APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Chem.3, 611-620 (1999)

Silicon-modified Surfactants and Wetting:

I. Synthesis of the Single Components of
Silwet L77 and Their Spreading Performance
on a Low-energy Solid Surface
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Defined surfactants of general formula
[(CH 3)3SiO]>CH3Si(CH2)3(OCHCH2)3_dOCH3,
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

pected for a process controlled purely by liquid
diffusion??

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 (€;) rapidly wet moder-
ately hydrophobic solid surfacés.The same effect
was observed for certain double-chained anionic
and cationic hydrocarbon surfactafité 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 procéss.
Although the role of dispersed surfactant phéses
or microstructures has been demonstrated, a clear
cut correlation between spreading performance and
extensively studied phase behavituP could not
be established.

Even less understood is the evolution of the
liquid/vapour interfacial energiesy{) and solid/
liquid (ys) 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 measurements
can hardly be substitute for experiments at the

Aqueous solutions of certain trisiloxane surfactantssolid/liquid interface. A promising approach has
rapidly wet low-energy surfaces (water contactrecently been published by Chaudhdfy.He

angle >90°).' The spreading rate of a ‘super- studied the dynamic adsorption of hydrocarbon-
spreader’ solution significantly exceeds that ex-based surfactants to a PDMS sheet/PDMS half-
sphere system. Alternatively we developed a
modified Wilhelmy method. In separate runs,
* Correspondence to: R. Wagner, Max-Planck-Institute for Colloids geometrically identical V2A steel plates (comple-

and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germany.

T Part 2 was published iAppl. Organometal. Chemi3, 201-208
(1999).
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tely wettable;y,,) and FEP plates (not completely
wettable,ys) 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
determinedRef. 13 seealsoR. Wagner L. Richter
andS. Siegel,Acta PhysicochemSinicg in press)

Despite the numerousefforts describedabove,
apparentlysimple questionsconcerningthe rapid
spreadingof siloxane surfactantson low-energy
surfacegemainedunsolved Which single compo-
nents of the complex surfactant mixtures are
responsiblefor the superspreadingffect? Doesa
synergisticeffect exist?Do siloxanesurfactantof
distinctly different spreadingperformancediffer
with respectto the evolution of their dynamic
liquid/vapourand solid/liquid interfacial energies.
Canthemicroscopicshape®f theleadingedgesof
rapidly spreadingdrops be visualized?Does the
microscopicdrop shapedependon the spreading
velocity?

H(OCH,CH,),0H
Na
Na(OCH,CH;),0H
CH,=CHCH,Br| a)
CH,=CHCH,(0OCH,CH,),OH
SOCI/(CoHs):N|  b)

CHZZCHCHz(OCH2CH2)4C1

\

e)

Therefore, it is an objective of this paperto
describethe synthesisf the single componentof
the intensively investigatedsuperspreadeBilwet
L77" (Union Carbide).Further,the concentration-
dependentspreadingperformanceof these well-
defined moleculesis investigatedand compared
with that of Silwet L77".

2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Heptamethyltrisiloxanyl derivatives of
oligoethyleneglycols
In orderto synthesizedefinedl,1,1,3,5,5,5-hepta-

HO(CH,CH,0),CH3
c) SOCRLAC,Hs)3N
CI(CH,CH;0),CH3
d) HO(CH,CH;0),
HO(CH,CH,0)4CHj3
Na

NaO(CH2CH20)4CH3

/

CHZZCHCHz(OCHz(:Hz)gO CH3

(CH3);Si f

[(CH;3);Si0],SiCH; / Pt

|
CHy-SICH,CHyCHa(OCHCHy)sOCHs

?
(CH3);Si

Schemel Reactionsequencgielding the octaethyleneylycol derivativeof 1,1,1,3,5,5,5-heptamethyltriskane.

Copyright© 1999JohnWiley & Sons,Ltd.
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Table 1 Chainlengthsandboiling pointsof key intermediates
HO(CH,CH,0), CI(CH,CH,0), HO(CH,
CH2CH:CH2 CH2CH:CH2 Cl(CHchzo)ScHg CHzo)S + tCHg s+t
r (B.p., °C/mmHg) r (B.p., °C/mmHg) s (B.p., °C/mmHg) (B.p., °C/mmHg) r+s+t
2 (218-224/760) 2 (202-210/760) 1 (124/760% 3
1 (158-162/760) 1 (134-138/760) 3 (122/10¥% 4
2 2 3 5
4 (128-138/0.5) 4 (117-128/1) 2 (194/760% 6
4 4 3 7
8
9

4 4

2 (164-174/760)
2

5 (148-153/0.5)

& Commerciallyavailable(Aldrich).

methyltrisiloxanyl (MD*M) derivativesof general
formula [(CH3)3S|O]ZCH38|(CH2)3(OCH2CH2)3_9
OCH; a complex reaction sequencewas applied
(Schemel).

Key intermediatedor the final hydrosilylations
(f) are the oligoethyleneglycol monoallyl mono-
methyl ethers.They have been synthesizedrom
monochlorooligoethyleneglycol monoallyl ethers
andmonomethykthersof 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-typeetherificationga) and(d) aswell
aschlorinations(b) and(c).***°

In Table 1 the general structures of key
intermediatesand the chainlengthsof the desired
oligoethyleneglycol moietiesaresummarizedThe
number of ethyleneglycol moietiesincorporated
via allyioxy derivativesis denotedwith r. The
letters s and t describethe number of ethylene
glycol moietieswhichwereattachedo themethoxy
sideduring the syntheticprocedure.

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

Table 3 summarizeghe isolatedyields colours,
puritiesandproductcompositionf the siloxanyl-
modified oligoethyleneglycols, Capillary GC-MS
experimentswere usedto identify the chemical
nature of the contamination.The occurrenceof
intensive peaksat m/z=221, 215 and 73 (hepta-
methyltrisiloxanyl, hexamethyltrisiloxanyl, tri-
methylsilyl) indicated siloxanyl moieties. For
silicon-free impurities (typically oligoethylene
glycols), strong signals at mz=59 and 103
(OCH.CH,O — H, OCH,CH,OCH,CH,O — H)
were found. The retention times of the silicon-

Copyright © 1999JohnWiley & Sons,Ltd.

containing contamination gave accessto their
probablechemical structure.For theseimpurities
retentiontimes close to those of the synthesized
derivatives(deviation <10%)werefound.

Table 4 contains the structure-confirming
13C-NMR signalsfor derivative EOs.

2.1.2 (CH3)3SiO],CH3Si(CH2)3(OCHLCHy)g
OCHj3; (EOg)

Procedure(a)

Tetraethyleneglycol (1532g; 8 mol) was placed
underargonin athree-neckedbottle equippedwith
refluxing condenserand magnetic stirrer. The
temperaturewas raised to 140°C and 57.5g
(2.5mol) sodiumwas addedover 2 h. Due to the
exothermiaeactionthetemperatureoseto 170°C.
Allyl bromide (307g; 2.5mol) was placedunder
argon in a secondthree-neckedbottle equipped
with refluxing condenserargoninlet and mechan-
ical stirrer. The hot glycolatewastransferrednto
this water-cooledbottle over 30min and NaCl
immediatelystartedto precipitate.Afterwardsthe
mixturewasheatedo 170°C for 1 h. TheNaClwas
filtered off and 10g NaHCQ; 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.128-138C/0.5mmHg)
was obtained.GC analysisshowedit to consistof
tetraethylengglycol 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 condenserdropping funnel, mechanical

Appl. OrganometalChem.13, 611-620(1999)
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Table 2 Boiling pointsof allyl andsiloxanyl derivativesof definedoligoethyleneglycols

CH3zO(CH,CHO), ; s+ {CH,CH=CH,

CH30(CHCH0); 4 s + (CH2)SICH[OSi(CHg)4]

(B.p., °C/mmHg) (B.p., °C/mmHg) Abbrev.
3 (80-83/0.35) 3 (136-140/0.35) EOC;
4 (128-130/0.5) 4 (167-173/0.3) EO,
5 (154-156/0.2) 5 (187-195/0.3) EOs
6 (174-178/0.2) 6 (216—226/0.7) EOs
7 (194-200/0.5) 7 (237-242/0.7) EOC,
8 (235-240/1) 8 (249-256/0.75) EQs
9 (255-263/1) 9 (272-281/0.75) EQq

stirrerandargoninlet. After coolingto 0°C, 2169
(2.9mol) thionyl chloridewasaddedover 1 h. The
mixture turned black and the temperatureroseto
70°C. The reaction product (a black cake) was
cooledto room temperatureliquefied by addition
of diethyl ether and filtered. The (C5Hs)sN-HCI
obtainedwas washedseveraltimes with diethyl
ether.The etherfractionswere combinedandover
10min a black viscousoil precipitatedfrom the
solution. Repeatedvacuum distillations yielded
178g of a pale yellow liquid (b.p. 117-128C/
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
5969 (5mol) thionyl chloride. Distillation under
atmosphericpressureyielded 234g monochloro
diethyleneglycol monomethykther(colourlessoil,
b.p.164-174C 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 temperaturerose from 100°C to 170°C.
The hot glycolate was transferredto a separate
bottle which contained234g (1.69mol) mono-
chloro diethyleneglycol monomethylether. The
temperaturewas raisedto 170°C for 1h. After
filtration anddistillation 1349 tetraethylenglycol
monomethylether(colourlessoil, b.p.113-118C/
0.3mmHg, purity 98%) wasobtained.

Procedure(e)

In analogy to (a), 134g (0.65mol) tetra-
ethyleneglycol monomethyletherwasplacedin a
three-neckedbottle and heatedto 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) monochlorotetraethyleneglycol
monoallylether. The mixturewasheatedo 170°C
for 1 h. After filtration the product was distilled
five timesin vacuum(15cm Vigreux column).The

Table 3 Hydrosilylationyields, coloursandpuritiesof the siloxanyl-modifiedoligoethyleneglycols, contamination
compositionsaandaverageparticle sizesof 0.01%aqueoussolutions

Lo
Contamination(%) Particlesizein 0.01%

Yield (%) Colour Purity (%GC) Si Without Si solution(nm)
EO; 62 Colourless >99 1081
EO, 44 Colourless >99 1104
EGs 32 Colourless 99 1 376
EQs 28 Paleyellow 97.5 1 (EOs type) 15 353 (us); 380 (hsy
EO, 55 Paleyellow 96 1.5 (EOs type) 25 254
EQg 33 Yellow 95 1.5 (EGs type) 35 159
EQy 24 Palebrown (Pt) 90 10 (EO; + EOg type) 144

2 us, ultrasonicationhs, handshaken.

Copyright© 1999JohnWiley & Sons,Ltd. Appl. OrganometalChem.13, 611-620(1999)



COMPONENTSOF SILWET L77 615
Table 4 *C NMR shifts of selectedsubstructuresf derivative EO;
Substructure (CHz)sSi CHsSi SiCH, SiCH,CH, SiCH,CH,CH, OCH3
shift (ppm) 1.75 —0.49 13.41 23.10 74.00 58.91
octaethyleneglycol derivative (15g pale yellow
oil, b.p. 235-240°C/1mmHg, purity 95%) was cosg — 0015y — 2)\Tsv A 1]
obtained. v (0.015 /75, 7y — 1)

AW
Procedure(f) 1+ cost =24 [ [2]

Octaethyleneglycol monoallyl monomethylether
(7 8% 1.83x 10~?mol) 8.169 % .61x 10 2mol)
M,D" and 12mg (1.83x 10 °mol) of a 3%
Pt-containing Lamoreaux catalyst solution were
mixed at room temperaturainderargon.Over 1 h
the temperaturewas raisedto 125°C and main-
tained for 30min. Low-boiling materials (b.p.
<240°C/1 mmHg) weredistilled off overa 15cm
Vigreuxcolumn.Theproductcanbedistilled overa
5cm glasstube. The trisiloxanyl-modified octa-
ethylene glycol derivative (EOg; 449, b.p. 249-
256°C/0.75mmHg) wasobtained.

2.1.3 Low-energy wafer surfaces

In order to carry out the spreadingexperiments,
low-energywafer surfacesveresynthesizedThus,
asinglesiliconwaferwascutinto four pieces After

ultrasonicationin ethanol,methylenechloride and
diethylether thepieceswvereplacedin anoxidizing

solutionconsistingof 39 partsof H,SO, (conc.),11

parts H,O and 2 parts K,S,0g (by weight). The

wafer pieces were carefully rinsed with twice-

distilled water,driedin anargonstreamandplaced
for 12h in a vacuum-tightdesiccatorcontaining
10ml hexamethyldisilazandzinally the trimethyl-

silyl-modified wafers were rinsed with diethyl

ether,ethanolandtwice-distilled water.

The surfaceenergyof the four wafer pieceswas
characterized by contact angle measurements
versuswater, hexadecanepentadecanand tetra-
decane.Test liquid drops were placed on every
piece and the contact angles determinedgonio-
metrically. The angles(Table 5) representmean
valuesof at leastfour measurementdeviations
abovet 1° for single measurementsvere not
observed. The data for the strictly non-polar
alkanes (y = yw-") Were used to calculate yg,
(Ref.16,Eqn[1]) andys, " (Ref.17, EqW[Z]) The
practlcalIyldentlcalvaluesofysvandvsv lndlcate
thatthis surfaceis of a non-polarcharacter:®*

Copyright© 1999JohnWiley & Sons,Ltd.

LW
Iv

2.2 Methods

The **C-NMR spectrawere recordedon a Varian
XL 300 spectrometeusing CDCl; as solventand
internalstandard.

Column GC experimentswvere carriedout on a
Perkin-Elmer Auto System gas chromatograph,
using a 1 m steel column (&-inch) packed with
ChromosorbW-AW-DCMS (80-100 mesh) and
modified with 3% SE 30 (temperatureprogram:
50-300°C, heatingrate 10°C min~*, afterwards
20min at 300°C, FID).

The GC-MScouplingexperimentavere carried
out on a Hewlett-PackardHP GC 5890/MSD5970
combinationusinga 20 m glasscapillary, diameter
0.18mm, modified with 0.5um crosslinkedpoly-
styrene DB-5 (temperature program: 1 min at
60°C afterwards60- 260°C, heatingrate 20°C
min~*; finally 260-280°C, heating rate 0.5°C
min~L, , electronimpactmassspectra).

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

The spreading experimentswere carried out
underconstanatmosphericonditions(26 °C room
temperature 25+ 2% relative humidity). Chemi-
cals and equipmenthad been stored under these
conditionsfor at least12h. To guaranteadentical
wafer surface states (for their preparation,see
Section2.1.3) for all experimentsthe following
procedurewas applied. The waferswere carefully
cleanedvith waterandethanol thenstoredat50°C
for 5minutesin a heatingchamber.Before new
experiments,they were exposedto atmospheric
conditionsfor 5 min. All surfactantsolutionswere
pretreated identically. Immediately before the
experiments,water and surfactantwere mixed.

Appl. OrganometalChem.13, 611-620(1999)
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Table 5 Surfaceenergyof the modified silicon wafer
calculatedfrom contactangles

Liquid
H,O Ci4Hzp CisHzp CigHza
v (MN/M) (20°C)  72.6 26.6 27.3 27.6

0(°) 91 29 34 38
Vsv (/rVnN/m) (Neumann) 232 237 24.0
reY (MN/m) (Good) 23.0 236 239

These mixtures were handshakerfor 2min and
afterwardssonicatedfor 2 min. For comparative
purposesa few surfactantsolutionswere investi-

gated before and after ultrasonication. Drops
(10pl) of the surfactantsolutionswere placedon

trimethylsilyl-modified silicon wafers (contact
anglevs water91°; seeSection2.1.3).In orderto

excluderandomerrorsduringthe spreadingexperi-
mentsfour identically treatedwafer pieceswere
usedfor eachsurfactansolution.A standard/HS-

C camcorden(25 framesper second)was usedto

recordthe spreadingdrops. The single runs were
projectedonaconventionallV screerandthedrop

sizes determined manually. Depending on the

spreadingvelocity, up to 1 frame per secondwas
evaluated.The determinationof the starting point

(spreadingtime=0) was found to be critical.

During the drop depositionprocessmaterial that
spreadswvell alreadystartsto wet the surface.We

hadto definea reasonablestartingpoint. Solutions
of the derivative bearing three ethylene glycol

moietiesdid notspreacanda 10 ul dropcoveredan

equilibriumareaof 19.62mn?. Thereforethis area
defined the starting point of every spreading
experiment.

Dynamic light-scatteringexperimentswere car-
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 pretreatmenfor spreadingexperi-
ments freshly preparedsolutionswerehandshaken
andsonicatedor 2 min each.

3 RESULTS

Figuresl-3summarizehetime dependencef the
spreadingareasfor different surfactantstructures

Copyright© 1999JohnWiley & Sons,Ltd.

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

Figure4 depictsthe surprisinglyweakinfluence
of thepretreatmendnthespreadingerformancef
EQe.

In Fig. 5 the concentration-dependerinitial
spreadingvelocities are summarized.The initial
velocities increasemonotonicallywith increasing
concentratiorfor everysurfactantunderinvestiga-
tion. EQs solutionsdid not spread.

4 DISCUSSION

4.1 Siloxanyl-modified
oligoethylene glycols

Two different strategies were considered to
obtain sufficientamountsof definedoligoethylene
glycol derivatives of the general structure
[(CH3)3SiO],CH3SIi(CHy)3(OCH,CHy)3_dOCHs,
i.e. isolation of the single speciesfrom commer-
cially available product mixtures (Silwet L77) or
selectivesynthesiof thesecomponents.

A distillative separationof complex mixtures
like Silwet L77 is time-consuming (AT per
CH.,CH,O moiety ~ 20°C) and restricted to
relatively low-boiling species® An alternative
chromatographicpurification is complicated by
thewell-known hydrolytic instability of trisiloxane
surfactant$?? Polar stationaryphasescannotbe
usedandthe separatiorperformanceof non-polar
stationaryphases(i.e. RP 18)*® limited sinceall
species within the mixture bear the dominant
trisiloxanemoiety.

Thereforewe decidedto synthesizethe indivi-
dual speciesselectively.Due to our experienceof
the Williamson synthese®f the key intermediates,
the oligoethyleneglycol monoallyl monomethyl
ethers CH,=CHCH,(OCH,CH,)3_9¢ OCHs, the
following aspectshad to be considered.Distilla-
tions for allyl derivativeswith n > 5 hadto be
carriedout asfastaspossiblesincepolymerization
could take place. The boiling points of starting
materialsandproductspreferablydiffered substan-
tially (AT > 40°C).

In order to avoid an alcoholate-catalysed
C1 - C2 double bond shift?® we finally incor-
porated allyloxy moieties via the monochloro
derivatives, which could be synthesizedunder
moderate conditions™® Additionally, we always
droppedthe glycolatesolutioninto the halogenide.

Appl. OrganometalChem.13, 611-620(1999)
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M,D-C3-EO,-OCH3 0,01% solution

g

2

spreading area (mm)
8

0 T T 1

0 20 40 60 30
time (s)

Figure 1 Time-dependenspreadingareasfor definedoligo-
ethyleneglycol derivativesand Silwet L77; ¢ = 0.01wt%.

Monomethyl ethers of oligoethylene glycols
could be synthesizedwith high purity. But their
ability to form glycolatesrapidly decreasesvith
increasing chain length. The only successful
possibility of synthesizingheseglycolateswasto
add sodiumat elevatedtemperaturesAttemptsto
useKOH* or NaOCH;** failed completely.Dueto
this rapidly decreasing glycolate formation
tendency, we had to synthesize CH,
=CHCH,(OCH,CH,),ClI as the essentialstarting
material for longer-chainedderivatives.Sincethe
boiling points of the correspondingallyl, hydroxy
and chloro compoundsare similar, we always
obtained product mixtures. Fortunately the by-
products could be eliminated in the subsequent
couplingreactions.

The hydrosilylationsproceededapidly andwith
high yields. Neverthelessve distilled all products
to eliminate the platinum catalyst and minor
impurities. For substanceswith boiling points

M,D-C;3-EQ,-OCHj3 0,1% solution
n=7

n=5

2

spreading area (mm)
e}
o
L

n=9
n=4
n=3

LE—

40 -

0 - T T Ty e

¢l S 10 15 20 25 30 35
time (8)

Figure 2 Time-dependenspreadingareasfor definedoligo-
ethyleneglycol derivativesand Silwet L77; ¢ = 0.1wt%.

Copyright© 1999JohnWiley & Sons,Ltd.

M;D-C3-EQ,~-OCH3 1% solution
n=6

350 -

spreading area (mm)

time (s)

Figure 3 Time-dependenspreadingareasfor definedoligo-
ethyleneglycol derivativesand Silwet L77; ¢ = 1 wt%.

above220°C/0.7mmHg,anincreasinglecomposi-
tion tendencywasnoticed. The GC-MSinvestiga-
tions of the contamination(Table 3) indicatedthat
the oligoethyleneglycol chain was cleavedran-

domly. The silicon-containing impurities were
probablyformed by elimination of a few terminal
ethylene glycol or diethylene glycol species,
becausetheir MS patternscontainedthe typical

setof signalsfor methylsiloxanesndthe retention
times were very closeto thoseof definedderiva-
tives.Ontheotherhandwe foundminoramountsof

relatively low-boiling and silicon-free materialsin

the distillates. In these casesthe oligoethylene
glycol chain was cleavedclose to the siloxanyl

moiety.

4.2 Spreading performance
The spreadingoehaviourof (oligoethyleneglycol)-

M,D-C3-EQs-OCH33

250 4
“E 200 - x//
g 0.5% us 0,1% us
0, ,170
; 150 1 0,5% hs
< vV
g x’x’x’X >
E 100 ~ ,X’
g 0,1% hs
£ 50
X;X
0 T - : 1
0 5 10 15 20
time (8)

Figure 4 EOs: dependenceof the spreadingareason the
surfactant solution pretreatment (us, ultrasonication; hs,
handshaken).

Appl. OrganometalChem.13, 611-620(1999)
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M;D-C3-EOQ,-OCH3 n=6

)
w
|

N ©
W <o
L 1

g

E

2z

g

S 20 - L77
> n=
_%" 15

§ 10 4 n=5
g n=8
= 5 n=9
:g ____;: n=4
E o = - 0=

0,01 0,1 1
¢ (Wt.%)

Figure 5 Concentration-dependeritial spreadingveloci-
ties (26 °C, 25% relative humidity).

modified trisiloxane surfactant$® and their

agueoussolutions has been studied extensively.
Here the attentionwas predominantlyfocusedon

the surfactant concentration dependencé, the

influencesof the oligoethyleneglycol chainlength
andhydrophobicityof the solid surface? Sincethe

turbidity of the surfactansolutionswasfoundto be

essentiafor superspreadingp occuronlow-energy
surfaces, the phase behaviour was studied in

detail®° The fact that non-turbidtrisiloxane sur-

factant solutiond and solutions of hydrocarbon-
based oligoethylene glycol derivativeS spread
rapidly on moderatelyhydrophobicsolid surfaces
proved the existenceof a much more general
surfactant-enhancegpreadingophenomenon.

Neverthelessthe investigationof siloxanesur-
factantson low-energy surfacesbearsone major
advantageThe little-understoodnterplay between
short-ranggpolarandlong-rangenon-polarsurface
energy componentsof moderately hydrophobic
surfaceon the onesideandadequatgbut possibly
varying) surfactantmolecule orientationson the
other side cannotcomplicatethe situation®® The
hydrophobicsiloxanyl moietiesorient towardsthe
hydrophobicsolid surface.

It is ourview thatthisadvantageanonly beused
if strictly definedsiloxanesurfactantsare investi-
gated. A comprehensiveinvestigation of the
wetting behaviour of strictly defined carbo-
hydrate-modifiedilicon surfactantglearlydemon-
stratedthe influencesof the substructureon the
energy balances®1°2% Further, it can be shown
that amino-functionalized trisiloxane structures
possessuperspreadingropertiesand evenminor
changesof the chemicalstructure(the incorpora-
tion of a single methyl groug)decisivelyinfluence
the spreadingperformance:

Copyright© 1999JohnWiley & Sons,Ltd.

Thedatain Figs1-3and5 supportthis view. For
all concentrationsunder investigation, a pro-
nouncedchainlengthdependencef the spreading
performancewas found. For all concentrations
underinvestigationderivativeEOz showedhebest
spreadingperformancethe largestareasoccupied
and highest initial spreading velocities). EO;
followed, at a substantialdistance.EOs spread
slightly betterthan EQg. EQy and EQ,4 were poor
spreaderswhereasEO; did not spreadat all. The
generaltrend for large spreadingareasaccompa-
nied by high initial spreadingvelocities is very
clear.

Apparently this resultis in line with the data
obtainedfor commercialmixturesof averagecom-
positions M(D*EO4,OH)M, M(D*EOgOH)M, and
M(D*EQ,0H)M.? Themixturebearingeightethy-
leneoxide unitswasfoundto spreadnmuchfasteron
low-energy surfacesthan the more hydrophobic
derivative with four ethylene oxide moieties
attachedto the trisiloxane block and the more
hydrophilic derivativewith 12 units attached.

Neverthelessa closer inspection of our data
raisesquestionsaboutthe meaningof the results
obtainedfor thosecommercialsurfactanimixtures.
The datain Figs 1-3 and5 provethat Silwet L77
spreadssignificantly fasterthanall the derivatives
underinvestigationexceptEQg. If thisis true, the
high spreadingrate of Silwet L77 canbe founded
exclusively on its EQg contentof roughly 16%
(Table 6). Otherderivativesalonecannotgenerate
suchhighvelocities.It follows immediatelythatthe
basisfor ameaningfulcomparisorof mixtureswith
differentmolecularweightdistributionsis a careful
analysisof the compositions.Further, thesefirst
resultsemphasizehe necessityfor the systematic
investigationof strictly definedmixtures.

We couldnotfind theknowrf spreadingelocity
maxima within the concentrationrange 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, Silwet L77 behavedifferently on surfaces
of varying surfaceenergyand chemistry.Detailed

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

EO; EO,
4.0

EOs EOs EO, EO3 EQOy EO,, EOy;
9.6 13.1 16.2 18.1 17.2 121 7.0 2.7
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Table 7 Visible turbidity of surfactantsolution$

Composition(wt.%) EO; EO, EOs EOs EO, EQGs EOQy Silwet L77
0.01 t t t nt nt nt nt nt

0.1 t t t t t nt nt t

1 t t t t t t t t

2 Abbreviations:t, turbid; nt, not turbid.

investigation®onthe natureof this phenomenoire
in progress.

At the presentevel of understandinghe identi-
fication of a singlecomponentoesnot providean
answerto the apparentlysimple questionasto the
respectn whichsuchacompoundiecisivelydiffers
from closely related but strikingly less effective
ones.Since the appearancef turbid solutionsis
essentialfor the superspreadingeffect on low-
energy surface$* we investigated the chain-
length-dependenparticle size distribution (Table
3). Theaverageparticlesizedecreasemonotonical
with increasingoligoethyleneglycol chainlength.
This resultreflectsthe tendencytowardsincreasing
water solubility of the long-chainderivativesbut
doesnotexplainthepeculiarityof EQs. Thedatafor
handshakerand sonicatedsolutions support this
view (Table 4). Although minor differenceswere
found, the parameteparticle sizeis lessimportant
than the chemical structure of the surfactant.
Further,sincethe 0.01wt% solutionsof EQg and
Silwet L77, which arenot visibly turbid (Table7),
werespreadingnuchfasterthantheturbid solutions
of EOs andEQy,, theevaluatiorof thispropertygives
little accesgo therealnatureof the process.

5 SUMMARY

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

On a trimethylsilylated low-energy surfacethe
solutions of EQg 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 spreadingvelocitiesincreasedvith concen-
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tration. Spreading velocity maxima were not
observed.

The averageparticlesizedecreasedhonotonical
with increasingoligoethyleneglycol chain length
and water solubility. Therefore, this parameter
cannotexplainthe peculiarity of EQg.

For handshakemand sonicatedsolutionsof EQg,
minor differences were found. However, the
parametermpretreatmenis lessimportantthan the
chemicalstructureof the surfactant.

Despiteanintensiveinvestigationof theturbidity
(the existenceof a one- or two-phasestate), a
meaningful correlation betweenphasebehaviour
andspreadingerformanceloesnotappeato exist.
This statementis founded on two experimental
results. On one hand, temperature-dependent
spreadingexperimentsdid not provide any clear-
cuttrend.” Ontheotherhand,acorrelationbetween
phase behaviour and spreading performance of
agqueousolutionsof ethoxylatedalcohols(CE;) on
moderately hydrophobic surfaces could not be
established Whether this argumentholds or has
to be understoodas part of a broaderrule will be
discussedn separatgapers.
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