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Silicon-modified Surfactants and Wetting:

Ill. The Spreading Behaviour of Equimolar
Mixtures of Nonionic Trisiloxane Surfactants
on a Low-energy Solid Surface’

R. Wagner,'* Y. Wu," H. v. Berlepsch,’ F. Rexin,” T. Rexin® and

L. Perepelittchenko?
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The spreading behaviour of binary and ternary
equimolar mixtures of siloxane surfactants of
general formula [(CH3)3SiO],CH3Si(CH,)3
(OCH.CHJ),OCH3;, n=3-9, has been investi-
gated. The mixtures show a pronounced tem-
perature dependence on the initial spreading
rate. Mixtures imitating the average oligo-
ethylene glycol chain lengthn =5 are the fastest
spreaders at 15°C. At 23°C and 40°C these
mixtures spread fastest suckingh =6 andn = 8,
respectively. For a given average chain length an
increasing length difference between the compo-
nents of the binary mixtures reduces the initial
spreading rate. Nevertheless, substantial differ-
ences between the phase transition temperature
T. from the lamellar phase (L,) into the two-
phase state (&) and the actual spreading
temperature are tolerated. A clear relation
between phase transition temperatureT. and
initial spreading rate does not exist. Copyright
© 1999 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 angte90°).* The spread-
ing rate of such a so-called ‘superspreader’ solution
significantly exceeds that expected for a process
controlled purely by liquid diffusiof*

It is suggested that the fast adsorption of
surfactant molecules to the substrate produces a
surface tension gradient which generates a rapid
surfactant molecule flow (Marangoni flow) directed
towards the drop edge’

However, apparently contradictory experimental
results cannot be explained. The importance of the
turbidity of trisiloxane surfactant solutions for
spreadin% on low-energy surfaces has been
stressed:® For surfactants of the oligoethylene
glycol type, this turbid two-phase state is usually
adjusted by temperature variatidn:> Extensive
experiments have demonstrated that the spreading
behaviour of the polydisperse Silwet L77 is nearly
independent of the temperature and the phase state
of the solutior? Results for trisiloxane surfactant—
additive mixtures support this findirg.It could be
shown that certain additives generate non-turbid
solutions and simultaneously increase the spreading
rate. Furthermore, the spreading rates of aqueous
solutions of defined oligoethylene-glycol-modified
hydrocarbon surfactants {&) do not correlate with

* Correspondence to: R. Wagner, Max-Planck-Institute for Colloids @ certain microstructure of the solutio’ﬁtnstead, a

and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germany.
T Part 2 was published iAppl. Organometal. Chemi3, 201-208
(1999).

pronounced spreading rate dependence on the
oligoethylene glycol chain length was found. A
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certain trisiloxane-based surfactants to form
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Table1 Coloursandpuritiesof thesiloxanyl-modifiedoligoethyleneglycols,and

contaminationrcompositions

Contamination(%)

Compd. Colour Purity (%GC) Si-containing Without Si
EGQ; Colourless >99

EQ, Colourless >99

EGs Colourless 99 1.0
EQs Paleyellow 97.5 1 (EGs type) 15
EO, Paleyellow 96 1.5(EOs type) 2.5
EQs Yellow 95 1.5 (EQe type) 3.5
EQy Palebrown (Pt) 90 10 (EO;+EGg types)

vesicles as an essential prerequisite for super-
spreading.

Thesecontraryfindingsclearly demonstratehat
acomprehensivenderstandingf thesugerspread—
ing phenomenorhasnot beenreached® A better
understandingf the basic principles necessitates
the investigationof sufficiently pure trisiloxane-
basedindividual compounds.We showed’ that
agueoussolutionsof certainamino-modifiedtrisi-
loxanestructuregapidly spreadon polypropylene.
Minor changesof the amino moiety structure
causedconsiderabledifferencesin the spreading
area. Recently® we describedthe synthesisof
individual component®f Silwet L77 bearingthree
to nine oligoethyleneglycol units attachedto the
trisiloxane block. The derivative bearing six
ethylene glycol moieties spreadsfaster and to
larger areasthan all the others at 26°C on a
hydrophobic silicon wafer surface. The experi-
ments also proved that for single compoundsa
pronouncedemperatureand thereforephase-type
dependencef thespreadingateexists(R. Wagner,
Y. Wu, G. Czichocki,H. v. BerlepschF. Rexinand
L. Perepelittchenkodppl. OrganometalChem, 13,
201-208(1999). For dispersed(two-phase,2d)
systemgloseto thetransitiontemperatur€T.) from
thelamellarphaseg(L ,) to thetwo-phasestate(2d),
the highestinitial spreadingatescanbe expected.

Since this rule doesnot hold for the mixture
Silwet L77, a systematicinvestigation of less
complex mixtures could answerthe question of
whetherit is possibleto distinguishbetweenrsingle
compoundsand defined mixtures. Therefore the
purpose of this study was to investigate the
dependencegsf spreadingateandphasebehaviour
on the compositionof trisiloxane surfactantmix-
tures.

Copyright© 1999JohnWiley & Sons,Ltd.

2 MATERIALS AND METHODS

2.1 Materials

Thesynthesi®of definedl,1,1,3,5,5,5-heptamethyl-
trisiloxanyl (MD*M) derivativesof generalstruc-
ture[(CH3)3SiO],CH3Si(CH,)3(OCH,CH,),,0C A
n=3-9, has beenoutlined in an earlier paper.
Table 1 summarizesthe colours, purities and
product compositions of the siloxanyl-modified
oligoethyleneglycols®

For the spreadingexperimentsa low-energy
silicon wafer surfacewas prepared.After ultra-
sonication in ethanol, methylene chloride and
diethyl ether wafer pieces were placed in an
oxidizing solution consistingof 39 partsof conc.
H,SQ,, 11 parts H,O and 2 parts K,S,05 (by
weight). The wafer pieceswere carefully rinsed
with twice-distilledwater,driedin anargonstream
and placedfor 12h in a vacuum-tightdesiccator
containingl0 ml hexamethyldisilazandinally the
trimethylsilyl-modified wafer pieceswere rinsed
with diethyl ether, ethanol and twice-distilled
water.

Prior to the experimentghe surfaceenergiesof
the wafers were characterizedby contact angle
measurementsersuswater, hexadecanepentade-
caneandtetradecanelestliquid dropswereplaced
on every pieceand the contactanglesdetermined
goniometrically. The anglesin Table 2 represent
the meanvalues of at least four measurements.
Deviations larger than=+ 1° for single measure-
mentswere not observedThe datafor the strictly
non-polar alkanes (y, =7,"") were used to
calculate ys, (Neumann® Eqn [1]) and y¢,-"
(Good?® Eqn [2]). The good agreemenbetween
thecorrespondings, andys,-* valuesindicateshe

Appl. OrganometalChem.13, 621-630(1999)
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non-polar character of

the surfaces (Eqns
[1],[2]). 1"

(0.015ysy — 2)\/Asv - W + v

cosf = 1
'7Iv(0~015\/'}/sv N — 1) [ ]
,YLW
1+cost =2, | 3w 2]
v

Table 2 Surfaceenergyof the modified silicon wafer
calculatedfrom contactangles

Liquid

HO CisHzo CisHzz CigHza
v (MN/m) (20°C) 726 266 273 276
0 (°) 91 29 34 38
Pev (MN' M2 23.2 237 240
{Neumann)
PV (MN Mt 23.0 236 239
(Good)

2.2 Methods

The general procedureof the spreadingexperi-
mentshasbeendescribedn earlierpaperqRef. 18,

seealso R. Wagner,Y. Wu, G. Czichocki, H. v.

BerlepschF. RexinandL. Perepelittchenkolppl.

OrganometalChem, 13, 201-208(1999). Spread-
ing experiment®n the surfaceof thesilicon wafers
have been carried out in laboratories kept at

154+ 0.5°C (29+ 1% relative humidity) and
234+ 0.5°C (52+ 1% relative humidity) respec-
tively. Prior to the experiments,chemicalsand
equipmenthad beenstoredundertheseconditions
for at least 12h. The hydrophobicwafers were
carefully cleanedwith twice-distilled water, etha-
nol andfinally twice-distilledwater.Prior to every
new experimenthey wereexposedo atmospheric
conditions for 5min. The mixtures were hand-
shakenfor 2 min and afterwardsultrasonicatedor

2min in a water bath thermostatedto actual
laboratorytemperature A microsyringewas used
to depositl0ul of the surfactantsolutionson the

trimethylsilyl-modifiedsilicon wafers.

Copyright© 1999JohnWiley & Sons,Ltd.

High-temperatureexperimentswere carried out
on a heatingplatekeptat 40+ 2°C and 30+ 2%
relative humidity. The temperatureof freshly
preparedsurfactantsolutions was separatelyad-
justedin a water bath at 40°C. Afterwardsthey
were shakenand ultrasonicatedn a thermostated
water bath (40°C, 2min). In order to avoid
temperaturechangesin the solutions the drops
were depositedwithin a few secondson the wafer
surface.

Explorative experimentsshowed that medium
relative humidities <90% did not influence sig-
nificantly the spreadingresultson the very low-
energy surface.We cannotexclude certain high-
temperatureevaporation effects at drop edges.
Therefore, primarily the data sets for single
componentsand mixtures measuredat one tem-
perature and relative humidity are compared
However, a comparisonof the relative orders of
compoundsand mixturesat different temperatures
disclosessubstantialinformation on the nature of
the spreadingorocess.

Each spreadingexperimentwas repeatedwice
with identically pretreated wafers. A standard
VHS-C camcorder(25 frames per second)was
usedto recordthe spreadingdrops.The singleruns
were visualizedon a conventionalTV screenand
the drop sizesweredeterminednanually.Depend-
ing onthe spreadingate,upto 1 framepersecond
was evaluated.The setting of the starting point
(spreadingime = 0) wascritical. Drops(10ul) of a
1 wt% solutionof the triethyleneglycol derivative
EO; did not;greadand coveredequilibrium areas
of 11.5mnr (15°C), 14.1mnY (23°C) and
16.6mn7 (40 °C) respectively Theseareagdefined
thestartingpointsof thespreadingexperimentskor
a given time the meanspreadingareashave been
calculatedasthe averagerom the single-rundata.
Typically, the deviationof single-runresultsfrom
the meanvaluesis lessthan10%.

The samplesfor the phaseinvestigationswere
preparedby mixing the surfactantswith twice-
distilled waterin glasstest-tubesAfter mixing, the
solutions were subjectto a heating and cooling
cycle for solubilizing and homogenizing the
mixtures. The phasetransition temperaturesvere
determinedafter equilibrationby visual inspection
of the solutions in a thermostatedwater bath
between crossedpolarizers. The temperatureat
which the mixtures changedfrom transparento
turbid could be determinedin this way with an
accuracyof + 0.1°C. Birefringenceindicatedthe
presenceof anisotropicliquid-crystalline phases.
Flow birefringencewasobservedy stirring.

Appl. OrganometalChem.13, 621-630(1999)
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Figure 1 Time-dependentspreadingareasfor defined oli-
goethylengglycol derivativesat 15°C (c = 1 wt%).

M:2D-C3-EOn-OCHs 23°C
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Figure 2 Time-dependenspreadingareasfor defined oli-
goethylengglycol derivativesat 23°C (¢ = 1 wt%).

3 RESULTS

Figures1 and 2 describethe temperaturedepen-
denceof the spreadingareador 1 wt% solutionsof
the single compoundsThe lower the temperature
theshortertheoligoethylenegglycol chainnecessary
in orderto reachthe maximumspreadingareasand
rates (R. Wagner, Y. Wu, G. Czichocki, H. v.
BerlepschF. RexinandL. Perepelittchenkolppl.
OrganometalChem, 13, 201-208(1999).
Figures3 and4 depictspreadingdatafor binary
andternarysurfactantsystemsat 15°C and 23°C
(1 wt%). The commonoligoethyleneglycol chain
length of all equimolarmixturesis six. The data
prove that at 23°C the binary mixture EOs, -
spreadsonsiderablyfasterthanthe corresponding
single componentEQg (see Fig. 2). Further, a
decreasinghainlengthdifferencebetweerthetwo

Copyright© 1999JohnWiley & Sons,Ltd.

M:2D-C3-EOn-OCH3 15°C
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Figure 3 Time-dependentspreading areas for equimolar

mixturesof oligoethyleneglycol derivativessimilar to EQg at
15°C (c= 1 wt%).
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Figure 4 Time-dependentspreading areas for equimolar
mixturesof oligoethyleneglycol derivativessimilar to EQg at
23°C (c=1wt%).

compounds acceleratesthe spreading process.
Thesemixtures spreadsignificantly more slowly
at 15°C. A noticeableexceptionis the mixture
EQ,,g. In this particularcasea T, very closeto the
spreadingtemperaturecausesa less pronounced
reductionin the ability to spread.

In Figs 5 and 6 the correspondingareavs time
curvesfor equimolarmixtureswith averageoligo-
ethyleneglycol chainlengthsof four, five andseven
are shown. At 15°C the mixture EOs; 7 is the
fastestspreaderlt imitates the the fastestsingle
spreaderEQs. The apparentlyminor chainlength
reductionto EOs, ¢ already considerablyreduces
the ability to spread. At 23°C only minor
differencesdetweerthemixtureswerefound.None
of thesemixturesis optimizedat this temperature.

Figure 7 summarizesthe data of those single
componentgR. Wagner,Y. Wu, G. Czichocki,H.

Appl. OrganometalChem.13, 621-630(1999)
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Figure 5 Time-dependentspreading areas for equimolar

mixtures of oligoethyleneglycol derivativessimilar to EQ,,
EOs andEO; at 15°C (c = 1 wt%).
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Figure 6 Time-dependentspreading areas for equimolar
mixtures of oligoethyleneglycol derivativessimilar to EQ,,
EOs andEO; at 23°C (¢ = 1 wt%).

v. Berlepsch,F. Rexin and L. Perepelittchenko,
Appl.OrganometalChem, 13, 201-2081999)and
equimolarmixtureswhich spreadat 40 °C. Effec-
tive spreadersare EQg and EO,o. For shorter-
chainedsinglecomponents&ndmixtures,very slow
spreadingwas observedat 1wt% concentration.
Clearly, at higher temperaturesa very narrow
window for rapid spreadingexists.Probably,two-
phasesystemsdecomposaindertheseconditions
macroscopicallyandlosethe ability to spread.
Figures 8 and 9 describe the concentration
dependenceof the initial spreadingrate for the
singlecomponentsTheinitial spreadingateshave
beencalculatedfrom the slopesof the areavs time
curves. As expected (R. Wagner, Y. Wu, G.
Czichocki, H. v. Berlepsch, F. Rexin and L.
PerepelittchenkoAppl. OrganometalChem, 13,

Copyright © 1999JohnWiley & Sons,Ltd.
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Figure 7 Time-dependenspreadingareasfor single compo-
nentsand equimolarmixturesof oligoethyleneglycol deriva-
tivesat 40°C (c = 1 wt%).
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Figure 8 DerivativesEOs to EOg: concentratiordependence
of theinitial spreadingateat 15°C.
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Figure 9 DerivativesEOs to EQg: concentratiordependence
of theinitial spreadingateat 23°C.
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Figure 10 Equimolar mixtures of oligoethylene glycol
derivatives:concentratiordependencef the initial spreading
rateat 15°C.
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Figure 11 Equimolar mixtures of oligoethylene glycol
derivatives:concentrationrdependencef the initial spreading
rateat 23°C.

201-208(1999), EOs is the fastestspreaderat
23°C, whereas at 15°C the shorter-chaing
derivative EOs spreadsfaster than all the other
compounds.

Figures10 and11 summarizehe corresponding
initial spreadingratesfor the equimolarmixtures.
At 23°C the highestinitial spreadingrates are
found for mixtures imitating EQgs. At 15°C the
mixture EOs 7 is thefastesspreaderAlthoughnot
imitating EOs, the mixture EQ,4_ g spreadsapidly.

Figure 12 depictsthe initial spreadingratesfor
thosesingle componentgR. Wagner,Y. Wu, G.
Czichocki, H. v. Berlepsch, F. Rexin and L.
PerepelittchenkoAppl. OrganometalChem, 13,
201-208 (1999) and equimolar mixtures which
spreadat 40°C. As already outlined, EOg and
EO; g areeffectivespreaders.

Figures13 and 14 summarizethe 1 wt% initial

Copyright© 1999JohnWiley & Sons,Ltd.

Figure 12 Single componentsand equimolar mixtures of
oligoethyleneglycol derivatives:concentratiordependencef
theinitial spreadingateat40°C.

1wt.% solution
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initial spreading rate (mm/s)

EO3 EO4 EO5 FEO6 EO7 EO8 EO9

Figure 13 DerivativeseO; to EQg: temperaturelependence
of the initial spreadingrate (c=1wt%). Datafor 6 °C arein-
cludedfrom R. Wagner,Y. Wu, G. Czichocki,H. v. Berlepsch,
F. Rexinand L. PerepelittchenkoAppl. OrganometalChem,
13, 201-208(1999).
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Figure 14 Equimolarmixturesof oligoethyleneglycol deri-
vatives: temperaturedependencef the initial spreadingrate
(c=1wt%).
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Figure 15 Phasedransitiontemperaturesisa function of the
oligoethyleneglycol chainlength(c = 1 wt%).

equimolar mixtures 1wt.%

L,

turbid solution

0 T<0°C
EO3+9 EO4+8

EO5+7 EO4+6+8 EO7+9 EO3+7
composition

Figure 16 Phaseransitiontemperaturesisa function of the
compositionof the surfactantmixture ¢ = 1 wt%.

spreadingrates of those single componentsand
equimolarmixtureswhich have beeninvestigated
at 15°C, 23°C and 40°C. For the single compo-
nents (R. Wagner,Y. Wu, G. Czichocki, H. v.

BerlepschF. RexinandL. Perepelittchenkolppl.

OrganometalChem, 13, 201-2081999)aswell as
the mixtures, the optimized chain length is a
function of thetemperature.

Figuresl5and16 summarizeéhephasdransition
temperaturesf singlecompoundsindmixturesata
concentratiorof 1 wt%. The generalpatternof the
phasebehaviourof the singlecompounddasbeen
outlinedearlier(R. Wagner,Y. Wu, G. Czichocki,
H. v. BerlepschF. RexinandL. Perepelittchenko,
Appl.OrganometalChem, 13, 201-2081999)and
agreeqqualitatively with thatfor the commercially
a\llgill?ble polydispersetrisiloxane superspreader-
s

All single surfactantsolutionsare more or less

Copyright © 1999JohnWiley & Sons,Ltd.

turbid at low temperatureandshowbirefringence.
Onincreasinghetemperatur¢hesolutionsbecame
increasinglytransparenandshowedhetextureof a
lamellar phasebetweencrossedpolarizers. Typi-
cally, the solutionswereiridescentbearingcolour
stripesranging from red to blue. We assumeby
analogywith relatedhydrocarbont? andsiloxane-
basedcompounds(Refs 10, 11; see also H. v.
Berlepschand R. Wagner, Prog. Colloid Polym.
Sci, 111, 107-112(1998) that the mixtures are
dilute dispersion®f bilayeraggregateglL , phase).
Upon increasing the temperaturethe samples
becomecloudy but isotropic and show complete
phaseseparatiorafter somehours.This two-phase
state is signated as 2® and the liquid—liquid
insolubility boundaryis specifiedas cloud point
T.. An intermediate-flowbirefringent-spongehase
(Lz phaserouldnotbeidentifiedreliably for 1 wt%
solutions(R. Wagner,Y. Wu, G. Czichocki,H. v.
BerlepschF. RexinandL. Perepelittchenkolppl.
OrganometalChem, 13, 201-208(1999).

For surfactantmixtures we found the similar
sequencelamellarphase(L,) — two phaseq2®).

4 DISCUSSION

4.1 Composition of surfactant
mixtures

Recentlywe showed Ref. 18; seealso(R. Wagner,
Y. Wu, G. Czichocki,H. v. BerlepschF. Rexinand

L. PerepelittchenkoAppl. OrganometalChem, 13,

201-208(1999) that rapid spreadingof defined
oligoethylene-glycol-modifig trisiloxane surfac-
tantson a non-polar,low-energysurfaceis bound
to theexistenceof amicrodispersetivo-phasestate
(2®). Rapid spreadingoccursif the individual-

phasetransition temperature(T.) lamellar phase
(L,) - two-phasestate(29®) is slightly below the

actualspreadingemperatureThis finding implies

that, depending on the spreading temperature,
different individual moleculesshow the highest
initial spreadingates.

This rule is not valid for the surfactantmixture
Silwet L77. Thesesolutionsspreadwell at 6 °C as
well as at 40°C. Rapid spreadingis reportedfor
temperaturesas high as 55°C.> Additionally, a
correlationbetweenspreadingrate and phasestate
doesnot exist.

From this background we investigated the
influences of temperatureand varying mixture
compositionson the spreadingates.

Appl. OrganometalChem.13, 621-630(1999)



628

R. WAGNERETAL.

Figuresl, 2 and 7 provethat for 1 wt% single-
surfactant solutions a pronounced temperature
dependenceof the initial spreadingrate exists.
The higher the temperaturethe longer the oligo-
ethyleneglycol chain necessaryffor an optimized
spreadingprocessTherrelationshipoutlinedabove
betweenT (Fig. 15) andspreadingateatadefined
spreadingemperaturénolds.lt is importantto note
that a concentrationreduction alters neither the
sequenceof the surfactantsnor the expected®
concentrationdependencef the initial spreading
rates (Figs 8, 9 and 12). Rapid spreadergemain
superiorat low concentrationsand the lower the
concentrationthe lower the initial spreadingate.
Minor scatteringsttheconcentratiorc = 0.01wt%
are dueto the very low absoluteinitial spreading
rates.

The behaviourof mixtures deviatesmarkedly
from thatof the singlecompoundsOneof themost
exciting findings during the course of these
investigationswas that for a given temperature
the fastest spreading single compound can be
substitutedby mixtures mimicking its optimized
oligoethyleneglycol chainlength.

The equimolar mixtures EOs, 9, EO4,g and
EOs, 7 (Figs4 and11) imitatethesinglecompound
EOs, which is the fastestspreadeiat 23 °C (Figs 2
and 9). Thesemixtures spreadsubstantiallyfaster
than the correspondingsingle compounds.The
steepest relative spreading rate increase was
observedfor the systemEOs, o: Here the mixture
spreads6.5 times faster than EQq (1 wt%). This
finding meansthat the mixture of two extremely
poor spreadersyields a very fast system. The
mixtures EO,, g and EOs,; spread3.5 and 2.5
times faster than the correspondingastestsingle
compounds EQ; and EO; respectively. It is
importantto note that the order of the absolute
spreadingratesEOs, g < EO4, 5 < EOs,7 is the
inverse of that of the relative spreadingrate
increasesClearly, a broadeningof the distribution
partially counteractsheadjustmenbf anoptimized
chainlength.

On the other hand an addition of EQg to the
binary mixture EQ,, g narrowsthe distributionand
makesthe ternarymixture EQ,, ¢, g superior(Figs
4 andl1l).

A comparisorof the binary mixtureseOs, ¢ and
EOs; 6 at 23°C emphasizeshe dominanceof the
averagechainlength (Figs 4, 6 and11). The latter
mixture spreadsnuchmoreslowly despitecontain-
ing 50% of the fast-spreadindnexaethylenglycol
derivative.Collective propertiesreplaceindividual
ones.

Copyright© 1999JohnWiley & Sons,Ltd.

From the backgroundof the dominanceof the
averagechain length, the superior properties of
EO; o at40°C andEQO;, 7 at 15°C wereexpected.
These mixtures imitate the optimized spreaders
EOg andEGs

The systemsreactsensitivelyto shiftsin chain
length, however. At 15°C the apparentlyminor,
shift from EOsz,; to EOs,6 yields a dramatic
reductionin the initial spreadingrate (Figs 6 and
11).

Despite the loss of the individual properties
demonstrateébove,the pronouncedreferenceof
binary mixturesfor narrowtemperaturavindowsis
immediately reminiscent of single compounds.
Silwet L77 behavedlifferently >

4.2 Phase transition temperature
T;

The secondfundamentalproperty of single com-
poundsis the closerelationshipof initial spreading
rate and phasebehaviour(R. Wagner,Y. Wu, G.
Czichocki, H. v. Berlepsch, F. Rexin and L.
PerepelittchenkoAppl. OrganometalChem, 13,
201-208(1999).

The investigationsshowthatthereis no qualita-
tive difference betweenthe phasebehaviour of
single compoundgFig. 15) andthat of equimolar
mixtures(Fig. 16). On increasingthe temperature,
turbid solutionsbecometransparentnitially, form
lamellar phaseqL,) andfinally separaténto two
phase42®). Theactualtransitiontemperaturd. is
a function of the composition.

For a given averagechain length, increasing
lengthand T, differencesbetweenthe two compo-
nents substantially reduce the phase transition
temperatureg¢seeEQOs, 9, EOQy, g andEOs, 7). The
chainlengthdifferenceis the majorimpactfactor.
T, of EOs 9 (<0°C) is much lower than that of
EOs;, 7 (5.1°C). Here the extreme chain length
difference of six units for EOs, ¢ overrulesthe
higher T, of EQg (EQy 32°C, EO; 31.5°C) and
even the increasedaveragechain length of this
mixture.

The datain Figure 16 provethatthe correlation
betweeninitial spreadingrate and phasestate is
superposedby an argument based on mixture
properties Within a seriesof mixturesof identical
number of participating compoundsand average
chainlength,the correlationbetweerinitial spread-
ing rate and T, holds. At 23°C the equimolar
mixture EOs 7 spreadsnuchfasterthanEQ,, g and
EOs; o (Fig. 11). T, of EOs, 7 (19.0°C) is only
slightly below the spreadingtemperature.The

Appl. OrganometalChem.13, 621-630(1999)
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correspondingphase transition temperaturesof

EQO4,g (14.4°C) and EOs,9 (<0°C) are much
lower. Thetendencyfor macroscopiphasesepara-
tion is morepronounced.

It is advantageouso increasethe number of
participatingcompoundswith maintenanceof the
optimized chain length. The addition of the
hexaethylene glycol derivative to the binary
mixture EO,, g Yields a ternary mixture with a
slightly higher T, [EO4,s (14.4°C) - EOg4,6,3
(17.2°C)] butconsiderablyncreasednitial spread-
ing rate(Fig. 5b). The quality of theternarysystem
becomesclear in a comparisonwith the binary
mixture EOs 7, EO4 6,8 Spreaddasterdespitea
significantlylower T.

It is not advantageousto deviate from the
temperature-dependenptimizedchainlengthwith
maintenanceof the numberof participatingcom-
pounds. Mixture EOs, ;7 spreadsmore slowly at
23°C thanEOs o, EO4, g andEOs, 7 (Figs 6 and
11). An apparentlyreasonableexplanationis the
low T, of EOs, 7 comparedvith thoseof EQ,, g and
EOs_ 7. Intriguingly, T, of EOs_ g is lower thanthat
of EOs, 7. Clearlythemaintenancef theoptimized
chainlengthis moreimportantthana T, closeto the
spreadingemperature.

Neverthelessin certainsituationsa T, closeto
the actual spreadingtemperaturecan substantially
increasethe initial spreadingrate. At 15°C EOg
(Figs 1 and8) andits binaryimitation EOs, ; (Figs
5 and 10) are the fastestspreadersMixtures like
EOs o, EOs, 9, EOs, 7, andEOs, ¢ do not possess
an optimized average chain length and spread
markedly more slowly (Fig. 10). However, the
mixture EQ,, g spreadsubstantiallyfasterthanall
the other non-optimizedmixturesand is the only
onethatcomescloseto the spreadingbehaviourof
EOs and EOs, ;. Perhapshis apparentlyunmoti-
vatedspreading)ehaviouiis dueto the phasestate.
At 15°C, EQ,, g isjustabovethelamellarregionin
the two-phasestate (2d) and very closeto Te. In
this particular casethe advantageof an almost
optimizedT, partially compensatefor the ‘wrong’
chainlength.

It becomesclear that for binary and ternary
mixtures a correlation betweeninitial spreading
rateandphasebehaviourdoesnotexist. Meaningful
relations are restrictedto mixtures of the same
averagechainlengthandpossiblythe sameevel of
complexity.

Although not well understoodit is a character-
istic aspecthatfor solutionsof theoptimizedchain
length extreme differences betweenT. and the
spreadingtemperatureare tolerated (see EOs, ).

Copyright © 1999JohnWiley & Sons,Ltd.

ConcerningT,, the behaviourof thesemixturesis
similar to that of SilwetL77.

4.3 Conclusion

The spreadingbehaviourof equimolarbinary and

ternary mixtures falls between that of single
compounds and Silwet L77. The pronounced
temperaturedependenceof the initial spreading
rates is a well-documentedproperty of single
surfactants.The non-existenceof a relationship
betweenT, andinitial spreadingrateis similar to

Silwet L77 behaviour.

The adjustmentof an optimized averagechain
lengthis the majormeando enhancehe spreading
processHowever,an increasein the chainlength
difference betweenthe two compoundsin binary
mixtures gradually reducesthe initial spreading
rate.

Neverthelessfor chain-length-optimizedmix-
tures,considerablalifferencesbetweenT. andthe
actual spreadingeemperaturecan be acceptedOn
the other hand,a T, closeto the actual spreading
temperaturesubstantiallyincreasesthe spreading
ratesof lesschain-length-optimizednixtures.

Silwet L77 containsthe single componentsin
non-equimolaproportions Thereforeaninvestiga-
tion of less complex non-equimolarmixtures is
necessaryThe questionof the dependencef the
spreadingateof trisiloxanesurfactantsolutionson
the chemicalstructureand surfaceenergyof solid
materials is of immediate practical importance.
Both topicswill be the subjectof a separatgaper.
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