
Silicon-Modi®ed Carbohydrate Surfactants IX:
Dynamic Wetting of a Per¯uorinated Solid
Surface by Solutions of a Siloxane Surfactant
Above and Below the Critical Micelle
Concentration
R. Wagner,1* Y. Wu,1 L. Richter,1 S. Siegel,1 J. WeissmuÈ ller2 and J. Reiners2

1Max-Planck-Institute for Colloids and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germany
2Bayer AG, 51368 Leverkusen, Germany

The dynamic wetting behaviour on a perfluori-
nated, low-energy solid has been investigated for
a carbohydrate-modified phenylsiloxane surfac-
tant. The surfactant concentration, the rate of
interface generation and the [solid/liquid inter-
face area] : [liquid/vapour interface area] ratio
were varied systematically. Dynamic data for the
liquid/vapour ( glv) and solid/liquid (gsl) inter-
facial tension as well as their Lifshitz–van der
Waals and donor–acceptor contributions were
determined under strictly controlled conditions.
Since gsl reacts sensitively to variations of the
surfactant concentration and the rate of inter-
face generation, the covering of the liquid/non-
polar solid interface is assumed to be a spreading
limiting factor. The corresponding glv values
remain constant and close to those obtained
under equilibrium conditions. # 1998 John
Wiley & Sons, Ltd.
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1 INTRODUCTION

An exceptional property of aqueous solutions of
certain trisiloxane surfactants is their ability to wet
low-energy surfaces rapidly1 (e.g. polyethylene,
polypropylene, layers of natural waxes). Commer-
cially available products (e.g. Silwet L77, Union
Carbide) usually consist of complex mixtures
bearing species with 4–12 ethylene oxide units
attached to the trisiloxane moiety. So far, the active
species within these mixtures have not been
identified.

Chemical, geometrical, kinetic and energetic
influences have been found to govern the super-
spreading process.1–5 First, dynamic surface ten-
sion and dynamic interfacial tension measure-
ments6 have been carried out for the system of
aqueous silicon-surfactant solution vs n-alkanes.
Although liquid/liquid interfacial tension measure-
ments cannot simulate the situation at the solid/
liquid interface (e.g. the smoothness of an oil phase,
partial surfactant solubility in it) the data suggest
that bulk diffusion coefficients of superspreaders
are one order of magnitude higher than those of
conventional surfactants. Since hydrodynamics and
a surfactant’s adsorption kinetics have a complex
influence on the dynamic contact angle,7 a precise
description of the fast-progressing wetting of a low-
energy solid by a silicon-surfactant solution
remains a challenging task.

In order to improve understanding of this
process, solutions of strictly defined surfactants
have to be investigated. Depending on the nature of
a solid substrate, short-range polar forces and long-
range forces of the Lifshitz–van der Waals type can
emerge at interfaces. Their proportions have to be
measured and, if possible, controlled. The obvious
bulk-concentration effect has to be quantified for
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the liquid/vapouras well as the solid/liquid inter-
face under dynamic conditions. Since dynamic
wettingsituationsareessentialfor abroadspectrum
of industrial applications, surfactantsand solid
surfaces of practical importance have to be
consideredfor suchinvestigations.

Thereforewe initiated a comprehensiveinvesti-
gationof the wetting behaviourof strictly defined
silicon surfactants.Silicon-modifiedcarbohydrate
surfactantsof the siloxane,carbosilane,polysilane
andsilanetypeshavebeensynthesized.8–10

In a further step we were able to quantify the
impacts of substructures(silicon moiety, spacer,
carbohydrateunit, modifying element) on the
equilibrium wetting behaviourof dilute aqueous
surfactant solutions on perfluorinatedsolid sur-
faces.11,12To ensurecomparabilitywith analogous
data for liquid silicon precursors,10,13 we focused
our attentioninitially on surfactantsolutionsabove
the critical micelle formationconcentration(cmc).
It could be demonstratedthat surfacetension(glv)
and solid/liquid interfacial tension (gsl) develop
independently.Determinationof the Lifshitz–van
der Waals (LW) and donor–acceptor(�/ÿ) con-
tributions provedthe dominanceof LW forcesat
the liquid–vapour interface. At the solid–liquid
interface a structure-dependentbalancebetween
bothcontributionsexists.

Recently14 we investigated the effect of the
surfactantconcentrationon the liquid/vapour and

solid/liquid interfacialtensionsandthecorrespond-
ing interface covering. For all substancesunder
investigation we foundcmc(glv) = cmc(gsl) and a
dramaticincreasein the donor–acceptorcontribu-
tions below thecmc. From the slopesof the glv–
log c andgsl–logc isothermswedeterminedthatthe
coatingsof both the liquid-vapour and the solid-
liquid interfaceswere even. This finding differs
remarkablyfrom theproposedunsteadyadsorption
of sodiumdodecylsulphateontoPTFE.15

Spreading is a dynamic process, however.
Constantsurfactantconcentrationsat the edgeof
fast-spreadingdropscannotbe assumed.If this is
true, major shifts of the interfacial energiesunder
dynamicconditionshaveto beexpected.Therefore
it is the purposeof this paper to examine the
impactsof the surfactantconcentration,the rateof
interfacegenerationandthe [solid/liquid interface
area]: [liquid/vapour interface area] ratio on the
developmentof glv and gsl underdynamiccondi-
tions.

2 MATERIALS AND METHODS

2.1 Materials

Sincethe single componentsof the superspreader
mixtureshavenot beenavailable,a strictly defined
carbohydrate-modifiedtrisiloxanesurfactant1 (Fig.
1) hasbeenchosento provethepracticabilityof our
approachfor thedeterminationof dynamicwetting
data.The synthesisand chemicalcharacterization
of this compoundweredescribedearlier.10

2.2 Methods

Distilled waterhasbeenusedfor thepreparationof
all surfactantsolutions.

WeusedV2A steelandFEP1 plates(tetrafluoro-
ethylene–hexafluoropropylene copolymer; Du
Pont) to determinethe equilibrium and dynamic
valuesfor the liquid/vapourandsolid/liquid inter-
facial energies.They were cleaned initially in
ethanol, acetone and diethyl ether, and subse-
quently treatedseveraltimes in an oxidizing solu-
tion consistingof conc.H2SO4, H2O and K2S2O8
(39:11:2 by wt) After these oxidations, water
spreadson V2A steel platesand forms a contact
angleof 116–117° on FEP1. Beforeeverywetting
experimenttheplatesweretreatedin this oxidizing
solution for 30min, carefully rinsed with bi-
distilled wateranddriedwith argon.

Figure 1 Structureof the carbohydrate-modifiedtrisiloxane
surfactant1.
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The determinationof the equilibrium contact
anglesof theaqueoussurfactantsolutionshasbeen
described in a companion paper14 The liquid/
vapour interfacial tension (glv) (s, ring method,
data correctedaccording to Ref.16) and wetting
tension a (Wilhelmy method) were measured
independently(Young’sequation)17 (Eqn [1]).


svÿ 
sl


lv
� �
�
� cos� �1�

To measuretheequilibriumwettingtensiona, an
FEP1 plate of defined width and thicknesswas
dipped stepwise(2 mm per step, usually 10–15
steps)into a surfactantsolutionof known concen-
tration. The force (p) measuredcorrelateswith a
(Eqn [2]).

P� u�ÿ �gdbxi �2�
where

u = perimeterof plate
r = liquid density
g = gravitationalconstant
m=massof liquid in meniscus
d = thicknessof plate
b = width of plate
xi = immersiondepthof plate

We measuredthe force after 5 min. This time
wasfoundto benecessaryfor thesystemto reacha
force equilibrium between the advance of the
meniscus induced by wetting tension and the
meniscus weight. In this equilibrium state the
meniscus of the surfactant solution does not
advanceor recedeany further and the measured
force remainsconstant.Plotting the force valuesp
against the immersion depth xi yields, after
extrapolation to xl = 0, the product of wetting
tensiona andperimeteru (Eqn [2]).

This generalprocedurewasrepeatedfor diluted
surfactant solutions in the range from 10ÿ2 to
10ÿ7 mol dmÿ3.14 All measurementswere carried
out at 20°C.

The interfacial tension gsl could be calculated
from the gsv–a relationship(seeEqn [1]).

Theprocedurefor thedeterminationof thesolid/
vapour interfacial tension (gsv) of the non-polar
FEP1 (gsv = gsv

LW = 18.9mN mÿ1) was described
earlier.11

We alsodeterminedthe Lifshitz–vander Waals
contributions to the liquid/vapour18 (glv

LW (Eqn
[3]) andsolid/liquid19 (gsl

LW) (Eqn [4]) interfacial
tensions.
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Thedonor–acceptorportions(glv
�/ÿ) and(gsl

�/ÿ)
were calculatedaccordingto Fowkes’ approach20

(Eqns[5] and[6].


lv � 
LW
lv � 
�=ÿlv �5�


sl � 
LW
sl � 
�=ÿsl �6�

The characterizationof the dynamic wetting
behaviourof a rapidly spreadingdrop, either by
direct observationof the angleat the progressing
three-phasecontact line or by dynamic measure-
mentsof the liquid/vapour and solid/liquid inter-
facial tensionsunder controlled and reproducible
conditions,is asyet anunsolvedproblem.

It is ourbasicassumptionthatkeyaspectsof such
aspreadingprocesscanbesimulatedby immersion
of a well-definedsolid into a surfactantsolution.A
movementof surfactantmoleculesfrom the bulk
via the liquid/vapour interfaceto the solid/liquid
interface should be influenced by a number of
factors (Fig. 2). The rate of solid/liquid interface
generation(rig, which dependson the immersion
speedandtheplategeometry)andsurfactant’sbulk
concentration(c) shouldplay major roles.Further,

Figure 2 Parametersinfluencing the dynamic wetting of a
low-energymaterial.
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the immersion-depth-dependentabsolutearea of
the solid/liquid interface (Asl), its ratio with the
constantliquid/vapourinterfacearea(Alv) and the
solutionvolume(v) havealsoto beconsidered.

We useda Wilhelmy-methodbasedalgorithm
which by-passesthe troublesome simultaneous
determinationof both interfacial energies.One
completelywettableV2A steelplateandoneFEP1

plate of identical geometry were immersed in
separateruns in a given surfactant solution.21

Despiteidenticalpretreatments,exploratoryexperi-
mentswith otherthanour ‘standardplates’yielded
slightly shiftedforcevalues.Thereforethisstrategy
should not be consideredto acceleratethe data
acquisition.

The parallelexperimentswerecarriedout under
strictly identical conditions (immersion speed,
vessel geometry, surfactantsolution volume, li-
quid/vapour interface area surface ageing after
suckingthesolutionoff [30 min]). Theforcein both
runswasmeasuredat the sameimmersiondepths

(i.e. from the contact with the liquid surfacein
0.5mm steps).The force datafrom the V2A steel
plate experiment provided information on the
dynamic surfacetensionof the solution whereas
the FEP1 plate data characterizedthe dynamic
wettingtension.Extensiveexploratoryexperiments
showedthatunderdynamicconditionstheinfluence
of friction betweenthesolid surfaceandthe liquid
on theforcebalancecouldnotbeexcluded7 (Figs3
and 4). Typically we found a friction term in the
range of 3–5mN mÿ1 for immersion velocities
>0.8mmsÿ1.

For surfactantsolutionsunder dynamic condi-
tions(Fig. 3) theforcesat theV2A steelplate(ps

s,
determinationof the liquid/vapour interfacial ten-
sion) and the FEP1 plate (ps

a, wetting tension
determination)canbeexpressedby Eqns[7] and[8]

P�s � u�sÿ �gdbxi ÿ �A
dv
dy

�7�

P�s � u�sÿ �gdbxi ÿ �A
dv
dy

�8�

where

ss = dynamicliquid/vapourinterfacial tension
as = dynamicwetting tension
Z = liquid viscosity
A = immersedplatearea
dv/dy = derivateof the liquid velocity with respect

to thedistanceto thesolid platesurface

We failed to eliminate mathematically the
immersion-speed-dependent friction effect, in ana-
logy to the immersion-depth-related buoyancy
effect (Eqn [2]), but if the approximationZsurfactant

solution � Zwater holds sufficiently well one can
eliminate the friction term by immersionexperi-
mentswith purewatercarriedout underconditions
identical to those for surfactant solutions. The
liquid/vapourinterfacialtension(sw) of purewater
at 20°C is well known (72.6mN mÿ1) and its
wettingtension(aw) onFEP1 (ÿ29.4mN mÿ1) can
be determinedseparatelyunderequilibrium condi-
tions. The identity between equilibrium and
dynamic interfacial energiesfor pure liquids is
well established.7,22

For pure water under dynamic conditions the
forcesat theV2A steelplate(pw

s, determinationof
theliquid/vapourinterfacialtension)andtheFEP1

plate (pw
a, wetting tensiondetermination)can be

expressedby Eqns[9] and[10].

Figure 3 Forcebalanceat platesunderdynamicconditions.

Figure 4 Friction effect of the immersionspeedon the force
(p) versusimmersion-depth(xi): curvefor wateronFEP1 (plate
geometry:width 18.2mm, thickness0.245mm)

# 1998JohnWiley & Sons,Ltd. Appl. Organometal.Chem.12, 843–853(1998)

846 R. WAGNER ET AL.



P�w � u�w ÿ �gdbxi ÿ �A
dv
dy

�9�

P�w � u�w ÿ �gdbxi ÿ �A
dv
dy

�10�

Subtractionof Eqn[9] from Eqn[7] andEqn[10]
from Eqn [8] yieldsEqns[11] and[12].

p�s ÿ p�w � u�sÿ u�w �11�
p�s ÿ p�w � u�sÿ u�w �12�

andfinally Eqns[13] and[14];

p�s ÿ p�w � u�w

u
� �s �13�

p�s ÿ p�w � u�w

u
� �s �14�

A computer-controlled combinationof the force
valuesobtainedfor surfactantsolutionsand pure
waterat identicalimmersiondepths(Eqns[13] and
[14]) makesaccessibledynamicdatafor theliquid/
vapourinterfacial tensionandthe wetting tension.
They can be used to describe the dynamic
developmentof contact angles (Eqn [1]), Lif-
shitz–vander Waals contributionsof the liquid/
vapour (Eqn [3]) and solid/liquid (Eqn [4])
interfacial tensionsas well as the complementary
donor–acceptorcontributions(Eqns[5] and[6]).

The authorsare well aware that this type of

dynamic data does not reflect intrinsic solution
properties.The system is forced to respond to
definedchangesof certain parameters.Therefore
trendsandmechanisms,ratherthanintrinsickinetic
constants,aredisclosed.

3 RESULTS

In Table1 andFig. 5 the concentration-dependent
dataunderequilibriumconditionsfor theinterfacial
energies,their Lifshitz–vander Waalsanddonor–
acceptor contributions, as well as the contact
angles,aresummarized.Characteristicaspectsare
thepracticalconvergenceof cmc(glv) andcmc(gsl),

Table 1 Concentrationdependenceof the interfacialpropertiesat equilibrium for thephenyl-substitutedtrisiloxanederivative

Concn
(mol dmÿ3)

glv
(mN mÿ1)

glv
LW

(mN mÿ1)
glv
�/ÿ

(mN mÿ1)
gsl

(mN mÿ1)
gsl

LW

(mN mÿ1)
gsl
�/ÿ

(mN mÿ1)
a

(mN mÿ1) cos�
�

(deg)

3.0� 10ÿ3 24.9 21.5 3.4 3.5 0.08 3.42 15.4 0.618 52
1.0� 10ÿ3 24.4 21.5 2.9 3.0 0.08 2.92 15.9 0.683 47
7.5� 10ÿ4 24.4 22.3 2.1 2.2 0.14 2.06 16.7 0.651 49
5.8� 10ÿ4 25.3 22.6 2.7 2.8 0.17 2.63 16.1 0.635 51
4.2� 10ÿ4 25.7 22.4 3.3 3.4 0.15 3.25 15.5 0.603 53
2.1� 10ÿ4 26.2 19.1 7.1 7.1 0.00 7.10 11.8 0.451 63
1.1� 10ÿ4 29.3 20.3 9.0 9.0 0.03 8.97 9.9 0.340 70
7.5� 10ÿ5 29.5 20.4 9.1 9.1 0.03 9.07 9.8 0.332 71
4.7� 10ÿ5 36.2 17.9 18.3 18.3 0.01 18.25 0.6 0.016 89
2.7� 10ÿ5 42.9 16.6 26.3 26.4 0.07 26.33 ÿ7.5 ÿ0.174 100
1.5� 10ÿ5 48.7 17.7 31.0 31.0 0.02 30.98 ÿ12.1 ÿ0.249 104
8.2� 10ÿ6 57.4 23.6 33.8 34.0 0.26 33.74 ÿ15.1 ÿ0.264 105
4.9� 10ÿ6 65.9 19.1 46.8 46.8 0.00 46.80 ÿ27.9 ÿ0.423 115
2.0� 10ÿ6 70.4 23.2 47.2 47.4 0.22 47.18 ÿ28.5 ÿ0.405 114
5.3� 10ÿ7 72.7 23.8 48.9 49.2 0.28 48.92 ÿ30.3 ÿ0.416 115

Figure 5 Equilibrium valuesof the liquid/vapourand solid/
liquid interfacialtensionson FEP1; donor–acceptor(�/ÿ) and
Lifshitz–vander Waals(LW) contributionsareshownfor 1 at
concentrationc
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thepolarnatureof gsl (� gsl
�/ÿ) andtheminimum

of glv
LW belowthecmc.

Figure6 describestheconcentrationdependence
of glv and gsl under high-rate dynamic wetting
conditions. For concentrations at and below
thecmc (Fig. 6b–e) gsl reacts sensitively to an
increaseof the solid/liquid interfacearea(Asl). A
significant Lifshitz–van der Waals contribution

(gsl
LW) emerges.Above thecmc (Fig. 6a) and in

extremelydilute solutionscloseto water (Fig. 6f)
an equilibrium-like force pattern (gsl � gsl

�/ÿ =
glv
�/ÿ; gsl

LW � 0) is found.
Figure 7 characterizesa low rate dynamic

wetting situation. Over the whole concentration
range, glv and gsl remain close to equilibrium.
A slip–stick effect has already been described

Figure 6 Concentration-dependentdynamicliquid/vapour(glv) andsolid/liquid (gsl) interfacialtensionsandtheir Lifshitz–vander
Waalsanddonor–acceptorcontributions(parameters:rateof solid/liquid interfacegeneration,rig = 116mm2 sÿ1 [V2A andFEP1

plates,width 18.2mm,thickness0.245mm,immersionspeed3.16mmsÿ1], volumeof surfactantsolution100ml, areaof theliquid/
vapourinterface,Alv = 450mm2). Theconcentrationc of surfactant1 is shownon eachgraph.
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for slow dynamic wetting experiments.26 We
attribute the slip–stick effect of some glv curves
to the inevitable micro-roughnessof the steel
plate.

Figure8 describesthedivergentresponsesof glv
andgsl onasystematicvariationof therateof solid/
liquid interfacegenerationrate(rig). Forglv aminor
increaseof a few mN/m is found. However, gsl
reactswith asteepincreaseto anaccelerationof the
wettingprocess.Theslip–stickeffectdisappearsat
higherratesof solid/liquid interfacegeneration.

Figure 9 concernsthe influence of the liquid/
vapourinterfacearea(Alv) onthewettingbehaviour
underhigh-rateconditions.Abovethecmc(Fig.9a)
and in diluted systems(Fig. 9b) no significant
dependencewasfound.

Figure 10 (seealso Fig. 6d) indicatesthat for
mediumconcentrationsunderhigh-rateconditions
two wetting statesexist.An equilibrium-like force
patternis found for large liquid/vapour interfaces
(Fig. 10b). A reductionin the liquid/vapourinter-
facecreatesa situationwheregsl exceedsglv anda
considerablegsl

W contributionappears.

4 DISCUSSION

4.1 Concentration dependence

In contrastto the extensivelyinvestigatedwetting
behaviourof pureliquidsonsolidsurfaces,23,24few
systematicdata are accessiblein the literature
concerning surfactant concentrationdependence
and/or the dynamic behaviourof the solid/liquid
interfacial tension.Whereasfor pureliquids under
moderatedynamicconditions,constantglv, gsl and
contactanglevaluesare found,22,25,26for comple-
tely miscible two-componentsystemsa steady
behaviourcannotbeexpected.27,28

Despitethe known concentrationimpact on the
superspreadingeffect,13 a detailedinvestigationof
the dynamicsituationat both the solid/liquid and
liquid/vapourinterfaceshasnotbeencarriedout for
silicon surfactants.

The characteristicaspectsof the equilibrium
behaviourat both interfaces(seeFig. 5) havebeen
outlinedin a companionpaper:14

Figure 7 Concentrationdependenceof (a) glv and (b) gsl

(rig = 1.2mm2 sÿ1, immersionspeed0.033mmsÿ1; for other
parametersseeFig. 6).

Figure 8 Influence of the rate of solid/liquid interface
generation rate (rig) on (a) glv and (b) gsl (c = 5.27�
10ÿ5 mol lÿ1; for otherparametersseeFig. 6).
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(a) acmc (gsl) existscloseto the well-knowncmc
(glv);29,30

(b) above thecmc glv is determined by the
Lifshitz–van der Waals contribution whereas
for gsl a structure-dependentbalancebetween
Lifshitz–van der Waals and donor–acceptor
contributionsexists;

(c) below thecmc the glv
�/ÿ and gsl

�/ÿ contri-
butions increase steeply with decreasing
surfactant concentrationand glv

LW shows a
significantminimumjust within theconcentra-
tion range characterizedby the steepestglv
increase;

(d) diverging from the resultsfor chargedsurfac-
tantsand/orsurfaces,15,31–33for the non-polar
fluorinatedsurface/non-ionicsilicon surfactant
systemaconcentration-dependentevenadsorp-
tion at both interfacestakesplace.

An ideal simulationof a spreadingdrop should
fulfil the following conditions:

(1) the liquid volumeremainsconstant;
(2) the areasof the solid/liquid (Asl) and liquid/

vapour(Alv) interfacesincreaserapidly relative
to thedropvolume:

(3) the ratio Asl : Alv increases.

Figure 9 Influenceof the ratio Asl: Alv on glv andgsl. Three
different vesselswith liquid/vapour interface areas(Alv) of
12700mm2, 1000mm2 and 450mm2 were used; maximum
solid/liquid interface area (Asl) at 45mm immersion
depth= 1660mm2, rig = 116mm2 sÿ1, immersion speed
3.16mmsÿ1; for otherparametersseeFig. 6.

Figure 10 Mediumsurfactantconcentrations:influenceof the
ratio Alv: Asl on glv and gsl as well as their Lifshitz–van der
Waals and donor–acceptorcontributions(areaof the liquid/
vapour interface(Alv) (a) 1000mm2 and (b) 12700mm2; for
otherparametersseeFig. 6).

Figure 11 Evolution of thesolid/liquid (Asl) andliquid/vapour(Alv) interfacesof a spreadingdrop.
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Weareawarethatin thissenseasurfaceincrease
by immersionof a plateis not strictly equivalentto
a fast-spreadingdrop. In our experimentsAlv is
constant.Thus,despitea possiblyhigh increasein
absolute Asl, we cannot simulate the rapidly
increasing [Asl� Alv] : [liquid volume] ratio-ap-
pearing in a spreadingdrop with a volume of a
few microlitres.

Figure6 illustratestheconsequencesof concen-
tration variationsto the interfacial energiesunder
high solid/liquid interface generationconditions.
Above thecmc (Fig. 6a) glv andgsl arepractically
constantand glv remainsclose to the equilibrium
value (Fig. 5). But due to an increasedgsl

�/ÿ

contribution,gsl increasessignificantly. Neverthe-
lesstheinterfacialbalanceis still determinedby the
propertiesof thesurfactantmolecules.

At and below thecmc (Fig. 6b–e)the situation
changesdramatically and offers unexpectedas-
pects.Despitethehigh immersionvelocity, glv was
found to be constant and relatively close to
equilibrium. Although somewhat surprised, we
report its composition.A sharply declining Lif-
shitz–vander Waals contribution is compensated
by an increasing donor–acceptorone. In fast
dynamicmodesthe surfacetensionappearsto be
of an extremelypolar nature.The authorsassume
an interrelation with the minimum of glv

LW for
mediumconcentrationsin equilibrium14 (seealso
Fig. 5). The lower the concentration,the more
steeplygsl increasesto a non-equilibriumvalueand
simultaneouslyexceedsglv. Intriguingly, gsl

�/ÿ and
sl

LW contribute to this increase.The often-ob-
served11–14 equilibrium pattern gsl� gsl

�/ÿ =
glv
�/ÿ is not valid here.In contrastto glv, which is

determinedby thedonor–acceptorforce(andwhich
is not well understood)a Lifshitz–van der Waals-
force-influencedgsl emerges.

At very low surfactantconcentrations(Fig. 6f)
thesystemreturnsto a forcepatternrelativelyclose
to that of the equilibrium state, where water
propertiesdominatethe interfacialbalances.

4.2 Rate of solid/liquid interface
generation

The resultspresentedaboveimmediatelyraisethe
questionof the role of the solid/liquid interface
generationrate.Figure7 provesthatavery low rate
(1.2mm2 sÿ1) gives the system the chance to
maintain an equilibrium wetting state over the
wholeconcentrationrange.

The influenceof the solid/liquid interfacegen-
erationratewasinvestigatedin detail for medium

concentrations(Fig. 8). It becomesclear that the
change from an equilibrium-like regime
(1.2mm2 sÿ1) to a typical dynamic one proceeds
at therelativelylow rateof 6.1mm2 sÿ1. Thehigher
the rate,the morepronouncedthe differencefrom
theequilibriumstate.Whereasthe immersion-rate-
dependentincreaseof glv amountsto a few mN/m
sl is shiftedto valuescloseto that of purewater.

4.3 Ratio of the areas of the solid/
liquid (Asl) and liquid/vapour (Alv)
interfaces

Westatedearlierthatin arealspreadingprocessthe
Asl:Alv ratio increaseswith time. For an extended,
almostflat, drop in a latestageof evolution,rough
identity of both interfacial areascan be assumed
(Fig. 11). The dynamic wetting experiments
describedso far havebeencarriedout in a 100ml
vesselwith a constantAlv of 450mm2. During the
immersion of the plates (depth 45mm) Asl
increasedfrom zero to about1660mm2. Thus, it
even exceededthe correspondingliquid/vapour
interfacial area Alv. It becomes clear that a
systematicvariationof Alv canbe usedin orderto
characterizethe (energetically)different stagesof
dropevolution.

Above thecmc (Fig. 9a) the pattern already
discussed(with constantglv close to equilibrium
andaconstantbut increasedgsl) wasfound.Wedid
not find any notableinfluenceof the ratio of the
interfacialareason theenergybalance.

Thesameis true for dilutedsystemscloseto the
compositionof pure water (Fig. 9b). Both inter-
facial energiesremainedconstantandcloseto their
equilibrium values.

Again the solutions of medium concentration
showedintriguing behaviour(Figs. 6d, and 10).
Whereasglv remained close to equilibrium the
developmentof gsl dependeddecisively on the
Asl:Alv ratio.Forhigh ratios(simulatinga latestage
of drop evolution; Figs. 6a, 10c and 11) we have
alreadydiscussedthe steeplyincreasinggsl andits
remarkablecomposition(gsl

�/ÿ accompaniedby a
considerablegsl

LW contribution).For an extremely
low ratio (characteristicfor a very early stageof
drop evolution; (Figs. 10b and 1) a force pattern
similar to that of solutionsabovethecmc (Fig. 6a;
sl< glv andgsl� gsl

�/ÿ) is found.Clearlyhigh bulk
concentrationsand/or a considerablesurfactant
predepositionat the liquid/vapour interface en-
hancethemoredifficult coveringof thesolid/liquid
interface.

The question arises of whether a consistent
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descriptionof the dynamicprocesscan be devel-
opedfrom thesesinglefindings.The evaluationof
the concentration-dependent surfactant solution
behaviourunderdynamicconditionsallows to us
draw a first conclusion.In the non-ionic siloxane
surfactant solution–non-polar solid system the
liquid/vapourinterfacial tension(the adsorptionof
surfactantmoleculesto theliquid/vapourinterface)
appearsto beno spreading-speedlimiting factor.It
reactsrobustlyin dynamicconditions.Thesensitive
responseof the solid/liquid interfacial tension to
concentrationandthesolid/liquid interfacegenera-
tion rate variationsgives a hint as to what could
limit the spreadingprocess.Clearly, the formation
of a sufficientlydensesurfactantlayerat thesolid/
liquid interface is a slow process. Since the
variation of Alv (adjusting the number of pre-
depositedsurfactant molecules) has a selective
influenceon thedynamicbehaviourof gsl, theshift
of moleculesalongthe liquid/vapourinterfaceis a
necessarystepbut probablynot a rate-determining
one.

The datapresentedaboveshowthat the method
is suitable to characterizequantitatively the dy-
namicbehaviourof surfactantsolutions.Depending
on the surfactant concentration,three different
dynamicwetting statesexist. For solutionsabove
andfar belowthecmctheequilibriumpatterngsl�
gsl
�/ÿ = glv

�/ÿ and gsl
LW � 0 holds. Due to the

appearanceof a considerablegsl
LW contributiongsl

exceedsglv at and slightly below thecmc. The
sensitiveresponseof gsl to changesof thesurfactant
concentrationand the interface generation rate
indicatesthat the adsorptiononto the solid/liquid
interface could be the limiting step during the
wettingof low-energysubstrates.

Nevertheless,a numberof questionsstill remain.
So far, commerciallyavailablesuperspreaders(i.e.
the fast-spreadingSilwet L77), or their single
components,have not been tested. The carbo-
hydrate-modifiedphenylsiloxanesurfactantunder
investigation is regardedas a ‘slow’ surfactant.
Sincethe dynamicdevelopmentof gsl seemsto be
the limiting factor, the role of the intensively
studied(intrinsic)dynamic(glv) of superspreaders34

has to be examined. Does a correlation exist
between the two dynamic interfacial energies?
Finally, it is of immediatepractical importanceto
investigateotherthanperfluorinatedsolid surfaces.
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