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Nanoscale Wettability of Self-Assembled Monolayers Investigated by
Noncontact Atomic Force Microscopy
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We report on a novel technique to nucleate nanometer-sized droplets on a solid substrate and to image them with
minimal perturbation by noncontact atomic force microscopy (NC-AFM). The drop size can be accurately controlled,
thus permitting hysteresis measurements. We have studied the nanoscale wettability of several methyl-terminated
substrates prepared by the self-assembly of organic molecules. These substrates are alkyltrichlorosilanes on silica,
alkylthiols on gold, alkyl chains on hydrogen-terminated silicon, and crystalline hexatriacontane chains on silica. For
each of these systems, we report a deviation of the wetting contact angle from the macroscopic value, and we discuss
this effect in term of mesoscale surface heterogeneity and long-range-kglidl interactions.

Introduction thermodynamic equilibrium with their vapor phase. This has

. . _beenrarely achieved in the past because of some obvious technical
Contact angl_e measurements are v_wd_ely used for the evalu_a_tloqssues_ The most relevant one is the condensation of liquid on

of Macroscopic surfa_ce characteristics such as wettab_lhty, the piezoelectric scanner and other electric elements of the AFM

hydroph_ob|C|ty, adhesion, 5.‘”0' the surface tension of .séhds. that may jeopardize the instrument. Another issue related to AFM

Theoretical as well as practical reasons lead to extending SUChimaging under saturated atmosphere is the capillary condensation

measurements to the nanometer scale. For instance, the conta%;f a liquid neck between the tip and the sample whenever both
angle of nanoscale droplets on a given sqhd is expected to differ come in close proximityL12a phenomenon strongly interfering
from the one measured at the macroscopic scale because of Ion%\/ith normal operation 6f the instrument

range solid-liquid interactions and unsaturated intermolecular : . .
In this paper, we present a simple technique that adequately

interactions at the three-phase contactfin@wever, the precise dd he | X Ki ible th f
magnitude of this effect is stilla matter of debateyond solving addresses the latter issues, making possible the measurement o
the wettability of surfaces at small scales by using volatile liquids.

fundamental issues, the ability to evaluate the wettability of | d d lid surf dth X d
surfaces at small scales is fundamental for applications such a?rOP ets are condensed on a solid surface and they are image
In situ by using noncontact AFM (NC-AFM). This imaging

microfluidics? . ; ) A ;
Atomic force microscopy (AFM), by imaging tiny liquid drops technique is able to profile the liquid interface with nanometer-
resting on a solid. has they otentiél t)é) stud Wett)i/n henomenascale resolution without a significant perturbation of the sample.
g ; P y 9p Droplets are formed by nucleation inside a designed cell

11 i
32;§ n;”(?jﬁt? ?Iie(;di?]l\llsi/;;?]ﬂe%?e\:va;ggSz?g:)ibgr%efr?rrgggal c_ontgining the AFM probe a_nd the sample substrate_z. T_he droplet’s
size is controlled by changing the vapor pressure inside the cell.
" - - In particular, because of the high resolution of the AFM, even
cea.z—r? whom correspondence should be sent. E-mail: Patrick. Guenoun@ minimal distortions of the droplet contact line or pinning on
tPresent address: Physics Dept., Bldg 510B, Brookhaven National surface defects are clearly visible on scales down to tens of
Laboratory, Upton, NY 11973. nanometers.
* Presentaddress: Materials Research Laboratory, University of California The substrates we have investigated comprise four types of

at Santa Barbara, Santa Barbara, CA 93106-5121. . .
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Despite their importance, these systems have received little Table 1. Advancing Contact Angle @aa) and Hysteresis A0) of
attention in past wetting studies using AFM. Hexadecane on OTS (Octadecyltrichlorosilane), DT
. . . . . (Dodecanethiol), and AMS (Alkyl Monolayer on Silicon) and
Th_|s paper is o_rgamzed as follows_. In the first Expenmen‘_[al Dodecane on C36 (Hexatriacontane Monolayer)
Section, we describe the AFM nucleation chamber and the settings

necessary to image the droplets in the NC-AFM mode. In the Substrate Oacv Ab
second section, we detail our results regarding the nanoscale  partial OTS, deg 30 4
wettability of the different SAM surfaces by liquid alkanes. In <[:)onpIete OTs, dgg g 456 26
particular, we demonstrate that, although substrates made of on evaporated gold, deg

- . I . DT on ultraflat gold, deg 45 4
alkyltrichlorosilanes on silica or alkyl chains on hydrogen- AMS, deg 33 3
terminated silicon exhibit a weak chemical heterogeneity, the hexatriacontane, deg 4 1
latter defects affect considerably the contact angle of submicron.

in a Rayonet reactor (300 nm) for 3 h. The functionalized substrates
droplets. were rinsed with pentane, MilliQ water, and trichloroethane.

In the case of a surface composed of alkylthiols on gold, the  Self-assembled films of hexatriacontane were prepared as
substrate roughness adds up to chemical heterogeneity to controtlescribed in detail elsewhete!Hexatriacontane (C36) with a purity
the wettability. The contact line is pinned and a significant contact of 99+9% was obtained from Aldrich. Silicon wafers, obtained from
angle hysteresis is observed. Hexatriacontane monolayers appeaiacker Siltronic GmbH (Burghausen, Germany) with a natural,
to be chemically and geometrically the most homogeneous SAM, amorphous+15 A thick oxide layer, were cut into pieces (typically

but they undergo a partial dissolution when in contact with the > MM > 5 mm) for use as solid substrate. The surfaces{Si@re
wettingyliqui d 9 P cleaned with a modified RCA cleaning process (SC-1) as described

in ref 20. Onto these smooth surfaces (roughness in the Amgstro

scale), molecularly thin alkane films were deposited by spin-coating
Experimental Section toluene solutions of C36. The solution concentration and the spin-
coating conditions determine the overall surface coverage of
hexatriacontane. After the evaporation of toluene, the samples were
heated to about 88C for a few minutes to completely remove the
solvent. At this temperature, the C36 melts (interfacial melting point

Materials. n-Alkanes (purity 99%) were purchased from Aldrich
and used without any further purificatiomOctadecyltrichlorosilane
(OTS, CH(CH,)17SiCl;, purity 99%, Fluka) was purified via

distillation in a vacuum just before use. Polished silicon wafers with ¢ ~36-.76 g°c. pulk melting temperature76.4°C) and completely

crystalline orientation (111), bearing a native oxide layer, were oo the substrate surface. The samples are then cooled to room
purchased form Siltronix, France. OTS monolayers were assembledtemperature at a rate of abouf@/s

ontop of silicon wafers by following the method described by Brzoska Macroscobic contact anale measurements were performed by usin

etal’Wafers were cleaned by exposure to UV light for 30 mi? and | alkanes (8p< n <16) as%est liquids to check thg quality of)t/he ’

ayc')mn;grg(')qn/'n a ?ggg ;sol;gon_ofgogcentrategﬂ& and 30% | grafted monolayer3: This was carried out under alkane-saturated
202(70:30; viv) at or 30 min. Substrates were successively o sphere by recording the magnified drop shape with a digital

rinsed with M”“Q. water, dried @”d immersed in_a Glexadecane camera. Circle arcs were found to fit well the drop profiles (because
(30:7.0 viv) solution of OTS with a concentration of £M. The the drop size is smaller than the capillary length), and the contact
reaction took place at a fixed temperature i@ well below the 546 \yag estimated from the fit's parameters with an accuracy of
crltlc_al temperature'sl'c =28 .C necessary to _obtaln de'ﬁse’ high 0.3. The “tilting plate” method has been used to measure the contact
quality monolayers?® By varying the reaction times, partially and 5,416 hysteresis of the chemically modified surface because it is
totally grown OTS monolz_ayers were produc_ed. This method_ls useful simple and reliable in case of surfaces with weak heterogefteity.
to prepare substrates with different chemical heterogeneity. The small contact angles on C36 substrates were measured as follows.
Alkanethiol monolayers were assembled on top of Au(111) props were imaged with an optical microscope by using mono-
surfaces by 24 h immersion in an ethanol solution (purity 99%, chromatic light from a Hg lamp(= 543.5 nm). For a drop diameter
Fluka) of 1-dodecanethiol (DT) with a concentration of 10/. of 2r and a numbeirof interference fringes, the contact anglean
Gold substrates were prepared by ultrahigh vacuum®(itbar) be estimated ast) = sin"1(2rh/r2 + h?) [h ~ i1/2n, n = refractive
thermal evaporation onto freshly cleaved mica. The evaporation jndex (1.45)]. Contact angle measurements are given in Table 1 for
rate was 1 A/sec, and the final thickness of the gold layer about 40 || the surfaces studied.
nm. To get smoother gold surfaces, we also used the template- pynamic Atomic Force Microscopy. Experiments were per-
stripped technique detailed elsewh&&Ve deposited a 100-nm-  formed with a M5 AFM system (TM Microscopes, Veeco Metrology
thick gOld film onto an oxidized silicon wafer, which acts as a smooth Group) in the so-called amp“tude modulation mode, i.e., with the
master. Care was taken to carefully clean the silicon with the same cantilever/tip ensemble vibrating at a given drive frequency, close
procedure described for the OTS coating process. The gold-covereto mechanical resonance. The oscillation amplitude is then affected
side of silicon wafers was then glued onto another piece of bare py the surface forces acting on the tip, which provides a feedback
silicon by using epoxy glue EPOTEK 377 (Polyscience, USA). After  parameter to image the sample topography. This is achieved by
curing the glue in an oven for 30 min at 16Q, the master was  scanning the probe while a feedback loop keeps the chosen oscillation
mechanically stripped from the gold layer by using tweezers.  amplitude (the setpoint) constant by varying the vertical mean distance
Monolayers of alkyl chains covalently bound to Si(111) were between the cantilever and the sample surface. If the cantilever
prepared by photochemical reaction of hydrogen-terminated silicon experiences only long-range van der Waals interactions, the imaging
Si(111)-H surface with 1-alkenes.Chains with 16 carbon atoms  is done inthe noncontact (NC) mo##f, in addition, the tip touches
were used here. The silicon wafers were cleaned in 3:1 concentratedperiodically the surface, thus sampling repulsive and adhesion forces,
H,S0y/30% H,O, at 100°C for 20 min, followed by multiple rinsing the imaging mode is called intermittent contact (f€).
in MilliQ water. Hydrogen-terminated surfaces were obtained by =~ However, the oscillating cantilever may switch between the two
etching silicon wafers with 40% aqueous deoxygenatedANidr latter states. To achieve stable NC imaging without any transition
15min. Si(111)H surfaces were transferred under argon into a Schlenk

tube containing 10 mL of deoxygenated 1-hexadecene and irradiated (18) Schollmeyer, H.; Struth, B.; Riegler, Hangmuir2003 19, 5042.
(19) Merkl, C.; Pfohl, T.; Riegler, HPhys. Re. Lett. 1997, 79, 4625.
(20) Graf, K.; Riegler, HColloids Surf., A1998 131, 215.

(15) Brzoska, J. B.; Shahidzadeh, N.; RondelezN&ture 1992 360, 719. (21) Ulman, A.Ultrathin Organic Films: From LangmuirBlodgett to Self-
(16) Stamou, D.; Gourdon, D.; Liley, M.; Burnham, N. A.; Kulik, A.; Vogel, AssemblyAcademic Press: Boston, 1991.

H.; Duschl, C.Langmuir1997, 13, 2425. (22) Krasovitski, B.; Marmur, ALangmuir2005 21, 3881.
(17) Boukherroub, R.; Morin, S.; Bensebaa, F.; Wayner, D. DL&hgmuir (23) Zhong, Q.; Inniss, D.; Kjoller, K.; Elings, V. BSurf. Sci.1993 290,

1999 15, 3831. L688.
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Figure 1. (a) Schematics of the AFM condensation chamber. (b) Optical image showing micron-sized decane droplets condensed on OTS
wafer; also shown is the AFM cantilever. (c) NC-AFM picture of decane drops wetting an OTS monolayer.
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to the IC mode, it is necessary to use relatively low amplitéfdés

(<10 nm) and to choose cantilevers with a high quality factor, which
increases sensitivity to weak dispersion forces. It is also suitable to g
choose probe tips with an apex’s size, offering a good compromise ¢
between effective volume of interaction and lateral resolutfdérar 2
this purpose, we used Ultrasharp NCSC12 cantilevers (MikroMasch), §
whose rectangular 110m x 35 um x 2 um silicon beams have

a natural resonance frequency around 200 kHz, a nominal force
constant of 7.5 N/m, and a conic tip long enoughlb um) to
minimize acoustic damping effect3°For these levers, we measured
quality factors of about 500 and curvature radii of tips ranging £
typically between 20 and 50 nm, as measured by scanning electron®
microscopy. We simultaneously recorded three signals as a function

A=A,

instabilities
v_/c\f

of the (X, V) position of the tip on the plane of the substrate: the

vertical displacement of the scanner necessary to keep the amplitude

(the height image) constant, the amplitlef the cantilever, and  Figure 2. (a) Amplitude, (b) deflection signals recorded while
its phase-lag compared to the excitation. _ _ approaching the tip to the free surface of a drop (solid line) and
STMImaging. The surface of gold passivated with dodecanethiol ' retracting the tip (dotted line); inset in (a) shows a close-up view
monolayers has been imaged with the same AFM described abovein the snap-in region. (c) AFM profiles corresponding to different
used as a scanning tunneling microscope (STM). For this purpose,setpoint amplitudes.
the silicon tip has been replaced with a conductive tip shaped by
cutting platinum-iridium wire with a wire cutter. The tip was biased
at+0.3 V with respect to the sample, and a tunneling current of 0.
nA was used as a feedback signal to image the sample topography
NC-AFM Imaging of Liquid Structures Condensed from the
Vapor Phase.We have saturated the atmosphere surrounding the
AFM probe and the sample by designing a special cantilever chip
holder (see Figure 1a). The holder has the shape of an aluminum
disk of about 5 mm in diameter and a glass window in the center.
The cantilever was located at the bottom part of the disk under the
window. The window allows measurements of the cantilever bending
by the bouncing laser beam techniguas well as the observation .
of the scanned area with an on-line optical microscope. The holder . Once t_he droplets have been stabl_llzed, the AFM was setup for
was connected to the AFM piezo-scanner with a small piezo actuator™ading in the noncontact mode. This was done by setting a free
driving the cantilever for operation in dynamic modes. The sample, °Scillating amplitude of the cantilevéy = 10 nm at a frequency

8

p<A'sp
capture

Z(nm)

wets the sides of the substrate. Under these conditions, the vapor
2 saturated the cell in some tens of minutes. The injection of additional
liquid into the channel provided the supersaturation necessary to
nucleate many tiny droplets (Figure 1b). The drops grow until the
pressure inside the chamber decreased due to condensation; after
this they began to evaporate slowly.

The vapor condensed equally on the surface of the silicon
cantilever, therefore increasing its mas&his effect induced a
negative shift (of about 50 Hz) of the cantilever resonance frequency,
which was clearly visible in the frequency spectra under saturated
vapor conditions.

some millimeters sized, was located on top of a Teflon cylinder of
a diameter slightly larger than the cantilever holder (see Figure 1a).
A circular channel connected to an external liquid reservoir was
machined on the outer part of the cylinder (Figure 1a).

When the AFM cantilever was brought into close proximity with
the dry sample surface, the substrate was confined between th
cantilever holder and sample Teflon support, which were now
separated by several hundred microns. The small volume enclose
by this narrow gap can be rapidly saturated with vapors of a volatile
liquid. For this purpose, the circular channel on the sample support
was completely filled with a light-alkane ( < 14) until the liquid

(24) Garcia, R.; San Paulo, Rhys. Re. B 1999 60, 4961.

(25) Nony, L.; Boisgard, R.; Aime, J. B. Chem. Phys1999 111, 1615.

(26) Kuhle, A.; Sorensen, A. H.; Zandbergen, J. B.; BohAgpl. Phys. A
1998 66, S329.

(27) Anczykowski, B.; Cleveland, J. P.; Kruger, D.; Elings, V.; Fuchs, H.
Appl. Phys. A1998 66, S885.

(28) Hartmann, UPhys. Re. B 1991, 43, 2404.

(29) Leveque, G.; Girard, P.; Belaidi, S.; Solal, GR&v. Sci. Instrum1997,
68, 4137.

(30) Fontaine, P.; Guenoun, P.; DaillantR&. Sci. Instrum1997, 68, 4145.

(31) Meyer, G.; Amer, N. MAppl. Phys. Lett1988 53, 1045.

slightly above the resonanée= fr + 150 Hz and a setpoirfs, <

A:. The tip was gently approached to the surface of a drop, by careful
reduction of the setpoint, until a contrasted profile was observed.
At this point, the sample was scanned at a speed of 0.5 lines/sec and
stable images were obtained as shown in Figure 1c. However, these

estable images can be obtained only when the setpoint is larger than

a critical value denoted a&*s, For setpoint values below*s,

cjnstabilities in the topography signal were observed. This is depicted

In Figure 2c. For a setpoint such thats, < Ay < Agee, a Stable
drop profile was obtained. Whef,gets close té\*s;, an instability
occurs, visible as a “peak” in the topography signal. As a result, the
drop can be dragged by the tip. Further reducing\gfhas more
dramatic effects leading to loss of the real sample topography. (cf.
Figure 2c).

To get more insight into the nature of the instabilities, we have
recorded the amplitud®and the mean deflecti@iz of the cantileve®®
while approaching vertically the surface of a drop (cf. Figure @a

(32) Thundat, T.; Warmack, R. J.; Chen, G. Y.; Allison, DAPRpl. Phys. Lett.
1994 64, 2894.

(33) This is defined as the difference between the mean vertical position of
the cantilever, measured over a cycle, and the position of the lever at rest.
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Figure 3. (a) Topography (T), phase shifd¢), and error signalde) images of a decane drop on OTS. (b) Corresponding cross-section
profiles. (c) Vertical displacemett of the liquid surface induced by the interaction with an oscillating AFM probe.

Far from the liquid (solid line)A was fairly constant, as expected whereAs, Ay are the setpoint and the free amplitude, respectively,
when the tip does not interact with the surface. Thereafter, the andQ andf.esthe quality factor and the resonance frequency of the
amplitude started to decrease over a distance of several nanometersantilever, respectively. Whenever the tip touches the droplet surface,
and then it dropped abruptly at a certain point. Beyond this point, the onset of capillary forces leads to considerable energy dissipation
labeled asz* in Figure 2a (inset), a significant deflection of the and, therefore, to strong phase contrast between the drops and the
cantilever toward the surface was also detected (Figure 2b). We surrounding dry substrate. Indeed a large phase contrast has been
explain this behavior as the effect of strong capillary forces arising observed in tapping mode imaging of liquid dréigs.
from the contact between the tip and the liquid surface at the ptint However, as shown in Figure 3a, only a little < 1°) phase
The abrupt decrease of amplitude is due to the energy dissipateddifference between dry and wet region of the sample was measured
by viscous forces associated with the stretching of the capillary in the regime of stable imaging described above. Moreover, the
bridge connecting the tip and the drop. The amplitude drop induced changes ofp depend on the fast scanning directi¥nand they
a fast response of the feedback loop, which suddenly increased appear correlated with modulations of the error sigdal(i.e., the
the vertical mean distance between the cantilever and the sampledifference between the actual oscillation amplitude and the setpoint
surface. This caused the rupture of the capillary bridge due to amplitude, see Figure 3b). This would indicate that the observed
hydrodynamic instability. At this point, the amplitud®.e was phase contrast is not associated with energy dissipation but with
restored, as visible in Figure 2a (dotted line), and the feedback loop changes oA, which are not perfectly compensated byZtieedback
re-approached the tip to the liquid surface to achieve noncontactloop as the tip encounters surface topografifiis happens because
imaging as before the occurrence of the impact. This explains the of the finite response time of the loop which is setthyhe inverse
“peak” observed in Figure 2¢ (2nd profile from the top). The complete of scanne? natural frequency, arp= Q/f,es the transient response
loss of real topography occurs whég, was decreased far below  of the cantileve?®For our systents~t,~ 1 ms, which is comparable
A*q, (Figure 2a), and th& feedback cannot retract the cantilever to one pixel acquisition time, = 2 s/256= 8 ms. This explains
far enough from the drop to break the capillary neck. In this case, why e = 0 in correspondence with the slopes of the topography
the drop was dragged on the substrate together with the tip. leading to the observed minute phase variations. These observations
Conversely, by keepindss® < Asp < Aree (Cf. Figure 2a, inset), one  demonstrate that, in our case, the imaging is performed in the true
can use long-range forces to image the sample off-contact, thusnoncontact mode and the perturbation of the liquid interface is
obtaining stable and meaningful images (cf. Figure 1c). negligible, especially when compared to tapping mode imaging.
The presence of capillary forces in NC-AFM imaging was also ~_ The same conclusion can be drawn by estimating the power
ruled out by measurements of the power dissipated by the cantileverdissipated during stable NC-AFM imaging according to eq 1, where
during the interaction. Because in NC-AFM the cantilever motion

stays harmonic to a good approximatiéiihe average poweRqiss 20(()%4%73233;""; Stark, R. W.; Heckl, W. M.; Guckenberger/Rpl. Phys. Lett.
dissipated by the Qam”ever driven ata frEquehB/rmated to its (35) Anczykowski, B.; Gotsmann, B.; Fuchs, H.; Cleveland, J. P.; Elings, V.
phase lagp according to the following expressiéh2® B. Appl. Surf. Sci1999 140, 376.

(36) Ashby, P. D.; Lieber, C. MJ. Am. Chem. SoQ005 127, 6814.

5 (37) Sulchek, T.; Yaralioglu, G. G.; Quate, C. F.; Minne, S.R&v. Sci.

_ kP fes Y2 1) . A Instrum. 2002 73, 2928.

Pass= T |AAA |5 — 7| T =)sing ——=- (1) (38) Landau, L. D.; Lifshitz, E. MMechanics,2nd ed.; Pergamon Press:
fres f fed © Q Elmsford, NY,1976.
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t=19min t=37min

40nm

40nm

Figure 4. Temporal sequence showing the evaporation of decane drop on OTS surface.

the following numerical values were used (as found in the of chains about 0.5 nm thinner than the dense regions. In Figure
Experimental Section)k = 7.5N/m,fr = 200 kHz,fsp= fg + 150 5b, these more disordered regions of the monolayer show a larger
Hz, gsp=120°, Asp= 9 nm, Ay = 10 nm, andQ = 500. We have  phase contrast compared to that of dense domains, because of
obtainedPyiss= 0.1 pW, arather small value, similar to those reported their different viscoelastic propertiés*! as well as to larger
in ref 35 when the imaging of solid substrates was performed in the adhesion to the AFM tif> % A larger adhesion is consistent
attractive regime. As shown in Figure Jyssis similar on the dry - L ) .

with alkyl chain disorder because a monolayer exposing equally

and the wetregion of the substrate. This also indicates that a negligible q h ; | han that of
power was dissipated through viscous deformation of the drop surfaceCH2 @nd CH groups has a surface energy larger than that of pure

induced by the interaction with the tip. Further, one can show that Methyl-terminated surfacésMacroscopic contact angle mea-

the vertical, static deformation of the interface, calkeih Figure surements confirm such observations because the critical surface

3c, is small under the conditions of NC-AFM imaging described tension of partial OTS monolayers is found tobes 22.5 mN/

above. Indeedyis set by the balance between the disjoining pressure m, larger than the one of a well-ordered £tirface’> while the

IT due to tip/sample dispersive forces and the capillary pressure incontact angle hysteresis is about 4

the surface bum@Given the Hamaker constant alkane/sititgsio, Conversely, animmersion time of 90 min in the OTS solution

= 10*° ¥ and the average tip/sample separation of several gives rise to completely formed monolayers with a more uniform

Qéngr:(;tﬁ&f"igafhgsgrr?astf_r_gnﬂroarn 'Zg%ure 2ainset) we obtdined  paqe contrast, as visible in Figure 5d. Such monolayers have
9 ge: rms roughness of23 A, y. = 20.7 mN/m, and a hysteresis of

To conclude this section, we show how it is possible to control v 1-2° Th | tvoical of uniformly silanized
the droplet size by changing the vapor pressure inside the chamber®™Y §45 €Se values are typical of uniformly stianize

After nucleation and stabilization, the drop size can be reduced Substrate _ o
either by removing the liquid from the channel reservoir (Figure 1) Inthe first phase of our study, we have studied the wettability
or by slightly lifting up the cantilever holder, thus opening the cell. of alkanes on incompletely formed OTS monolayers. The
In both cases, the vapor pressure inside the cell decreased and dropleubstrate was positioned into the condensation chamber and
evaporated slowly on a time scale long enoughl () compared exposed to saturated vapors of dodecane. AFM images show
to the typical image acquisition time-(L min), as shown in Figure  thatliquid condenses as a 5-nm-thick film in the interstitial regions
4. This process can be reversed by re-injecting liquid into the circular hetween the dense islands (which now have a negative
channel, which induces recondensation of drops. In this manner, they,,,4raphical contrast). This demonstrates that the disordered
contact line can be moved in a controllable way, which enables o ¢ are more wettable than the denser islands. When droplets
studies of contact line pinning and roughening at small scales. . .
are nucleated on this substrate, they appear to have a very distorted

and pinned contact line crossing both dense and nondense
) ] ) domains, as visible in Figure 5c. We have measured the local

Wetting of OTS Monolayers. In this section, we presentthe  contact angle of droplets by fitting circles to the portion of the
results of our study of wetting of silane monolayers by three jnterface profile close to the contact linevaries between 1
light n-alkanes i =9, 10, 12). Completely and partially grown  5n4 18, which is lower than the advancing and receding dodecane
monolayers have been characterized by tapping mode AFM, andcontact angles as measured macroscopically, respectively 24
the results are shown in Figure 5a, b, d, and e. Image (a) shows;nq 2.
the topography of an incomplete OTS surface prepared by 10 The same procedure as described above but performed on
minimmersion of the substrate inthe OTS solution. Inthe picture, completely formed monolayers gave different wetting behavior.
micron-sized fractal islands composed of densely packed alkyl
chains are clearly visible. The region between these islands is (41) Tamayo, J.; Garcia, Rangmuir1996 12, 4430.

; (42) VanNoort, S. J. T.; VanderWerf, K. O.; DeGrooth, B. G.; VanHulst, N.
composed of smaller domains as well as by less dense aggregatch,_; Greve, JUltramicroscopy1997 69, 117,
(43) Bar, G.; Brandsch, R.; Whangbo, M. Hangmuir199§ 14, 7343.
(39) Dagastine, R. R.; White, L. R. Colloid Interface Sci2002 247, 310. (44) Noy, A.; Sanders, C. H.; Vezenov, D. V.; Wong, S. S.; Lieber, C. M.
(40) Israelachvili, J. Nintermolecular and Surface Forcg8oston Academic Langmuir1998 14, 1508.
Press: Boston, 1992. (45) Brzoska, J. B.; Benazouz, I.; Rondelez LEngmuir1994 10, 4367.

Results and Discussion
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Figure 5. (a) IC-AFM image of a partially grown OTS monolayer, (b) corresponding phase image, and (c) NC-AFM picture of a dodecane

droplet condensed on the surface (a). (d) IC-AFM image of a completely grown OTS monolayer, (e) corresponding phase image, and (f)

NC-AFM picture of dodecane droplets condensed on the surface (d). For all pictures, the lateral scale bar denotes 1
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Figure 6. (a) NC-AFM radial profiles (open squares) of decane drops on OTS wafer, fitted with spherical cap shape (continuous lines).
Inset shows the smoothed profile near the contact line. (b) Contact angle vs base radius for dodecane (circles), decane (squares), and nonane

(triangles).

No film-like condensation was observed on any region of the ~ We have allowed the droplets to evaporate slightly and then
substrate. Rather, the nucleation of alkane droplets with a circular-measured the size dependence of the contact angle. Results for
shaped contact line is observed as shown in Figure 5f. Dropletsthree alkanes are shown in Figure 6b, where the hatched region
are found to have a spherical shape, as expected when gravitylenotes values of the contact angle included between advancing
effects are negligible. After flattening of the pictures, the droplets and receding angles as measured macroscopically on the OTS
were fitted to a spherical cap. The contact argnd the base  surface. The contact angle of largest drops was found to be
radiusr were obtained from four different cross-sections of each comparable to macroscopic values, while for the smallest drops,
drop (cf. Figure 6a). Note that, in the fit, we have excluded j sjgnificant reduction of the contact angle is observed. By
points close to the contact line where the drop profile appears jncreasing and then decreasing the volume of drops as described
smoothed due to tip/sample geometry convolution and to the previously, we have checked that this effect is not due to an
finite response time of the feedback loop. The accuracy ofthe  gnhanced contact line pinning at the nanometer scale. Increasing

mealllsurer.l:'ent IE? I|m|lted by tlp/_sarlntplehcqnv}qolut(;on and SCaNNEr the yolume of a micron-sized decane drop through condensation
nonfinearties. by using numerica’ techniq assuming a gives a rather constant contact angle of 21vihile letting the

tip curvature radius less than 50 nm, we have estimated thedrop slightly evaporate gives a contact angle df Z0iis result

convolution error to be 0-Tor a droplet radius of &m and 0.3 is compatible with the small values of contact angle hysteresis

for a radius of 100 nm. This error is small because the curvature (=1°) observed macroscopically. The same measurement carried
radii of all measured droplets are in the micron range, considerably *— . pically. The .
out on a nanosized drop gives a similar result, which means that

larger than the radius of the AFM probes. Errors associated with th tact I ning d i iderably at I
piezo nonlinearities are minimized in our AFM by an optical € contactline pinning does not increase considerably at Sma
closed-loop control of the scanner's movemeéiits. scales.

(46) Keller, D.Surf. Sci.1991, 253 353. (47) Barrett, R. C.; Quate, C. Rev. Sci. Instrum1991, 62, 1393.
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1.00 results?*57 and details of the calculation have been reported
- elsewheré With this approach, negative valuesrah the 10712
0.98 N range are obtained that are 2 orders of magnitude smaller than
- the values found experimentally. For this reason, it is difficult
0.96 to describe our data in terms of line tension effects only.
K Even on fully covered substrates, defects remain between
0.94 densely packed domains. These defects correspond to disordered
% I regions of the monolayer that are totally wet by alkanes. In a
o 092 plausible scenario, droplets are nucleated on the highest energy
g defects and then grow preferentially on the more wettable areas
0.90 |- of the substrate. Defects are visible on high-resolution IC-AFM
'% 2 g?z images of the dry substrate as depressions 6f0.2 nm below
0.88 e me simul the dense regions, with a phase shift higher than the rest on the
I substrate (Figure 8a, b). As explained above, this is due to the
0.86 (') ! ; ! zl> ’ :'5 ! "‘ ‘ ; larger interaction of the AFM tip on areas of higher surface
1Ir () energy.*

Accordingly, one can see in Figure 8c that the contact line is

Figure 7. Cosine of the contact angle vs inverse of base radius for not perfectly circular but adopts different distorted configurations
nonane (triangles) and dodecane (diamonds) on OTS wafer. Squaregeanding on the local spatial distribution of defects (compare
and dotted lines represent a numerical simulation of the datal. 2 and 3 of Fi 8B 59Thi I tact line fluctuati
performed as explained in the text. ine 2 and 3 of Figure 8 is small contact line fluctuation

along with the minimal pinning observed correspond to the case
At this point, we have to stress that the dependence of the of weak heterogeneities as discussed by Joanny and De G¥&nnes.
contact angle upon the drop size has already been observedhe next step is to show how those heterogeneities give rise to
previously for much larger droplets on substrates of different the observed decrease @fat small scales. In ref 3, we have
characteristic48~51 To explain the observed decrease of wetting presented a simple model that makes use of AFM images such
angle at small scales, several effects have to be taken into accounfas that of Figure 8d to define maps of surface defects.
First, the intrinsic energy of the triple line, or line tensigrtan “Thresholding” and binarization allows one to determine the
be considered to be at the origin of the observed size dependencgortion of the substrate that s likely to be associated with defects.
of the contact angle. Theory predicts both positive and negative In Figure 8d, defects are represented by black regions where the

values ofr in the range of 10M1—10"12N.52-54|f one takes into local contact angle is assumed to be zero (complete wetting). We
account the line energy, the contact angle is given by the so-have calculated the equilibrium contact angle of a droplet, with
called “modified Young equation®® a fixed volume resting on a certain position of the “binary”
surface through numerical minimization of the droplet free energy.
cos = cosf, — zl 2) This calculation takes into account the spatial dependence of the

spreading parameter due to surface chemical heterogeneity (as
represented in Figure 8d), while the surface is considered ideally
flat. We calculate the equilibrium base radius and contact angle
of a large (2000) number of droplets randomly placed on the
substrate. To retain only the most favorable nucleation sites, we
then calculate the average of the 50 smaller contact angle values.
By repeating this calculation for several drop volumes, the size
ependence of contact angle can be simulated. Although contact

wherefy is Young’s angle for macroscopic drops anis the
base radius of spherical drops. Note that this equation applies
in principle to ideally flat and homogeneous surfaces. Equation
2 predicts a simple linear relationship between@asd 1f. The
experimental data are plotted in the plane (€o%/r), as shown

in Figure 7, where values atrl# 0 correspond to contact angle
measurements on m|II|m|ter-S|ze_d drop_s under alkane_-satura_te ine distortion is not accounted for in the calculation, this simple
atmosphere. For all alkanes, a linear fit does not satisfactorily

d be the data. This di ti icularl tapproach gives results in reasonable agreement with the
escribe the data. This disagreement Is particularly apparen experiment (see Figure 7) for both nonane and dodecane. Our
because the fit must comply with values of the contact angle at

the origin. | th | fleduced by the (bad] results show that residual imperfections of the substrate can have
re origin. In any case, (fova uesofieduced by the (badly) strong influence on small-scale wetting, a crucial effect for
fitted slope are in the-1071° N range. This is the same order

b X practical applications.

f magni hat foun Law Ifor the wetting of . . . o
gctar? eg O;US?IZrﬁigd ztjbc;l:rzget;yanz byeFt:‘(;ﬁmc:) etaﬁ d : ;trm?ﬁ%h aus Besides the observations described above, the wettability of
for wetting situations different from the present one. OTS monolayers nanopatterned by AFM I|tho_graphy was also

For our system, the line tension contribution coming from investigated. The AFM tip was used to mechanically remove the
long-range soliaLfiuid interactions is known to be purely OTS layer from the silicon oxide. As a result, channels hundreds
dispersivet This allowed us to estimate the magnitude and the .Of nanometers wide and 0-3 nm deep were produced, as shown
sign of 7 in the framework of density functional thecty. in Figure 9a. These channels are expected to be more wettable

: . . than the bare OTS layer because the methyl termination of the
Phenomenological approaches would not give very different OTS monolayer is locally altered by exposing Sitoups o

(48) Wang, J. Y.: Betelu, S.; Law, B. MPhys. Re. Lett. 1999 83, 3677. even the underlying silicon dioxide. This can be seen again in
(49) Drelich, J.; Miller, J. D.; Good, R. J. Coll. Interface Sci1996 179, the phase images recorded simultaneously to topography in the
37'(50) Drelich. J.J. Adhes1997 63 31 IC-AFM mode. In Figure 9a, two arrays of channels with different
(51) Drelich, J.Colloids Surf., AL99G 116, 43. depth and spatial periodicity are shown. When these nanostruc-
(52) Harkins, W.J. Chem Phys1937 5, 135. tured surfaces are exposed to saturated dodecane vapors, liquid

(53) Rowlinson, J. S.; Widom, BViolecular Theory of Capillarity Claren-
don: Oxford; 1982.

(54) Bauer, C.; Dietrich, SEur. Phys. J. BL999 10, 767. (57) Dobbs, H. T.; Indekeu, J. ®hysica A1993 201, 457.

(55) Boruvka, L.; Neumann, A. WJ. Chem. Phys1977, 66, 5464. (58) Joanny, J. F.; De Gennes, P.J5Chem. Physl984 81, 552.

(56) Pompe, T.; Herminghaus, Bhys. Re. Lett. 200Q 85, 1930. (59) Robbins, M. O.; Joanny, J. Europhys. Lett1987, 3, 729.
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Figure 8. (a) IC-AFM topography of a OTS monolayer and (b) corresponding phase image (note that Z scale is inverted here). (c) Contact
line configurations (from 1 to 3) of a decane droplet on OTS recorded during evaporation. (d) Example of thresholding of an OTS picture.
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Figure 9. (a) Array of channels with different periodicity written on OTS by using an AFM tip and (b) condensation of dodecane on this
patterned surface.

is clearly seen to wet completely some channels while others scale s typically~2 A, while the macroscopic advancing/receding

appear only partially filled. This happens because the removal contact angles of hexadecane were found to bea@®l 30

ofthe OTS monolayer by scratching is not uniform. Such images (+0.3°), respectively. These values are slightly lower than those

clearly demonstrate the ability of NC-AFM to test the functionality reported by Chidsey et &kin the case of monolayers with 16

of nanofluidic chips or, for example, to study liquid transport carbon atoms and even lower than the ones measured on a dense

phenomena in nanochannels. methyl surface. This result suggests that these AMS are less
Wetting of Alkyl Monolayers on Silicon. In this section, we dense than OTS or DT.

present, for comparison, results concerning the wettability of  Dodecane micro- and nanodroplets condensed on AMS have

alkyl monolayer with 16 carbon atoms, covalently bound onto a nearly spherical shape (see Figure 10b) and a small contact

silicon (shortly AMS). From the AFM images, these monolayers angle hysteresis comparable to macroscopic valueg)1 We

show a steplike structure similar to that observed for the underlying have also observed, similarly to the case of OTS, a reduction of

Si(111) (see Figure 10a). The step height of 0.3 nmisin agreementthe contact angle vs the size of drops shown in Figure 11a. For

with the distance between adjacent Si(111) atomic planes. Thisthe largest drops, the angle is close to macroscopic values, but

indicates the uniform coverage of the Si surface by the monolayer.it decreases to almost 1@r submicron droplets. A fit of our

The triangular pits visible in the pictures result from the presence data according to eq 2 givegy = —17 nm ort = —1070N

of oxygen in the NHF solution during the Si etchirf§. The (Figure 11b). However, because the physicochemical composition

overall roughness of the monolayers measured on the micron

(61) Linford, M. R.; Fenter, P.; Eisenberger, P. M.; Chidsey, C. El.DAm.
(60) Wade, C. P.; Chidsey, C. E. Bppl. Phys. Lett1998 72, 133. Chem. Soc1995 117, 3145.
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Figure 10. (a) IC-AFM image of an alkyl monolayer (with 16 carbon atoms) bound onto a Si (111) surface and (b) NC-AFM images of
dodecane drops condensed on this surface.
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Figure 11. (a) Contact angle vs base radius for dodecane on alkyl
monolayer on silicon; the dashed area denotes contact angles
measured macroscopically. (b) Same data as in (a) represented ir .
the plane (co$, 1f) (filled dots) and comparison with the dodecane
data on OTS (open circles).

Figure 12. (a) IC-AFM top

evaporated on an oxidized silicon wafer then passivated with
of AMS surfaces is very similar to OTS-coated silicon, one could dodecanethiols. Inset shows a 400-nm-sized detail of the same surface
expect theoretically a line tension in the range of some pN. acquired by using STM. (b) NC-AFM images of dodecane droplets

Therefore, we conclude that the mesoscale heterogeneity of thegg? ddﬁﬂffggé)gaﬁzgﬁ;{éﬁcvevéﬁ) agcgégéﬁgtm;?spo(g;aﬁg{’ :lzl?/ltijm;‘g:l;
mo_nolayer surfape is also responsible for _th(_-:‘ ok?served eff(?Ct'of dodecane droplets condensed on the surface (c). For all pictures,
This heterogeneity could be related to variation in the density the |ateral scale bar denotesufn.

and in-plane order of the alkyl chains forming the monolayer. L .
For the future, we suggest studying systematically the effect of Structure, but the grain size is considerably larger than the one
the monolayer order on the amplitude of contact angle reduction observed for thermally evaporated gold (Figure 12c). The overall
at small scales. This can be done by preparing monolayers with'Mms roughness as measured by AFM is of the order of 1 nm. The
increasing density. measured advancing and receding contact angles on these surfaces
Wetting of Dodecanethiols Monolayers.Dodecanethiol ~ are, respectivelyaq = 45° and . = 41°, with a hysteresis
monolayers appear to be considerably rougher than OTSSensibly lowerthanthe onefound ongrainy gold substrates. This
monolayers due to the grainy structure of the underlying gold result, |2r163§gr§ement with observations reported by other
film. The AFM and STM images (respectively, Figure 12a and 9roups;>® indicates that the contact angle hysteresis on
12a inset), suggest that gold evaporated on mica at roomalkanethiolmonolayersis directly related to the roughness of the
temperature is made of about 50-nm-sized grains with a flat top Underlying gold film. _ _
decorated with atomically flat terraces. The roughness of the ~We have condensed and imaged dodecane microdrops on
film is about 4 nm. Contact angle measurements for hexadecanedrainy DT monolayers, and some typical AFM pictures are shown
give faqy = 46° andf,ec = 40° for the advancing and receding N Figure 12b. In contrast to the wetting behavior observed on
angle respectively, which is typical for dense monolayers with 62) Bain C. D Trouahon E. B Tao. v T Evall . Whitesides. G. M.:
exposed methyl grou8. AFM pictures of “ultraflat’ gold NU(ZZO)’ R G, Am. Chem 04089 111, 321, © T esies, - A
samples acquired in the tapping mode also show a grain-like (63) Abe, K.; Takiguchi, H.; Tamada, K.angmuir200Q 16, 2394.
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Figure 13. (a) NC-AFM pictures of dodecane droplets on a DT
monolayer assembled on top of thermally evaporated gold. (b) Upon
increasing the volume of drops, only certain portions of the contact
line move while others stay pinned. (c) Radial profiles of drops
before (dash line) and after (solid line) the process have been fitted
with spherical caps to estimate the contact angle hysteresis.

the complete OTS monolayers, the droplets show a significantly
distorted contact line, with a local contact angle varying over the
range of several degrees. The pinning of the line is evident upon
increasing the drop’s volume: the line advances with stick-slip
motion, as visible in Figure 13a, b. For each drop, we have
measured the contact angle and base radius averaged over eig
radial profiles, and the results are plotted in Figure 14a. Data are
scattered over abouf,7and no systematic dependence&dain

r can be evidenced. It is worth noting at this point that the
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Figure 14. (a) Contact angle vs base radius for dodecane on DT
monolayers assembled on thermally evaporated gold (open squares)
d on ultraflat gold (filled circles). (b) Cosine of the contact angle
Vs inverse of base radius for dodecane on ultraflat DT (triangles)

and comparison with dodecane data on OTS (open triangles).

0.0

maximum advancing contactangle measured here does notexceeghese substrates, the alkane drops adopt a more symmetrical

22°, while macroscopically, we have observed values up to 33
Such a discrepancy can be explained in different ways. First,

shape with a less distorted and pinned contact line. However,
occasionally, we have also observed asymmetric drops, as shown

because the system shows a large hysteresis, the actual advancing Figure 12d. In Figure 14a, the contact angle of a series of

angle of the drops is more difficult to measure. Indeed, the contact
line moves with a stick-slip motion and can end up in a metastable

regular drops as a function of the base radius is shown. In contrast
with previous observations, the maximum contact angle measured

state after ajump, not necessarily corresponding to the maximumhere, about 29 is close to the macroscopic values measured on

contact angle. Also, our observations cannot be explained within
the classical Wenzel approaghindeed, the roughness of the
gold surface, as obtained from Figure 12a inset=4..3 (defined

the same substratiq/0rec = 33°/29°. One can also notice that
0 decreases considerably with decreasing the drop size, which
is similar to the case of OTS.

as the ratio of the actual solid area over its projected one), and By plotting the data in the plane (césL/r) and fitting them

the macroscopic Wenzel law would predict complete wetting in

according to eq 2, one obtaimg = —30 nm orr = —1071°N

our case. This failure is not surprising because our droplets have(cf_ Figure 14b). However, as explained above, the only effect

a size close to the characteristic length scale of the surface

roughness. The actual contact angle of drops can be evaluate
only by taking into account the full wavelength spectrum of the
surface roughness.

Another explanation for the observed effect involves the

f purely dispersive forces cannot give rise to a line tension

rger than some pN. Again the role of the substrate’s defects
provides a more realistic explanation for the observed behavior.
This heterogeneity is evident, not only from the observation of
slight asymmetric droplets, but also from IC-AFM inspection of

condensation of alkane vapors into the pores between gold graing;,q dry monolayer substrate. Pits, around 1 nm deep, are visible

while the flat grain surface remains dry (cf. Figure 12a inset).
In this picture, the micron-sized drops nucleate and grow on a
partially wet surface. According to the macroscopic Cassiéfaw,

in the sample topography, and their distribution over the substrate
is not uniform. These pits are possibly regions where the thiol
molecules did not bind to gold, possibly due to the local presence

the apparent contact angle of these drops should be smaller thany¢ .ontaminants originally present on the silicon master and left
the one measured on a dry substrate. But once again, the use ofy e after its removal. These surface heterogeneities are also

concepts strictly valid in the case of macroscopic drops is

questionable here because the size of our droplets is close to the

characteristic length scale of the surface roughness.

To better understand the effect of the substrate roughness, we

have studied DT monolayers assembled on “ultraflat” gold. On

(64) Wenzel, R. NInd. Eng. Chem1936 28.
(65) Bico, J.; Tordeux, C.; Quere, [Europhys. Lett2001, 55, 214.

revealed by the phase images due to their large contrast.
Wetting of Hexatriacontane Monolayers.In the next part,

the wettability of silicon wafer coated with a thin layer of C36
was studied. These SAMs are characterized by a good short-
scale molecular ord&rand by an amount of large-scale structural
defects depending on the sample coverage. However, these
monolayers are less robust than a covalently bound SAM because



126 Langmuir, Vol. 22, No. 1, 2006 Checco et al.

0.9995 AFM topography, provided that instrumental artifacts, like-tip

. sample geometrical convolution and finite response time of the
. Z servo feedback, are correctly evaluated. The same method

allows for spatial variations of the substrate wettability to be
. . evidenced by recording nanoscale distortions of the liquid contact

0.9985 - line and its hysteretical behavior. This is important to validate
<o) " modern theories of capillary phenomena on a small scale and to
8 better understand the microscopic origin of contact angle

0.9990

0.99804y - hysteresis.

E am By using this technique, we have studied the partial wetting
0.9975 of light alkanes on different types of methyl-terminated SAM.
We have shown in particular that incomplete OTS monolayers
. are strongly heterogeneous at the micron scale, while complete
0.9970 ones are much more homogeneous as expected. Nevertheless,
. , . . . T . . for the latter substrates, a noticeable reduction of the alkane

0.0 0.5 1.0 1.5 20 contact angle is observed for droplet radii on the nanoscale. On
-1 the basis of theoretical estimations, we have concluded that this
1/r (um™) : Ve UL
effect cannot be due only to a line tension arising in this case
Figure 15. Cosine of the contact angle vs inverse of base radius from purely dispersive solidliquid interactions. More presum-
for drops of dodecane on C36 surface; the straight line is a best fit gply mesoscale substrate defects, which are intrinsic to the OTS
to the experimental data. self-assembly process, are strong enough to affect wetting
whenever the droplet size become sufficiently small. Similar
conclusions can be drawn in the case of alkyl monolayer
Nessembled on silicon.
The wettability of dodecanethiol monolayers on gold is strongly
|affected by the roughness of the metallic substrate, a feature
which can be largely reduced by modifying the preparation of

the constituent molecules are not chemically linked to the
substrate. Optical measurements (see Table 1) show that dodecal
wets C36 monolayers, with a small contact angle betwéan@

4°, Such alow value of is not compatible with a dense, methyl-
terminated surface. This result can be explained by a partial

dissolution of the initial, dense C36 monolayer when in contact ! .
gold layers. Although structurally unstable when in contact with

with the bulk liquid dodecane. In this respect, the interpretation the liquid alk hexatri ‘ bstrat b
of the experimental data is more complicated than that for cases € liquid akkanes, hexatriacontane substrates prove to be more

discussed before. In Figure 15 are reported contact angle datépomogeneous at the mesoscale. . .
vs drop size for dodecane on C36 substrate. Only a slight The ensemble of these results demonstrate that the line tension

dependence df on the droplet’s size can be evidenced, leading rising from purely dispersive interactions is negligibly small
to an apparent line tension of 1430.3 x 10~ N. This value, for contact line curvatures less that some:h®* with basically
an order of magnitude less than that found for the silane substratesn© influence on the wettability of actual microfluidic devices.

points to a much more homogeneous substrate at the dropletMuch moreimportantare spatial gradients of surface wettability,
length scale. which can be difficult to control at the nanometer scale. Finally,

the AFM proves a viable probe for testing the functionality of
Conclusions open micro- and nanofluidic systems.

In this paper, we have reported a new AFM technique for .
imaging liquid structures directly condensed onto solid surfaces . Acknowledgment. We thank J.P. Bourgoin and L. Patrone
by using the noncontact mode. The setup used achieves trudor providing a sample ofdlgt!lled 1-dodecanethiol and P. Orfila
noncontact profiling, thus ensuring a very low degree of sample fqr the vacuum gold deP_OS't'O”- A.C. th?”ks L. Ph_am Van for
perturbation compared to tapping mode, as shown by phaseh's valuable help regarding some technical AFM issues.
images. The wetting contact angle can be directly accessed fromLA051419B



