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 A simple, versatile, rapid, and inexpensive procedure based on the immer-
sion method is developed to fabricate chemical gradients on chemically 
activated Si/SiO 2  surfaces by a trichloro (1H,1H,2H,2H-perfl uorooctyl) silane 
self-assembly monolayer (SAM). Contact angle measurements, atomic force 
microscopy, and X-ray photoelectron spectroscopy data based on the intensity 
of the signals of C1s and F1s, which progressively increase, indicate that the 
surface is characterized by the presence of increasing amounts of the SAM 
along the gradient direction. Experimental conditions are optimized by maxi-
mizing the variation of the contact angle of water drops at the starting and 
the ending points of the gradient. The application of the chemical gradient to 
droplet motion is demonstrated. The results are rationalized by dissipative 
particle dynamics simulations that well match the observed contact angles 
and the velocities of the drops. The simulations also show that the intrinsic 
nature of the gradient affects the velocity of the motion. 

 DOI: 10.1002/adfm.201300913 
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  1. Introduction 

 DNA microarrays, digital lab-on-a-chip, 
anti-fogging devices [  1  ]  and fog-har-
vesting, [  2  ]  inkjet printing, [  3  ]  thin-fi lm lubri-
cation, [  4  ]  liquid nanodroplets spreading [  5  ]  
and other technological applications in 
dewetting [  6  ]  share the dynamics of drops 
as the central component of their inner 
working. The dynamics of macroscopic 
quantities of liquids is dictated by gravity. 
At smaller scales, surface forces dominate. 

 The Marangoni fl ow exhibited by 
wine drops is perhaps one of the most 
celebrated examples of drop movement 
caused by surface forces. The surface 
tension of alcohol is responsible for the 
motion. When alcohol and water are 
mixed inhomogeneously, the region with 
a lower concentration of alcohol has a 
greater surface tension and pulls the fl uid more strongly. The 
result is that the fl uid tends to fl ow away from regions with 
higher alcohol concentration. 

 More often, the surface forces make droplets stick to their 
substrates even when they are inclined, which is a practical 
issue for windshields, windowpanes, greenhouses, and micro-
fl uidic devices. Texture can modify the wettability of surfaces 
and generate unusual dynamics of drops. Advancements in 
surface engineering, with the fabrication of various micro/
nanoscale topographic features, [  7  ]  and selective chemical pat-
terning on surfaces, [  8  ]  have enhanced surface wettability and 
enabled control of the liquid fi lm thickness [  9  ]  and fi nal wetted 
shape. [  10  ]  Groove geometries and the chemistry of patterned 
surface have produced anisotropic wetting, where contact-angle 
variations in different directions elongates the droplet shapes. [  11  ]  
The variation of morphology of drops is usually represented in 
terms of contact angles and has been studied deeply. [  7a  ,  11h  ]  

 In general, liquid droplets may move in the presence of 
chemical gradients that can be fabricated on a solid substrate 
by several methods. They include chemical vapor deposition, [  12  ]  
solution-controlled deposition, [  13  ]  contact printing, [  14  ]  photo-
irradiation, [  15  ]  photodegration, [  16  ]  and thermal-treated, [  17  ]  to 
name a few approaches. The gradient creates a difference in the 
surface tension. Movement on designed surfaces is advanta-
geous because it does not depend on any kind of fuel. The dis-
advantage is that the surface must be accurately designed and 
fabricated. 
5543wileyonlinelibrary.com
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 Quantitative approaches to induce drop displacement were 
introduced at the beginning of the 1990s, [  18  ]  and continuously 
refi ned until very recently. [  19  ]  A liquid ridge straddling a chem-
ical discontinuity, which separated two different surfaces, gave 
different regimes of motion. [  18a  ]  A surface of polished silicon 
wafer exposed to the diffusing front of a vapor of decyltrichlo-
rosilane had a spatial gradient in its surface free energy that 
caused drops of water placed on it to move uphill. [  18b  ]  The 
motion resulted from the imbalance of the surface tension 
forces acting on the liquid-solid contact line of the two opposite 
sides (uphill or downhill) of the drop. When the wafer was up-
tilted by 15 °  a drop of water of 1 to 2  μ L at the hydrophobic end 
moved toward the hydrophilic end with an average velocity of 
approximately 1 to 2 mm per second. In order for the drop to 
move, the hysteresis in contact angle on the surface had to be 
less-than-or-equal-to 10 ° . [  18b  ]    

 2. Surface Functionalization 

 In our experiments we used an immersion method that was 
originally developed to prepare gradients of alkanethiols self-
assembled monolayers (SAMs). [  20  ]  The gradient of wettability 
is obtained by withdrawing a reactive surface from a diluted 
solution of the molecules capable to self-assemble into SAMs. 
  Figure     1   presents our system.   

 As a molecule, we used trichloro(1H,1H,2H,2H-per-
fl uorooctyl)silane (TPOS), a highly hydrophobic molecule 
(i.e., water contact angle (CA) of the corresponding SAM is 
109 °   ±  2 ° ). As a reactive surface, we used Si/SiO 2  (native), a 
mildly hydrophilic surface (i.e., water CA is 48 °   ±  2 ° ). The Si/
SiO 2  substrate was chemically activated by a treatment at 80  ° C 
in H 2 O:H 2 O 2 :NH 3  and then in H 2 O:H 2 O 2 :HCl (see details in 
the Experimental Section) to give a hydrophilic surface with an 
advancing contact angle for water  < 10 ° . The activated substrate, 
which usually consist of a slab of 10  ×  40 mm 2 , was anchored 
to a vertical tweeze, connected to a linear motor, and placed in a 
1.0 mM solution of TPOS. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     a) Scheme of the experimental set-up. In order to prevent the 
chemical reaction of the surface extracted from the solution with the 
vapors of TPOS we used a narrow neck vials full till the border of solvent, 
in this manner the TPOS vapours are immediately dispersed by the air 
fl ux of the fume hood. b) Scheme of the gradient fabricate by a. In order to 
show were the samples characterization were performed, samples were 
formally considered as three different zones with different coverage, how-
ever the real gradient is continuous along all the substrate.  
 In order to prevent the chemical reaction of the surface 
extracted from the solution with the vapors of TPOS we used 
a narrow neck vials full up to the border of solvent, in this 
manner the TPOS vapours are immediately dispersed by the air 
fl ux of the fume hood. 

 Immediately after immersing the surface in the TPOS solu-
tion, the motor started withdrawing the substrate out of the 
solution at a constant rate. The emersion of the substrates was 
controlled by a computer-driven linear-motion drive, [  17c  ,  21  ]  with 
a constant speed of 50  μ m/s. After functionalization the sur-
face was washed with toluene, sonicated in acetone, isopropyl 
alcohol, and water, and dried with nitrogen. 

 The experiment takes no longer than 13 min and can be 
done in air adding the TPOS solution immediately before the 
beginning of the experiment. In environmental condition, 
with a relative humidity ranging from 40–60%, we did not 
observed evidence of polymerization in solution within 30 min 
from solution preparation; after this time the solution starts 
to became opalescent due to TPOS polymerization. We do 
not exclude the possibility of having some small aggregates of 
polymerized TPOS. 

 The samples were characterized by water contact angle (CA), 
atomic force microscopy (AFM) and X-ray photoelectron spec-
troscopy (XPS).  

 2.1. Surface Characterization 

 Samples were characterized in three different regions corre-
sponding to the initial gradient (Zone 1, Z1, corresponding to 
low TPOS coverage which start from the beginning of the gra-
dient all the way up to 1.3 cm), central gradient (Zone 2, Z2 
corresponding to medium TPOS coverage, from 1.3 to 2.6 cm), 
and fi nal gradient (Zone 3, Z3, corresponding to high TPOS 
coverage, from 2.6 to 4 cm), see Figure  1 .  

 2.1.1. X-Ray Photoelectron Spectroscopy 

 Since fl uorinated SAMs may degrade after prolonged exposure 
to X-rays, each XPS scan was acquired for a few minutes in 
correspondence of C1s and F1s peaks ( Figure    2  ). The spectra 
exhibit a single broad structure centered at 689.0 eV consistent 
with previous data. [  21  ]  The intensity of the signals of C1s and 
F1s progressively increases, indicating the increasing amount 
of TPOS from Zone 1 to Zone 3 (Figure  2 ). The intensities of 
the different components have been calculated from the fi tting 
procedure and are reported in  Table    1  .    

 2.1.2. Atomic Force Microscopy 

 The morphology of the wettability gradient was also investi-
gated by AFM in intermittent contact mode. Some sub-micro-
metric outgrowths are occasionally present on the surface. 
Their origin likely depends on the partial polymerization in 
solution of TPOS. The number of outgrowths tends to increase 
with the time of immersion in TPOS solution; therefore it 
increases from Z1 to Z2 and Z3. It ranges between 1–2 out-
growths every 10  ×  10  μ m 2  for Z1, to 3–4 outgrowths every 
10  ×  10  μ m 2  for Z2 and Z3. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5543–5549
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     Figure  2 .     XPS characterization: C1s and F1s evolution in the three regions 
of the wettability gradient.  

   Table  1.     XPS peak areas for the different components. 

 CC/CH 2  CF CF 2  CF 3  CF  x   total F 1s

Zone 1 646.715 79.2689 46.0371 28.7262 154.0331 1700.6

Zone 2 389.792 58.7198 562.485 132.427 753.6318 10957

Zone 3 404.242 61.1715 653.856 171.346 886.3735 13575

     Figure  3 .     Typical AFM images of silicon surface functionalized by TPOS 
corresponding to: a) zone 3 and b) zone 1 of the samples. The inset 
shows a zoom of an aggregate formed by condensed nanoclusters  
 All regions of the samples exhibit a distribution of nanoclus-
ters whose diameters range from 20  ±  5 nm, in Z1, to 35  ±  7 nm 
in the zone 3. The r.m.s. roughness changes from 1.5 nm, 
in Z1 to 1.1 nm in Z2 and Z3. While Z2 and Z3 appear very 
homogeneous ( Figure    3  a) the Z1 (low coverage) presents some 
larger aggregates (Figure 3b). However, zooming into these 
aggregates show that they are formed by a few condensed nano-
clusters, which then appear as larger aggregates because of the 
diffi culty to deconvolute entirely the effect of the AFM tip (see 
inset of Figure  3 b).     

 2.1.3. Contact Angle 

 Experimental conditions were optimized by maximizing 
the variation of the CA, at the starting point of the gradient. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5543–5549
 Figure    4   shows the effect of the chemical gradient on the static 
CA of water, as a function of the position along the TPOS func-
tionalized surface. The wettability gradient varied from 107 °  
 ±  2 °  to 65 °   ±  2 °  (48 °  on bare Si/SiO 2 ). At high TPOS coverage, 
the CA almost reaches the value of complete SAM coverage 
(109 ° ). The trend of CA can be fi t to an exponential function, 
 y   =   a   +   b exp( cx ), where  a   =  116.5 °   ±  4.1 ° ;  b   =  –9.1 °   ±  3.2 ° ; and 
 c   =  0.4  ±  0.1 cm. Noticeably, although we did not perform a 
systematic study of the long-term aging effect, after more than 
5545wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  5 .     a) Plot of the droplet position of the drop during the movement 
along the gradient. b) Images of the droplet in motion. The red arrows are 
proportional to the velocity of the movement.  

     Figure  4 .     Static water CA measurements along the gradient and exponen-
tial fi t. Measurements at 25  ° C in air.  
two months from preparation, the samples stored in ambient 
conditions, preserve their CA properties.     

 3. Drop Motion 

 Depositing a droplet of water on the functionalized surface, we 
observed directional movement of water droplets along the gra-
dient without any external stimulus for CA slopes greater than 
10 ° /mm, which was obtained in the fi rst 10 mm of the sample 
(i.e., corresponding to zone 1, Figure  4 ). The drop displacement 
was 2.8  ±  0.1 mm (see  Figure    5  ) in the direction of the more 
hydrophilic area. A movie of the droplet motion is included in 
the Supporting Information.  

 More in detail, when a drop of water (here we used 1  μ L) is 
spread on the surface it forms a semispherical droplet, whose 
initial diameter depends on the position with respect to the 
gradient. The droplet moves spontaneously along the path 
gradient increasing its diameter of about 40% from the onset 
of the motion to its end. Because of the decrease of the CA, 
the height of the droplet decreases proportionally (for example 
in the case shown in Figure  5 b the diameter changes from 
1.9 mm to 2.3 mm and the height from 0.8 mm to 0.55 mm, as 
the CA is reduced from  ≈ 70 °  to 48.3 ° ). 

 Noticeably, we observed an acceleration in the fi rst 0.5 mm 
reaching a maximum speed of  ≈ 5 mm/s then, in the successive 
0.5 mm it decelerates to a constant speed of  ≈ 0.8 mm/s, which 
it maintains for further 0.5 mm, in the last part of the journey 
(13 mm) it decreases until it stops. Figure  5 a shows also the 
trend of drop position versus time and snapshots of the droplet 
movement (Figure  5 b).   

 4. Modelling 

 Navier-Stokes equations, also cast in the form of the lubrica-
tion model, have long been used to model drop dynamics. [  22  ]  
Linearized hydrodynamic equations [  23  ]  and smoothed particle 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
hydrodynamics were also used. [  24  ]  In terms of atomistic simu-
lations, to the best of our knowledge, only one study has been 
reported. [  25  ]  Both a Lennard-Jones system and water on a SAM 
were investigated. For the Lennard-Jones case, the motion was 
steady and a simple power law described the position of its 
center-of-mass position with time. The behavior of the water 
droplet depended on the uniformity of the wetting gradient. 
When the gradient was nonuniform the droplet became pinned 
at an intermediate position. A uniform gradient with the same 
overall strength was able to drive a droplet of 2000 water mol-
ecules to a distance of 25 nm, which was nearly ten times its 
initial base radius, in tens of nanoseconds. [  25  ]  

 Disspiative particle dynamics simulations [  26  ]  were car-
ried out for a number of different drop/surface systems. The 
intent was to identify conditions as similar as possible to those 
fabricated experimentally. With a judicious choice of param-
eters, see  Table    2  , it was possible to reproduce semiquantita-
tively initial   θ   i  and fi nal   θ   f  equilibrium contact angles and to 
trigger the motion of the drop from the less wettable portion 
to the more wettable area. To induce motion, we instantane-
ously modifi ed the wettability of the surface. After equilibra-
tion of the drop, half of the area over which the drop sits was 
made more hydrophilic, simply by the expedient of changing 
the interaction parameters between the drop beads and the 
surface beads. All the systems considered in this study are 
reported in Table  2 . For each case, at least three statistically 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5543–5549
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   Table  2.       θ   i  is the initial contact angle of the drop,   θ   f  is the fi nal contact 
angle of the drop,   Δ  cos  θ   accounts for the wettability gradient. Parame-
ters  a ,  r ,  c , and  d  correspond to the adjustable parameters of the logistic 
function, see caption of Figure  6 . 

 N    θ   i    θ   f    Δ  cos  θ    a   r   c   d  

1 120 40 1.27 14.0 0.0860 19.3 –2.73

2 120 90 0.50 8.54 0.0645 34.0 –0.99

3 90 60 0.50 11.22 0.0717 29.1 –1.45

4 70 40 0.42 12.57 0.0587 33.9 –1.74

5 60 46 0.19 11.21 0.0389 54.7 –1.19
     Figure  7 .     Random surface modifi cation. In dark grey, hydrophobic sur-
face portions, in light grey, hydrophilic modifi ed surface portions. Carte-
sian axis are represented in the inset of the fi gure.  
independent runs were carried out and the results were aver-
aged over time and runs.  

 After surface modifi cation, the drop motion is mainly uni-
directional toward the direction of positive values of the  x -axis, 
see  Figure    6  . The dynamics was characterized by monitoring 
the motion of the drop center of mass (CM). Positions and time 
are expressed in dimensionless DPD units;  r  c  is used as unit of 
length and  r  c   =  1. Time  t   =  0 corresponds to the instant when 
the surface is modifi ed and half of the droplet surface in con-
tact with the solid surface experiences a wettability gradient. 
The drop contact angle on one side changes, thus inducing a 
different contact angle on the other side. After reaching the 
hydrophilic portion of the surface, the drop motion becomes 
Brownian.  

 To further match the experiments, where aggregates are pre-
sent, random chemical patterns were introduced. As depicted 
in  Figure    7  , the discontinuous wettability gradient was realized 
by randomly and increasingly modifying surface beads along 
the positive direction of the  x -axis. The light grey beads of the 
surface in Figure  7  represents the hydrophilic aggregates evi-
denced by AFM experiments.  

 The amount of hydrophilic surface was increased as a func-
tion of  x  both linearly and exponentially. At least three inde-
pendent simulations were carried out for each of the six sys-
tems considered and the results were averaged.  Figure    8  a dis-
plays the profi les of hydrophilic percentage modifi cation along 
the  x -axis of the surface. The translation motion of the droplet 
© 2013 WILEY-VCH Verlag Gm

     Figure  6 .     The results obtained from the simulations that were fi tted to 
a logistic function,  xC M (t ) = a

1+ exp{−r (t−c)} + d  . The plots refers to the 
systems listed in Table  2 :  �  (N1),  +  (N2), • (N3), � (N4),  �  (N5).  

Adv. Funct. Mater. 2013, 23, 5543–5549
along the  x  direction is shown in Figure  8 b and depends on the 
way the hydrophilic component builds up or in other words on 
the type of gradient that for simplicity is called either linear or 
exponential.  

 When the gradient is linear, the drop moves with a constant 
velocity towards the more hydrophilic regions. When the gra-
dient is exponential, the drop rapidly translates to the hydro-
philic region, then it slows down until it reaches equilibrium. 
For instance, in the system represented by the curve made of 
fi lled squares ( � ), the drop rapidly moves to reach a position of 
the center of mass  x CM  ≈  8 rc; fi nally, the motion slows down 
5547wileyonlinelibrary.combH & Co. KGaA, Weinheim

     Figure  8 .     a) Percentage of hydrophilic component as a function of the  x  
coordinate. b) Drop motion as a function of surface gradient: linear (•,  + , 
 ♦ ) and exponential ( • ,  � , �).  
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because the area of the drop in contact with the surface does 
not experience an effective local hydrophilic variation.   

 5. Conclusion 

 Liquid droplets move on horizontal surfaces only in the pres-
ence of a surface gradient as originally shown many years 
ago, [  18  ]  and continuously verifi ed in recent years using thermal 
gradients [  27  ]  or a free energy ones. [  28  ]  A droplet placed on a sur-
face gradient exhibits two differing contact angles. In the case 
of water, the larger contact angle is located on the more hydro-
phobic side of the droplet and the smaller is located on the 
more hydrophilic side. A difference in contact angles does not 
per se imply that the droplet moves. The gradient must be suf-
fi ciently small to avoid both full wetting of the surface and pin-
ning of the drop. The wettability of the surface must therefore 
be prepared properly. Two of the main approaches to modify 
the wettability of a surface leverage on i) the introduction of 
chemical heterogeneities on the surface and ii) modifi cation 
of surface topography by the creation of patterned or textured 
micro or nanoscale features. 

 In this work, we propose to use the immersion method using 
TPOS SAMs for generating simple and reproducible chemical 
gradient on surfaces as confi rmed by CA, XPS and AFM meas-
urements. Optimization of the procedure allows us to demon-
strate droplet motion. Eventually, the results are rationalized by 
dissipative particle dynamics simulations that reproduce both 
the observed contact angles and the velocities of the drops. The 
simulations also show that the intrinsic nature of the gradient 
affects the velocity of the motion. 

 Here the procedure was demonstrated for a specifi c silane, 
however the proposed approach is general and can be extended 
to many other systems able to form SAM on different surfaces. 

 In order to prevent the lateral displacement of the droplets, 
and also drive the droplets along complex trajectories, future 
developments of this work will include the confi nement of the 
gradient along lines with constant width, which could be fab-
ricated by patterning methods (e.g., microcontact printing, [  29  ]  
lithographically controlled wetting [  30  ]  or other methods [  31  ] ).   

 6. Experimental Section 
  Materials and Chemical Treatment : The wettability gradients on Si/

SiO 2  were prepared from wafers of silicon with a thermally grown 
oxide (ca. 20 nm). The wafers were cut into pieces of  ≈ 1.0  ×  3.0 cm 2  
for experiments. The pieces were rinsed heating them at 80  ° C in 
H 2 O:H 2 O 2 :NH 3  (5:1:1) for 5 min, rinsed with large amounts of water, them 
they were heated to 80  ° C in H 2 O:H 2 O 2 :HCl (6:1:1) for 5 min and rinsed 
again with large amounts of water. This treatment gives a hydrophilic 
surface with an advancing contact angle for water that is less than 10 ° . 

 The wettability gradients were then formed on these surfaces 
by withdrawing the surface from a freshly made 1.00 mM toluene 
trichloro( 1H,1H,2H,2H -perfl uorooctyl) silane (TPOS) containing 
solutions along the longitudinal axis of the substrate. 

 The emersion of the substrates was controlled by a computer-driven 
linear-motion drive, [  17c  ,  21  ]  with a speed of 50  μ m/s. After functionalization 
the surface was washed with toluene, sonicated in acetone, isopropanol 
and water, and dried with nitrogen. 

 TOPS (97%) and toluene were obtained from Aldrich and used 
without further purifi cation. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
  Water Contact Angle Measurements : The static water contact angles 
of the sample surfaces were measured at 25  ° C in air using a contact 
angle meter (GBX Digidrop instrument) on the basis of the sessile drop 
method. All of the contact angles were determined by averaging values 
measured at three different points on each sample surface. The water 
contact angle error was about  ± 2 ° . 

 The volume of the deionized (DI) water used for these measurements 
was 2  μ L. The equivalent diameter of the spherical droplet is presumed 
to be 1.8 mm in the air. 

 Dynamic advancing and receding contact angles were measured by 
the motor-driven and software control instrument (Windrop). 

  Drop Motion Characterization : The drop motion was analysed by 
checking the evolution of droplets centre position from photograms 
extracted from the movie. The position and droplet size for each 
photogram was done using the open source image analysis software 
NIH-image. The software of GBX Digidrop instrument acquired the 
movie. 

  X-Ray Photoelectron Spectroscopy : X-ray photoelectron spectroscopy (XPS) 
was taken on SAMs formed on Si wafers (covered with their native oxide). 
Each sample consisting of a Si bar of 30  ×  10 mm, with a SAM coverage 
gradient along the long side, was cut in three 10  ×  10 pieces. These are 
labelled Zone 1, 2, 3 in the direction of the increasing SAM coverage. 

 Spectra were acquired with non-monochromatic Mg-K α  photons 
( h ν    =  1253.6 eV) from a Vacuum Generators XR3 dual anode source 
operated at 15 kV, 16 mA. Photoemission data were collected with 
a double pass Perkin Elmer PHI 15-255G cylindrical-mirror electron 
analyzer. The analyzer resolution was set to 1.0 eV. The spectra are 
reported as a function of the electron binding energy (BE), referenced 
to the Au 4f 7/2  signal (84 eV) of a calibration sample. A background 
subtraction was applied to the spectra and replicas due to Mg-K α  
satellites were removed.  

 Morphological Characterization : AFM images were recorded with a 
commercial AFM (Multi-Mode 8, Bruker) operating in air (25 °  with 
relative humidity 55%). Si 3 N 4  cantilevers, with typical curvature radius of 
a tip 10 nm were used in intermittent contact mode. Image analysis was 
done using the open source SPM software Gwyddion-www.gwyddion.
net. In order to compensate the tilt of the image, all the presented AFM 
images were levelled by a second-order line.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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