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The spreading behaviour of defined trisiloxane
surfactants of general formula [(CH3)3SiO]2
CH3Si(CH2)3(OCH2CH2)nOCH3 (n = 3–9) on
five different solid surfaces has been investi-
gated. Maximum spreading areas and rates are
found on non-polar or slightly polar surfaces of
30 to 40mNmÿ1 surface energy. Extremely low
or high surface energies substantially reduce the
spreading rates. On non-polar surfaces rapid
spreading is observed for 1wt% solutions of the
relatively short-chained penta- and hexa-ethy-
lene glycol derivatives. On slightly polar sur-
faces dilute 0.1wt% solutions of longer-chained
derivatives spread faster. This spreading pattern
shift coincides with a change of the phase
behaviour. Solutions of Silwet L77 do not prefer
one specific surface, since 1wt% solutions
abruptly stop spreading after a few seconds
and the maximum spreading rates are found for
0.1wt% solutions. Therefore, Silwet L77 essen-
tially belongs among the long-chained deriva-
tives. Copyright # 2000 John Wiley & Sons,
Ltd.
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1 INTRODUCTION

Aqueous solutions of some commercially available
trisiloxane surfactants (e.g. Silwet L77, in which a

polydisperse triethylene- to dodecaethylene-glycol
hydrophile is attached to the trisiloxane moiety via
a short trimethylene spacer) rapidly wet low-energy
surfaces (water contact angle>90°).1 The spread-
ing rate of such a so-called ‘superspreader’ solution
significantly exceeds that expected for a purely
liquid-diffusion-controlled process.2–4

Recently, a study on 1,1,1,3,5,5,5-heptamethyl-
trisiloxane and solutions of Silwet L77 showed that
for the surfactant solution the radiusr is propor-
tional to timet0.65whereas for the pure siloxane the
relationship r / t0.25 was found. Ellipsometric
investigations of the Silwet L77 solution drop edges
under dynamic conditions suggest the existence of a
precursor film 0.3nm thick.5

Fast adsorption of surfactant molecules onto the
substrate produces a surface tension gradient which
generates a rapid surfactant molecule flow (Mar-
angoni flow) directed towards the drop edge.6–8

However, the role of neither the surface energy/
surface chemistry nor the surfactant solutions’
phase behaviour has been understood in detail.

Silwet L77 spreads on hydrophobic as well as on
hydrophilic surfaces (0� cos�water� 0.9). A maxi-
mum was found for cos�water= 0.4,6 although the
total surface energies (gsv), or their Lifshitz–van der
Waals (gsv

LW) or donor–acceptor components
(gsv
�/ÿ) have not been determined.9 Further,

chemically different surfaces of comparable surface
energies have not been investigated.

The importance of the turbidity of trisiloxane
surfactant solutions for spreading on low-energy
surfaces has repeatedly been stressed.6,10 This
turbid two-phase state is usually adjusted by
variation of the temperature11–15 or the average
oligoethylene glycol chain length.16

However, experiments have demonstrated that
the spreading behaviour of the polydisperse Silwet
L77 is nearly independent of the temperature and
the phase state of the solution.6 Instead, it could be
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shown that certain additives generatenon-turbid
solutionsandsimultaneouslyincreasethespreading
rate.17 Furthermore,thespreadingratesof aqueous
solutionsof definedoligoethyleneglycol-modified
hydrocarbonsurfactants(CiEj) donotcorrelatewith
their knownmicrostructures.10 Recentpapersfocus
on the generalability of certain trisiloxane-based
surfactantsto form vesiclesas an essentialpre-
requisitefor superspreadingor the formation of a
separatephaseof accumulatedsurfactantmolecules
at thesolid–liquid interface.18,19

Thesecontraryfindingsclearly demonstratethat
acomprehensiveunderstandingof thesuperspread-
ing phenomenonhasnot beenreached.20 A better
understandingof the basic principles necessitates
the investigationof sufficiently pure trisiloxane-
based single compounds.Aqueous solutions of
defined amino-modifiedtrisiloxane structuresra-
pidly spreadon polypropylene.Minor changesin
the amino moiety structure causedconsiderable
differencesin the spreadingarea.21 Recently22 we
describedthe synthesisof single componentsof
Silwet L77 bearing three to nine oligoethylene
glycol units attachedto the trisiloxane block. A
pronouncedtemperatureand thereforephase-type
dependenceof thespreadingrateonnon-polar,low-
energysurfacesexists.23 For dispersed(two-phase,
2Φ) systemscloseto thetransitiontemperature(Tc)
from thelamellarphase(La) to thetwo-phasestate
(2Φ) the highest initial spreadingrates can be
expected. Defined binary mixtures mimic the
spreading behaviour of the equivalent single
compounds with corresponding chain lengths.
However,the chain lengthdifferencebetweenthe
two compoundsdecisivelyinfluencesthespreading
rates.24 All of these spreadingexperimentson
singlecompoundsandtheir definedmixtureshave
beencarriedout on a singlenon-polar,low-energy
surface. The influences of surface energy and
surface polarity are unknown. Therefore the

purpose of this study was to investigate the
dependenceof the spreadingareasand the initial
spreadingratesof definedtrisiloxanesurfactantson
thesurfaceenergyandsurfacepolarity.

2 MATERIALS AND METHODS

2.1 Materials

Silwet L77 wassuppliedfrom Union Carbide.The
synthesisof defined 1,1,1,3,5,5,5-heptamethyltri-
siloxanyl (MD*M) derivatives of the general
structure [(CH3)3SiO]2CH3Si(CH2)3(OCH2CH2)-
nOCH3 (n = 3–9) has beenoutlined in an earlier
paper.22 Table 1 summarizesthe colours,purities
andproductcompositionsof thesiloxanyl-modified
oligoethyleneglycols.19

For the spreadingexperimentsfive chemically
and energeticallydifferent silicon wafer surfaces
wereprepared.

Beforethesurfacemodificationsthewaferswere
washedin ethanol,methylenechlorideanddiethyl
ether,placedin anoxidizing solutionconsistingof
39 parts(w/w) of conc.H2SO4, 11 parts(w/w) of
H2O and2 partsw/w of K2S2O8, thenrinsedwith
twice distilled water andfinally dried in an argon
stream.

In order to prepare trimethylsilylated (ME)
surfaces,bare wafers were put in hexamethyldi-
silazane in a vacuum–tight desiccator.Surface
structures of the types (C2H5)3SiO—(ET),
(C6H5)(CH3)2SiO—(PH), (C6H5)3SiO—(TP) and
[CH3O(CH2CH2O)5CH2CH2CH2](CH3)2SiO—
(EO) havebeenpreparedfrom the corresponding
chlorosilanesin anhydrousn-heptane.The chemi-
cal structuresandreactionconditionsaresummar-
ized in Fig. 1 andTable2.

[(CH3)3Si]2NH, (C2H5)3SiCl, (C6H5)(CH3)2SiCl

Table 1 Coloursandpuritiesof thesiloxanyl-modifiedoligoethyleneglycols,andtheir contaminationcompositions

Contamination

Compd. Colour Purity (% GC) Si (%) Without Si (%)

EO3 Colourless �99
EO4 Colourless �99
EO5 Colourless 99 1.0
EO6 Paleyellow 97.5 1 (EO5 type) 1.5
EO7 Paleyellow 96 1.5 (EO6 type) 2.5
EO8 Yellow 95 1.5 (EO6 type) 3.5
EO9 Palebrown(Pt) 90 10(EO7� EO8type)
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and (C6H5)3SiCl were commercially available
(ABCR) andwereusedwithout furtherpurification.

The silane [CH3O(CH2CH2O)5CH2CH2CH2]
(CH3)2SiCl was synthesized from CH3O(CH2-
CH2O)5CH2CH=CH2 and H(CH3)2SiCl. Thus,
8.3g (2.84� 10ÿ2mol) of pentaethyleneglycol
monoallyl monomethyl ether21 was stirred at
70°C for 30min. Volatile substanceswereremoved
in oil vacuum.Afterwardsthepentaethyleneglycol
derivativewascooledto roomtemperature,then4g
(4.23� 10ÿ2mol) dimethylchlorosilaneand10mg
of a 3wt% Pt-containing Lamoreaux catalyst
solution24 wereaddedunderan argonatmosphere.
Thehydrosilylationwascarriedoutat70°C for 3h.
Thecompleteconversionof theolefin waschecked
by meansof gas chromatography.The excessof
dimethylchlorosilanewasremovedin oil vacuum.
Without further purification 7g of the slightly
yellow oily product was injected into a vessel
containing the wafer pieces and 200ml dry n-

heptane.The temperaturewas raisedto 70°C for
18h. The modifiedwaferswereremovedfrom the
vesselandcleanedwith acetone,ethanolandtwice-
distilled water.

Theenergystateof thewaferswascharacterized
by contact-anglemeasurementsagainstwater and
organic liquids. The energydata setsof the test
liquids aregiven in Table3.

Test liquid dropswereplacedon everypieceof
silicon wafer and the contactangleswere deter-
mined goniometrically. The angles in Table 4
representthemeanvaluesof at leastfour measure-
ments. Deviations larger than �1° for single
measurementswerenot observed.

The data for the strictly non-polar alkanes
tetradecane,pentadecane,hexadecaneand cis-
decahydronaphthalene(
lv = glv

LW) as well as
CH2I2 (
lv � glv

LW) were used to calculatesolid
surfacetensionsgsv (Neumann;27 Eqn [1]) andthe
correspondingLifshitz–vanderWaalscontribution

Figure 1 Surfacestructuresof themodifiedsilicon wafers.

Table 2 Modified silicon wafersurfaces:surfacestructures,reagentsandreactionconditions

Surfacestructure Reagent Reactiontime (h) Temperature(°C)

(CH3)3SiO— [(CH3)3Si]2NH 144 20
(C2H5)3SiO— 5g(C2H5)3SiCl in 200ml n-heptane 24 65
(C6H5)(CH3)2SiO— 5g(C6H5)(CH3)2SiCl in 200ml n-heptane 36 65
(C6H5)3SiO— 10g(C6H5)3SiCl in 200ml n-heptane 48 70
[CH3O(CH2CH2O)5—
OCH2CH2CH2](CH3)2SiO—

7g[CH3O(CH2-
CH2O)5OCH2CH2CH2](CH3)2SiCl in 200ml
n-heptane

18 70
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gsv
LW (Good;28Eqn[2]). Similarity betweengsv and

gsv
LW indicates the non-polar character of a

surface.21,29(Table5)
For polarsurfaces(gsv ≠ gsv

LW) eqn[3] hasbeen
usedto calculatethe donor–acceptorcontribution
of thesolid surfacetensiongsv

�/ÿ from thecontact
anglesof thepolarliquidsglycerol,ethyleneglycol
and formamide30 Fowkes’ conceptof interfacial
tensioncomponents31 hasbeenappliedto calculate
gsv

tot from thesinglecontributions(Eqn [4]).
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svÿ 2� �������������
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2.2 Methods

Column GC experimentswere carried out on a
Perkin–ElmerAuto Systemgaschromatograph.A
1m steel column (1/8-inch; 3.2mm) packedwith
ChromosorbW-AW-DCMS (80–100-mesh)and
modified with 3% SE30 was used (temperature
programme:50–300°C, heatingrate 10°Cminÿ1;
20min at 300°C; FID).

Contactangleswere measuredwith a MP 320
goniometer (20-fold magnification, Carl Zeiss
Jena).

The generalprocedurefor the spreadingexperi-
mentshasbeendescribedin earlierpapers.22–24

Thespreadingexperimentsonthesurfacesof the
different silicon wafers were carried out in a
laboratorykeptat 21�0.5°C and49�2% relative
humidity. Chemicalsand equipmentwere stored
undertheseconditionsfor at least12h. Thewafers
were cleanedcarefully with twice-distilled water,
ethanol then finally twice-distilled water. Before
everynewexperimenttheywereexposedto atmos-
pheric conditions for 5min. The mixtures were

Table 3 Interfacial liquid/vapourtensions(glv), and Lifshitz–van der Waals(glv
LW) and donor–acceptor(gLV

�/ÿ)
contributionsof waterandselectedorganicliquids

Liquid glv (mNmÿ1) glv
LW (mNmÿ1) gLV

�/ÿ (mNmÿ1)

Watera 72.8 21.8 51.0
Tetradecane 26.6 26.6 0
Pentadecane 27.3 27.3 0
Hexadecane 27.6 27.6 0
cis-Decahydronaphthalene 31.8 31.8 0
Diiodomethanea 50.8 50.8 �0
Ethyleneglycola 48.0 29.0 19.0
Glycerola 64.0 34.0 30.0
Formamidea 58.0 39.0 19.0

a datatakenfrom Ref. 25.

Table 4 Contactangles(deg)of waterandorganicliquids on the modifiedsilicon wafersurfaces

Liquid ME ET PH TP EO

Water 93 90 79 59 46
Tetradecane 31
Pentadecane 34
Hexadecane 39
cis-Decahydronaphthalene 19
Di-iodomethane 40 37 25
Ethyleneglycol 59 45 42
Glycerol 72 55 55
Formamide 39

For structuresandabbreviationsof modifiedsilicon wafers,seeFig. 1.
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shakenmanually for 2min and afterwardsultra-
sonicatedfor 2min in a waterbath.A microsyringe
wasusedto deposit10ÿ�l dropsof the surfactant
solutionson themodifiedsilicon wafers.

Eachspreadingexperimentwas repeatedtwice
with identically pretreatedwafers.The spreading
drops were recorded with a standard VHS-C
camcorder(25framessÿ1). The single runs were
visualized on a conventionalTV screenand the
dropsizesdeterminedmanually.Dependingon the
spreadingrate,upto 1framesÿ1 wasevaluated.The
setting of the starting points (spreadingtime= 0)
wascritical. Drops(10�l) of a1wt% solutionof the
triethyleneglycol derivative EO3 did not spread;
they coveredequilibrium areasof 12.5mm2 (ME),
12.5mm2 (ET), 14.9mm2 (PH),17.5mm2 (TP) and
50.2mm2 (EO), respectively.It is importantto note
that a 10�l drop of twice-distilled water occupied
20mm2 on the EO surface.However,evenminor
amountsof all trisiloxanesurfactants(0.001wt%)
enlargedthe areato typically 50mm2. Theseareas
definedthe startingpointsof the spreadingexperi-
ments.The meanspreadingareaswere calculated

astheaveragefrom thesingle-rundatafor a given
time. Typically, the deviationof single-runresults
from themeanvalueswaslessthan10%.

The macroscopicdrop shapesfrequently de-
viated from circles, but we did not find any rule
governing this deviation. The effect disappeared
after additional cleaning procedures. Minor
amountsof surfaceimpuritiesprobablycausedthe
irregulardropshapes.

The samplesfor the phaseinvestigationswere
preparedby mixing the surfactantswith twice-
distilled waterin glasstest-tubes.After mixing, the
solutionswere subjectedto a heatingand cooling
cycle to solubilize and homogenizethe mixtures.
Thephasetransitiontemperaturesweredetermined
after equilibration by visual inspection of the
solutions in a thermostatedwater bath between
crossedpolarizers.The temperatureat which the
mixtureschangefrom transparentto turbid canbe
determined in this way with an accuracy of
�0.1°C. Birefringence indicates the presenceof
anisotropicliquid-crystallinephases.Flow birefrin-
gencewasobserveduponstirring.

Table 5 Modified silicon wafer surfaces:solid surfacetensions(gsv), Lifshitz–van der Waals(gsv
LW) anddonor–

acceptor(gsv
�/ÿ) contributions

ME ET PH TP EO

gsv(mN mÿ1) (Neumann) 23 30 41 42 47
gsv

LW(mN mÿ1) (Good) 23 30 39 41 46
gsv
�/ÿ(mN mÿ1) 0 0 1 3 4

gsv
tot(mN mÿ1) 23 30 40 44 50

For structuresandabbreviations,seeFig. 1.

Figure 2 Time-dependentspreadingareasfor thederivativeEO5:c = 1wt% (left); c = 0.1wt% (right).
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3 RESULTS

Figures2–4 describethe time dependenceof the
spreadingareasfor 1wt% and0.1wt% solutionsof
the single compoundsEO5 and EO7 as well as
Silwet L77.

Slowly spreadingdropswereobservedfor up to
45s.Generally,theyreachedspreadingareasof less
than 200mm2 without any pronouncedspreading
features.Rapidlyspreadingdropsoftenreachedthe
wafer edgesafter less than 10s. However, the
characteristicaspectssuchashigh initial spreading
ratesor suddenstopswereobservedreliably within
this narrowtime window.We thereforelimited the
time scalesin Figs2–4 to 15s.

The fastestarea increasefor the short-chained
derivativeEO5wasfoundfor the1wt% solutionon
the ET surface.EO7 spreadsrapidly on the PH
surfaceat a concentrationof 0.1wt%. Silwet L77

spreadsmost rapidly on both the ET and PH
surfacesat a concentrationof 0.1wt%.

Figures5–11 depict the concentrationand sur-
face energy dependenceof the initial spreading
ratesfor thederivativesEO4–EO9andSilwet L77.
EO4 is a poor spreader.EO5 and EO6 reachthe
spreadingrate maximum on the ET surface.The
longer chainedderivativesEO7 and EO8 spread
fasteron thePHsurface.Silwet L77 spreadsfastest
on both the ET and PH surfaces.Substantially
reducedinitial spreadingrateswere found on the
extremelylow-energyME aswell ason the high-
energyTP andEO surfaces.

The initial spreadingrates of Silwet L77 on
different substratesare comparedin Fig 12. On
thiol-modified gold layers6 a broader range of
surfaceenergiesis acceptable.

Figure 13 summarizes the phase transition
temperaturesof the single compoundsat a con-

Figure 3 Time-dependentspreadingareasfor thederivativeEO7:c = 1 wt% (left); c = 0.1 wt% (right).

Figure 4 Time-dependentspreadingareasfor Silwet L77: c = 1wt% (left; c = 0.1wt% (right).
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centration of 1wt%. The general pattern of the
phase behaviour of the single compoundshas
alreadybeenoutlined23,24 andagreesqualitatively
with that for the commerciallyavailablepolydis-
persetrisiloxanesuperspreaders.12,13,16

Single surfactantsolutions were more or less
turbid at low temperaturesand showedbirefrin-
gence.On increasingthe temperaturethesolutions
became increasingly transparent and showed
the typical texture of a lamellar phasebetween
crossedpolarizers.We assumeby analogy with
related hydrocarbon14 and siloxane-basedcom-
pounds12,13,16that themixturesweredilute disper-
sions of bilayer aggregates(La phase).Upon an
increaseof temperaturethesamplesbecamecloudy
butisotropicandshowedcompletephaseseparation
aftersomehours.Thistwo-phasestateis designated
2Φ and the liquid–liquid insolubility boundaryis
specifiedas the cloud point Tc. An intermediate

flow birefringentspongephase(L3 phase)couldnot
be identifiedreliably for 1wt% solutions.23,24

4 DISCUSSION

4.1 Contact angles and surface
energies

The different surfaces(Table 2) were preparedto
imitate qualitativelysomecommonlyusedmateri-
als suchPDMS (ME), polyethyleneand polypro-
pylene (ET), polystyrene(PH) and polyethylene
glycol (EO). The major advantageof wafersis the
smoothnessof their surfaces.The datain Tables4
and5 showthat the evaluationof the hydrophobic
characterof a surfaceexclusivelyby watercontact
angle measurementsis insufficient. For the tri-

Figure 5 EO4.concentrationandsurfaceenergydependence
of the initial spreadingrates.

Figure 6 EO5:concentrationandsurfaceenergydependence
of the initial spreadingrates.

Figure 7 EO6:concentrationandsurfaceenergydependence
of the initial spreadingrates.

Figure 8 EO7:concentrationandsurfaceenergydependence
of the initial spreadingrates.
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methylsilylated (ME) and triethylsilylated (ET)
surfacesthewatercontactangledifferenceamounts
to a marginal3°. However,the surfaceenergyof
both non-polar surfaces,calculatedfrom contact
anglesof organicliquids, differs by a considerable
7mN mÿ1. Theseapparentlycontradictoryresults
aredueto a fundamentaldifferencebetweenpolar
organicliquids andwater.The energybalancefor
water is dominatedessentiallyby donor–acceptor
forces,whereasfor alkanesand even for organic
liquids as polar as glycerol the Lifshitz–van der
Waals contribution dominates(Table 3).9,26 The
latter force pattern better matches that of the
surfacesunder investigation,and causesa more
sensitivereactionof the contactanglesof organic
liquids to differencesin surfacechemistry.

4.2 Initial spreading rate of single
compounds and surface energy

It hasbeenshown6 thattheinitial spreadingratesof

Silwet L77 and related polydispersetrisiloxane
surfactants depend strongly on the surfactant
concentration and the hydrophilic/hydrophobic
characterof the surface.A maximumin the range
0.1–0.2wt% exists for moderately hydrophobic
surfaces.Due to the surfacepreparationprocess
(adsorptionof thiol mixturesonto gold surfaces),
neither the exact surface structuresnor surface
energies have been determined. Further, the
spreadingtemperatureplaysno major role.

Due to an extensivestudy of the temperature
dependenceof the initial spreadingrate,22–24 the
rapid spreadingof aqueoussolutions of single
oligoethylene-glycol-modified trisiloxane surfac-
tantsonanon-polar,low-energysurface(trimethyl-
silylated Si wafer; (gsv = 24mN mÿ1) is linked to
the existenceof a microdipersedtwo-phasestate
(2Φ). Rapid spreadingis strongly temperature-
dependentandoccursif the lamellarphase(La) →

Figure 9 EO8:concentrationandsurfaceenergydependence
of the initial spreadingrates.

Figure 10 EO9: concentrationand surface energy depen-
denceof the initial spreadingrates.

Figure 11 Silwet L77: concentrationand surface energy
dependenceof the initial spreadingrates.

Figure 12 Silwet L77: surface energy dependenceof the
initial spreadingratesonsilane-modifiedSi wafers(seeFig. 10)
andthiol-modifiedgold layers(datatakenfrom Ref. 6).
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two phasestate (2Φ) individual phasetransition
temperature (Tc) is slightly below the actual
spreading temperature.Within a concentration
range of 0.01–1wt% initial spreadingrates in-
creasesmonotonicalwith concentration.

This apparentlycontradictory behaviourhigh-
lights the necessityfor an investigation of the
spreading behaviour of single compoundsand
defined mixtures on, well-characterizedsmooth
surfaces.

DerivativeEO4 is a very poorspreader(Fig. 5).
The spreadingratedifferencesfor the surfacesare
not significant.For thederivativesEO5–EO9(Figs
5–10), pronouncedsurfaceenergyand concentra-
tion dependencesof the initial spreadingrateexist.

The data for the trimethylsilylatedsurfaceME
(
sv = 23mNmÿ1) are unexpected.In earlier ex-
periments24 we measuredinitial spreadingratesof
up to 60mm2sÿ1 (EO6 at 23°C) on a non-polar,
slightly lesshydrophobictrimethylsilylatedsurface
(
sv = 24mNmÿ1). Theapparentlymarginalreduc-
tion of gsv is responsiblefor dramaticallydecreased
initial spreadingrates. Even for the best single
spreader,EO6,theydo not exceed20mm2sÿ1. We
assumethat below 
sv = 23mNmÿ1 trisiloxane-
basedsurfactantsolutionslose the ability to wet
solid materialsrapidly. However, the well-estab-
lished spreading rate sequence EO6>EO5�
EO7>EO8>EO9>EO4 is not altered and the
initial spreadingratesincreasemonotonicallywith
concentration.24

A comparisonof thesetrendswith thosefor the
ET surface(
sv = 30mNmÿ1) indicatesan exclu-
sively quantitative nature of the considerable
spreadingrate differences.On the ET surface(i)
EO6 remainsthe fastestspreader,(ii) the deriva-
tives’ spreadingrate sequenceholds and (iii) the
spreadingrateincreaseswith concentration.There-

fore, an optimized (fast) spreadingprocessof a
singlecompoundontheET surfaceis alsolinkedto
the existenceof a microdispersedtwo-phasestate
(2Φ).23,24

It is assumedthat the higherspreadingrateson
theET surfacearedueto lessstrictdemandsfor the
coverageof the interfaces(Fig. 14, left). Recently,
for a siloxanesurfactant–non-polarsolid surface,
systemtheliquid/vapour(gLV) andsolid/liquid (gsl)
interfacialtensionsweredeterminedunderidentical
dynamic conditions.32 The data indicate that gsl
reacts sensitively under dynamic conditions
whereasgLV remainsalmostunaffected.Siloxane
surfactant molecules probably cover a liquid–
vapour interfacemuch faster than a hydrophobic
solid–liquidone.Thereforethespreadingcondition
� = 0° shoulddependmainly on sufficient cover-
ageof thesolid–liquidinterface.19 It is clearthatthe
necessarilydensecoverageof theME surface(Fig.
14, right) consumesmoretime andthereforelimits
thespreadingrate.

It is oneof the most interestingfeaturesof this
investigationon singlecompoundsthat thespread-
ing patternchangesqualitatively from the strictly
non-polarET to the slightly polar PH surface.A
detailed inspectionof the spreadingrates offers
some unexpected trends. It has already been
reportedthat on the ET surfacethe short-chained
derivativesEO5 and EO6 (Figs 6 and 7) are the
fastest spreaders,and spreadingrates generally
increasewith concentration.However,on the PH
surfacethe0.1wt% solutionsof thelonger-chained
derivativesEO7 and EO8 (Figs 8 and 9) spread
faster than the corresponding EO5 and EO6
solutions and reach the highest absolute initial
spreadingrates.It follows immediatelythat for a
given hydrophobic moiety the choice of an
optimized oligoethylene glycol chain does not
depend exclusively on Tc. Surface energy and
possiblysurfacechemistryplay a major role.

Theanalysisof theareavstimecurvessomewhat
improves our understandingof the underlying
processes.For derivativeEO5 (Fig. 2) the spread-
ing areasincreaseconstantlyduring a relatively
long time interval. Neither the surfactantconcen-

Figure 13 Phasetransitiontemperaturesasa function of the
oligoethyleneglycol chainlength;c = 1wt%.

Figure 14 Spreadingof surfactantsolutionson ME and ET
surfaces.
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tration nor the nature of the surface alters this
generalpattern.Whereasthe 0.1wt% solution of
derivativeEO7follows this rule, its 1wt% solution
behavesdifferently; the spreadingprocessstops
abruptly after a few secondson the ET and PH
surfaces(Fig. 3).

An explanation of this complex behaviour
requiresa considerationof thefact thatthis general
changeof thespreadingpatterncoincideswith that
of thephasebehaviour(Fig. 13). Solutionsof EO5
(Tc5.3°C) andEO6(Tc19.1°C) representdispersed
two-phase(2Φ) systemsat a spreadingtemperature
of 21°C. Solutionsof the longer-chainedderiva-
tivesEO7(Tc31°C) andEO8(Tc36°C) undergothe
phasetransitionlamellar phase(La) → two-phase
state (2Φ) at temperaturesabove the spreading
temperature.Under experimentalconditions they
remainin a vesicular/lamellarone-phasestate.It is
reasonableto assumethat due to the inevitable
water evaporationtheir 1wt% solutions rapidly
form highly viscous, surfactant-rich vesicular/
lamellar phases at the drop edge.16,18 Dilute
0.1wt% solutionsare less sensitiveto the water
loss.For the microdispersedsystemsof EO5 and
EO6,viscosityargumentsbasedontheexistenceof
specificallyorganizedphasesarenot relevant.

A further increaseof the surfaceenergyand its
donor–acceptorportion causesdramatically re-
duced initial spreadingrates. However, on the
completelyphenylatedsurfaceTP, the patternof
theinitial spreadingratesis similar to thatdescribed
for the PH surface.The 1wt% solutions of the
dispersedtwo-phasesystemsEO5andEO6(Figs6
and 7) spreadfaster than the dilute ones. Con-
versely, the 0.1wt% solutions of EO7 and EO8
(Figs. 8 and 9) spreadslightly better than the
corresponding surfactant-rich systems. Clearly,
surfacesof the PH type which bear both methyl
andslightly polar phenylgroupsareoptimizedfor
methylated siloxane structures and their polar
oxygenatoms.33

Spreadingon the oligoethylene-glycol-modified
surfaceEO proceedsdifferently. Within the con-
centrationrangeunder investigationa significant
concentrationdependenceof the initial spreading
ratewasnot found.All solutions,except0.01wt%
of EO4 (Fig. 5) spreadat 2–10mm2sÿ1. Specific
interactions between the oligoethylene glycol
moietiesof the surfactantmoleculesand thoseof
the modified surfaceprobablydominate.6 One of
the characteristic aspects of the spreading of
siloxane surfactantson low-energy surfaces,the
formation of a densesiloxanelayer at the solid–
liquid interfaceis not favouredenergetically.An

alternativedriving force for the rapid coverageof
thesolid–liquid interfacedoesnot exist.

It has been demonstratedthat the spreading
behaviour of solutions of defined trisiloxane
surfactantsis a function of the phasestateof the
solutionsandthe energy/chemicalcharacterof the
solid surface.From a practical point of view, a
comparison with solutions of Silwet L 77 is
important.

As seenin Fig. 11, Silwet L77 doesnot prefera
particularsurface.Thehighestspreadingratesfor a
givensolutionconcentrationweremeasuredon the
ET andPH surfaces.The 0.1wt% solutionsspread
faster than the 1wt% systems.An analysisof the
correspondingareavstimecurves(Fig.4) discloses
the affinity to the longer-chainedderivativesEO7
andEO8.During a long-lastingspreadingprocess,
the diluted 0.1wt% systemcan cover large areas.
The spreadingfront of the 1wt% solution stops
abruptlyafter a few seconds.Phenomenologically,
this profile of Silwet L77 mimics that of a long-
chained derivative (Tc> Tspreading) containing a
certain amountof a short-chainedstructure.Ad-
ditionally, the ability to wet the completely
phenylatedsurfaceTP could be addressedby the
presenceof minor amountsof very long-chained
species(10–12ethyleneglycol units).

However,on the presentlevel of understanding,
crucial problemsremainunsolved.It is a question
of far-reachingpractical importancewhether the
matching of the energy or chemical featuresof
surfacesandsurfactantsis a prerequisitefor rapid
spreading.A comparisonof the spreadingratesof
Silwet L77 solutionson silane-modifiedSi wafers
with those obtained on mixed thiol surfaces
(differentmixturesof CH2OH- andCH3-terminated
thiols on gold)6 (Fig. 12) suggestsa considerable
influenceof the surfacechemistry.Generally,for
thiol-modified surfacesspreadingis possibleon a
muchbroaderrangeof surfaceenergies(expressed
in terms of water contactangles).On the silane-
modified wafers a shift of the surfaceenergy is
linked to a change in the silane substituent
structure.A substantiallynarrower range of ac-
cepted surfaces is found. Systematic spreading
experimentsonsurfacesof identicalsurfaceenergy
but different surface chemistry could provide
conclusiveevidencefor the dominanceof either
energyor chemicalfactors.

Further,it is not well understoodwhy dispersed
two-phasesystemsspreadfaster and over large
areason non-polar, low-energysurfaceswhereas
vesicular/lamellarsolutionsprefer moderatelypo-
lar and higher-energyones. The considerations
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outlined above, concerning different surfactant
densitieson non-polarsurfacesor the changein
the surfactantorientationon polar surfaces,do not
explainthemodeof actionof this bulk property.

4.3 Conclusion

The spreadingbehaviour of solutions of single
trisiloxane surfactantson solid materialsdepends
sensitively on the surface energy and surface
chemistry. Maximum spreadingareas and rates
are found on non-polar (ET) or slightly polar
(PH) surfacesof medium surface energy (30–
40mNmÿ1)

For theoptimizedsurfacesET andPH,spreading
behaviourandphasebehaviourarecloselyrelated.
On the non-polarsurfaceET, rapid spreadingis
observedfor 1wt% solutionsof relatively short-
chainedderivatives(EO5andEO6).Ontheslightly
polar surface PH, dilute 0.1wt% solutions of
longer-chainedderivatives(EO7 andEO8) spread
faster. This change of the spreading pattern
coincides with that of the phasebehaviour. At
21°C spreadingtemperature,solutionsof EO5and
EO6 representdispersedtwo-phasesystems(2f)
whereasEO7 and EO8 form vesicular/lamellar
systems.

Extremely low (ME) or high surfaceenergies
(PH, EO) substantiallyreducethe spreadingrates.
Nevertheless,the spreadingpattern on the ME
surfaceis qualitatively similar to that on the ET
one. On the other hand, no correlation between
surfactantstructure,concentrationand spreading
behaviour was found on the EO surface. The
mechanismspromoting the spreadingprocesson
low- andmedium-energysurfacesarenot relevant
any longer.

Solutionsof Silwet L77 haveno preferencefor a
specificsurface.TheyspreadfastontheET andPH
surfaces. Since 1wt% solutions abruptly stop
spreadingafter few secondsand the maximum
spreadingrates are found for 0.1wt% solutions,
Silwet L77 essentiallybelongsto the long-chained
derivatives. However, in order to evaluate the
relative influences of long- and short-chained
derivatives, an investigation of less complex
mixturesis necessary.

Trisiloxane surfactantshave beeninvestigated:
their major disadvantageis their hydrolytic in-
stability.34 Alternatively, hydrolytically stable
trimethylsilane-basedmaterialshave been devel-
oped.35 The propertiesof this surfactanttype will
be reportedin a separatepaper.
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