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The wetting behaviour of carbohydrate surfac-
tants bearing siloxane, carbosilane, polysilane or
silane moieties has been investigated. By static
surface tension (glv, s) and wetting tension
(gsvÿgsl, a) measurements on a non-polar
perfluorinated surface (FEP1), the contact
angles of aqueous surfactant solutions above
the critical micelle formation concentration
(cmc) were determined. Surface tension and
wetting tension react independently on defined
changes in the chemical structure of the surfac-
tant molecules. Siloxane surfactants reduce the
surface tension most effectively, whereas for a
neopentyl-substituted silane derivative the low-
est solid/liquid interfacial tension was found.
The data for isomeric siloxanes, carbosilanes
and silanes suggest that donor–acceptor forces at
solid interfaces have a maximum range of about
4.5 Å.# 1998 John Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 265–276 (1998)
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1 INTRODUCTION

The exceptional property of aqueous solutions of
certain trisiloxane surfactants is their ability to wet
rapidly low-energy surfaces1 (e.g. polyethylene,
polypropylene, layers of natural waxes). Unfortu-
nately commercially available products (e.g. Silwet
L77; Union Carbide) usually consist of complex
mixtures bearing species with four to ten ethylene
oxide units attached to the trisiloxane moiety.

In spite of this complicating factor, chemical,
geometrical, kinetic and energetic influences have
been found to govern the superspreading pro-
cess.1–5 Nevertheless, clear-cut quantification of
the kinetic and energetic situation during the
spreading process is still an unsolved and challen-
ging task. Dynamic surface-tension and dynamic
interfacial-tension measurements (aqueous surfac-
tant solution versus n-alkanes) suggest that bulk
diffusion coefficients of superspreaders are one
order of magnitude higher than those of conven-
tional surfactants.6 Unfortunately such experiments
do not simulate the real situation in the system
comprising vapour/aqueous surfactant solution/
insoluble solid material. A promising alternative
could arise from Chaudhury’s dynamic experi-
ments7 on the adsorption of surfactants to a PDMS
sheet/PDMS half-sphere system.

In preceding papers8–10 we described the synth-
esis of non-ionic siloxanyl-modified carbohydrate
surfactants. Due to their strictly defined structure,
we were able to quantify the impact of their
substructures on the equilibrium wetting behaviour
of aqueous surfactant solutions on perfluorinated

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 12, 265–276 (1998)

# 1998 John Wiley & Sons, Ltd. CCC 0268–2605/98/040265–12 $17.50

* Correspondence to: R. Wagner, Max-Planck-Institute for Colloids
and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germany.
Contract/grant sponsor: German Ministry for Research and
Technology; Contract/grant number: 0310317 A/B.



solid surfaces.11 An importantconclusionwasthat
to a largeextentthesiloxanemoietydeterminesthe
wettingbehaviour.

Thereforewe starteda comprehensiveinvestiga-
tion of the impact of different silicon-containing
hydrophobes(siloxanes,carbosilanes,polysilanes,
silanes) on the wetting process. The wetting
behaviourof SiH-functionalizedprecursors12 and
a broadvariety of epoxyderivatives13 hasalready
been analyzed. It could be shown that surface
tensionandsolid/liquid interfacial tensiondevelop
independently.Further,the[Lifshitz–vanderWaals
contribution]/[donor-acceptor contribution] ratios
of both interfacialenergieswerefound to be clear
functions of the chemical structure.In the latter
paperwe also describedthe synthesesof defined
carbohydratesurfactantsbearingsiloxane,carbosi-
lane,polysilaneandsilanemoieties.

It is theobjectiveof thispaperto systematizethe
impact of varioussilicon-containinghydrophobes
attachedto strictly defined carbohydratehydro-
phileson theenergeticbalanceat theliquid/vapour
andsolid/liquid interfacesin aqueoussolution.It is
another objective to discuss the range of the

different force types occurring at the interfaces
andtheconsequencesfor thewetting behaviour.

2 MATERIALS AND METHODS

2.1 Materials

The synthesisand chemical characterizationof
various silicon-modified carbohydratesurfactants
(1–7 and 9–22) have been describedin earlier
papers.8,9,13 (In view of the complexity of their
structure,we use the samenumerationfor these
previouslysynthesizedmaterialsas were given in
the original publications.) The neopentyl-substi-
tuteddisiloxanesurfactant8 wassynthesizedfrom
the correspondingSiH-functionalized precursor
(Scheme1) via the allyl glycidyl derivative.Table
1 and Table 2 summarizethe analytical data for
compound8.

Scheme2 demonstratesthe general synthetic
concept yielding carbohydratederivatives from
SiH-functionalizedprecursors.

(CH3�3CCH2MgCl� �CH3�2SiCl2
THF���!�CH3�3CCH2Si�CH3�2Cl

B.p. 144�C

�CH3�3CCH2Si��CH3�2�OSi��CH3�2�H
(CH3�2ClSiH

dioxane/H2SO4 (10% aq.soln� ���������������������
B.p. 57ÿ 60�C=30 mmHg

�8�
Scheme1

Table 1 13C-NMR shifts (ppm)of compound8

(CH3)3C- (CH3)3C- -CH2- -CH2Si[(CH3)2]O- -OSi[(CH3)2]-

32.66 30.14 34.76 2.87 0.32

Table 2 Elementalanalysisdata(%) of compound8

C (calcd.) C (found) H (calcd.) H (found) N (calcd.) N (found)

48.81 47.64 8.78 8.80 4.07 4.17
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Scheme2
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For comparativepurposeswe also now include
the already published11 data for a branched
derivative bearing two disaccharide moieties,
compound16.

2.2 Methods

The 13C-NMR spectrum of compound 8 was
recordedon a Varian XL 300 spectrometerusing
deuteratedDMSO assolventandinternalstandard.
The elementalanalysisdataweredeterminedon a
CarloErbaanalyser,model1106.

Themacroscopicbehaviourof aliquid onaplane
solid surfaceis determinedby the equilibrium of
three forces: (1) the liquid/vapour interfacial
tension(surfacetensionof the liquid gLv or s; (2)
the solid/vapourinterfacial tension(solid surface
tension gsv; and (3) the solid/liquid interfacial
tensiongsL (Fig. 1). It is expressedby the well-
knownYoungequation14 (Eqn [1]):


svÿ 
sl


lv
� �
�
� cos� �1�

wherea is the wetting tensionand� is the contact
angle.

The contactanglesof aqueoussurfactantsolu-
tionswith concentrationsabovethecritical micelle
(cmc) concentration(c>ccmc) on non-polarFEP1

plates (tetrafluoroethylene–hexafluoropropylene
copolymer;Du Pont) were determinedaccording
to Eqn [1] by independentlymeasuringsurface
tensiongLv (ring method,datacorrectedaccording
to Harkins and Jordan15) and wetting tension a

(Wilhelmy method).Each measurementwas car-
ried out at 20°C.

To measurethewettingtensiona, anFEP1 plate
of definedwidth and thicknessis dippedstepwise
(0.2cm) into the surfactant solution with an
accuracy of 0.001cm. The force (p) measured
correlateswith a accordingto Eqn [2]:

p� u�� �ÿ��gdbxe �2�

whereu = perimeterof the FEP1 plate,r = liquid
density,g = gravitationalconstant,d = thicknessof
theplate,b = width of theplateandxe = immersion
depthof theplate.

After everymovementof theplatewe measured
the force immediatelyand also after 5 min. This
time was found to be necessaryfor the systemto
reachanequilibriumstateof wetting.A plot of the
5-min valuesof the force p againstthe immersion
depth xe yields, after extrapolationto xe = O, the
wetting tension(a)

Theprocedurefor thedeterminationof thesolid
surfacetensiongsv hasbeendescribedpreviously11.
The valuegsv = gLW

sv = 18.9mN mÿ1 hasbeenused
for all calculations.

The interfacial tension gsl was calculated as
gsvÿ a (seeEqn [1]).

The fact that FEP1 is strictly non-polarelim-
inates a complicating g�=ÿsv term from the cal-
culations.Thereforewe wereablein a simpleway
to determinetheLifshitz–vanderWaalsportionsof
the surfacetension16 (gLW

lv ) (Eqn [3]) and solid/
liquid interfacial tension17 (gsl

LW) (Eqn [4]):


LW
lv � 
lv�1� cos��

2
���������

LW

sv

p" #2

�3�


LW
sl � 
LW

sv � 
LW
lv ÿ 2

�����������������

LW

sv 

LW
lv

q
�4�

The polar portions (glv
�/ÿ) and (gsl

�/ÿ) were

Figure 1 Surfactantsolutiondropon a non-polarsolid.
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calculatedaccordingto Fowkes’approach18 (Eqns
[5] and[6]):


lv � 
LW
lv � 
�=ÿlv �5�


sl � 
LW
sl � 
�=ÿsl �6�

3 RESULTS

3.1 Surface tensions, wetting
tensions and contact angles of the
surfactant solutions

Table3 andTable4 summarizethe resultsof our
measurementson aqueous surfactant solutions
above the cmc. These tables concern straight-
chainedsurfactantsof the type of compound14 as
well as double-chainedstructureswith two inde-
pendentSilicon-containinghydrophobes(e.g.19).

4 DISCUSSION

In an earlierpaper4 we wereableto showhow the
differentsubstructuresof strictly definedsiloxanyl-

modified carbohydratesurfactants(siloxane moi-
ety, spacer,carbohydrateunit, modifying element)
influencethe equilibrium wetting behaviouron a
perfluorinatedsolid surface.It was demonstrated
that a siloxanyl moiety plays an even more
dominant role than the hydrocarbonchain in a
hydrocarbon-basedsurfactant.As only few differ-
ent siloxanyl structureswere available,a detailed
investigationof thisspecificphenomenoncouldnot
be carriedout. The few and incompleteliterature
data19–22do not fill thegap.

Thereforewesynthesized8,9,13surfactantscover-
ing four different featuresof Silicon-containing
hydrophobes:

(1) branchedtrisiloxaneswith substituentsother
thanmethyl (compounds1–4);

(2) variablysubstituteddisiloxanestructures(com-
pounds5–11);

(3) polysilanes, carbosilanes, neopentyl-substi-
tutedsilanes(compounds12–14);

(4) double-chainedstructures(compounds17–22).

4.1 Branched trisiloxane
structures

The wetting results for aqueous solutions of
branchedtrisiloxane surfactantsare in line with
the trendsalreadyoutlined for the corresponding
liquid epoxides.6
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The substitution of methyl groups by ethyl
(compounds1→2→3) increasesthesurfacetension
by about 1 mN mÿ1 per methyleneunit. As the
donor–acceptorcontributions(glv

�/ÿ) decreasethis
continuoussurfacetensionincreaseis exclusively
due to considerably increasedLifshitz–van der
Waals (glv

LW) contributions. The corresponding
power balanceat the non-polarsolid/liquid inter-

face is generally determinedby donor–acceptor
contributions(gsl

�/ÿ). Equivalentforcesof thistype
emergeat bothinterfaces,althoughin a singlecase
only a considerablegsl

LW contribution has been
found(compound3).

Aromatic hydrocarbonstructures(compound4)
increase the surface tension less efficiently
(0.7mN mÿ1 per CH-unit). However, due to the

Table 3 Silicon-containinghydrophobesattachedto thecarbohydratemoiety

(a) Straight-chainedStructures
Compd Silicon moiety Compd Silicon moiety

1 [(CH3)3SiO]2Si(CH3)– 9 (CH3)3CSi[(CH3)2]OSi[(CH3)2]–
2 [(CH3)3SiO]2Si(C2H5)– 10 (CH3)3CCH2CH2Si[(CH3)2]OSi[(CH3)2]–
3 [(C2H5)3SiO]2Si(CH3)– 11 (CH3)3SiOSi[(CH3)2]–
4 [(CH3)3SiO]2Si(C5H6)– 12 (CH3)3SiSi[(CH3)2]–
5 (CH3)3SiOSi[(CH3)2]OSi[(CH3)2]– 13 (CH3)3SiCH2Si[(CH3)2]–
6 (CH3)3SiOSi[(CH3)2]CH2Si[(CH3)2]– 14 (CH3)3CCH2Si[(CH3)2]–
7 (CH3)3SiCH2Si[(CH3)2]OSi[(CH3)2]– 15 (CH3)3Si–
8 (CH3)3CCH2Si[(CH3)2]OSi[(CH3)2]–

(b) Double-chainedstructures

Compd Silicon moiety 1 Silicon moiety 2

17 (CH3)3SiOSi[(CH3)2]– (CH3)3SiOSi[(CH3)2]–
18 (CH3)3SiOSi[(CH3)2]– (CH3)3SiCH2Si[(CH3)2]–
19 (CH3)3SiOSi[(CH3)2]– (CH3)3CCH2Si[(CH3)2]–
20 (CH3)3SiCH2Si[(CH3)2]– (CH3)3SiCH2Si[(CH3)2]–
21 (CH3)3SiCH2Si[(CH3)2]– (CH3)3CCH2Si[(CH3)2]–
22 (CH3)3CCH2Si[(CH3)2]– (CH3)3CCH2Si[(CH3)2]–

Table 4 Dependenceof the interfacialpropertieson thestructureof theSilicon moiety

Compd Conc(mol/lÿ1)
glv

(mN/mÿ1)
glv

LW

(mN/mÿ1)
glv
�/ÿ

(mN/mÿ1)
gsl

(mN/mÿ1)
gsl

LW

(mN/mÿ1) gsl
�/ÿ

a
(mN/mÿ1) cos�

� (deg)

1 1.0� 10ÿ3 21.5 19.0 2.5 2.4 0.0 2.4 16.5 0.767 40
2 3.0� 10ÿ3 22.6 22.0 0.6 0.7 0.1 0.6 18.2 0.805 36
3 1.0� 10ÿ3 26.9 25.5 1.4 1.9 0.49 1.41 17.0 0.632 51
4 1.0� 10ÿ3 24.9 21.5 3.4 3.5 0.1 3.4 15.4 0.618 52
5 1.0� 10ÿ3 22.2 21.0 1.2 1.2 0.06 1.14 17.7 0.797 37
6 3.0� 10ÿ3 23.1 21.5 1.6 1.7 0.08 1.62 17.2 0.744 42
7 3.0� 10ÿ3 24.2 23.4 0.8 1.1 0.24 0.86 17.8 0.735 43
8 3.7� 10ÿ3 24.0 23.1 0.9 1.1 0.2 0.9 17.8 0.741 42
9 3.0� 10ÿ3 23.6 22.1 1.5 1.6 0.1 1.5 17.3 0.733 43

10 3.0� 10ÿ3 24.9 23.5 1.4 1.7 0.25 1.45 17.2 0.691 46
11 1.0� 10ÿ3 21.9 20.7 1.2 1.2 0.04 1.16 17.7 0.808 36
12 3.0� 10ÿ3 23.7 22.5 1.2 1.4 0.2 1.2 17.5 0.738 42
13 3.0� 10ÿ3 23.4 22.7 0.7 0.8 0.2 0.6 18.1 0.773 39
14 3.0� 10ÿ3 24.8 24.7 0.1 0.4 0.3 0.1 18.5 0.746 42
15 1.0� 10ÿ2 22.4 20.5 1.9 1.9 0.03 1.87 17.0 0.758 41
16 1.0� 10ÿ3 25.0 20.6 4.4 4.4 0.04 4.36 14.5 0.580 55
17 1.0� 10ÿ4 21.7 20.9 0.8 0.8 0.05 0.75 18.1 0.834 33
18 1.0� 10ÿ4 23.3 22.0 1.3 1.4 0.1 1.3 17.5 0.751 41
19 1.0� 10ÿ4 23.1 22.3 0.8 0.9 0.14 0.76 18.0 0.779 39
20 1.0� 10ÿ4 24.8 23.9 0.9 1.2 0.3 0.9 17.7 0.714 44
21 1.0� 10ÿ4 24.6 23.1 1.5 1.7 0.2 1.5 17.2 0.699 46
22 1.0� 10ÿ4 25.2 24.4 0.8 1.1 0.35 0.75 17.8 0.706 45
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effectof thep-systemthis increasehasits origin in
a strengtheneddonor–acceptorcontribution. As
thesedonor–acceptor-typeforcesalsoemergeat the
solid/liquid interface, the ability to wet the
perfluorinatedmaterial is considerablyreduced.
Figure2 illustratesthe diverging consequencesof
ethyl and phenyl substitutionson siloxaneback-
bones.

4.2 Variable substituted disiloxane
structures

Somewhatsurprisingly,we foundpractically iden-
tical datafor carbohydratesurfactantsof theMM*
(11) andMDM* (5) type.4 Froma systematicpoint

of view compound(5) is a dimethylsiloxyderiva-
tive of 11. We arguedthat thesecondoxygenatom
of the trisiloxanestructureis too distantto give a
noticeable energy responseat the solid/liquid
interface. In order to check this assumptionwe
synthesizeda seriesof surfactantsof the general
structureA.

As already mentioned,the substitutionof the
methyl groupin (11) by a siloxanylmoiety (5) did
nothavesignificantenergyconsequences.Substitu-
tionsof themethyl groupby t-butyl (9), neopentyl
(8) or (t-butyl)ethyl(10) groupswerecarriedout in
order to insulate the Si-O-Si structure from the
interface.However,the expectedincreasesof the
surface tension and its Lifshitz–van der Waals
contibutionare not accompaniedby a continuous
decreasein the donor–acceptorportion (stable
‘backgroundpolarity’ about 1 mN mÿ1). The in-
corporationof a carbosilanemoiety (7) doesnot
alter this situation.As a consequencetheenergetic
balance at the solid/liquid interface remains
dominatedby donor–acceptorforces. Obviously
bulky substituentsof the alkyl or carbosilyl type
representinadequatetoolsto ‘insulate’ disiloxane’s
oxygenatomfrom the interface(Fig. 3).

Neverthelessa comparison of the isomeric
siloxane/carbosilanestructures(6) and (7) shows
that thesubstitutionlocationhasa certaineffecton
the interfacialproperties.The terminalcarbosilane
(7) possessesthehighersurfacetensionandis less
polar.In compound(6) thecarbosilanesubstructure
is located in the interior. Here the terminal
siloxanyl moiety can ‘hide’ it much better. The
surfacetensionis lower but the force balanceis
shiftedmoreto thedonor–acceptorside(Fig. 4).

4.3 Polysilanes, carbosilanes and
neopentyl-substituted silanes

The constant ‘background polarity’ of about
1 mN mÿ1 wasinterpretedin termsof an inability
of bulky alkyl substituentsto ‘insulate’ thesiloxane
structure completely from the interface. The
disiloxanestructureis flexible enoughto orient its
low-energymethylgroups(inevitablyaccompanied
by theoxygenatom)closeto the interface.If these
considerationsare basedon realistic assumptions,
derivatives without siloxane bonds should not
exhibit this ‘backgroundpolarity’.

Compounds(13) and(14) representacarbosilane
anda neopentylsilanederivativerespectively.The
stepwisesurfacetensionincrease(compounds11
→ 13→ 14) is accompaniedby asteadilydeclining
donor–acceptorcontribution.For compound(14) a

Figure 2 Surface tension (a) and solid/liquid interfacial
tension (b) on FEP1 of compounds3 and 4. Total (tot),
donor–acceptor(�/ÿ) and Lifshitz–van der Waals (LW)
contributionsareshown.

Structure 17
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donor–acceptorcontribution was practically not
observed.It is noteworthythatthiscompoundis the
only casewherethe solid/liquid interfacial tension
was determinedby the Lifshitz–van der Waals
force (Fig. 5). Despite the presenceof a bulky
carbohydratemoietyandthehugeamountof water
in thebulk phase,theperfluorinatedmaterial‘feels’
exclusivelya hydrocarbonstructure.

Although there is so far no independentproof
Fig. 6 shows possible orientations of selected
surfactantmoleculesat the solid/liquid interface.
The fact that for the neopentyl-substitutedsilane
derivative 14 practically no donor–acceptorcon-
tributionwasfoundimmediatelyraisesthequestion
of the rangeof theseforcesat interfaces.

Diverging from Oss et al.,23 we include in
‘donor–acceptorforces’ all thosetypeswhich are
basedon long-term unevendistributionsof elec-
trons.20–22It is well established24 thatdipole–dipole
interactions (for example) have a short-range

character.Short-termunevendistributionsof elec-
trons (fluctuationson a quantum-mechanical time
scale)arethesourceof non-polarLifshitz–vander
Waalsforces.

Neverthelessonly a few experimentaldata are
available in the literature demonstratingthe con-
sequencesof the distancedecayof certain force
types in real wetting situations.As early as 1962
Shafrin and Zisman25 investigated the wetting
behaviourof n-alkanesand certain polar liquids
on monolayersof partially fluorinatedfatty acids.
He found that the surfaceenergyof monolayers
remainsconstantif theseventerminalC-atomsare
fluorinated.In his casethe depthinfluenceof the
-CF2CH2-dipole has a maximum rangeof 7.5Å.
Whitesides26 foundthat in thecourseof systematic
wettingexperimentswith long-chainedethermono-
layersthepolar influenceof theetheroxygenatom
(-CH2OCH2-) could bedetectedovera distanceof
2 Å for hexadecaneand5 Å for water.

Considering(1) the polarity differencesfor the
branched(1) and straight-chained(5) trisiloxanyl

Figure 3 (a) Surfacetensionand (b) solid/liquid interfacial
tensionon FEP1 of compounds5, 7 and8. Total (tot), donor–
acceptor(�/ÿ) andLifshitz–vanderWaals(LW) contributions
areshown.

Figure 4 Surfacetensionandsolid/liquid interfacial tension
on FEP1 of compounds6 and 7. Total (tot), donor–acceptor
(�/ÿ) and Lifshitz–van der Waals (LW) contributions are
shown.
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structures,(2) the practical identity of the energy
data for the disiloxane 11 and the trisiloxane
derivative (5) (3) the strongdonor–acceptorcon-
tributionsfor the‘inner’ carbosilane(6) and(4) the
non-polar characterof the neopentyl-substituted
silane derivative (14), it is reasonableto assume
thattherangeof donor–acceptorforcesis restricted
to oneSi-O-Simoiety.

Forcompound(5) (Fig.6; Table5) wecalculated
a maximum range of donor–acceptorforces of
about4.5Å. This meansthatat thesolid/surfactant
solutioninterfacetheadjustmentof theequilibrium
energybalanceproceedsat a submolecularlevel.
For the silicon-containingsurfactant type under
investigation,spacerandhydrocarbonunit are too
distant from the interface.They act as necessary
tools to orient the silicon-containinghydrophobe
but do not significantly influence the interfacial
energy.

We are well awarethat the validity of this last
statement is restricted to a given spacer and
carbohydratemoiety configuration.Energy influ-
encesof different spacerstructures,carbohydrates
and modifying elementshave been examinedin
detail previously.4 Additionally, in certaincasesa
measurablesteric/packinginfluence25 may exist.
Usually siloxane surfactantsconsist of a bulky
silicon-containinghydrophobeandasmallerhydro-
philic moiety.An exampleis compound(1). Herea
trisiloxaneunit (50Å2 areaper unit at the liquid/
vapour interface) is connectedwith a smaller
saccharidemoiety (30–35Å2 per unit) (Fig. 7).
Thesiloxaneblockcancoverthesolidsurface.The

Figure 5 Surfacetensionandsolid/liquid interfacial tension
on FEP1 of compounds11, 13 and 14. Total (tot), donor–
acceptor(�/ÿ) andLifshitz–vanderWaals(LW) contributions
areshown.

Figure 6 Possibleorientationsof selectedsilicon-containing hydrophobeson FEP1.

# 1998JohnWiley & Sons,Ltd. Appl. Organometal.Chem.12, 265–276(1998)

WETTING BEHAVIOR OF SILICON-CONTAINING CARBOHYDRATES 273



oppositecaseis representedby compound16 (for
chemicalstructure,seesection2.1).Thetrisiloxane
moiety is connectedwith two saccharideunits.An
exclusive coverageof the solid by low-energy
siloxanestructuresis impossibleandthemeasured
interfacial energy as well as its donor–acceptor
contributionincreases.

4.4 Branched structures

The resultsfor branchedstructuresare lessclear-
cut.Thedatafor thedouble-chainedderivative(17)
is closely relatedto that of the single-chainedone
(11). Successivesubstitutionsof the disiloxane
moiety by carbosilanesand neopentyl-substituted
silanes yield increased surface tensions. For
unknown reasonstheir donor–acceptorcontribu-
tionsshowanunsystematicscattering.Thesameis
true for thesolid/liquid interfacial tension.

Neverthelessthereis asteadyshift of theratio of

both contributions towards the Lifshitz–van der
Waals side with increasing substitution of the
siloxanyl moieties.The derivativesbecomemore
andmorehydrocarbon-like.

4.5 Surface tension, solid/liquid
interfacial tension and contact
angle

In Sections 4.1–4.4 we discussedin detail the
influence of different types of silicon-containing
hydrophobeson the liquid/vapourandsolid/liquid
interfacialenergies.Apart from chemicalstructure
differences,thesurfactantsunderinvestigationcan
be divided qualitatively into certain energy sub-
groups(Table6).

An immediateconsequenceof the existenceof
subgroupII is that the disputed‘equationof state’
concept30,31 doesnot hold for solutionsof silicon-
containing surfactants(Fig. 8). The reasonhas

Table 5 Bondanglesandbonddistances27–29of permethylatedcompounds(CH3)3 YXY (CH3)3

Structure Angle YXY (deg) DistanceX–Y (Å) DistanceY–CH3 (Å)

(CH3)3 SiOSi (CH3)3 148.8 1.626 1.850
(CH3)3SiCH2Si(CH3)3 123.2 1.889 1.874
(CH3)3SiSi(CH3)3 — 2.340(Si–Si) 1.877
(CH3)3CCH2C(CH3)3 128.0 1.545 1.545

Figure 7 Schematicrepresentationof the surfacecoverageby surfactantsof different shapes.

Table 6 Energyclassificationof thesurfactantsunderinvestigation

Subgroup EnergeticProfile Structures Examples

I Low glv andlow to mediumgsl Straight-chainedandpermethylatedsiloxane
derivatives

5, 11, 17

II High glv andlow to mediumgsl Not-permethylatedsiloxanesurfactants,
carbosilaneandbranchedsilanederivatives

3, 8, 13, 14

III High glv andhigh gsl Aromatic substituentscontainingsiloxane
derivativesandsurfactantsbearingextreme
bulky hydrophiles

4, 16
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alreadybeenexamined.14 Lifshitz–van der Waals
and donor–acceptorforcesare treatedin different
waysat theliquid/vapourandnon-polarsolid/liquid
interfaces. Equivalent donor–acceptor forces
emergeat both interfaces.Lifshitz–van der Waals
forcesdominatethe liquid/vapourenergybalance
butusuallyplayaminor roleat thenon-polarsolid/
liquid interface.

It is noteworthy that the deviations from the
‘equationof state’conceptaremorepronouncedfor
surfactant solutions than for the corresponding
precursors.5 We believe that two properties of
surfactantsolutionsare responsiblefor this effect.
Due to the influenceof the bulk water,surfactant,
adsorptionlayersarehighly oriented.Additionally,
asthereis a ‘geometricalargument’thatsurfactant
moleculespossessingan unfavourablegeometry
(seethedifferencebetweencompounds1 and16 in
Fig. 7) cannotcover the solid surfacewith their
most hydrophobicsitesalone.Other substructures
or water have to fill the ‘holes’ and causehigh
interfacial tensions.

The datadiscussedin this paperweregenerated
from equilibrium wetting experiments.This meth-
odology had to be applied in order to obtain a
comprehensiveinsight into the complex relation-
ship betweenchemical structure and interfacial
energy.

However, we are well aware that (a) in the
majority of industrial wetting processesdynamic
stepsareincluded,and(b) thereforethe surfactant
concentrationat the three-phasecontactis neither
constantnor necessarilyabove thecmc. For that
reason we will discuss in separatepapers the
concentrationdependenceof thewettingproperties

andanapproachto thequantitativecharacterization
of thedynamicwettingbehaviour.
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