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For selected carbohydrate-modified Silicon sur- 1 INTRODUCTION
factants of the siloxane, carbosilane, polysilane
and silane type, the concentration dependences Adqueous solutions of certain trisiloxane surfactants
of the liquid/vapour and solid/liquid interfacial rapidly wet low-energy surfact§.e. polyethylene,
tensions under equilibrium conditions have been polypropylene, layers of natural waxes), but
determined. Further, the Lifshitz—van der Waals =~ commercially available ‘superspreaders’ (e.g.
and donor—acceptor contributions have been Silwet L77, Union Carbide) usually consist of
calculated. Below the critical micelle concentra- complex mixtures bearing species with four to 12
tion (cmc) a steep increase in donor—acceptor ethylene oxide units attached to a trisiloxane
contributions to both interfacial tensions was moiety. So far the question of the active species
found. The Lifshitz—van der Waals contribution ~ within these mixtures has been unsolved.
of the liquid/vapour interfacial tension shows a Chemical, geometrical, kinetic and energetic
pronounced minimum. Calculations of the con- influences have been found to govern this super-
centration-dependent surface coverage suggest spreading process® Although liquid/liquid inter-
that preferential adsorption to one of the facial tension measurements cannot simulate the
interfaces does not take place. Copyright©  situation atthe solid/liquid interface (smoothness of
1999 John Wiley & Sons, Ltd. an oil phase, partial surfactant solubility in it), the
) . . first dynamic data for the agueous silicon surfactant
Keywords: carbohydrate-modified silicon sur- g ytion—n-alkanes systémsuggest that bulk
factants; interfacial tensions diffusion coefficients of superspreaders are one
Received 1 December 1997; accepted 22 May 1998 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-
* Correspondence to: R. Wagner, Max-Planck-Institute for Colloids modified carbohydrate surfactants of the siloxane,
and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germanyzgrhosilane, polysilane and silane tyﬁé%.We
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of diluted agueoussurfactantsolutions on per-
fluorinatedsolid surfaces®**In orderto ensurethe
significance of the underlying trends and the
comparability with correspondingdata of liquid
silicon precursor$*?we hadto focusour attention
on surfactantsolutionsabovethe critical micelle
concentratior(cmc). It could be demonstratedhat
the liquid/vapour (y,) and solid/liquid (yg) inter-
facial tensions develop independently. Above
thecmc, Lifshitz—van der Waals contributions
dominatetheenergetidalanceattheliquid—vapour
interface,whereasa structure-dependergensitive
equilibrium betweerLifshitz—vander Waals(LW)
and donor—acceptof+/—) contributionsexists at
the solid—liquid interface.The existenceof funda-
mentally diverging energetic situations at the
different interfacesin one system immediately
leads to the widespreadproblem of emulsion
stability. Apart from well-understoodhermodyna-
mically stablemicroemulsiong®#the preparation
of conventionametastablemulsionshasremained
afield of empiricalexperienceConcentratesvhich
arediluted beforeapplicationby at leasttwo orders
of magnitudeare especiallydifficult to handleand
tendto break.Fewattemptshavebeenmadé®*°to
correlateemulsionstability andenergeticdata.

Therefore it is the purposeof this paper to
investigatethe concentrationdependencesf y,
andyg aswell astheir Lifshitz—vander Waalsand
donor—acceptocontributions.Further,we investi-
gatedthe questionof where surfactantmolecules
are adsorbedin the caseof competingsurfaces
(belowthecmc).

2 MATERIALS AND METHODS

2.1 Materials

Eleven defined silicon surfactantsbearing one
carbohydratemoiety (Fig. 1) and one derivative
bearingtwo carbohydratenits(Fig. 2) werechosen
for the equilibrium wetting experiments Structu-
rally they belongto the classof amidesof O°-«-D-
glucopyranosyb-arabinonicacid. Their synthesis
andchemicalcharacterizatiomavebeendescribed
earlier.

2.2 Methods

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

Copyright© 1999JohnWiley & Sons,Ltd.
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Figure 1 Structuresof the carbohydrate-modifiedsilicon
surfactantsl-11.

(surfacetensionof the liquid v, or ¢); (ii) solid/
vapour interfacial tension (solid surface tension
sv); and (iii) solid/liquid interfacial tension (ys)
(Fig. 3; Young'sequation:’ Eqn[1]):

Jsv— sl _ @ cosd [1}
Tv o

wherea = wetting tension.

Therefore the equilibrium contact angles of
agqueoussurfactantsolutionscan be determinedby
measuringindependentlythe liquid/vapour inter-
facial tensiony,, (o, ring method,data corrected
accordingto HarkinsandJordart®) andthe wetting

CHs
(CHy):SIOSI0SICH 3)3

H
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Figure 2 Structure of the carbohydrate-modifiedsilicon
surfactantl2.
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Figure 3 Drop of a surfactantsolutionon a planesolid.

tensiona (Wilhelmy method). The measurements
arecarriedout at 20°C.

To measureaccuratelythe wetting tensiona an
FEP" plate (tetrafluoroethylenesexafluoropropy-
lene copolymer, Du Pont) of definedwidth and
thickness is dipped stepwise (2mm per step,
usually 10-15steps)into a surfactantsolution of
known concentratiorwith anaccuracyof 0.01mm
(Fig. 4). The force (p) measuredcorrelatesto o
accordingto Eqn[2]:

p = ua — pgdbx 2]
where

u = perimeterof the FEP® plate

p =liquid density

g = gravitationalconstant

m= massof the liquid in the meniscus
d =thicknessof the plate

b =width of the plate

x; =immersion-depthof the plate.

After everymovemenif the platewe measured
the force immediately and after 5 min. This time
wasfoundto be necessarjor the systemto reacha
force equilibrium between the wetting-tension-
inducedadvanceof the meniscusandthe meniscus

plate movement
wetting tension

(stepwise)
meniscus weight

F=ua=mg l

F=pgdbx; T buoyancy force

Figure 4 Forcebalanceat an FEP® plate underequilibrium
conditions.
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weight.In this equilibrium statethe meniscuf the
surfactantsolutiondoesnot advanceor recedeany
moreandthe measuredorce remainsconstantBy

plotting the 5-min valuesof the force p againstthe
immersiondepthx;, theproductof wettingtension:

and perimeteru is obtainedby extrapolationto

x; =0.

In orderto determinethe concentrationdepen-
denceof surfacetensiony,, andwetting tensiona,

the above general procedure was repeatedfor

diluted surfactantsolutions in the range 10 %
10" mol I™%,

Theinterfacialtensiony canbe calculatedrom
the ysy— relationship(seeEqn[1]).

The procedurefor the separataleterminationof
the solid/vapoursurfacetensionys, of FEP® has
been describedearlier’® The fact that FEP® is
strictly non-polareliminatesa complicatingdonor—
acceptor term 75,7/~ from the calculations. A
strictly Lifshitz—van der Waals-force-basedolid/
vapour interfacial tension ¢, =7ys) " =18.9
mN~'m hasbeenusedfor all calculations.There-
fore we wereableto determinan a simpleway the
Lifshitz—vander Waalscontributions y,“V*° (Eqn
[3]) andys~?° (Eqn[4]).

LW __
v

(1 + cos@)] 2 3

2075V
LW LW LW
Y =TVsv T — 2 \V VIS_\\/N FYII\_/W [4]

Thedonor—acceptaportions(y,, ') and(ys ™ 2)
were calculatedaccordingto Fowkes’ approach

(Ean([s]):

=AW 5]

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

The coefficients
d(log /cpui) d(log /Coui)

canbe determinedor definedbulk concentrations
from the correspondingy,—In ¢ and y {In c
isothermsand put into the Gibbs equatior?? (Egn
[6]), which describeghe relation betweena given

Appl. OrganometalChem.13, 21-28(1999)
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bulk concentration (c,,) of a surfactant, its
interfacial excess(I'c) and a measurednterfacial
tension(y;):

-1 i -1 d;i
Te = RT <d(|n Cbulk)) T 2.30RT (d(log Cbulk))
[6]

The areaper surfactantmolecule(A) at a given
bulk concentratiortanbedeterminedrom Eqn[7]:

1
= 7
A NT, [7]
where N=Avogadro’s number=6.02x 10?3
mol~™.
3 RESULTS

For selectedcompoundsthe data concerningthe
concentratiordependencef theliquid/vapour(yy,)
and solid/liquid (yg) interfacial tensions, their
Lifshitz—van der Waals (y,"%, 7" and corre-
spondingdonor—acceptofy, ', 75") contribu-
tions are summarizedn Fig. 5, which showsthat
bothinterfacialtensionsstartto increasebelowthe
sameconcentratior(cmc). The steepincreasen yg
is exclusively attributableto an increasein the
donor—acceptorcontribution ys™'~. The corre-
spondingLifshitz—vanderWaalscontributiondoes
not play a significant role. Since both donor—
acceptor contributions are of the same size, a
generalpatternyg =~ ys'~ =7, is found. For
every surfactantunder investigationwe found a
minimum of y,"" in the concentrationrange
characterizedby the steepesincreasdn y,,.

The coverageof the solid-liquid and liquid—
vapour interfaces with surfactant molecules is
depicted in Fig. 6 The area occupied by one
moleculedecreasesvith increasingconcentration.
The frequentlydetectablaninor preferencdor the
liquid/vapourinterfacefalls within the errorlimits.

4 DISCUSSION

The wetting behaviour of pure liquids on solid
surfaceshasbeeninvestigatecextensively?>4For
completely miscible two-component systems
meaningful results cannotbe expectedyet, how-

Copyright© 1999JohnWiley & Sons,Ltd.

ever?® Probably,therefore,only a few systematic
attemptshavebeenmadeto determinethe surfac-
tant concentration dependenceof the poorly
accessiblesolid/liquid interfacial tension. Yamin-
sky?® found for a negativelychargedmica surface
in contactwith a cationic surfactantsolution an
adsorptionpreferencefor the liquid—vapourinter-
faceat low concentrationswWolfran?’ investigated
the PTFE—sodiundodecylsulphatsolutionsystem
andfoundanincreasean the wettingtensionx with
increasing surfactant concentration.The contact
angledecreasesind reachesan equilibrium value
abovethecmc. Chaudhur$® studiedthe adsorption
of aqueoussolutionsof heptaethyleneglycahono-
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 apparentlysimple questions:

(1) Do theratiosof thecorrespondindiifshitz—van
derWaalsanddonor—acceptocontributionsof
the liquid/vapour (y,) and solid/liquid (ys)
interfacial tensions change if one dilutes
relatively concentrated surfactant solutions
from abovethecmcto water-like systems?

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

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

First, we found in all cases(Fig. 5) acmc(y)
close to thecmc(,,).?® 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(Eqgn [6]) to calculatethe concentration-
dependentsurfacecoveragesWe are aware that
interfacial-energy-mdedted 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 correspondingnterfacial concentra-
tions s still atits very beginning®® no alternative
measuremenprinciple could be applied. Instead,
we analysedhe isothermsof a broadspectrumof
substanceto validatethe results.

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

Appl. OrganometalChem.13, 21-28(1999)
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Figure 5 Liquid/vapourandsolidfiquid (tot) interfacialtensionson FEP® donor-acceptof+-/—) andLifshitz—vanderWaals(LW)

contributionsarealsoshown.

preferentialadsorptiontakesplace below thecmc.
A givenbulk concentratioryieldsroughly compar-
able interfacial concentrationsWe are somewhat
surprisedto observethat neither the type of the
hydrophobicmoiety (e.g.compound8 is a typical
siloxane;compoundlO is practically hydrocarbon-
like) nor a changein the moleculargeometry(e.g.
incorporationof aseconchydrophiliccarbohydrate
unit in 12) altersthis generaltrend. Unfortunately
the frequently detectableslight preferencefor the
liquid—vapourinterfacefalls within the errorlimits.

Copyright© 1999JohnWiley & Sons,Ltd.

These results for the solutions of non-ionic
silicon surfactantsin contact with a non-polar
surfacedeviatefrom that obtainedfor the charge-
determinednica—cationicsurfactansystent® This
achievesmmediatepracticalimportancebecausé
can help to understandone aspectof the well-
known phenomenorof emulsion concentratein-
stability during dilution. A stableemulsificationof
a relatively non-polar substancedependson a
sufficiently densesurfactantlayer at the solvent
(i.e. water)—substancanterface. Dilution of a

Appl. OrganometalChem.13, 21-28(1999)
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Figure 6 Concentratiordependencef the areaper surfactantmoleculeat the liquid/vapourandsolid/liquid interfaces.

concentrateof the substanceby typically two or
three ordersof 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—vapournd substance—watenterfaces.The
systembecomesinstable.

A large-scalalesorptionof surfactantmolecules
is accompaniedby an increasedappearanceof
water at the interfaces(and probably also by a
changein orientationof the remainingsurfactant
molecule$®). The energeticconsequencemustbe
dramaticbecause&n analysisof the surfacetension
data of donor—acceptor-force-deterneicd water,
and a Lifshitz—van der Waals-force-dtermined
pure oxyalkylene-modifiedtrisiloxane surfactant,
hasalreadydisclosedmajor differenceg(Table 1).

Figure5 provesthat major energychangegake

Copyright© 1999JohnWiley & Sons,Ltd.

placeafterdilution belowthecmc. The structureof

thesiliconsurfactanplaysaminorrole. Theshapes
of they,,—log c andys—log c curvesaresimilar; they
both increase steeply below thecmc?”2® Of
principal importancefor an understandingf the
superspreadingrocessand the emulsionstability
phenomenonin general is the analysis of the
Lifshitz—van der Waals and donor—acceptocon-

tributions of both interfacialtensions.

Tablel Surfaceensiongyy), Lifshitz—vanderWaals(y,,-")
andgdonoraccepto(y.v“ ~) contributionsof water® andSilwet
L77° {{[(CH 3)3SiO],CHzSI(CH,)3(OCH,CH,)7 sOCHs}

Lw +1—

Tiv 1 v 1 Y 1
(mNm™) (mMNm™) (mMNm™)
Water 72.8 21.8 51
Silwet L77 24.6 20.8 3.8

Appl. OrganometalChem.13, 21-28(1999)
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Table 2 Concentration-dependemtinima of y,,""V

Compound 1 2 3 6 7 8 9 10 11 12
clO (mol/l~ l) 4.4 1.5 2.7 3.7 51 2.4 1.2 1.9 11 4.5 2.3 3.0
W (mN m™) 9.2 17 16.6 11.3 16.2 17.5 15.4 10.9 11.2 8.9 16.2 13.7

It wasstatedearlier'®**thatabovethecmcy, is
determinedby Lifshitz—van der Waals contribu-
tions, whereas for the (much smaller) yq, a
structure-dependeritalancebetweenLifshitz—van
derWaalsanddonor—acceptotontributionsexists.
Below thecmc the situationchangesonsiderably.
They, ™'~ andys ™'~ contributionsareidenticaland
increasesteeply with decreasingsurfactantcon-
centration, whereas y,""Y shows a significant
minimum just within the concentration range
characterizedby the steepesty,, increase.yq
remainstoo smallto 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—vapourinterface, y, "'~ exceedsy, "
below thecmc. The much smaller,and abovethe
cmc in its compositionsurfactantstructuredepen-
dent y4*%, upon dilution convertsto a donor—
acceptofforcedeterminednterfacialenergy(below
Cmcyg ~ /sl - SHAVARE

We were somewha’surprlsedto find, for every
surfactant,a minimum of w-V (Table 2). Typi-
cally,y, " valuesrangefrom 19to 24mN m™ - for
silicon surfactantsolutions above thecmc. The
correspondingsalue for water (seeTable 1) is 22
mN m~ L. Thereforethe y,,"*Y" minimum doesnot
reflecta single-componenpropertybut shouldbe
dueto a surfacestructuringeffect.

Since no meaningful correlation betweenthe
chemicalstructureof the surfactanandthe depthof
the minimum was found, its nature remains
uncertain. We assumethat in a situation where
neither water nor the surfactantmolecules can
establish their specific surface structure, such
deviationscan occur. The problemmay be super-
posedby concentration- dependedtfferent orien-
tationsof the surfactanimolecules’®-

We discussedhe questionof emulsionstability
belowthecmcin termsof a surfactandepletionat
theinterfacesAn inspectiorof the Lifshitz—vander
Waals and donor—acceptorcontributions of both
interfacialenergiesmmediatelydisclosesa second

cannotinteractwith forcesof the donor—acceptor
type createdby increasingamountsof waterat the
interfacesA decreasedtabilityis theconsequence.

The sameargumentcould be importantfor an
understandingf the superspreadingrocessif at
thevery edgeof aspreadinglrop,the densityof the
surfactantmoleculesdecreasesemporarily, con-
siderabley,, '~ and "'~ contributionsemerge.
The spreadingconditiond = 0° is not fulfilled until
new surfactanimoleculedill the ‘gaps’ andreduce
the donor—acceptocontributionslocally.

Conclusiveevidencdor therole of theinterfacial
energiesand their different contributionsduring a
spreadingprocesscan provide energeticallycon-
trolled dynamicwetting experimentsvhich will be
discussedn a companionpaper*
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