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The wetting behaviour of carbohydrate surfac- 1 INTRODUCTION
tants bearing siloxane, carbosilane, polysilane or
silane moieties has been investigated. By static The exceptional property of aqueous solutions of
surface tension f,,, o) and wetting tension certain trisiloxane surfactants is their ability to wet
(Ysv—7Ys, @) measurements on a non-polar rapidly low-energy surfacés(e.g. polyethylene,
perfluorinated surface (FEPY), the contact polypropylene, layers of natural waxes). Unfortu-
angles of aqueous surfactant solutions above nately commercially available products (e.g. Silwet
the critical micelle formation concentration L77; Union Carbide) usually consist of complex
(cmc) were determined. Surface tension and mixtures bearing species with four to ten ethylene
wetting tension react independently on defined oxide units attached to the trisiloxane moiety.
changes in the chemical structure of the surfac- In spite of this complicating factor, chemical,
tant molecules. Siloxane surfactants reduce the geometrical, kinetic and energetic influences have
surface tension most effectively, whereas for a been found to govern the superspreading pro-
neopentyl-substituted silane derivative the low- cess: > Nevertheless, clear-cut quantification of
est solid/liquid interfacial tension was found. the kinetic and energetic situation during the
The data for isomeric siloxanes, carbosilanes spreading process is still an unsolved and challen-
and silanes suggest that donor—acceptor forces at ging task. Dynamic surface-tension and dynamic
solig interfaces have a maximum range of about interfacial-tension measurements (aqueous surfac-
4.5 A © 1998 John Wiley & Sons, Ltd. tant solution versus n-alkanes) suggest that bulk
diffusion coefficients of superspreaders are one
Appl. Organometal. Chenl2, 265-276 (1998) order of magnitude higher than those of conven-
Keywords: carbohydrate surfactants; wetting  tional surfactant§.Unfortunately such experiments
behaviour; siloxane; silane 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-
mentg on the adsorption of surfactants to a PDMS
sheet/PDMS half-sphere system.

In preceding pape?s*®we described the synth-
esis of non-ionic siloxanyl-modified carbohydrate
* Correspondence to: R. Wagner, Max-Planck-Institute for Colloids surfactants. Due to their §tl’|Ct|y d-efmed Strucmr-e’
and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germany. we were able to quantlfy .the Imp.aCt of th_ell’
Contract/grant sponsor: German Ministry for Research andSuUbstructures on the equmbr!um wetting beha_mour
Technology; Contract/grant number: 0310317 A/B. of aqueous surfactant solutions on perfluorinated
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Table 1 C-NMR shifts (ppm) of compound3

(CHg)sC- (CHg)sC- -CHy- -CH,SIi[(CHa3),]O- -OSi[(CH3)2]-
32.66 30.14 34.76 2.87 0.32
Table 2 Elementalanalysisdata(%) of compound3

C (calcd.) C (found) H (calcd.) H (found) N (calcd.) N (found)
48.81 47.64 8.78 8.80 4.07 4.17

solid surfaces:* An importantconclusionwasthat
to alargeextentthe siloxanemoiety determineghe
wetting behaviour.

Thereforewe starteda comprehensivinvestiga-
tion of the impact of different silicon-containing
hydrophobegsiloxanes,carbosilanespolysilanes,
silanes) on the wetting process. The wetting
behaviourof SiH-functionalizedprecursor$ and
a broadvariety of epoxy derivative$® hasalready
been analyzed.It could be shown that surface
tensionandsolid/liquid interfacialtensiondevelop
independentlyf-urther the[Lifshitz—vanderWaals
contribution]/[donoracceptor contribution] ratios
of both interfacial energieswerefoundto be clear
functions of the chemical structure.In the latter
paperwe also describedthe synthesef defined
carbohydratesurfactantdearingsiloxane,carbosi-
lane,polysilaneandsilanemoieties.

It is the objectiveof this papero systematizehe
impact of various silicon-containinghydrophobes
attachedto strictly defined carbohydratehydro-
phileson the energetidbalanceat the liquid/vapour
andsolid/liquid interfacesn aqueousolution.It is
another objective to discuss the range of the

different force types occurring at the interfaces
andthe consequence®r the wetting 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
paper$ 13 (In view of the complexity of their
structure,we use the samenumerationfor these
previously synthesizednaterialsas were given in
the original publications.) The neopentyl-substi-
tuteddisiloxanesurfactant8 wassynthesizedrom
the corresponding SiH-functionalized precursor
(Schemel) via the allyl glycidyl derivative.Table
1 and Table 2 summarizethe analytical data for
compounds.

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

(CH3),CCH,MgCI + (CHgz),SiCl, IEE>(CH3)3CCHZSi(CHg,)ZCI

(CH3)3;CCH,Si[(CHgz),|OSIi[(CHs),|H

B.p. 57— 60°C/30 mmHg

8]

B.p. 144°C
(CHg),CISiH

dioxane/HS0O, (10% ag. soln)

Schemel

© 1998JohnWiley & Sons,Ltd.
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CHj Nv
(CH3)3Si0S10Si(CH 3);
water
5 : -1
16 solid % Yev
H Figure 1 Surfactantsolutiondrop on a non-polarsolid.
%EIOCHZCHZNCHz(:HZg:IE)I (Wilhelmy method). Each measurementvas car-
HOCH, HOC HOCH, HOC ried outat 20°C. )
COH To measurghewettingtensionxz, anFEP® plate
OH GOH  of definedwidth and thicknessis dippedstepwise
H H, (0.2cm) into the surfactant solution with an

For comparativepurposeswve also now include
the already published® data for a branched
derivative bearing two disaccharide moieties,
compoundlé6.

2.2 Methods

The **C-NMR spectrum of compound 8 was
recordedon a Varian XL 300 spectrometeusing
deuteratedMSO assolventandinternalstandard.
The elementalanalysisdatawere determinedon a
Carlo Erbaanalysermodel 1106.

Themacroscopibehaviourof aliquid onaplane
solid surfaceis determinedby the equilibrium of
three forces: (1) the liquid/vapour interfacial
tension(surfacetensionof the liquid y_, or ; (2)
the solid/vapourinterfacial tension (solid surface
tension ys,; and (3) the solid/liquid interfacial
tensionyg. (Fig. 1). It is expressediy the well-
known Young equatiort* (Eqn [1]):

w — g = cosf [1]
v o

wherec is the wetting tensionand# is the contact
angle.

The contactanglesof aqueoussurfactantsolu-
tionswith concentrationsibovethe critical micelle
(cmc) concentration(c>Cemd on non-polarFEPY
plates (tetrafluoroethylendiexafluoropropylene
copolymer; Du Pont) were determinedaccording
to Eqn [1] by independentlymeasuringsurface
tensiony,, (ring method,datacorrectedaccording
to Harkins and Jordar®) and wetting tension o

© 1998JohnWiley & Sons,Ltd.

accuracy of 0.00lcm. The force (p) measured
correlateswith o accordingto Eqn[2]:

p = Ua + (—)pgdbx 2]

whereu = perimeterof the FEPY plate, p = liquid

density,g = gravitationalconstantd = thicknessof

theplate,b = width of the plateandx. = immersion
depthof the plate.

After everymovemenbf the platewe measured
the force immediately and also after 5min. This
time was found to be necessaryor the systemto
reachan equilibrium stateof wetting. A plot of the
5-min valuesof the force p againstthe immersion
depth %, yields, after extrapolationto x,= O, the
wetting tension(c:)

The procedurdor the determinatiorof the solid
surfacetensiony, hasbeendescribedreviously™.
The value ys, =75V =18.9mNm ' hasbeenused
for all calculations.

The interfacial tension yq; was calculated as
7sv — o (seeEqn[1]).

The fact that FEP" is ftrictly non-polarelim-
inates a complicating ys/ term from the cal-
culations.Thereforewe wereablein a simpleway
to determinehe Lifshitz—vanderWaalsportionsof
the surfacetensiort® (k") (Eqn [3]) and solid/

liquid interfacialtensiort’ (y-*) (Eqn[4]):

Lw __
v

2\/45W
8 =T+ — 20/ 1N 4]

The polar portions (y,*7) and (y¢™~) were

(14 cos&)] 2 3

Appl. OrganometalChem.12, 265-276(1998)
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(CH3);CCH,Si(CHs),

14

HOCH, Hoc'C ol
COH

OH CH,

H

calculatedaccordingto Fowkes’approach® (Eqns
[5] and[6]);

+/-

fY|V - FYII\_/W + ’}/IV [5]
o =Y + A3/ 6]

3 RESULTS

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

Table 3 and Table 4 summarizethe resultsof our
measurementson aqueous surfactant solutions
above the cmc. These tables concern straight-
chainedsurfactantof the type of compoundl4 as
well as double-chainedstructureswith two inde-
pendentSilicon-containinghydrophobege.g. 19).

4 DISCUSSION

In an earlierpapef we wereableto showhow the
differentsubstructuresf strictly definedsiloxanyl-

© 1998JohnWiley & Sons,Ltd.

(CH3)3CCH,Si(CH3), (CH3),8i08Si(CHzs)z

modified carbohydratesurfactants(siloxane moi-
ety, spacercarbohydrataunit, modifying element)
influencethe equilibrium wetting behaviouron a
perfluorinatedsolid surface.lt was demonstrated
that a siloxanyl moiety plays an even more
dominant role than the hydrocarbonchain in a
hydrocarbon-basesdurfactant.As only few differ-
ent siloxanyl structureswere available,a detailed
investigationof this specificohenomenoiouldnot
be carriedout. The few and incompleteliterature
datd®??do notfill the gap.

Thereforewe synthesize®*3surfactantsover-
ing four different featuresof Silicon-containing
hydrophobes:

(1) branchedtrisiloxaneswith substituentsother
thanmethyl (compoundsl—4);

(2) variablysubstitutedisiloxanestructuregcom-
pounds5-11);

(3) polysilanes, carbosilanes, neopentyl-substi-
tutedsilanes(compoundsl2—19;

(4) double-chainedtructuregcompounds 7-23.

4.1 Branched trisiloxane
structures

The wetting results for aqueous solutions of
branchedtrisiloxane surfactantsare in line with
the trendsalreadyoutlined for the corresponding
liquid epoxides

Appl. OrganometalChem.12, 265-276(1998)
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Table 3 Silicon-containinghydrophobesttachedo the carbohydratenoiety

(a) Straight-chainedtructures

Compd Silicon moiety Compd Silicon moiety
1 [(CH2)sSIOLSi(CH)~ 9 (CH)sCSI[(CHy)2]OSI[(CHy)2l-
2 [(CH3)3S|O]2S|(CQH5)— 10 (CH3)3CCH20H28|[(CH3)2]OS|[(CH3)2.I—
3 [(C2Hs)3SIOLSI(CHy)- 11 (CHz)3SIOSI[(CH) |-
4 [(CH3)3SIOSi(CsHe)- 12 (CH3)3SISI[(CHs)|-
5 (CHs)3SiOSIi[(CHs),]OSIi[(CHzs)2)—- 13 (CHs)3SiCH,SI[(CHa),]—
6 (CHg3)3SiOSI[(CHs)]CH,SI[(CHz).)—- 14 (CHz)3CCH,SI[(CHa),]—
7 (CHz)3SiCH,Si[(CHs),]OSIi[(CHz)2]—- 15 (CHy)3Si—
8 (CH3)3sCCH,SI[(CH3)2]OSI[(CHg)2)-
(b) Double-chainedstructures
Compd Silicon moiety 1 Silicon moiety 2
17 (CH3)sSiOSI[(CH)2]— (CH3)3SIOSI[(CHs) -
18 (CHg3)3SiOSI[(CHg).)- (CHg)3SiCH,SI[(CH3),]—
19 (CH3)5SIOSI[(CHy)o]- (CHa)sCCH,SI[(CHa)2)-
20 (CHs)3SiCH,SI[(CHa),]- (CH3)3SiCH,SI[(CHa),]—
21 (CHg)3SICH,SI[(CHa),)- (CH3)3CCH,SI[(CHg)o]—
22 (CH3)3CCH,SI[(CHg),]—~ (CH3)3CCH,SI[(CHz)o]-

The substitution of methyl groups by ethyl
(compoundd -2 3) increaseshesurfacetension
per methyleneunlt As the
donor—acceptocontributions(y, *'~) decreasthis
continuoussurfacetensionincreaseis exclusively
due to con5|derably|ncreased Lifshitz—van der
W) contributions. The corresponding
power balanceat the non-polarsolid/liquid inter-

by about 1mNm~

Waals (yh,

face is general
contributiony(yg

byc

determinedby donor—acceptor
). Equivalentforcesof thistype

emergeat bothlnterfacesalthoughln asinglecase
only a considerableys™V contribution has been
found (compound3).

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

(0.7mNm™?

Table 4 Dependencef the interfacial propertieson the structureof the Silicon moiety

Yiv 'YIVLW 'YIer/i Vsl 'YsILW (42 0 (deg)
Compd Conc(mol/l™) (MN/m™Y) MN/mY) (MN/mY (MmN/mY) (mMN/m™Y)  y4"~ (MN/m?Y) cosd
1 1.0x 1073 21.5 19.0 25 2.4 0.0 2.4 165  0.767 40
2 3.0x 1073 22.6 22.0 0.6 0.7 0.1 0.6 182  0.805 36
3 1.0x 1073 26.9 25.5 1.4 1.9 049 141 170 0632 51
4 1.0x 1073 24.9 21.5 3.4 3.5 0.1 3.4 154 0618 52
5 1.0x 1073 22.2 21.0 1.2 1.2 0.06 114 17.7 0797 37
6 3.0x 1073 23.1 21.5 1.6 1.7 0.08 162 172 0744 42
7 3.0x10°3 24.2 23.4 0.8 11 024 086 178 0735 43
8 3.7x10°° 24.0 23.1 0.9 1.1 0.2 0.9 17.8 0741 42
9 3.0x10°° 23.6 221 15 1.6 0.1 15 173 0733 43
10 3.0x10°3 24.9 23.5 1.4 1.7 025 145 172 0.691 46
11 1.0x 1073 21.9 20.7 1.2 1.2 004 116 17.7  0.808 36
12 3.0x10°° 23.7 225 1.2 1.4 0.2 1.2 175 0738 42
13 3.0x 1073 23.4 22.7 0.7 0.8 0.2 0.6 181 0773 39
14 3.0x10°3 24.8 24.7 0.1 0.4 0.3 0.1 185  0.746 42
15 1.0x 1072 22.4 20.5 1.9 1.9 0.03 187 170 0758 41
16 1.0x 1073 25.0 20.6 4.4 4.4 0.04 436 145 0580 55
17 1.0x 10°* 21.7 20.9 0.8 0.8 0.05 075 181 0834 33
18 1.0x 1074 23.3 22.0 1.3 1.4 0.1 1.3 175 0751 41
19 1.0x107* 23.1 22.3 0.8 0.9 0.14 0.76 180 0779 39
20 1.0x 1074 24.8 23.9 0.9 1.2 0.3 0.9 17.7 0714 44
21 1.0x10°* 24.6 23.1 1.5 1.7 0.2 1.5 172 0.699 46
22 1.0x 1074 25.2 24.4 0.8 1.1 035 0.75 17.8 0706 45

© 1998JohnWiley & Sons,Ltd.
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interf. tens.
sol./lig. (mN/m)
= e b W

Figure 2 Surface tension (a) and solid/liquid interfacial
tension (b) on FEPY of compounds3 and 4. Total (tot),
donor-acceptor(+/—) and Lifshitz—van der Waals (LW)
contributionsare shown.

effectof the z-systenthis increasehasits origin in
a strengtheneddonor—acceptorcontribution. As
thesedonor—acceptor-typ®rcesalsoemergeatthe
solid/liquid interface, the ability to wet the

perfluorinated material is considerablyreduced.

Figure 2 illustratesthe diverging consequencesf
ethyl and phenyl substitutionson siloxane back-
bones.

4.2 Variable substituted disiloxane
structures

Somewhasurprisingly,we found practicallyiden-
tical datafor carbohydratesurfactantsof the MM*
(11) andMDM* (5) type: Froma systematigoint

H; CH;
R—Si—(}—éiwmwm{ carbohydrate |
‘EH3 éH:;

Structure 17

© 1998JohnWiley & Sons,Ltd.

of view compound(5) is a dimethylsiloxy deriva-
tive of 11. We arguedthatthe secondoxygenatom
of the trisiloxane structureis 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 siloxanyl moiety (5) did
nothavesignificantenergyconsequenceSubstitu-
tions of the methyl groupby t-butyl (9), neopentyl
(8) or (t-butyl)ethyl (10) groupswerecarriedoutin
order to insulate the Si-O-Si structure from the
interface.However,the expectedincreasef the
surface tension and its Lifshitz—van der Waals
contibution are not accompaniedy a continuous
decreasein the donor—acceptorportion (stable
‘backgroundpolarity’ about 1mNm~?). The in-
corporationof a carbosilanemoiety (7) doesnot
alterthis situation.As a consequencéhe energetic
balance at the solid/liquid interface remains
dominated by donor—acceptorforces. Obviously
bulky substituentsof the alkyl or carbosilyl type
represeninadequatéoolsto ‘insulate’ disiloxane’s
oxygenatomfrom theinterface(Fig. 3).

Neverthelessa comparison of the isomeric
siloxane/carbosilanstructures(6) and (7) shows
thatthe substitutionlocationhasa certaineffecton
the interfacial properties.The terminal carbosilane
(7) possessethe highersurfacetensionandis less
polar.In compound6) thecarbosilanesubstructure
is located in the interior. Here the terminal
siloxanyl moiety can ‘hide’ it much better. The
surfacetensionis lower but the force balanceis
shiftedmoreto the donor—acceptoside (Fig. 4).

4.3 Polysilanes, carbosilanes and
neopentyl-substituted silanes

The constant ‘background polarity’ of about
1 mNm~! wasinterpretedin termsof an inability
of bulky alkyl substituentso ‘insulate’ the siloxane
structure completely from the interface. The
disiloxanestructureis flexible enoughto orientits
low-energymethylgroups(inevitablyaccompanied
by the oxygenatom)closeto theinterface.If these
considerationsare basedon realistic assumptions,
derivatives without siloxane bonds should not
exhibit this ‘backgroundpolarity’.

Compoundg13) and(14) represenacarbosilane
and a neopentylsilanalerivativerespectively.The
stepwisesurfacetensionincrease(compoundsl1
- 13 - 14) isaccompaniethy a steadilydeclining
donor—acceptocontribution.For compound(14) a

Appl. OrganometalChem.12, 265-276(1998)
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Figure 3 (a) Surfacetensionand (b) solid/liquid interfacial
tensionon FEP® of compoundss, 7 and8. Total (tot), donor—
acceptol(+/—) andLifshitz—vanderWaals(LW) contributions
areshown.

donor—acceptorcontribution was practically not
observedlt is noteworthythatthis compounds the
only casewherethe solid/liquid interfacialtension
was determinedby the Lifshitz—van der Waals
force (Fig. 5). Despite the presenceof a bulky
carbohydratenoiety andthe hugeamountof water
in thebulk phasethe perfluorinatednaterial'feels’

exclusivelya hydrocarborstructure.

Although thereis so far no independentproof
Fig. 6 shows possible orientations of selected
surfactantmoleculesat the solid/liquid interface.
The fact that for the neopentyl-substitutegilane
derivative 14 practically no donor—acceptocon-
tribution wasfoundimmediatelyraiseshequestion
of therangeof theseforcesat interfaces.

Diverging from Oss et al.?® we include in
‘donor—acceptorforces’ all thosetypeswhich are
basedon long-term unevendistributions of elec-
trons?°2?It is well establishe®f thatdipole—dipole
interactions (for example) have a short-range

© 1998JohnWiley & Sons,Ltd.

Lw

+f

Figure 4 Surfacetensionand solid/liquid interfacial tension
on FEPY of compunds6 and 7. Total (tot), donor—acceptor
(+/-) and Lifshitz—van der Waals (LW) contributions are
shown.

character Short-termunevendistributionsof elec-
trons (fluctuationson a quantum-mechanat time
scale)arethe sourceof non-polarLifshitz—vander
Waalsforces.

Neverthelesonly a few experimentaldata are
availablein the literature demonstratinghe con-
sequence®f the distancedecay of certain force
typesin real wetting situations.As early as 1962
Shafrin and Zismarf® investigated the wetting
behaviourof n-alkanesand certain polar liquids
on monolayersof partially fluorinatedfatty acids.
He found that the surfaceenergy of monolayers
remainsconstanif the seventerminal C-atomsare
fluorinated.In his casethe depthinfluenceof the
-CFZCHz-digoIe has a maximum rangeof 7.5A.
Whiteside$® foundthatin the courseof systematic
wettingexperimentsvith long-chainedethermono-
layersthe polarinfluenceof the etheroxygenatom
(-GH,OCH,-) could be detectedbver a distanceof
2 A for hexadecanand5 A for water.

Considering(1) the polarity differencesfor the
branched(1) and straight-chained5) trisiloxanyl

Appl. OrganometalChem.12, 265-276(1998)
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Figure 5 Surfacetensionand solid/liquid interfacial tension
on FEPY of compoundsli, 13 and 14. Total (tot), donor—
acceptor(+/—) andLifshitz—vanderWaals(LW) contributions
areshown.
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structures(2) the practical identity of the energy

data for the disiloxane 11 and the trisiloxane

derivative (5) (3) the strong donor—acceptocon-

tributionsfor the‘inner’ carbosilan€6) and(4) the

non-polar characterof the neopentyl-substituted
silane derivative (14), it is reasonabldo assume
thattherangeof donor—acceptdiorcesis restricted

to one Si-O-Simoiety.

Forcompound5) (Fig. 6; Table5) we calculated
a maximym range of donor—acceptorforces of
about4.5A. This meanghatat the solid/surfactant
solutioninterfacethe adjustmenof the equilibrium
energybalanceproceedsat a submoleculadevel.
For the silicon-containing surfactanttype under
investigation,spacerand hydrocarbornunit aretoo
distantfrom 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
statementis restricted to a given spacer and
carbohydratemoiety configuration.Energy influ-
encesof different spacerstructurescarbohydrates
and modifying elementshave been examinedin
detail previously? Additionally, in certaincasesa
measurablesteric/packinginfiuencé® may exist.
Usually siloxane surfactantsconsist of a bulky
silicon-containinchydrophobeandasmallerhydro-
philic moiety.An exgmples compoundl). Herea
trisiloxane unit (50A areaper unit at the liquid/
vapour interface) is connoectedwnh a smaller
saccharidemoiety (30-35A% per unit) (Fig. 7).
Thesiloxaneblock cancoverthe solid surface The

C
CH

—Si..., g
H;
. /i /Il
/

ke

/ \ 'CH2S1(CH3)3

11 13 14

6 7

Figure 6 Possibleorientaions of selectedsilicon-cortaining hydrophobeson FEP?.
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Table 5 Bondanglesandbonddistance$’~?°of permethylatedcompound{CHs)s YXY (CHg)s

Structure Angle YXY (deg) DistanceX-Y (A) DistanceY—-CHs (A)

(CHs)3 SiOSi (CHs)s 148.8 1.626 1.850

(CH3)3SiCH,SIi(CH3)s 123.2 1.889 1.874

(CH3)3SiSi(CHz)3 — 2.340(Si-Si) 1.877

(CH3)3CCH,C(CH3)s 128.0 1.545 1.545

Table 6 Energyclassificationof the surfactantsinderinvestigation

Subgroup EnergeticProfile Structures Examples

| Low ¥, andlow to mediumyg Straight-chaineénd permehylatedsiloxane 5, 11,17
derivatives

1] High y, andlow to mediumyy Not-permethylatediloxanesurfactants, 3,8,13,14
carbosilaneandbranchedsilanederivaives

[} High y andhigh g Aromatic substituentsontainingsiloxane 4,16

derivativesand surfactantdearingextreme
bulky hydrophiles

oppositecaseis representedy compoundl6 (for
chemicalstructure seesection2.1). Thetrisiloxane
moiety is connectedwith two saccharideunits. An
exclusive coverageof the solid by low-energy
siloxanestructuress impossibleandthe measured
interfacial energy as well as its donor—acceptor
contributionincreases.

4.4 Branched structures

The resultsfor branchedstructuresare lessclear-
cut. Thedatafor thedouble-chainederivative(17)
is closelyrelatedto that of the single-chainedne
(11). Successivesubstitutionsof the disiloxane
moiety by carbosilanesand neopentyl-substituted
silanes yield increased surface tensions. For
unknown reasonstheir donor—acceptorcontribu-
tionsshowan unsystematiccattering The sameis
true for the solid/liquid interfacialtension.
Neverthelesshereis a steadyshift of theratio of

A=

water —

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 Sections4.1-4.4 we discussedin detail the
influence of different types of silicon-containing
hydrophobesn the liquid/vapourand solid/liquid
interfacial energies Apart from chemicalstructure
differencesthe surfactantsinderinvestigationcan
be divided qualitatively into certain energy sub-
groups(Table6).

An immediateconsequencef the existenceof
subgrougll is that the disputed'equationof state’
concept®3! doesnot hold for solutionsof silicon-
containing surfactants(Fig. 8). The reasonhas

N e/\e/

FEP

Figure 7 Schematiaepresentationf the surfacecoverageby surfactantof different shapes.

© 1998JohnWiley & Sons,Ltd.
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24 15 P 7
surface tension [mMN/nm)

Figure 8 Surfacetensionsand contact angles(cos ¢) for
solutionsof selectedsilicon-containingsurfactants.

alreadybeenexamined:® Lifshitz—van der Waals
and donor—acceptoforcesare treatedin different
waysattheliquid/vapourandnon-polarsolid/liquid

interfaces. Equivalent donor—acceptor forces
emergeat both interfaces Lifshitz—van der Waals
forces dominatethe liquid/vapourenergybalance
butusuallyplay a minor role at the non-polarsolid/

liquid interface.

It is noteworthy that the deviationsfrom the
‘equationof state’conceptaremorepronouncedor
surfactant solutions than for the corresponding
precursors. We believe that two properties of
surfactantsolutionsare responsibléor this effect.
Dueto the influenceof the bulk water, surfactant,
adsorptioriayersarehighly oriented. Additionally,
asthereis a ‘geometricalargument’that surfactant
molecules possessingan unfavourablegeometry
(seethedifferencebetweercompoundd and16in
Fig. 7) cannotcover the solid surfacewith their
most hydrophobicsitesalone.Other substructures
or water have to fill the ‘holes’ and causehigh
interfacialtensions.

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

However, we are well aware that (a) in the
majority of industrial wetting processeslynamic
stepsareincluded,and(b) thereforethe surfactant
concentratiorat the three-phas&ontactis neither
constantnor necessarilyabove thecmc. For that
reasonwe will discussin separatepapers the
concentratiordependencef the wetting properties

© 1998JohnWiley & Sons,Ltd.

andanapproactto thequantitativecharacterization
of the dynamicwetting behaviour.
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