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For selected carbohydrate-modified Silicon sur-
factants of the siloxane, carbosilane, polysilane
and silane type, the concentration dependences
of the liquid/vapour and solid/liquid interfacial
tensions under equilibrium conditions have been
determined. Further, the Lifshitz–van der Waals
and donor–acceptor contributions have been
calculated. Below the critical micelle concentra-
tion (cmc) a steep increase in donor–acceptor
contributions to both interfacial tensions was
found. The Lifshitz–van der Waals contribution
of the liquid/vapour interfacial tension shows a
pronounced minimum. Calculations of the con-
centration-dependent surface coverage suggest
that preferential adsorption to one of the
interfaces does not take place. Copyright#
1999 John Wiley & Sons, Ltd.
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1 INTRODUCTION

Aqueous solutions of certain trisiloxane surfactants
rapidly wet low-energy surfaces1 (i.e. polyethylene,
polypropylene, layers of natural waxes), but
commercially available ‘superspreaders’ (e.g.
Silwet L77, Union Carbide) usually consist of
complex mixtures bearing species with four to 12
ethylene oxide units attached to a trisiloxane
moiety. So far the question of the active species
within these mixtures has been unsolved.

Chemical, geometrical, kinetic and energetic
influences have been found to govern this super-
spreading process.1–5 Although liquid/liquid inter-
facial tension measurements cannot simulate the
situation at the solid/liquid interface (smoothness of
an oil phase, partial surfactant solubility in it), the
first dynamic data for the aqueous silicon surfactant
solution–n-alkanes system6 suggest that bulk
diffusion coefficients of superspreaders are one
order of magnitude higher than those of conven-
tional surfactants. Nevertheless a clear-cut quanti-
fication of the energetic situation during the fast-
progressing wetting of a solid material by a
surfactant solution remains a challenging task.

Within the framework of a comprehensive
investigation of the wetting behaviour of silicon
surfactants we synthesized strictly defined silicon-
modified carbohydrate surfactants of the siloxane,
carbosilane, polysilane and silane types.7–9 We
were able to quantify the impacts of substructures
(silicon moiety, spacer, carbohydrate unit, modify-
ing element) on the equilibrium wetting behaviour
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of diluted aqueoussurfactant solutions on per-
fluorinatedsolidsurfaces.10,11In orderto ensurethe
significance of the underlying trends and the
comparability with correspondingdata of liquid
silicon precursors9,12 we hadto focusour attention
on surfactantsolutionsabovethe critical micelle
concentration(cmc). It could be demonstratedthat
the liquid/vapour (glv) and solid/liquid (gsl) inter-
facial tensions develop independently. Above
thecmc, Lifshitz–van der Waals contributions
dominatetheenergeticbalanceat theliquid–vapour
interface,whereasa structure-dependentsensitive
equilibrium betweenLifshitz–vanderWaals(LW)
and donor–acceptor(�/ÿ) contributionsexists at
the solid–liquid interface.The existenceof funda-
mentally diverging energetic situations at the
different interfaces in one system immediately
leads to the widespreadproblem of emulsion
stability. Apart from well-understoodthermodyna-
mically stablemicroemulsions,13,14thepreparation
of conventionalmetastableemulsionshasremained
afield of empiricalexperience.Concentrateswhich
aredilutedbeforeapplicationby at leasttwo orders
of magnitudeareespeciallydifficult to handleand
tendto break.Fewattemptshavebeenmade15,16to
correlateemulsionstability andenergeticdata.

Therefore it is the purposeof this paper to
investigatethe concentrationdependencesof glv
andgsl aswell astheir Lifshitz–vanderWaalsand
donor–acceptorcontributions.Further,we investi-
gatedthe questionof wheresurfactantmolecules
are adsorbedin the caseof competing surfaces
(below thecmc).

2 MATERIALS AND METHODS

2.1 Materials

Eleven defined silicon surfactantsbearing one
carbohydratemoiety (Fig. 1) and one derivative
bearingtwo carbohydrateunits(Fig.2) werechosen
for the equilibrium wetting experiments.Structu-
rally theybelongto theclassof amidesof O5-a-D-
glucopyranosyl-D-arabinonicacid. Their synthesis
andchemicalcharacterizationhavebeendescribed
earlier.

2.2 Methods

At equilibrium the macroscopicbehaviour of a
liquid on a plane solid surfaceis determinedby
three forces: (i) liquid/vapour interfacial tension

(surfacetensionof the liquid glv or s); (ii) solid/
vapour interfacial tension (solid surface tension
sv); and (iii) solid/liquid interfacial tension (gsl)
(Fig. 3; Young’sequation,17 Eqn [1]):


svÿ 
sl


lv
� �
�
� cos� �1�

wherea = wetting tension.
Therefore the equilibrium contact angles of

aqueoussurfactantsolutionscanbe determinedby
measuringindependentlythe liquid/vapour inter-
facial tensionglv (s, ring method,data corrected
accordingto HarkinsandJordan18) andthewetting

Figure 1 Structuresof the carbohydrate-modifiedsilicon
surfactants1–11.

Figure 2 Structure of the carbohydrate-modifiedsilicon
surfactant12.
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tensiona (Wilhelmy method).The measurements
arecarriedout at 20°C.

To measureaccuratelythe wetting tensiona an
FEP1 plate (tetrafluoroethylene–hexafluoropropy-
lene copolymer, Du Pont) of defined width and
thickness is dipped stepwise (2 mm per step,
usually 10–15steps)into a surfactantsolution of
knownconcentrationwith anaccuracyof 0.01mm
(Fig. 4). The force (p) measuredcorrelatesto a
accordingto Eqn [2]:

p� u�ÿ �gdbxi �2�
where

u = perimeterof theFEP1 plate
r = liquid density
g = gravitationalconstant
m= massof the liquid in themeniscus
d = thicknessof theplate
b = width of theplate
xi = immersion-depthof theplate.

After everymovementof theplatewe measured
the force immediatelyand after 5 min. This time
wasfoundto benecessaryfor thesystemto reacha
force equilibrium between the wetting-tension-
inducedadvanceof themeniscusandthemeniscus

weight.In thisequilibriumstatethemeniscusof the
surfactantsolutiondoesnot advanceor recedeany
moreandthemeasuredforceremainsconstant.By
plotting the5-min valuesof the forcep againstthe
immersiondepthxi, theproductof wettingtensiona
and perimeteru is obtainedby extrapolationto
xi = 0.

In order to determinethe concentrationdepen-
denceof surfacetensionglv andwetting tensiona,
the above general procedure was repeatedfor
diluted surfactant solutions in the range 10ÿ2–
10ÿ7 mol lÿ1.

Theinterfacialtensiongsl canbecalculatedfrom
the gsv–a relationship(seeEqn [1]).

The procedurefor the separatedeterminationof
the solid/vapoursurfacetensiongsv of FEP1 has
been describedearlier.10 The fact that FEP1 is
strictly non-polareliminatesa complicatingdonor–
acceptor term gsv

�/ÿ from the calculations. A
strictly Lifshitz–van der Waals-force-basedsolid/
vapour interfacial tension gsv = gsv

LW = 18.9
mNÿ1m hasbeenusedfor all calculations.There-
fore we wereableto determinein a simpleway the
Lifshitz–vanderWaalscontributions.glv

LW19 (Eqn
[3]) andgsl

LW20 (Eqn [4]).


LW
lv � 
lv�1� cos��

2
���������

LW
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Thedonor–acceptorportions(glv
�/ÿ) and(gsl

�/ÿ)
were calculatedaccordingto Fowkes’ approach21

(Eqn [5]):


i � 
LW
i � 
�=ÿi �5�

Since below thecmc the numberof surfactant
moleculesin a given systemis not sufficient to
establisha maximumcoverageof all interfaceswe
determined the distribution of the surfactant
moleculesbetweenthe liquid–vapour and solid–
liquid interfaces.

Thecoefficients

d
lv

d�log=cbulk� and
d
sl

d�log=cbulk�
canbe determinedfor definedbulk concentrations
from the correspondingglv–ln c and gsl–ln c
isothermsand put into the Gibbs equation22 (Eqn
[6]), which describesthe relationbetweena given

Figure 3 Drop of a surfactantsolutionon a planesolid.

Figure 4 Forcebalanceat an FEP1 plateunderequilibrium
conditions.
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bulk concentration (cbulk) of a surfactant, its
interfacial excess(ÿc) and a measuredinterfacial
tension(gi):

ÿc � ÿ1
RT

d
i

d�ln cbulk�
� �

� ÿ1
2:302RT

d
i

d�logcbulk�
� �

�6�
The areaper surfactantmolecule(A) at a given

bulk concentrationcanbedeterminedfrom Eqn[7]:

A� 1
Nÿc

�7�

where N = Avogadro’s number= 6.02� 1023

molÿ1.

3 RESULTS

For selectedcompoundsthe data concerningthe
concentrationdependenceof theliquid/vapour(glv)
and solid/liquid (gsl) interfacial tensions, their
Lifshitz–van der Waals (glv

LW, gsl
LW and corre-

spondingdonor–acceptor(glv
�/ÿ, gsl

�/ÿ) contribu-
tions are summarizedin Fig. 5, which showsthat
both interfacialtensionsstartto increasebelowthe
sameconcentration(cmc).Thesteepincreasein gsl
is exclusively attributable to an increasein the
donor–acceptorcontribution gsl

�/ÿ. The corre-
spondingLifshitz–vanderWaalscontributiondoes
not play a significant role. Since both donor–
acceptor contributions are of the same size, a
generalpatterngsl � gsl

�/ÿ = glv
LW is found. For

every surfactantunder investigationwe found a
minimum of glv

LW in the concentrationrange
characterizedby thesteepestincreasein glv.

The coverageof the solid–liquid and liquid–
vapour interfaces with surfactant molecules is
depicted in Fig. 6 The area occupied by one
moleculedecreaseswith increasingconcentration.
The frequentlydetectableminor preferencefor the
liquid/vapourinterfacefalls within theerror limits.

4 DISCUSSION

The wetting behaviour of pure liquids on solid
surfaceshasbeeninvestigatedextensively.23,24For
completely miscible two-component systems
meaningful resultscannotbe expectedyet, how-

ever.25 Probably,therefore,only a few systematic
attemptshavebeenmadeto determinethe surfac-
tant concentration dependenceof the poorly
accessiblesolid/liquid interfacial tension.Yamin-
sky26 found for a negativelychargedmica surface
in contact with a cationic surfactantsolution an
adsorptionpreferencefor the liquid–vapourinter-
faceat low concentrations.Wolfram27 investigated
thePTFE–sodiumdodecylsulphatesolutionsystem
andfoundanincreasein thewettingtensiona with
increasing surfactant concentration.The contact
angledecreasesand reachesan equilibrium value
abovethecmc.Chaudhury28 studiedtheadsorption
of aqueoussolutionsof heptaethyleneglycolmono-
dodecyl ether on a modified PDMS surface.At
surface saturationthe solid–liquid interface was
found to be slightly less densely covered with
surfactantmoleculesthanthe liquid–vapourone.

The few available data cannot answer the
following apparentlysimplequestions:

(1) Do theratiosof thecorrespondingLifshitz–van
derWaalsanddonor–acceptorcontributionsof
the liquid/vapour (glv) and solid/liquid (gsl)
interfacial tensions change if one dilutes
relatively concentrated surfactant solutions
from abovethecmc to water-likesystems?

(2) Doesthe surfactantstructure(i.e. the presence
of silicon moieties)havea significantinfluence
on thesepossiblechanges?

(3) Where are the surfactantsadsorbedif both
interfaceshaveto competefor moleculesbelow
thecmc?

First, we found in all cases(Fig. 5) acmc(gsl)
close to thecmc(glv).28 Obviously a state of
completesurfacecoverageunderequilibrium con-
ditions is bound to a single well-defined bulk
concentration.

Sincethis finding doesnot allow predictionson
the situation below thecmc we used the Gibbs
equation(Eqn [6]) to calculatethe concentration-
dependentsurfacecoverages.We are aware that
interfacial-energy-mediated surfacecoveragecal-
culations using the slopesof the logarithmically
scaled isotherms involve a considerable error
(estimatederror 50%). But sincethe development
of direct methodsrelating given bulk concentra-
tions and the correspondinginterfacial concentra-
tions is still at its very beginning,29 no alternative
measurementprinciple could be applied. Instead,
we analysedthe isothermsof a broadspectrumof
substancesto validatethe results.

From the surfacecoveragedata(of which there
are selectedexamplesin Fig. 5), no pronounced

Copyright# 1999JohnWiley & Sons,Ltd. Appl. Organometal.Chem.13, 21–28(1999)

24 R. WAGNER ET AL.



preferentialadsorptiontakesplacebelow thecmc.
A givenbulk concentrationyieldsroughlycompar-
able interfacial concentrations.We are somewhat
surprisedto observethat neither the type of the
hydrophobicmoiety (e.g.compound8 is a typical
siloxane;compound10 is practicallyhydrocarbon-
like) nor a changein the moleculargeometry(e.g.
incorporationof a secondhydrophiliccarbohydrate
unit in 12) altersthis generaltrend.Unfortunately
the frequentlydetectableslight preferencefor the
liquid–vapourinterfacefalls within theerrorlimits.

These results for the solutions of non-ionic
silicon surfactantsin contact with a non-polar
surfacedeviatefrom that obtainedfor the charge-
determinedmica–cationicsurfactantsystem.26 This
achievesimmediatepracticalimportancebecauseit
can help to understandone aspectof the well-
known phenomenonof emulsion concentratein-
stability duringdilution. A stableemulsificationof
a relatively non-polar substancedependson a
sufficiently densesurfactantlayer at the solvent
(i.e. water)–substanceinterface. Dilution of a

Figure 5 Liquid/vapourandsolid/liquid (tot) interfacialtensionsonFEP1 donor-acceptor(�/ÿ) andLifshitz–vanderWaals(LW)
contributionsarealsoshown.
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concentrateof the substanceby typically two or
threeordersof magnitudein water (that meansa
shift to much lower equilibrium bulk concentra-
tions of the surfactant) can cause an even
desorption of surfactant molecules from the
water–vapourandsubstance–waterinterfaces.The
systembecomesunstable.

A large-scaledesorptionof surfactantmolecules
is accompaniedby an increasedappearanceof
water at the interfaces(and probably also by a
changein orientationof the remainingsurfactant
molecules28). The energeticconsequencesmustbe
dramaticbecauseananalysisof thesurfacetension
data of donor–acceptor-force-determined water,
and a Lifshitz–van der Waals-force-determined
pure oxyalkylene-modifiedtrisiloxane surfactant,
hasalreadydisclosedmajor differences(Table1).

Figure5 provesthat major energychangestake

placeafterdilution belowthecmc.Thestructureof
thesiliconsurfactantplaysaminorrole.Theshapes
of theglv–logc andgsl–logc curvesaresimilar; they
both increase steeply below thecmc.27,28 Of
principal importancefor an understandingof the
superspreadingprocessand the emulsionstability
phenomenonin general is the analysis of the
Lifshitz–van der Waals and donor–acceptorcon-
tributionsof both interfacial tensions.

Figure 6 Concentrationdependenceof the areapersurfactantmoleculeat the liquid/vapourandsolid/liquid interfaces.

Table 1 Surfacetensions(glv), Lifshitz–vanderWaals(glv
LW)

anddonoracceptor(glv
�/ÿ) contributionsof water23 andSilwet

L779 {[(CH 3)3SiO]2CH3Si(CH2)3(OCH2CH2)7.5OCH3}

glv
(mN mÿ1)

glv
LW

(mN mÿ1)
glv
�/ÿ

(mN mÿ1)

Water 72.8 21.8 51
Silwet L77 24.6 20.8 3.8

Copyright# 1999JohnWiley & Sons,Ltd. Appl. Organometal.Chem.13, 21–28(1999)

26 R. WAGNER ET AL.



It wasstatedearlier10,11thatabovethecmcglv is
determinedby Lifshitz–van der Waals contribu-
tions, whereas for the (much smaller) gsl, a
structure-dependentbalancebetweenLifshitz–van
derWaalsanddonor–acceptorcontributionsexists.
Below thecmc the situationchangesconsiderably.
Theglv

�/ÿ andgsl
�/ÿ contributionsareidenticaland

increasesteeply with decreasingsurfactantcon-
centration, whereas glv

LW shows a significant
minimum just within the concentration range
characterizedby the steepestglv increase.gsl

LW

remainstoo small to evaluateits possiblechange.
A concentrationshift below thecmc not only

changesthe interfacial energiesin a quantitative
sensebut, probablymore importantly, their quali-
tative composition.In general,diluted surfactant
solutionsare progressivelydeterminedby donor–
acceptorforces.Due to the occurrenceof waterat
the liquid–vapour interface,glv

�/ÿ exceedsglv
LW

below thecmc. The much smaller,and abovethe
cmc in its compositionsurfactantstructuredepen-
dent gsl

11, upon dilution converts to a donor–
acceptorforcedeterminedinterfacialenergy(below
cmc gsl � gsl

�/ÿ = gLV
�/ÿ).

We were somewhatsurprisedto find, for every
surfactant,a minimum of glv

LW (Table 2). Typi-
cally, glv

LW valuesrangefrom 19to 24mN mÿ1 for
silicon surfactant solutions above thecmc. The
correspondingvalue for water (seeTable 1) is 22
mN mÿ1. Thereforethe glv

LW minimum doesnot
reflect a single-componentpropertybut shouldbe
dueto a surfacestructuringeffect.

Since no meaningful correlation between the
chemicalstructureof thesurfactantandthedepthof
the minimum was found, its nature remains
uncertain.We assumethat in a situation where
neither water nor the surfactant molecules can
establish their specific surface structure, such
deviationscanoccur.The problemmay be super-
posedby concentration-dependentdifferent orien-
tationsof thesurfactantmolecules.28–30

We discussedthe questionof emulsionstability
belowthecmc in termsof a surfactantdepletionat
theinterfaces.An inspectionof theLifshitz–vander
Waals and donor–acceptorcontributionsof both
interfacialenergiesimmediatelydisclosesa second
impact. A predominantly non-polar substance

cannotinteractwith forcesof the donor–acceptor
type createdby increasingamountsof waterat the
interfaces.A decreasedstability is theconsequence.

The sameargumentcould be important for an
understandingof the superspreadingprocess.If at
theveryedgeof aspreadingdrop,thedensityof the
surfactantmoleculesdecreasestemporarily, con-
siderableglv

�/ÿ and gsl
�/ÿ contributionsemerge.

Thespreadingcondition� = 0° is not fulfilled until
newsurfactantmoleculesfill the ‘gaps’ andreduce
thedonor–acceptorcontributionslocally.

Conclusiveevidencefor theroleof theinterfacial
energiesand their different contributionsduring a
spreadingprocesscan provide energeticallycon-
trolled dynamicwettingexperimentswhich will be
discussedin a companionpaper.31
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