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Defined surfactants of general formula
[(CH3)3SiO]2CH3Si(CH2)3(OCH2CH2)3–9OCH3,
have been synthesized from the corresponding
oligoethylene glycol monoallyl monomethyl
ethers via hydrosilylation. The concentration-
dependent spreading performance on hydro-
phobized silicon wafers has been investigated
and compared with that of Silwet L77. For the
hexaethylene glycol derivative the highest initial
spreading velocities and largest spreading areas
were found. Since Silwet L77 spreads faster than
all the other derivatives under investigation, a
synergistic effect of different compounds is
unlikely. Minor differences were found for
handshaken and sonicated solutions. Copyright
# 1999 John Wiley & Sons, Ltd.
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1 INTRODUCTION

Aqueous solutions of certain trisiloxane surfactants
rapidly wet low-energy surfaces (water contact
angle >90°).1 The spreading rate of a ‘super-
spreader’ solution significantly exceeds that ex-

pected for a process controlled purely by liquid
diffusion.2,3

It has been shown recently that this unique
property is part of the much broader concept of a
surfactant-enhanced spreading. Aqueous solutions
of ethoxylated alcohols (CiEj) rapidly wet moder-
ately hydrophobic solid surfaces.4,5The same effect
was observed for certain double-chained anionic
and cationic hydrocarbon surfactants.6 A detailed
analysis of spreading data obtained at a silicon-
surfactant solution/liquid hydrocarbon interface led
to the conclusion that this rapid spreading can be
understood as a Marangoni flow-driven process.7

Although the role of dispersed surfactant phases4,5

or microstructures has been demonstrated, a clear
cut correlation between spreading performance and
extensively studied phase behaviour8–10 could not
be established.

Even less understood is the evolution of the
liquid/vapour interfacial energies (glv) and solid/
liquid (gsl) under spreading conditions. Since
interfacial energies reflect the collective (macro-
scopic) behaviour of molecules at interfaces, a
quantitative description could improve the under-
standing for the underlying mechanisms consider-
ably. Unfortunately, easily accessible dynamic
liquid/liquid interfacial tension measurements11

can hardly be substitute for experiments at the
solid/liquid interface. A promising approach has
recently been published by Chaudhury.12 He
studied the dynamic adsorption of hydrocarbon-
based surfactants to a PDMS sheet/PDMS half-
sphere system. Alternatively we developed a
modified Wilhelmy method. In separate runs,
geometrically identical V2A steel plates (comple-
tely wettable,glv) and FEP1 plates (not completely
wettable,gsl) are immersed in a given surfactant
solution. Dynamic contact angles as well as the
Lifshitz–van der Waals and donor–acceptor con-
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tributions of both interfacial energies can be
determined(Ref.13seealsoR. Wagner,L. Richter
andS. Siegel,Acta Physicochem.Sinica, in press)

Despite the numerousefforts describedabove,
apparentlysimple questionsconcerningthe rapid
spreadingof siloxane surfactantson low-energy
surfacesremainedunsolved.Which singlecompo-
nents of the complex surfactant mixtures are
responsiblefor the superspreadingeffect?Doesa
synergisticeffect exist?Do siloxanesurfactantsof
distinctly different spreadingperformancediffer
with respect to the evolution of their dynamic
liquid/vapourand solid/liquid interfacial energies.
Canthemicroscopicshapesof theleadingedgesof
rapidly spreadingdrops be visualized?Does the
microscopicdrop shapedependon the spreading
velocity?

Therefore, it is an objective of this paper to
describethe synthesisof the singlecomponentsof
the intensively investigatedsuperspreaderSilwet
L771 (Union Carbide).Further,theconcentration-
dependentspreadingperformanceof thesewell-
defined moleculesis investigatedand compared
with thatof Silwet L771.

2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Heptamethyltrisiloxanyl derivatives of
oligoethyleneglycols
In order to synthesizedefined1,1,1,3,5,5,5-hepta-

Scheme1 Reactionsequenceyielding theoctaethyleneglycol derivativeof 1,1,1,3,5,5,5-heptamethyltrisiloxane.
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methyltrisiloxanyl(MD*M) derivativesof general
formula [(CH3)3SiO]2CH3Si(CH2)3(OCH2CH2)3–9
OCH3 a complex reactionsequencewas applied
(Scheme1).

Key intermediatesfor the final hydrosilylations
(f) are the oligoethyleneglycol monoallyl mono-
methyl ethers.They have beensynthesizedfrom
monochlorooligoethyleneglycol monoallyl ethers
andmonomethylethersof oligoethyleneglycolsvia
the Williamson synthesis(e). Since most com-
pounds of both starting material types are not
commercially available, they had to be built up
from low-molecular-weight precursors via the
Williamson-typeetherifications(a) and(d) aswell
aschlorinations(b) and(c).14,15

In Table 1 the general structures of key
intermediatesand the chain lengthsof the desired
oligoethyleneglycol moietiesaresummarized.The
numberof ethyleneglycol moieties incorporated
via allyioxy derivatives is denotedwith r. The
letters s and t describethe number of ethylene
glycol moietieswhichwereattachedto themethoxy
sideduring thesyntheticprocedure.

Table 2 summarizesthe structures and the
boiling pointsof theallyl andsiloxanylderivatives
of definedoligoethyleneglycols.

Table3 summarizesthe isolatedyields colours,
puritiesandproductcompositionsof thesiloxanyl-
modifiedoligoethyleneglycols, Capillary GC–MS
experimentswere used to identify the chemical
nature of the contamination.The occurrenceof
intensivepeaksat m/z= 221, 215 and 73 (hepta-
methyltrisiloxanyl, hexamethyltrisiloxanyl, tri-
methylsilyl) indicated siloxanyl moieties. For
silicon-free impurities (typically oligoethylene
glycols), strong signals at m/z= 59 and 103
(OCH2CH2O ÿ H, OCH2CH2OCH2CH2O ÿ H)
were found. The retention times of the silicon-

containing contamination gave access to their
probablechemicalstructure.For theseimpurities
retention times close to thoseof the synthesized
derivatives(deviation<10%)werefound.

Table 4 contains the structure-confirming
13C-NMRsignalsfor derivativeEO3.

2.1.2 (CH3)3SiO]2CH3Si(CH2)3(OCH2CH2)8
OCH3 (EO8)
Procedure(a)
Tetraethyleneglycol (1532g; 8 mol) was placed
underargonin a three-neckedbottleequippedwith
refluxing condenserand magnetic stirrer. The
temperaturewas raised to 140°C and 57.5g
(2.5mol) sodiumwas addedover 2 h. Due to the
exothermicreactionthetemperatureroseto 170°C.
Allyl bromide (307g; 2.5mol) was placedunder
argon in a secondthree-neckedbottle equipped
with refluxing condenser,argoninlet andmechan-
ical stirrer. The hot glycolatewas transferredinto
this water-cooledbottle over 30min and NaCl
immediatelystartedto precipitate.Afterwardsthe
mixturewasheatedto 170°C for 1 h.TheNaClwas
filtered off and 10g NaHCO3 was added.After
repeatedfiltration the mixture was distilled three
timesovera Vigreux column.Thefinal distillation
was carried out over a 50cm packedcolumn. A
paleyellow oil (390g; b.p.128–138°C/0.5mmHg)
wasobtained.GC analysisshowedit to consistof
tetraethyleneglycol monoallyl ether (75%), tetra-
ethyleneglycol diallyl ether(10%) and tetraethy-
leneglycol (15%).

Procedure(b)
Tetraethylene glycol monoallyl ether (372g;
1.58mol) and 191g (1.9mol) triethylaminewere
placed in a four-necked bottle equipped with
refluxing condenser,dropping funnel, mechanical

Table 1 Chainlengthsandboiling pointsof key intermediates

HO(CH2CH2O)r
CH2CH=CH2
r (B.p., °C/mmHg)

Cl(CH2CH2O)r
CH2CH=CH2

r (B.p., °C/mmHg)
Cl(CH2CH2O)sCH3
s (B.p., °C/mmHg)

HO(CH2
CH2O)s� tCH3 s� t

(B.p., °C/mmHg) r � s� t

2 (218–224/760) 2 (202–210/760) 1 (124/760)a 3
1 (158–162/760) 1 (134–138/760) 3 (122/10)a 4
2 2 3 5
4 (128–138/0.5) 4 (117–128/1) 2 (194/760)a 6
4 4 3 7
4 4 2 (164–174/760) 4 (112–118/0.3) 8
4 4 2 5 (148–153/0.5) 9

a Commerciallyavailable(Aldrich).
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stirrerandargoninlet. After cooling to 0 °C, 216g
(1.9mol) thionyl chloridewasaddedover1 h. The
mixture turnedblack and the temperatureroseto
70°C. The reaction product (a black cake) was
cooledto room temperature,liquefiedby addition
of diethyl ether and filtered. The (C2H5)3N�HCl
obtainedwas washedseveral times with diethyl
ether.The etherfractionswerecombinedandover
10min a black viscousoil precipitatedfrom the
solution. Repeatedvacuum distillations yielded
178g of a pale yellow liquid (b.p. 117–128°C/
1 mmHg). It containedmonochlorotetraethylene
glycol monoallyl ether(72%), tetraethyleneglycol
diallyl ether (16%) and dichloro tetraethylene
glycol (12%).

Procedure(c)
The method describedunder procedure(b) was
used to react 540g (4.5mol) diethylene glycol
monomethylether,505g (5 mol) triethylamineand
596g (5 mol) thionyl chloride. Distillation under
atmosphericpressureyielded 234g monochloro
diethyleneglycol monomethylether(colourlessoil,
b.p.164–174°C purity 96%).

Procedure(d)
The method describedunder procedure(a) was
usedto react716g (6.75mol) diethyleneglycol and
38.8g (1.6mol) sodium.During the sodiumaddi-
tion the temperaturerosefrom 100°C to 170°C.
The hot glycolate was transferredto a separate
bottle which contained 234g (1.69mol) mono-
chloro diethyleneglycol monomethylether. The
temperaturewas raised to 170°C for 1 h. After
filtration anddistillation 134g tetraethyleneglycol
monomethylether(colourlessoil, b.p.113–118°C/
0.3mmHg,purity 98%)wasobtained.

Procedure(e)
In analogy to (a), 134g (0.65mol) tetra-
ethyleneglycol monomethyletherwasplacedin a
three-neckedbottle and heated to 180°C. The
addition of 9.2g (0.4mol) sodium increasedthe
temperatureto 200°C. The hot glycolate was
transferredinto a separatebottle which contained
101g (0.4mol) monochloro tetraethyleneglycol
monoallylether.Themixturewasheatedto 170°C
for 1 h. After filtration the product was distilled
five timesin vacuum(15cm Vigreuxcolumn).The

Table 2 Boiling pointsof allyl andsiloxanylderivativesof definedoligoethyleneglycols

CH3O(CH2CH2O)r � s� tCH2CH=CH2
(B.p., °C/mmHg)

CH3O(CH2CH2O)r � s� t(CH2)SiCH3[OSi(CH3)3]2
(B.p., °C/mmHg) Abbrev.

3 (80–83/0.35) 3 (136–140/0.35) EO3
4 (128–130/0.5) 4 (167–173/0.3) EO4
5 (154–156/0.2) 5 (187–195/0.3) EO5
6 (174–178/0.2) 6 (216–226/0.7) EO6
7 (194–200/0.5) 7 (237–242/0.7) EO7
8 (235–240/1) 8 (249–256/0.75) EO8
9 (255–263/1) 9 (272–281/0.75) EO9

Table 3 Hydrosilylationyields,coloursandpuritiesof thesiloxanyl-modifiedoligoethyleneglycols,contamination
compositionsandaverageparticlesizesof 0.01%aqueoussolutions

Contamination(%)
Particlesizein 0.01%

Yield (%) Colour Purity (%GC) Si Without Si solution(nm)

EO3 62 Colourless �99 1081
EO4 44 Colourless �99 1104
EO5 32 Colourless 99 1 376
EO6 28 Paleyellow 97.5 1 (EO5 type) 1.5 353 (us);380(hs)a

EO7 55 Paleyellow 96 1.5 (EO6 type) 2.5 254
EO8 33 Yellow 95 1.5 (EO6 type) 3.5 159
EO9 24 Palebrown(Pt) 90 10 (EO7� EO8 type) 144

a us,ultrasonication;hs,handshaken.
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octaethyleneglycol derivative (15g pale yellow
oil, b.p. 235–240°C/1mmHg, purity 95%) was
obtained.

Procedure(f)
Octaethyleneglycol monoallyl monomethylether
(7.8g; 1.83� 10ÿ2 mol) 8.16g (3.61� 10ÿ2 mol)
M2D

H and 12mg (1.83� 10ÿ6 mol) of a 3%
Pt-containing Lamoreaux catalyst solution were
mixed at room temperatureunderargon.Over 1 h
the temperaturewas raised to 125°C and main-
tained for 30min. Low-boiling materials (b.p.
<240°C/1mmHg) weredistilled off over a 15cm
Vigreuxcolumn.Theproductcanbedistilledovera
5 cm glass tube. The trisiloxanyl-modified octa-
ethylene glycol derivative (EO8; 4 g, b.p. 249–
256°C/0.75mmHg)wasobtained.

2.1.3 Low-energy wafer surfaces
In order to carry out the spreadingexperiments,
low-energywafersurfacesweresynthesized.Thus,
asinglesiliconwaferwascut into four pieces.After
ultrasonicationin ethanol,methylenechlorideand
diethylether,thepieceswereplacedin anoxidizing
solutionconsistingof 39partsof H2SO4 (conc.),11
parts H2O and 2 parts K2S2O8 (by weight). The
wafer pieces were carefully rinsed with twice-
distilled water,driedin anargonstreamandplaced
for 12h in a vacuum-tightdesiccatorcontaining
10ml hexamethyldisilazane.Finally the trimethyl-
silyl-modified wafers were rinsed with diethyl
ether,ethanolandtwice-distilledwater.

Thesurfaceenergyof the four waferpieceswas
characterized by contact angle measurements
versuswater, hexadecane,pentadecaneand tetra-
decane.Test liquid drops were placed on every
piece and the contact angles determinedgonio-
metrically. The angles(Table 5) representmean
valuesof at least four measurements.Deviations
above� 1° for single measurementswere not
observed. The data for the strictly non-polar
alkanes (glv = glv

LW) were used to calculate gsv
(Ref.16,Eqn[1]) andgsv

LW (Ref.17,Eqn[2]). The
practicallyidenticalvaluesof gsv andgsv

LW indicate
that this surfaceis of a non-polarcharacter.18,19

cos� � �0:015
svÿ 2� ���������������
sv � 
lv
p � 
lv


lv�0:015
���������������

sv � 
lv
p ÿ 1� �1�

1� cos� � 2

���������

LW

sv


LW
lv

s
�2�

2.2 Methods

The 13C-NMR spectrawere recordedon a Varian
XL 300 spectrometerusingCDCl3 assolventand
internalstandard.

Column GC experimentswere carriedout on a
Perkin-Elmer Auto System gas chromatograph,
using a 1 m steel column (1

8-inch) packed with
ChromosorbW-AW-DCMS (80–100 mesh) and
modified with 3% SE 30 (temperatureprogram:
50→300°C, heatingrate 10°C minÿ1, afterwards
20min at 300°C, FID).

The GC–MScouplingexperimentswerecarried
out on a Hewlett-PackardHP GC 5890/MSD5970
combination,usinga20m glasscapillary,diameter
0.18mm, modified with 0.5mm crosslinkedpoly-
styrene DB-5 (temperature program: 1 min at
60°C; afterwards60→260°C, heatingrate 20°C
minÿ1; finally 260→280°C, heating rate 0.5°C
minÿ1, electronimpactmassspectra).

Contactanglesweremeasuredwith an MP 320
goniometer (20-fold magnification, Carl Zeiss
Jena).

The spreading experimentswere carried out
underconstantatmosphericconditions(26°C room
temperature,25� 2% relative humidity). Chemi-
cals and equipmenthad beenstoredunder these
conditionsfor at least12h. To guaranteeidentical
wafer surface states (for their preparation,see
Section2.1.3) for all experiments,the following
procedurewasapplied.The waferswerecarefully
cleanedwith waterandethanol,thenstoredat50°C
for 5 minutes in a heating chamber.Before new
experiments,they were exposedto atmospheric
conditionsfor 5 min. All surfactantsolutionswere
pretreated identically. Immediately before the
experiments,water and surfactant were mixed.

Table 4 13C NMR shiftsof selectedsubstructuresof derivativeEO3

Substructure (CH3)3Si CH3Si SiCH2 SiCH2CH2 SiCH2CH2CH2 OCH3

shift (ppm) 1.75 ÿ0.49 13.41 23.10 74.00 58.91
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Thesemixtures were handshakenfor 2 min and
afterwardssonicatedfor 2 min. For comparative
purposes,a few surfactantsolutionswere investi-
gated before and after ultrasonication. Drops
(10ml) of the surfactantsolutionswere placedon
trimethylsilyl-modified silicon wafers (contact
anglevs water91°; seeSection2.1.3).In order to
excluderandomerrorsduringthespreadingexperi-
ments four identically treatedwafer pieceswere
usedfor eachsurfactantsolution.A standardVHS-
C camcorder(25 framesper second)was usedto
record the spreadingdrops.The single runs were
projectedonaconventionalTV screenandthedrop
sizes determined manually. Depending on the
spreadingvelocity, up to 1 frame per secondwas
evaluated.The determinationof the startingpoint
(spreading time= 0) was found to be critical.
During the drop depositionprocess,material that
spreadswell alreadystartsto wet the surface.We
hadto definea reasonablestartingpoint. Solutions
of the derivative bearing three ethylene glycol
moietiesdid notspreadanda10ml dropcoveredan
equilibriumareaof 19.62mm2. Thereforethis area
defined the starting point of every spreading
experiment.

Dynamic light-scatteringexperimentswerecar-
ried out on a Nicomp SubmicronParticle Sizer,
model 370 (laserlight wavelength633nm, detec-
tion angle 90°, Gaussiandistribution of particle
sizes,measuringtemperature25°C). In complete
analogyto the pretreatmentfor spreadingexperi-
ments,freshlypreparedsolutionswerehandshaken
andsonicatedfor 2 min each.

3 RESULTS

Figures1–3summarizethetime dependenceof the
spreadingareasfor different surfactantstructures

and concentrations.It can be seen that both
parameters influence the spreading behaviour
decisively.

Figure4 depictsthe surprisinglyweakinfluence
of thepretreatmentonthespreadingperformanceof
EO6.

In Fig. 5 the concentration-dependentinitial
spreadingvelocities are summarized.The initial
velocities increasemonotonicallywith increasing
concentrationfor everysurfactantunderinvestiga-
tion. EO3 solutionsdid not spread.

4 DISCUSSION

4.1 Siloxanyl-modi®ed
oligoethylene glycols

Two different strategies were considered to
obtainsufficientamountsof definedoligoethylene
glycol derivatives of the general structure
[(CH3)3SiO]2CH3Si(CH2)3(OCH2CH2)3–9OCH3,
i.e. isolation of the single speciesfrom commer-
cially availableproductmixtures (Silwet L77) or
selectivesynthesisof thesecomponents.

A distillative separationof complex mixtures
like Silwet L77 is time-consuming (DT per
CH2CH2O moiety � 20°C) and restricted to
relatively low-boiling species.20 An alternative
chromatographicpurification is complicated by
thewell-knownhydrolytic instability of trisiloxane
surfactants.21,22 Polar stationaryphasescannotbe
usedand the separationperformanceof non-polar
stationaryphases(i.e. RP 18)15 limited since all
species within the mixture bear the dominant
trisiloxanemoiety.

Thereforewe decidedto synthesizethe indivi-
dual speciesselectively.Due to our experienceof
theWilliamsonsynthesesof thekey intermediates,
the oligoethyleneglycol monoallyl monomethyl
ethers CH2=CHCH2(OCH2CH2)3–9 OCH3, the
following aspectshad to be considered.Distilla-
tions for allyl derivativeswith n > 5 had to be
carriedout asfastaspossiblesincepolymerization
could take place. The boiling points of starting
materialsandproductspreferablydifferedsubstan-
tially (DT > 40°C).

In order to avoid an alcoholate-catalysed
C1→ C2 double bond shift,23 we finally incor-
porated allyloxy moieties via the monochloro
derivatives, which could be synthesizedunder
moderateconditions.15 Additionally, we always
droppedtheglycolatesolutioninto thehalogenide.

Table 5 Surfaceenergyof the modifiedsilicon wafer
calculatedfrom contactangles

Liquid

H2O C14H30 C15H32 C16H34

glv (mN/m) (20°C) 72.6 26.6 27.3 27.6
�(°) 91 29 34 38
gsv (mN/m) (Neumann) 23.2 23.7 24.0
gsv

LW (mN/m) (Good) 23.0 23.6 23.9

Copyright# 1999JohnWiley & Sons,Ltd. Appl. Organometal.Chem.13, 611–620(1999)

616 R. WAGNER ET AL.



Monomethyl ethers of oligoethylene glycols
could be synthesizedwith high purity. But their
ability to form glycolatesrapidly decreaseswith
increasing chain length. The only successful
possibility of synthesizingtheseglycolateswas to
add sodiumat elevatedtemperatures.Attemptsto
useKOH14 or NaOCH3

24 failedcompletely.Dueto
this rapidly decreasing glycolate formation
tendency, we had to synthesize CH2
=CHCH2(OCH2CH2)4Cl as the essentialstarting
material for longer-chainedderivatives.Since the
boiling pointsof the correspondingallyl, hydroxy
and chloro compoundsare similar, we always
obtained product mixtures. Fortunately the by-
products could be eliminated in the subsequent
couplingreactions.

Thehydrosilylationsproceededrapidly andwith
high yields. Neverthelesswe distilled all products
to eliminate the platinum catalyst and minor
impurities. For substanceswith boiling points

above220°C/0.7mmHg,anincreasingdecomposi-
tion tendencywasnoticed.The GC–MSinvestiga-
tions of the contamination(Table3) indicatedthat
the oligoethyleneglycol chain was cleavedran-
domly. The silicon-containing impurities were
probablyformedby elimination of a few terminal
ethylene glycol or diethylene glycol species,
becausetheir MS patternscontainedthe typical
setof signalsfor methylsiloxanesandtheretention
times were very closeto thoseof definedderiva-
tives.Ontheotherhandwefoundminoramountsof
relatively low-boiling andsilicon-freematerialsin
the distillates. In these casesthe oligoethylene
glycol chain was cleavedclose to the siloxanyl
moiety.

4.2 Spreading performance

Thespreadingbehaviourof (oligoethyleneglycol)-

Figure 1 Time-dependentspreadingareasfor definedoligo-
ethyleneglycol derivativesandSilwet L77; c = 0.01wt%.

Figure 2 Time-dependentspreadingareasfor definedoligo-
ethyleneglycol derivativesandSilwet L77; c = 0.1wt%.

Figure 3 Time-dependentspreadingareasfor definedoligo-
ethyleneglycol derivativesandSilwet L77; c = 1 wt%.

Figure 4 EO6: dependenceof the spreadingareason the
surfactant solution pretreatment (us, ultrasonication; hs,
handshaken).
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modified trisiloxane surfactants2,3 and their
aqueoussolutions has been studied extensively.
Here the attentionwas predominantlyfocusedon
the surfactant concentration dependence,1 the
influencesof theoligoethyleneglycol chainlength
andhydrophobicityof thesolid surface.4 Sincethe
turbidity of thesurfactantsolutionswasfoundto be
essentialfor superspreadingto occuron low-energy
surfaces, the phase behaviour was studied in
detail.8–10 The fact that non-turbidtrisiloxanesur-
factant solutions4 and solutions of hydrocarbon-
based oligoethylene glycol derivatives5 spread
rapidly on moderatelyhydrophobicsolid surfaces
proved the existenceof a much more general
surfactant-enhancedspreadingphenomenon.

Nevertheless,the investigationof siloxanesur-
factantson low-energysurfacesbearsone major
advantage.The little-understoodinterplaybetween
short-rangepolarandlong-rangenon-polarsurface
energy componentsof moderately hydrophobic
surfaceson theonesideandadequate(but possibly
varying) surfactantmolecule orientationson the
other side cannotcomplicatethe situation.25 The
hydrophobicsiloxanyl moietiesorient towardsthe
hydrophobicsolid surface.

It is ourview thatthisadvantagecanonly beused
if strictly definedsiloxanesurfactantsare investi-
gated. A comprehensiveinvestigation of the
wetting behaviour of strictly defined carbo-
hydrate-modifiedsiliconsurfactantsclearlydemon-
stratedthe influencesof the substructureson the
energy balances.18,19,26 Further, it can be shown
that amino-functionalized trisiloxane structures
possesssuperspreadingpropertiesandevenminor
changesof the chemicalstructure(the incorpora-
tion of a singlemethyl group)decisivelyinfluence
thespreadingperformance.18

Thedatain Figs1–3and5 supportthisview. For
all concentrationsunder investigation, a pro-
nouncedchainlengthdependenceof the spreading
performancewas found. For all concentrations
underinvestigation,derivativeEO6 showedthebest
spreadingperformance(the largestareasoccupied
and highest initial spreading velocities). EO7
followed, at a substantialdistance.EO5 spread
slightly better than EO8. EO9 and EO4 were poor
spreaders,whereasEO3 did not spreadat all. The
generaltrend for large spreadingareasaccompa-
nied by high initial spreadingvelocities is very
clear.

Apparently this result is in line with the data
obtainedfor commercialmixturesof averagecom-
positions M(D*EO4OH)M, M(D*EO8OH)M, and
M(D*EO12OH)M.4 Themixturebearingeightethy-
leneoxideunitswasfoundto spreadmuchfasteron
low-energy surfacesthan the more hydrophobic
derivative with four ethylene oxide moieties
attachedto the trisiloxane block and the more
hydrophilic derivativewith 12 unitsattached.

Neverthelessa closer inspection of our data
raisesquestionsabout the meaningof the results
obtainedfor thosecommercialsurfactantmixtures.
The datain Figs 1–3 and5 prove that Silwet L77
spreadssignificantly fasterthanall the derivatives
underinvestigationexceptEO6. If this is true, the
high spreadingrateof Silwet L77 canbe founded
exclusively on its EO6 content of roughly 16%
(Table6). Otherderivativesalonecannotgenerate
suchhighvelocities.It follows immediatelythatthe
basisfor ameaningfulcomparisonof mixtureswith
differentmolecularweightdistributionsis acareful
analysisof the compositions.Further, thesefirst
resultsemphasizethe necessityfor the systematic
investigationof strictly definedmixtures.

Wecouldnotfind theknown4 spreadingvelocity
maxima within the concentration range under
investigation.The spreadingvelocities increased
monotonical with concentration (Fig. 5). It is
interestingto note that this behaviourwas found
for the purecompoundsaswell asfor Silwet L77.
Clearly,SilwetL77 behavesdifferently onsurfaces
of varying surfaceenergyandchemistry.Detailed

Figure 5 Concentration-dependentinitial spreadingveloci-
ties (26°C, 25%relativehumidity).

Table 6 Composition(wt%) of Silwet L77 according
to a GC investigation

EO3 EO4 EO5 EO6 EO7 EO8 EO9 EO10 EO11

4.0 9.6 13.1 16.2 18.1 17.2 12.1 7.0 2.7
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investigationsonthenatureof thisphenomenonare
in progress.

At the presentlevel of understandingthe identi-
ficationof a singlecomponentdoesnot providean
answerto the apparentlysimplequestionasto the
respectin whichsuchacompounddecisivelydiffers
from closely related but strikingly less effective
ones.Since the appearanceof turbid solutionsis
essential for the superspreadingeffect on low-
energy surfaces1,4 we investigated the chain-
length-dependentparticle size distribution (Table
3). Theaverageparticlesizedecreasesmonotonical
with increasingoligoethyleneglycol chain length.
This resultreflectsthetendencytowardsincreasing
water solubility of the long-chainderivativesbut
doesnotexplainthepeculiarityof EO6. Thedatafor
handshakenand sonicatedsolutions support this
view (Table 4). Although minor differenceswere
found,theparameterparticlesizeis lessimportant
than the chemical structure of the surfactant.
Further,sincethe 0.01wt% solutionsof EO6 and
Silwet L77, which arenot visibly turbid (Table7),
werespreadingmuchfasterthantheturbidsolutions
of EO5andEO4, theevaluationof thispropertygives
little accessto therealnatureof theprocess.

5 SUMMARY

Definedoligoethyleneglycol modified trisiloxane
surfactantscan be synthesizedfrom monochloro
oligoethyleneglycol monoallyl ethersand mono-
methyl ethers of oligoethylene glycolates and
subsequenthydrosilylation of the resulting long-
chain monoallyl monomethyl-substitutedoligo-
ethyleneglycols.

On a trimethylsilylated low-energysurfacethe
solutions of EO6 always occupied the largest
spreadingareas and showed the highest initial
spreading velocities. Silwet L77 and all other
defined derivatives followed at a substantial
distance.

The spreadingvelocitiesincreasedwith concen-

tration. Spreading velocity maxima were not
observed.

Theaverageparticlesizedecreasedmonotonical
with increasingoligoethyleneglycol chain length
and water solubility. Therefore, this parameter
cannotexplainthepeculiarityof EO6.

For handshakenandsonicatedsolutionsof EO6,
minor differences were found. However, the
parameterpretreatmentis less important than the
chemicalstructureof thesurfactant.

Despiteanintensiveinvestigationof theturbidity
(the existenceof a one- or two-phasestate), a
meaningful correlation betweenphasebehaviour
andspreadingperformancedoesnotappearto exist.
This statementis founded on two experimental
results. On one hand, temperature-dependent
spreadingexperimentsdid not provide any clear-
cut trend.4 Ontheotherhand,acorrelationbetween
phase behaviour and spreadingperformanceof
aqueoussolutionsof ethoxylatedalcohols(CiEj) on
moderately hydrophobic surfaces could not be
established.Whether this argumentholds or has
to be understoodaspart of a broaderrule will be
discussedin separatepapers.
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