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On the Derivation of Young's Equation for Sessile Drops: Nonequilibrium Effects Due to
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Sessile liquid drops have a higher vapor pressure than planar liquid surfaces, as quantified by Kelvin’'s equation.
In classical derivations of Young'’s equation, this fact is often not taken into account. For an open system, a
sessile liquid drop is never in thermodynamic equilibrium and will eventually evaporate. Practically, for
macroscopic drops the time of evaporation is so long that nonequilibrium effects are negligible. For microscopic
drops evaporation cannot be neglected. When a liquid is confined to a closed system, real equilibrium can be
established. Experiments on the evaporation of water drops confirm the calculations.

1. Introduction severe limit of Young’s equation is the fact that solid surfaces
are usually not in thermodynamic equilibrium but that their

Consider a drop of liquid on a horizontal solid substrate. h . .
Viewed in profile the drop appears to meet the substrate at thestructure a_nd thus thelr surface tensions depend on t_he history
of that particular solid surface. This and an often missing clear

line of three-phase contact under a certain angle, the contactdefinition of which surface enerav term enters in Yound's
angle®. In one of the most widely used equations of surface ation has caused some conf %'%34 9
science the contact angle is related to the surface tensions of quati u ustor.

C - T All the issues mentioned above limit the validity of Young’s
;/hi Itlglwd—vaporyL, solid-vaporys, and solid-liquid interfaces equation severely. This paper, however, deals with a different,

fundamental aspect of Young'’s equation. Even ignoring all the
_ issues mentioned above it is shown that Young’s equation can
7L C0SO =ys—vg @ only be derived in a strict thermodynamic way under conditions,
) o _ o which are experimentally almost never met. The reason is that
This equation is attributed to Yourigroung’s equationis the g sessile drop is usually not in thermodynamic equilibrium
basis to quantify wetting phenomena. It can be derived by pecause it will evaporate. Even in saturated vapor atmosphere
considering the surface tensions to be forces acting on the linejt tends to evaporate because due to the curved liquid surface
of contact:™# In equilibrium their horizontal components must  jtg vapor pressure is slightly higher than that of the vapor. In
cancel each other out. In a sounder derivation the Helmholtz gaylier derivations of Young’s equation the exchange of material
energy or the grand thermodynamic potential of the system is petween the system and the outside world was negle2#d°
minimized?>* taking gravitatio™*° and a possible adsorption  or the drop volume was assumed to be constant (as in refs 8, 9,
of dissolved substance¥ into account. 21, 29, and 3639). For macroscopic drops this is a good
Although Young's equation is one of the oldest and most assumption because evaporation only occurs on a time scale
used equations of physics and chemistry, itis in a rather delicatemych longer than the observation time. For microscopic drops,
position scientifically, in that it is virtually impossible to prove  however, evaporation effects are significant and the volume of
experimentally?~14 and its theoretical derivation has generated tne drop changes during a typical observation period. With the
significant and partially controversial discussion. It has been growing relevance of microfluidics and lab-on-chip technology
noted that Young’s equation is a macroscopic equation, which these effects become more and more important.

does not concern itself with the liquid surface in close vicinity In this paper we first clarify the boundary conditions under
of the contact liné:'31>1%Surface forces between the solid and \hich Young’s equation can be derived in a strict sense. Then
the liquid surfaces modify the shape of the liquid surface on e estimate the time constant for evaporation. Finally, we verify
the nanoscopic 5?3@‘-17722 As aresult, the nanoscopic contact  this estimation by experiments on drop evaporation. The aim
angle might be different from the optically observable macro- of the experiments was to demonstrate that microdrops evaporate

scopic contact angle. This effect is restricted to typicath20 on a time scale of a typical contact angle experiment, even in
nm thick regions of the drOp It was further noted that for small saturated (Or close to) atmosphere_

drops a line tension, which is the free energy required to create
three-phase contact line as an additional energy component2. Theory
has to be adde#:1521.2325 |t has been pointed out that
mechanical deformation of the solid surface caused by the
vertical component of the liquid surface tension and the
Laplace pressure within the drop can modify the energy balance
and change the contact angle for soft solid surf&és® A

2.1. Boundary Conditions to Derive Young's Equation.
We consider the simple system of a pure liquid drop on a planar,
homogeneous, inert, and undeformable solid surface (Figure 1).
We neglect gravitation, which practically implies that the drop
should be much smaller than the capillary constapt &)/

* Corresponding author. E-mail: butt@mpip-mainz.mpg.de. Fa%9- herep is the densi_ty of the liquid and = 9.81 m/$ is the
6131-379-310. Phone#+49-6131-379-111. standard acceleration of free fall. On the other hand we neglect
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Vapor equatiom for many liquids is 3 nm (Table 1). It is important

to note that the vapor pressure of the drop due to its curved

surface is higher thaRy. It has been pointed out that Young's

P— i — equation is only valid in saturated vapor at pressyé*31.32
R Having a saturated vapor is, however, not sufficient. Oversatu-
Solid ration is required. An oversaturated vapor is thermodynamically

Figure 1. Schematic of a liquid drop on a solid surface in its vapor. not stable but will eventually condense to bulk liquid. As noted
by Toshev and Avramov (and in contrast to the derivation in
ref 40, p 380), in the presence of a drop as a nucleation center
. the vapor would immediately condense and be unstiAay
small fluctuation of the radiuR leads to an unstable situation.

- - Kelvin eq. 4 If Ris coincidently slightly larger than that given by Kelvin's
equation, its vapor pressure would be lower than the actual
external vapor pressure and the size of the drop will further
increase. IR is coincidently smaller than the equilibrium radius
given by Kelvin's equation, it will completely evaporate.
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1000+ T This leads to two questions: First, can we derive Young's
equation in a strict way by using different boundary conditions?
0 . Second, at which time scale can nonequilibrium effects be
\ | neglected?
40001 . 1.3 2 10 4 Let us consider a closed system with constégtT, and a
B v - \ constant number of moleculedy. For a small number of
< 3000 I Kele ] molecules Ky < PoV/ksT) all molecules are in the vapor phase.

A necessary requirement for drop formatioMNig> PoVo/ksT.
Equilibrium is established when the Helmholtz energy change
of the system

N, TIV,P=1.1
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10007 V=20 um)3 i dF = (ysL — v9) dAg +y  dA_ — P dV, — P, dV, +
0 u dN| + 2y, dNy (3)
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Figure 2. Vapor pressure calculated with Kelvin's equation (2) ; ; ;
(dashed line) and with eq 8 (continuous) for water at°E5(Po — interface. To derive eq 3 we used the fact that an increase in

3169 Pa,y. = 0.072 N/m) and volumes oW = 5 um® and soIid—I_iquid in_terfacial area is equal to the decrease in selid
20 um?. The number of molecules was setNg= 1.1, 1.3, 2.0, and ~ Vapor interfacial are&,, Vi, ., andN, are pressure, volume,
10 times PoVo/(kgT). This leads toNy, = 1.06, 1.25, 1.92, and chemical potential, and number of molecules of the liquid phase.
9.6 x 10° molecules, respectively, fovp = 5 um)® and 64 times as The respective values for the vapor phaseRygVy, wy, and
many molecules folo = 20 um®. The arrows indicate an unstable N,,. For constant volum¥, and constant number of molecules
radius. we have &/, = —dVy, and &N, = —dNy. Inserting

line tension effects, and we do not take surface forces in the

vicinity of the contact line into account. Practically, this implies dF = (Vs = 7¢) dAg, + 7 dA — AP dV, +

that the drop should be much larger thapr. It is explicitly (. —uy)dN. (4)
considered that molecules are exchanged between the liquid and

the vapor phase. In equilibrium this is quantified by Kelvin's \yith AP = P, — Py. In equilibrium, the chemical potentials of
equation. To take equilibrium between the vapor and liquid jiquid and vapor are equal and the last term is zero. Choosing
phase into account, the thermodynamic boundary conditions the drop heighth and the contact radiua as independent

have to be specified. variables describing the drop shape, we can write
For an open system (temperatufevolume of the system

Vo, and chemical potential of the vapes, are constant)
equilibrium is established when the grand thermodynamic
potential Q2 is minimal. Toshev and Avramé¥%demonstrated
that a sessile drop in an open system is not stable and will A= n(az—}— h2 = dA = 2rada+ 2zhdh  (5b)
eventually evaporate. The physical mechanism leading to the

instability is the exchange of molecules between the vapor and

for any small change in the drop shape is zég.is the solid-
liquid contact area and\_ is the area of the liquigvapor

Ay = el = dAg = 27ada (5a)

liquid phase, as expressed by the Kelvin equation V, = % (3a’h + h%) — dV, = wahda+ 7hRdh (5c)
_ /IR . _ 2VLVm . 5 >
P, =P with A= T 2 In eq 5¢ we made use of the geometric relafios (a2 + h?)/
ke (2h), whereRis the radius of the hemispherical drop. Inserting

. o this into eq 4 leads to
Here,Py is the vapor pressure of the liquid with a planar surface,

R is the radius of curvature of the droyy, is the molecular _ _ _
volume in the liquid phaség and T are Boltzmann’s constant dF = 7a[2(ys — yg) + 2y, — hAP]da+
and temperature. The characteristic length scale in Kelvin's 7h[2y, — RAP] dh (6)
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TABLE 1: Vapor Pressure Py, Surface Tensiony, (in 10-2 N/m), Diffusion Coefficients of the Vapor Molecules in Air (mostly
taken from ref 50), Length Scale in Kelvin Equation (2)4, Evaporation Times r for Drops of 10 gm? Initial Volume for 100%
Vapor Pressure (eq 19) and 99% Vapor Pressure (eq 21), Critical Volum&,, of Drops Assuming 100% Vapor Pressure (eq 19)
and 99% Vapor Pressure (eq 219

7(s) Ver (ML)

Py (Pa) yL (MN/m) D (m%s) A (nm) 100%P/Pgy 99% P/P,y 100%P/Py 99% P/Py
water 3169 72.0 24 10°6 1.04 741 10 0.0012 0.84
benzene 12700 28.2 9:310°° 2.02 50 1.3 0.018 18
toluene 3790 27.9 8.5 10°° 2.40 129 4.0 0.0070 33
acetone 30800 235 10610 1.40 32 0.58 0.028 61
diiodomethane 172 49.9 60106 3.26 3900 165 2.x 104 0.013
trichloromethane 26200 26.7 8:910°° 1.75 32 0.73 0.028 43
pentane 68300 15.6 841076 1.44 11 0.21 0.081 284
hexane 20200 17.9 7810° 1.90 29 0.71 0.031 45
octane 1860 21.1 6.2 1076 2.79 203 7.4 0.0044 1.3
methanol 16900 22.1 152 107 0.72 140 1.3 0.0064 18
ethanol 7870 22.0 11.8 10°6 1.03 189 25 0.0048 6.6
1-propanol 2760 23.3 9.910° 141 366 6.3 0.0024 15
1-butanol 860 24.9 8.6 1076 1.84 851 20 0.0011 0.29
1-pentanol 259 25.4 72106 2.22 237 69 3.8« 10 0.048
1-hexanol 110 25.8 6.2 10°° 2.61 4740 161 1.%10* 0.013
1-octanol 10 27.1 5.% 10°¢ 3.49 37800 1710 2.4 10° 3.8x 104
1,2-propanediol 20 40.1 8810° 2.38 34600 1070 2.6 10°° 7.7x 10
mercury 1.6x 104 486 14.2x 106 5.81 5.4x 10° 4.1x 10° 1.7x 10710 3.3x 10°%?

@ The critical volume is the volume of a drop evaporating in 15 min. Only for drops much largeMthaan evaporation be neglected for a
typical observation time of 15 min. In all cases air at normal pressure aii€ 2Bd a contact angle of 6@vas assumed.

Necessary conditions for a minimum knareoF/oh = 0 and 2 the vapor pressure of water is plotted versus the drop radius
dF/oa = 0. The first condition leads to the Laplace equation at 25°C, a contact angle d® = 60° (5 = 0.625), two volumes
of Vo = 5 um3 and 20um3, and for different numbers of
— ﬁ @) moleculesNo. The equilibrium radius of a sessile drop can only
R be where the respective graphs cross each other.

The second condition for equilibrium is: At the radiis

AP

The second condition together withP = 2y, /R and the ; )
geometric relation co® = 1 — /R leads to Young’s eq 1. calculated with eq 10 the slope of the cuRgR) given by eq

dF/da = 9F/ah = 0 are necessary but not sufficient conditions 8 as to be steeper than the slop@e(R) given by the Kelvin
for stability. They only prove thaE has anextremum not equation (2). Figure 2 demonstrates that this is indeed the case.
necessarily a minimum. To argue that indeed in a closed systemThiS is essential because otherwise the drop would be unstable.
we have a stable situation, we consider thermal fluctuations of An unstable situation arises, for example, for very small drops
the drop size. IfR is coincidently larger than that given by and low number of molecule,. In Figure 2 this is indicated
Kelvin’s equation, more molecules tend to condense. Then theby an arrow aR = 10 nm andNo = 1.1VoPo/(ksT). Then, eq

vapor pressure decreases becadlisdecreases ardy = N + 10 has two solutions but only the one at higher radius leads to
Ny is constant. Assuming the vapor to be an ideal gas we cana stable drop. That confinement can lead to a stabilization of
express the vapor pressure by droplets in an oversaturated vapor has already been realized for

homogeneous nucleatidt** To our knowledge it was not
_ NukgT  (No — NkgT _ NoViy — Vi kgT (8  &xlended fo sessile drops and thus has not been related to
Vy Vo — V) Vo=V Vq Young'’s equation.
2.2. Time Scale of Quasi-Equilibrium: Evaporation. For

To demonstrate real equilibrium, two conditions have to be gn gpen system a sessile drop is never stable. It evaporates (for
fulfilled. First, the vapor pressures given by eqs 2 and 8 must p,, < p) or we get complete condensatioBy(> Po). This

Py

be equal does, however, not completely spoil all experiments because
NV, —V, kT the time scale of drop evaporation in most applications is longer

0Ym L _ IR . . . . .
Vv V.~ Poefl 9) than the typical observation time. Evaporation for macroscopic

o Vi m drops in still air is limited by the diffusion of molecules through

a saturated vapor region around the dtoff For constant
contact angle evaporation and assuming constant temperature
the change in liquid volume is described*by

Note thatVo > NoVim > VL. We can express the liquid volume
by the radius and contact angie = 7R33/3 with § = (2 +
cos®)(1 — cos®)2. This determineR for a given volume of
the systemVvo, amountNo, and contact angle (and thi33

dv, Co — Co (3VL)1/3
e (11)

N, — 7ZRBI(3V,,) " o o P
—R3 ke T = Poé (20)
Vo — RBI3 with
Unfortunately this is not an explicit expression. Graphically eq
10 can be illustrated by plotting the left- and right-hand sides = 1 (0.00008957% 0.6333 + 0.11689% —

in one graph (Figure 2). The left-hand side represents eq 8 while
the right-hand side represents Kelvin's equation (2). In Figure 0.08878° + 0.0103@4) (12)
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for 10° < © < 187 and® (in radians). HereD is the diffusion U S
constant of vapor molecules in the gas phasis, the density ° Saturated vapor S
of the liquid, ¢y is the concentration of vapor molecules in direct ’
vicinity to the liquid surface, and., is the concentration at
infinite distance, both given in kgfnThe concentratiow., is
determined by the external vapor pressure and the molecular
massM by ¢, = MPy/kgT. The concentration is determined

by the vapor pressure as given by Kelvin's equation

Time constant 7 (s)

Co= % &R (13)

Assuming that the external vapor pressure is equal or close to
the saturation vapor pressuif, = (1 — x)Po, wherex < 1,
we get

ol ssimd ssimd ool s il s il

T
MP, g 10°4 ]
C—C,= —2 (R —1+x) (14) é 10'] Saturated vapor / ]
kBT S 10°] plus air at NTP ]
Q -1
SinceR > 1 we can write E }g_z‘ Saturated vapor 1
1 1
C,—C, MP PV, 107 1
: =—O(i X)= Om(i"‘x) (15) e ——
p keTp \R keT R 10°10% 10" 10° 10' 10° 10° 10* 10° 10° 10" 10° 10°
ops 3.
Inserting into eq 11 leads to Initial volume ¥, (um’)
3 Figure 3. Time of evaporation of a sessile water drop at’€5versus
dv — 21D PoVim (1 3V 16 the initial volume as calculated for 100% humidity with eq 19 (A) and
d keT R 7B (16) for 99% humidity with eq 21 (B). Time constants were calculated for

evaporation in the presence of air at normal presddre .4 x 1075
m?/s) plus saturated water vapor and without background gas, only in

Perfectly Saturated Vapor.Let us now consider the special a saturated vapor atmospheBe€ 5.3 x 10-4 m2/s). The contact angles

case of perfectly saturated vapor £ 0). UsingR = (3Vi/ were assumed to b® = 30° (continuous line), 60(dashed), and 90
aB)3 we have (dotted). The initial volume of the drop was varied from 100°nn1
mme. The times scale ranges from 0.1 ms to 116 days. The horizontal
dV,_ POVM line indicates a typical observation time for a contact angle measurement
F == KT f (17) of 15 min. For comparison, experimental results obtained for water

drops evaporating from hydrophobized silicon cantilevés=< 90°)
are shown @). These values were derived by extrapolating from the

This can be integrated first 60 s of the evaporation process.

PV, A
V, =V, — 21D ﬁBT ft (18) effects become significant. The top three curves were calculated
for the typical situation of a water drop evaporating in air at
Here,V,o is the initial drop volume. The evaporation timef normal pressure. For example a/,lm3_ sized Wat(_er drop takes_
i i 741 s to evaporate. If we take 15 min as a typical observation
the drop is given by . - ;
time, we find that fo, > 0.0012 mL= 10.6um?3 evaporation
1 Vio ksT can be neglected. Water drops smaller than this critical volume
T= 27 D .Pon/“ (19) V¢r evaporate during the experiment. Only for drops much larger

than this critical volume, we can neglect evaporation.

The last factor depends on material properties of the system, |n the absence of a background gas, the diffusion coefficient
namely, the saturation vapor pressure, the molecular volume,js higher and evaporation is faster. From the viscosity of water
the contact angle (if), and on the surface tension of the liquid  yapor and assuming an ideal gas, the diffusion coefficient of
(in 4). The time constant increases linearly with the initial \yater molecules in pure saturated vapoPat= Py = 3169 Pa
volume of the drop. For this reason the relative 8fz&/|o of can be calculated to bB = 5.3 x 10~ m%s. In this case

large drops decreases slower than the relative size of small dmpsevaporation can only be neglected for drop volumes exceeding
Since the external vapor pressure cannot ex&ggedt least not 50 um?

in real thermodynamic equilibriung given by eq 19 is the . . L

longest possible lifetime of a drop assuming constant contact Not Perfect .Saturatlon. Pract!cally it is dlffICU|t'tO reach
angle evaporation. Equation 19 can also be rearranged. AssumPerfect saturation when measuring drop evaporation. To create
ing that a typical observation time is given, the size of a drop @ Small drop, the system needs to have a small opening. In
which will evaporate in that time can be calculated. Practically addition, temperature changes or differences somewhere in the

drops should than be much larger than this size.Fer 15 system can create gradients in vapor pressure. In this case the
min, values for the size of drops are given in the last two rows parametex in eq 15 can easily exceédR. For example, even
of Table 1. for 99% saturated vapomx (= 0.01) evaporation due to the

As an example, Figure 3A showsversus the initial volume  unsaturated vapor will dominate for drops with typiBet 0.1—
for the evaporation of sessile water drops with different contact 0.2 um. Therefore we also calculated the time of evaporation
angles. It relates the time and length scale where nonequilibriumfor x > A/R. Integrating eq 16 for negligibl#/R leads to
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PV 1/3 Drop
VB =y 24 p Ty i) t (20) |
3 kBT ”ﬁ n Drop generator
- - with
The evaporation time is nozzle
Silicon cantilever Parafilm
2/3 1/3
. 1/3\2/3 VLO kBTﬁ ['] E Evaporating drop
- Z (E) D P.V_xf (21) L on hydrophobized
0Vm Gl silicon cantilever
At 99% humidity (Figure 3B) we see three significant differ- Water

ences as compared to evaporation at perfect saturation: ) 3 .
Evaporation times are much faster. For example, a water dropF'gure. 4. Experimental setup used to study evaporation of water

of 100um? volume is expected to evaporate in 400 h. At drops in saturated water vapor atmosphere.

99% humidity the evaporation time is only 860050 s.

The evaporation fime increases proportionalrtal Vio?? dropper, UniversiteBremen, Germany). The nozzle of the drop

. o generator was pushed through the Parafilm to a distans® &f
.rather t.hanr 0 Vio. Thu_s, in the double-logarithmic plot the 1 apove the cantilever. By variation of the impulse duration
inclination of the graph is different. and voltage applied to the piezoelectric drop generator, drops
The evaporation time depends less on the contact angle. At gitterent radii (15-36 2m) and thus volume (14006195000
exactly 100% humidity, where evaporation is driven by the 1,3 cqid be produced. A three-axes, electromotor controlled
curvature of the liquid surface, the contact angle has a Strongmicromanipulator (Luigs & Neumann GmbH, Ratingen, Ger-
influence because it changBs o _ many) was used for controlling the nozzle-to-cantilever position.
_ The evaporation time and the critical volume for different 14 \isyalize the process, the position and the contours of the
liquids can be very different (Table 1). The main factor y.qnq on the cantilever were monitored with a camera system
influencing the evaporation time is the vapor pressegeof consisting of an objective 6 (Mitutoyo Corp., Kawasaki,
the molecules. Molecules which are large and interact strongly Japan), a 6.5 Ultra zoom tube (Navitar Inc., Rochester, NY)

and thus hav_e a low vapor pressure do not evaporate ;igni_ﬁ-and a UEye UI-2210-C, CCD camera (IDS GmbH, Obersuim,
cantly on typical observation time scales. For example, in air Germany), together with a white light source (Schott KL

and perfectly saturated vapor, a drop of A0° octanol or 1500 \ainz, Germany). The resolution of a single frame was
propanediol takev10 h to evaporate (in air at 100% saturated g1 . 480 pixels, the frame rate was 1.5 frames/s. The light

vapor). On the other hand, microdrops of acetone, trichlo- inensity was kept low to avoid heating of the sample, which
romethane, pentane, or hexane evaporate in less than 32's, evel,i1d cause a local increase of the vapor pressure. From

in saturated vapor. If the relative vapor pressure is only 99% gach frame of the video sequence, we calculated the contact
the evaporation times decrease by a facto_fl@. Thus, in any radiusa and the heighh of the drop cap. To know them/
experiment, which takes longer than 1 min, the volume of the i q| ratio, the system was previously calibrated using a
microdrop is Ilkely to_ change §|gn|f|cantly. The ,C”t'cal cantilever with a known length. Fromandh, the drop volume
volume for evaporation in 99% relative vapor pressure increases,, a5 calculated by eq 5c. The drop deposition took place at a
by a factor of 56-700, and for many common liquids it exceeds temperature of 21+ 1 °C. Before the experiments were

1mL performed in a closed system in the presence of water, the level
of relative humidity (RH) was measured with a humidity
sensor (SHT15, Sensirion, www.sensirion.ch) with an accuracy
3.1. Materials and Methods.To measure the time constant  of 2% specified in the range #90% RH. The RH was found
of evaporation, a water drop was placed in an atmosphere ofto be 99%.
saturated water vap®y. To create a saturated water vapor the  3.2. Results.A reproducible contact angle of 98 5° was
system contained a reservoir of water with a planar surface obtained for all the drops after deposition and in the beginning
(Figure 4). Small drops were deposited onto hydrophobized of evaporation. It was constant within at least half the evapora-
microfabricated silicon cantilevers (rectangular cantilevers from tion time of the drop. The first part of the evaporation process
Micromotive GmbH, Mainz, Germany) as described in ref 30. followed the predicted evaporation law (eq 20) awg??
Drop evaporation was followed by imaging the shape of the decreased linearly with time. This demonstrates that the tem-
liquid cap by an optical microscope. Cantilevers were only 90 perature changes caused by evaporating liquid are negligible.
um wide so that the optical axis could be aligned with the plane When this linear part is extrapolated to full evaporation, typical
of the cantilever. The drop shape was analyzed automatically evaporation times ranged from 70 to 350 s. To a large part this
with homemade software. Perfluoro-1,3-dimethylcyclohexane variation is caused by the different initial volumes. The result
(Aldrich, 80% technical quality isomeric mixture) was deposited obtained with 3 drops are plotted in Figure 5. For example drop
by plasma polymerization to form a hydrophobic film on the 1 in Figure 5 evaporated within 5 min starting with an initial
surface*® The thickness of the perfluorocarbon film was volume of 107.00Q«m?3. During the first 100 s it followed the
measured by ellipsometry and found to bed58 nm. To create evaporation law, i.ey, %3 decreases linearly with time. If we
a saturated water vapor atmosphere in a closed system, we usedssume a diffusion coefficient & = 2.4 x 10-5 m?/s for water
a glass container (5 5 cn? base area, 1 cm high) covered at in air at room temperature, take a contact angle of 0=
the top by Parafilm (Alcan Inc., Neehan, WI). The substrate 0.53,5 = 2), and use the experimental inclination of the graph
was lifted~1 mm above a thin layer of water (deposited before V|23 versus time, we find from eq 20 a value for the humidity
the glass chamber is closed) at the bottom of the container. Aof 99.1% & = 0.009). This agrees with the measured value of
large drop of~2 mm radius of curvature was placed directly 99%. The same result is obtained if we use the evaporation of
underneath the cantilever. drop 3 for the first 60 s. The fact that the atmosphere seems to
Water (milliQ, Millipore Corp., USA) drops were generated be not perfectly saturated is probably caused by tiny holes of
by a computer-controlled piezoelectric drop geneft@iezo- the sealing of the Parafilm or in small temperature differences

3. Experiment
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25004 5000 T T ] For a given observ_ation time we can define a critical _d_rop

‘e ;‘g% - /Fast volume. Only drops with a volume much larger than this critical

- % volume show negligible evaporation. For drops smaller than

2000 m ‘ g 2000 slow this critical volume, _e_vaporation effects are significant. We have
§ .( shown that the critical volume of a drop depends on the

g properties of the liquid (saturation vapor pressure, molecular

volume, and surface tension) and on the diffusion coefficient

of its vapor in the background medium. We have discussed the
case of a water droplet placed in saturated vapor with and
without air as background medium. Evaporation is slowed down
by air since its diffusion coefficient is reduced by a factor around
20. The fact that practically all contact angle experiments are

carried out in the presence of air at normal pressure as a

background gas established the significance of Young’s equa-

tion.

15004

Volume™ (um®)
=
S

500
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