by Dow-CorningMid-
land, MI) as SYLGARD Silicon Elastomer-184. Decahy-
dronaphthalendganhydrous, mixture otis and trans) and
n-alkylamines[ C,NH,, n=6, 8, 10, 14, and 1]Bwere ob-
tained from Aldrich(Milwaukee, W) and used as received.
Ethanol (190 prooj was obtained from Pharmc@eston,
MO). OctadecanethidlCH;(CH,)1;SH] was obtained from
Aldrich  and  purified by recrystallization.  16-
Mercaptohexadecanoic aditiS(CH,) sCO,H] was synthe-
sized according to literature procedufeg).

B. Substrates preparation

eatures (negative 260 mn? rectangular tracks were
laced in a plastic or glass petri dish. A 10:1 rati@:w)
mixture of SYLGARD silicone elastomer 184 and its curing
agent was poured over the master to a thickness of 5-10
mm. The mixture was allowed to cure either at room tem-
perature overnight or at 65°C for 1-3 h. Sections of the
polymer were cut with a razor blade and then peeled from
the master, producing a negative copy of the master on the
PDMS surface. The peeled sections were washed several
times with ethanol and dried with a stream of before use.
The generated PDMS stamp was “inked” by directly pour-
ing a 5 mM ethanolic solution of octadecanethiol on the
patterned PDMS stamp. After inking, the stamp was placed
gently on a gold substrate and removed after 3—-5 min to
produce a pattern of octadecanethiol-coated areas and bare

Supported gold films were prepared by sequentiallygold regions. The remaining unfunctionalized surface (2

evaporating chromium 410 nm) and gold 100 nm)

X 60 mnt track9 was derivatized by immersion of the slide

onto silicon wafers in a diffusion-pumped vacuum chambeiinto a 5 mMethanolic solution of 16-mercaptohexadecanoic
at~10° torr. The chamber was backfilled with air and the acid [HS(CH,),=CO,H] for ~5 min. This step completed

substrates were used within 48 h of preparation.

formation of a patterned surface consisting of a series of 2
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FIG. 2. Schematic illustration of a moving droplet under the L i
influence of a surface energy gradient. A requirement is that the N\I’_J
advancing contact angled) on the forward-moving side of the
drop be lower than the receding contact andglg (n the backside. \ DHN drop
containing C;NH,
DHN drop
X60 mnt tracks that exposed a GB surface, each sur- containing C ,5NH,

rounded by areas expressing a low-energy;@iminated
surface. The samples were rinsed sequentially with ethanol
and deionized water, and blown dry with, KWefore use.

D. Moving drop velocity measurements

Moving drop experiments were performed in the open
laboratory under atmospheric conditions. Drops1( uL)
were deposited at one end of a gDexposing track using a
microliter syringe and monitored. These drops spontaneously FIG. 3. Series of images for two-alkylamine-containing DHN
moved unassisted in a straight path to the opposite end of thirops on patterned GBI/CH; surfaces. Upper right: schematic il-
track. Images of the moving drogs top view) were taken lustration of the patterned surface comprising &0 mn?t COH
using a charge-coupled devi¢ECD) camera(60 frames/s  tracks surrounded by Giterminated domains that restricted the
equipped with a microscopic lens, synchronized strobe illudrop movement. Upper left and counterclockwise: Images follow-
mination, and super video home systéBVHS) recorder. ing the movement of gNH,- and GgNH,-containing DHN drops

These temporal images were analyzed to determine Steadggposited. Drops were deposited sequentially 1.5 s apart at the ends
state drop velocities. of different tracks, with the images showing their spontaneous

movement and the faster velocity of thgg8H,-containing DHN
drop (right track.

IIl. RESULTS AND DISCUSSION

A. Background on experimental approach surface when the applied droplet contains sufficient amine to

Our generation of self-propelled drop movement relies oreffect adsorption and the liquid has a sufficiently high sur-
the conversion of a high-energy surface to a low-energy surface tension 4,,>30 mJ/nf) so to not wet the generated
face that induces a change in wettability sufficient to providemethyl surface. Under these conditioffer example, a 1
the energetic driving force for drop movemesee Fig. 2  mM drop of dodecyl amine in benzenea drop applied to an
For our base surface, the adsorption of a mercapto-alkanoignpatterned carboxylic acid surface will spontaneously move
acid [HS(CH,),COH] onto gold generates a densely ghout the surface in a meandering self-propel and self-
packed supported monolayer film that exposes carboxyligyoiding path as it converts its contacted areas to lower-
acid groups at its surface. These high-energy surfaces are W@ﬁergy CH surface regions.
by most liquids including wat€li26]. Previously, we reported  15"control the process, we employed microcontact print-
[20] that these_surfaces _cguld be mod|f|gd by con;act with qng [21] to generate patterned surfaces that presented defin-
ggsnso,:ﬁ; ‘:‘?Tl]lijrt]'gn rc;%ntamldng analkylam!geb In this ;:.ro- .ﬁ?le paths—X 60 mnt rectangular tracks—for drop move-

' group undergoes an acid-base reaction Wi, - tpq patterned surfaces exposed tracks of a
the surface carboxylic acid group and generates a nonC%OZH-terminated self-assembled monolay@AM) and a
valently attached oriented monolayer of the alkylamine at it : . . .
surface. The resulting bilayer exposes the methyl grou;?oundary of a Ctterminated SAM(see Fig. 3 inset This
(CH,) of the alkylamine at its surface, as evidenced by its atter surfaqe was npt W?t by the droplet and exposgd the
wetting properties by water and various hydrocarbon liquidsS@me chemical functionality as produced upon adsorption of
[20]. Exposure of the bilayer to a polar solvent removes thdhe n-alkylamine onto the C¢H surfaces. A droplet of
amine layer and regenerates the high-energy carboxylic aciecahydro-naphthaled®HN), a nonpolar liquid with a sur-
surface. The resulting surfaces are less wettéilde exhibit ~ face tension of 41 mJ/n containing an n-alkylamine
higher values off, and 6,) when alkylamines of longer placed at one end of a track, moved on the surface along the
chain lengths or solutions of higher amine concentrations arpath defined by the microcontact printing procéggy. 3).
employed[20]. The movement of the drops along linear paths eased deter-

The adsorption process to generate the amine adlayer canination of drop velocities and allowed examination of fac-
effect a self-propelled drop movement on the carboxylic acidors that influence the fluid’s behavior.
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FIG. 5. The velocity of various n-alkylamine
(C,NH,)-containing DHN drops on Cf(M surfaces versus the

FIG. 4. Schematic illustration of the surface energy change inchange in wetting induced by adsorption of the amine @os
duced by adsorption of am-alkylamine onto a CgH surface. The ~ —C€0s6). The dashed line is a fit of Eq2) to the data.
lower image shows the side view of a moving dr@pcluding its
reflection on the gold substratand its apparent asymmetric shape respectively. In these experiments, DHN wets the,BGur-
(i.e., 0,<6,). face (i.e., 8,=0°) and recedes from the amine-derivatized

surface with a nonzero contact angle., 6,>0°). Thus, Eq.
B. Effect of adsorbate chain length (1) predicts that the unbalanced surface force imposed on

Figure 3 shows a sequence of images for two DHN drop_drops applied to a bare G surface depends directly on the

lets, each applied to the end of one of two para||e|receding contact angle on the resulting amine-derivatized

CO,H-exposing tracks in sequence, that contained 1 mM soSUface. o
Figure 5 plots the steady-state velocities of DHN drops

lutions of either GNH, or C;gNH,. The images show that . ! g .
the movements of the drops are confined by the microconta&ontaining different-alkylamines as a function of the value

printed CH, surfaces. These drops were deposited sequer?—f cosf,—cosé,. The data exhibit a linear relationship be-

tially 1.5 s apart at the ends of different tracks, with imagedeen the applied surface force and the measured steady-

showing their spontaneous movement. An analysis of image%tate velocity. Under the;e conditions, the forces on the drop
from such experiments found that the DHN drop containingmUSt balance, and the viscous drag forge must be equal to the
the G,gNH, moved faster £0.8 cm/s) than that containing UnPalanced surface for¢20] on the moving dropEqg. (1)]:

the GNH, (~0.5 cm/s). Studies of DHN drops containing ALV

n-alkylamines of intermediate chain lengths=8, 10, and _ _HV

14) exhibited velocities that showed a general increase with Wy,(€0S,~cos6) h ’ @

chain length. For all amines, these molecules adsorb onto the

CO,H surface and form oriented monolayer films on the con-where . is the viscosity of the liquidW is the length of
tacted areas that expose the {gtoup at the monolayer/air contact lines at the front and rear of the drop and is roughly
(liquid) interface. The effected change in surface functionalthe width of track;A is the contact area between the drop and
ity and corresponding change in surface energy provides theubstrateyu is the viscosity of the liquidy is the drop ve-
energetic driving force for drop movement. The longer-locity; andh is a characteristic length that approximates the
chainedn-alkylamines form a thicker molecular layer on the mean height of the drop as averaged over the drop/substrate
CO,H surface to produce coatings that better mask the presontact area with respect to the local drag force. From Fig. 5,
ence of the underlying polar functionalities and yield sur-we obtain a value for the proportionality constant,
faces that are less wet by DHI®3]. Why,, /Aw, of =3.6 cm/s and a value fdr of ~1.0 um,

In these experiments, we expect the dominant force resuggesting that the viscous drag on the moving drop is local-
sponsible for drop movement to be the unbalanced surfaceed primarily near the liquid/solid interfad0]. The as-
tension forceF that results from the difference in wettabil- sumed values fory,, and w are 41 mJ/h and 1
ity or surface energy between the front and the back sides 0ok 10~ 3 Ns/n?, respectively. The suggestion from Fig. 5 and

the drop(see Figs. 2 and)4 Eqg. (2) is that changes to the wetting properties of the con-
verted surface induce direct and correlated changes to the
Fy=71,(cosf,—cosb,) (1) velocity of self-propelled drops on these surfaces. We have

reported this observation previoudlg0] and we include it
wherevy,, is the surface tension of the liquid, afg and 6, here as Eq(2) and the determined parameters are used in our
are the advancing and receding contact angles of DHN on theubsequent analyses for the kinetic factors that influence
native CQH surface and on the amine-derivatized surfacedrop movement.
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the effect of GgHz;NH, concentration on the velocities of
~1 wulL DHN drops applied to patterned GB surfaces.
The data show a relatively linear increase for concentrations
less than~0.5 mM of this amine and an asymptotic value
for concentrations greater than2 mM. We hypothesize
that the differences in drop velocities result from variations
in the surface coverage of the alkylamine, as effected either
by equilibrium or kinetic factors on the adsorption process,
both of which would be affected by adsorbate concentration.
We consider both regimes below separately after develop-
ment of expressions to relate drop velocities and adsorbate
surface compositions.
For drop movement experiments performed on,BQur-
O amine/DHN drops on €O ,H faces, Eq(2) can be rewritten as
I e e e e S e e e
0 2 4 6 8 10 V= k(cosf,—cosb,)=k(1—coséb,), 3
C,gNH, Concentration (mM)

Drop Velocity (cm/s)

wherexk=Why,,/Ax and6,=0°. In Eq.(3), 6, will depend
on the composition of the derivatized surface. To describe
this relationship, we use the Cassie equafiaf

cosf, = E X{C0S#; =X C0SH1g0, + (1 —X)COSHy,
1

=1—(1—cosf1go;)X, (4)

where x is the fractional composition of adsorbed amines,
and 6,00, and 6,, are the receding contact angles for com-
plete adlayergi.e., 100% and bare CGH surfaces(i.e.,
0%), respectively. As DHN wets a pure GB surface,f,

= 0°. Equation(4) provides a description of the incremental
influence of adsorbed amine on the wetting properties of the
modified surfaces. Substitution of Eqd) into (3) yields

Drop Velocity (cm/s)

Ve @ silane/octane drops on glass
0 T T T T T T T T ¥ V= K(l-COSBlOOr)X (5)
0 10 20 30 40 50

Silane Concentration (mM)

for relating drop velocities on pure G& surfaces to the
adsorbate coverage and the wetting properties of a com-

FIG. 6. Effect of adsorbate concentration on the velocity ofPlete amine adlayer.
self-propelled moving dropga) Data for the movement of DHN o .
drops induced by the adsorption ofd8iH, onto CGQH surfaces. 2. Equilibrium analysis
(b) Data taken from Ref[10] for the movement ofh-octane drops The adsorption of the amine onto the gDsurface pro-
induced by the adsorption of GFEF,)7(CH;),SICl; onto a glass  ceeds by a noncovalent association between the amine ad-
surface. The fits in both panels are to equations generated by Cofyer and the underlying C®! surface. The adsorption pro-
sidering equilibrium and kinetic influencé¢ggs. (7) and (13), re- cess is not permanent as the amine layer can be removed by
spectively (see text Table | summarizes the relevant fitting param- rinsing the assembly with a polar solvent. Further, the amine
eters for the two data sets. adlayer can be replaced by exposure to a solution containing
a different aming 20]. Because of these associative and dis-
C. Effect of Adsorbate Concentration on Drop Velocity sociative factors, the coverage of adsorbed amine on the
CO,H surface is likely to be affected by equilibrium influ-
ences. Within this framework, we relate the fractional surface
coverage of the aminein Eq. (5) to its solution concentra-
A factor that will influence the effected change in surfacetion in the DHN drop through the Langmuir adsorption equa-
energy upon adsorption of amalkylamine onto a CgH tion [Eqg. (6)]
surface is the resulting surface coverage of the adsorbate.
Higher coverages of the alkylamine would be expected to Kc
generate lower-energy surfaces and thus produce greater sur- X= 15 Ke’ 6)
face forces for(fastey drop movement. We observed that
increases in the amount of analkylamine present in the whereK is the adsorption coefficient artis the concentra-
DHN drop effected faster drop movements. Figu¢a @lots  tion of amine in the contacting DHN drop. In our experi-

1. Propulsion of DHN drops on C@H surfaces
by adsorption of GgNH»
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TABLE I. Summary of the determined adsorption constént attached molecular film. This result, which contrasts with

and rate constark from Egs.(7) and(13), respectively. chemical intuition, suggests that the use of Ed. to de-
scribe the data in Fig.(8) may be inappropriate for one or
Reactive wetting system both data sets.
Liquid/adsorbate/surface K (L/mol) k (L/mol-s)
3. Kinetic analysis
DHN/C;gH3,NH,/COH 2800 3500
n-octane/CE(CF,),(CH,),SiCl; /glasé 95 11007 An alternative description of reactive wetting that is based
on kinetic arguments has been provided by Domingues Dos
aReferencd10]. Santos and Ondarculit0]. Their derivation is based on Eq.

(9) proposed by Raphag25] for the movement of a drop on
ments, the amount of adsorbed amine is small compared @n ideal surface
that in solution, and we considerto be unchanged through
Fhe adsorption process. We se_lected a Lgngmuir adsorptio_n », tano*
isotherm for describing the amine adsorption process as this = el
approach assumes that the adsorption is limited to a mono- K
layer coverage, there_ are of specific ;ites for adsorption, ar\g/herem andu are the surface tension and viscosity of the
the domlnant interactions for adsorption are between the suf; uid, respectively, | is a logarithmic scaling factor
fac_e sites and the_ ac_jsorba_tes. For the prese_m system, (Xmax/*min), @ ratio of macroscopic and molecular lendths
amines adsorb stoichiometrically onto the g:-Dsnes,_ they and 6* is a dynamic contact angle given by
form a monolayer on the C® surface, and the acid-base
interaction between the amine and £Ogroups is the pri-

(cosh,—cosé,), (9

mary energetic contributor that directs assembly. Further, the cosg* — COS0, + COSO, (10
Langmuir isotherm provides one of the simplest descriptions 2 '

of adsorption and avoids the introduction of additional pa- ) .
rameters. Brochard and de Genn¢&4] extended this approach by in-

By combining Eqgs(5) and(6), we obtain an equilibrium- ~ corporating a kinetic element in E¢P) that provided a de-

based expression for describing the dependence of drop veendence off, on the coverage of the adsorbate. Specifi-
locity on concentration as cally, they assumed that the surface coverggés given by

Kc Yiv COSgl’: Yiv Cosaa_ 71¢s: (11)

V= K(l_ COSHlOOr)m. (7)
where y, is a constant that can be determined experimen-

tally. Brochard and de Gennes assumed a first-order kinetic
process for adsorption, thereby describing the surface cover-

age of the adsorbate as

A useful limit is at high amine concentrations, where Ef).
reaches a maximum drop velocit._,., of

=k(1—cosé . ek
K( 1007) d,S:]_—eXFX—kct):l—eXF( ]

) Kc
Ve w=r(1- COS@loor)C'[Tlm

: (12)

8

Using the value ofk=3.6 cm/s obtained from the data in

Fig. 5 and an experimental value 6fy,,=47° on a com-

ﬁ;egef %?L%Hgn?lil.aﬁirihgclﬁi)sﬁe\lglsuisn}g)rqg;)r,ntg(reogavtg?r? drop, respectively. Substitution of E¢41) and(12) into Eq.
) . i . . . (9) yields

Figure Ga) are well fit by this equation using an adsorption

coefficientK of 2800 L/mol. The good agreement between

the experimental data and E) suggests that the use of a Y tand* 1 — kel

Langmuir adsorption isotherm and equilibrium consider- T Blu —eX Vv '

ations are reasonable for describing the underlying chemical

process that induces drop movement for the system investiA/e applied Eq(13) to the data in Fig. @ and obtained a

gated here. We also consider the application of &j.to  reasonable fit using values bf=3.5 mm, y, tan6*/61 u

describe data reported by Domingues Dos Santos and Ondg=1.11 cm/s, and a rate constanof 3500 L/mol-s. For the

archuhu for the self-propelled movement of alkane dropsnvestigated system, the similar goodness of fits by the equi-

containing an alkyltrichlorosilane on patterned glass surfacebbrium [Eq. (7)] and kinetic[Eq.(13)] analyses do not allow

[10]. Figure &b) shows that Eq(7) is moderately effective determination of the more appropriate approach for describ-

in fitting these data with a value fét of 95 L/mol (Table ). ing the DHN/GgNH,/CO,Hg, s System.

The greater value oK for amine adsorptior{2800 L/mo) The derivation of Eq(13) was provided by Domingues

compared to that for silane adsorpti@b L/mol) is surpris- Dos Santos and OndarcuhlO] who suggested its ability to

ing given that the silane forms a more robust, covalentlydescribe the concentration-dependent drop velocity data

wherek, ¢, t, and L are rate constant for adsorption, the
adsorbate concentration, the time for adsorption a mov-
ing drop, its length divided by its velocityand the length of

(13
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for experiments on glass using drops of octane. In their 1
experiments, their drops contained 1,1,2,2-tetrahydro- ] a)
perfluorodecyltrichlorosilane[ CF;(CF,),(CH,),SiCl;], a
compound that forms a covalently attached monolayer on
glass surfaces. The derivatization proceeds with a change in
wettability that is sufficient to induce self-supported drop
movement. Figure ®) presents their experimental d40]

along with fits by Eqs(7) and (13); Table | summarizes the
parameters for these fits and suggests a faster adsorption rate
for the amine than the trichlorosilane. As the latter requires
chemical transformations both in solution and at the surface
for reaction and the former relies on a simpler acid-base
process, the relative ordering of rate constants is compatible
with expectations based on chemical arguments. As for the l O 1 mM amine/DHN on CO,H
data in Fig. 6a), the data in Fig. @) are well fitted by both 0 +—r—r T
equations, with little difference in the goodness of the two 0 0.5 1 1.5
fits. As a result, the fits do not compel a preference for one Drop Length (cm)
approach over the other. However, as trichlorosilanes react
irreversibly with glass surfacd4.0], the use of Eq(13) (ki-

netic model to describe the data in Fig(l§) is likely more
appropriate based on chemical arguments. In contrast, the 64 b) =z}
adsorption of am-alkylamine on a CgH surface may in- .
clude desorption events, thereby preventing selection of one
equation as preferred over another based on chemical argu-
ments or a comparison of the fits to the data in Fi@) &y
Egs.(7) and(13).

Drop Velocity (cm/s)
o o o
£ o) [o-]
(e}

e
[\
L

D. Drop length effect

In the above experiments, as the liquid surface tension
defines the drop shape for a given track geometry, the drop
volumes and, by association, their lengths were held fixed.
We examined the ability to move drops of larger volumes on B 6.6 mM silane/octane on glass
our patterned surfaces, holding the width of the,Ei@racks ® 40 mM silane/octane on glass
and the concentration of the alkylamine constant. Figuag 7 Ot+—r—T—r——T+T"T7T7
shows that the surface reaction provides sufficient propulsion 0 01 02 03 04 05 06
to effect the self-propelled movement of larger drops and that Drop Length (cm)
increases in DHN drop size resulted in decreases in drop
velocity. We rationalize the observed trend in drop velocity ~FIG. 7. Effect of drop length on the velocity of self-propelled
by suggesting that an increase in drop length increases tHaoving drops(a) Data for the movement of DHN drops containing
contact area between the drop and the substrate, thereby MM CigNH, onto CQH surfaces. The line is provided as a
causing a greater drag force on the drop. The result is guide to the eye(b) Data taken from Ref/10] for the movement
decrease in drop velocity to balance the forces of propulsiofff  n-octane —drops induced by the adsorption of
and resistance on the dréfq. (2)]. Based on these argu- CF;(CF,)7(CH,),SiCl; onto glass surfaces. The fits in the lower
ments, the drop velocity would be expecteddecreaseas panel are to Eq(13) wherek=1100 L/mole-s.
the drops are increased in length as observed in Ka); 7
however, we note that this trend is opposite to that observed(b) to whether the moving drop is operating primarily in a
by Domingues Dos Santos and Ondarcuhu in related experkinetic regime or has generated its final state structure. For
ments. Specifically, these authors observed that octane dropgample, for drops that produce adlayers at their early stages
containing CK(CF,);(CH,),SiCl; on glass surfacein-  of formation, longer drops provide more contact time with
creasedin their velocity as their length was increasgelg.  the surface and allow generation of adlayers with higher sur-
7(b)]1[10]. In both cases, the drops contain a reactive speciefce coverage and less wettable characteristics that can in-
that adsorbs onto the contacting high-enefgettable sur-  duce faster drop movement. At the later stages of adlayer
face and alters the wetting properties of the surface suffiformation, the additional contact time provided by an in-
ciently to produce an unbalanced surface force that inducesrease in drop length effects little additional driving force for
drop movement. Given the similarity in the two processesdrop movement while the increased drop length introduces a
we were interested in the source of their opposite behaviorgreater resistance for movement. Given these two regimes
[Figs. 71a) and 1b)]. and their expected influence by the progress of the adsorp-

Based on the above discussion of the factors that affedion reaction, we have replotted the data from Figs) @nd
drop movement, we assign the differences in Figa) Znd  7(b) on a dimensionless reaction coordingfég. 8 that

Drop Velocity (cm/s)
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Reaction Progress (%) the more appropriate; however, the data point at highest con-
~ o oy centration £=0.04 mol/L andL=0.35 cm) may approach
°c 28 5 g9 o the limit for this analysis. Notably, the kinetic analysis by
1.0 JIIILLIQ-I—IIII-I-IJ-I-I—III-I-I-I-I-I—II-II-I-I-I-I—IIIH-I-I—L Domingues Dos Santos and Ondarcuhu to the higher-
2 ° concentration data in Fig() may not be valid as evidenced
§ o L by the decrease in drop velocity upon mcreasurrgpove 0.2
g 0.8+ cm and the correspondence of this decrease with the extent
a ] o of reaction progresg-ig. 8). Notably, Fig. 7b) captures phe-
P o o nomenologically the decrease in drop velocity exhibited in
S 0.6+ E Fig. 8 that could not be described by the fitted molde&d,.
;E; o C (13)]. A complete description of the data in Fig. 8 would
£ H require suitable descriptions to correct the kinetic and ther-
s 0.4+ | modynamic regimes rather than approaching them sepa-
E H rately, as done here. The evidences from this paper is that the
o 024 O 1 mM amine/DHN on CO,H two regimes are ac_cessible experimentally and exhibit dif_“fer-
.E . H 6.6 mM silane/octane on glass ent phenomenological behaviors that are amenable to single
g f @ 40 mM silane/octane on glass chemical explanations.
L 0 T
0 5 A 6 8 10 IV. SUMMARY
kct Reactive wetting by droplets of decahydronaphthalene

(DHN) containing an alkylamine can be used to direct the
FIG. 8. Normalized velocities of moving drops for the two Sys- Se|f-pr0pe||ed drop movement on Chemica"y patterned sur-
tems relative to a dimensionless kinetic paramdtﬂtxfor the two faces exp05|ng Conuguous areas 0f£0erm|n| Surrounded
different adsorption processes;gNH, onto a CQH surface and by CH; termini. The velocity of these self-propelled drops
CFs(CF,)7(CH,),SICl; onto a glass surface. Adsorption times .5, e effected by the chain length of the adsorbate, its con-
were calculated using drop length and velocity datal(/V), and  oniation, and the size of drop. In general, the drop velocity
rate constant& for the two processes were estimated from data inincreases with the adsorbate chain length and concentration
Fig. 6 using Eq(7). Drop velocities for each data set were scaled toand achieves limiting values for a particular drop size. The ’
the maximum velocities predicted by EQ3) using the values in drop velocity exhibits a decrease with the length of the iDHN
Table I. The top axis provides a conversion of ket values to an d . trast with ob i by Domi Dos San-
extent of completion for the adlayer assuming a first-order adsorp- rop, In contrast with observations y Ommgues 0S >an
tion procesg %= 1—exp(—kct)]. tos and Qn_darpuh[ﬂQ] fqr th_e behavior of reactive octane
drops usingn situ derivatizations by an alkyltrichlorosilane.
We found that the concentration dependence of drop velocity
for both data sets can be described by relationships devel-
oped based on purely thermodynamic or kinetic consider-
ations. A difficulty is that these analyses predict sufficiently
velocity data as normalized to their maximum values sim_ilar behaviors that are not regciily distinguished by ex-
In Fig. 8, the replotted data from the two systems éxhibitperimental results. Resullts examining the influence of _drop
unifying éléments On this dimensionless axis, the data fro Iengih (or more _appro_p_riately drop-su_bstiate contact )_lme
Fig. 6(a) appear io be at late reaction timés the lowe:ﬂ)royide a superior ability to reveal kinetic and eqilibrium
coricentration data from Fig(§) appear to be at ,early reac- regimes. Phgnomenological differenc_;es bgtween _these re-
) gimes are evidenced by the observation of increasing or de-

goné:ri?cs), t?a?ndsitt?:n h;%?gsr:?hn:zr;tﬁa“g: ddlzttz frrg;:ti'f) %’)ﬂ%ecreasing drop velocities for drops of increasing length. Com-
bp y eting factors of reaction kinetics and increased drag force

This analysis provides a framework for connecting the tw ield maximum drop velocities for drop contact times that

reaction reglmes_and demons_t_rates the transition in dro rovide surface functionalization ef 70—90 % (cf. Fig. 8).
movement behavior. The transition occurs around a surfac . . . . .
or longer contact times, incremental increases in resulting

coverage of 70% where the use of longer drops to achieve . . o
surface coverages and receding wetting characteristics are

higher surface coverages and .greater_ unbalanced S.urfagﬁset by increases in drag force that produce a net decrease
forces are unable to compete with the simultaneously intro-

duction of increases in drag force. The equilibrium descrip-m reactively driven drop velocity.
tion [Eq. (7)] appears applicable to the results presented ear-
lier in Fig. 6(a) for C;gNH, adsorption onto C¢H surfaces

despite our inability to note a better fit to the data by E@s. We gratefully acknowledge financial support by the Office

or (13). For the data in Fig. ®), the kinetic analysis appears of Naval Research.

takes into account the rates of adsorptid)(and the con-
tact time(t) between the drop and the surfade=(/V). As
the two systems employ liquids with different surface ten-
sions and produce different values 6f, we present the
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