APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Cheni4, 177-188 (2000)

Silicon-modified Surfactants and Wetting: IV.
Spreading Behaviour of Trisiloxane
Surfactants on Energetically Different Solid

Surfaces
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The spreading behaviour of defined trisiloxane
surfactants of general formula [(CHs)sSiO]»
CHgsl(CHz)g(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 40mNm * 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

polydisperse triethylene- to dodecaethylene-glycol
hydrophile is attached to the trisiloxane moiety via
a short trimethylene spacer) rapidly wet low-energy
surfaces (water contact angk90°).* The spread-
ing rate of such a so-called ‘superspreader’ solution
significantly exceeds that expected for a purely
liquid-diffusion-controlled process:*

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 radiusis propor-
tional to timet®®>whereas for the pure siloxane the
relationshipr « t>2° was found. Ellipsometric
investigations of the Silwet L77 solution drop edges
under dynamic conditions suggest the existence of a
precursor film 0.3nm thicR.

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.

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 (& co9ater=> 0.9). A maxi-
mum was found for c@,aier= 0.4°% although the
total surface energiesd), or their Lifshitz—van der
Waals {s, ") or donor—acceptor components
(") have not been determinéd.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 stre§s€dThis
turbid two-phase state is usually adjusted by

Aqueous solutions of some commercially availablevariation of the temperatut&™® or the average
trisiloxane surfactants (e.g. Silwet L77, in which a oligoethylene glycol chain lengtf.
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However, experiments have demonstrated that
the spreading behaviour of the polydisperse Silwet

d-77 is nearly independent of the temperature and

the phase state of the solutiBinstead, it could be
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Table 1 Coloursandpuritiesof the siloxanyl-modifiedoligoethyleneglycols,andtheir contaminatiorcompositions

Contamination

Compd. Colour Purity (% GC) Si (%) Without Si (%)
EO3 Colourless >99

EO4 Colourless >99

EO5 Colourless 99 1.0

EO6 Paleyellow 97.5 1 (EO5type) 15

EO7 Paleyellow 96 1.5(EO6type) 25

EO8 Yellow 95 1.5(EO6type) 35

EO9 Palebrown (Pt) 90 10(EO7+ EO8type)

shown that certain additives generatenon-turbid
soIutlonaand5|muItaneouslyncreasethespreadlng
ratel’ Furthermorethe spreadingatesof aqueous
solutionsof definedoligoethyleneglycol-modified
hydrocarborsurfactant$C,E ) donotcorrelatewith
theirknown microstructureé Recentpaperdocus
on the generalability of certain trisiloxane-based
surfactantsto form vesiclesas an essentialpre-
requisitefor superspreadingr the formation of a
separat@haseof accumulateckurfactantnolecules
at the solid-liquid interface®®
Thesecontraryfindingsclearly demonstratehat
acomprehensiveinderstandingf thesugerspread—
ing phenomenorhasnot beenreached® A better
understandingf the basic principles necessitates
the investigationof sufficiently pure trisiloxane-
based single compounds.Aqueous solutions of
defined amino-modifiedtrisiloxane structuresra-
pidly spreadon polypropylene.Minor changesn
the amino moiety structure causedcon3|derable
differencesin the spreadingarea®* Recently?? w
describedthe synthesisof single componentsof
Silwet L77 bearing three to nine oligoethylene
glycol units attachedto the trisiloxane block. A
pronouncedemperatureand thereforephase-type
dependencef thespreadlngateon non-polarjow-
energysurfacesexists®> For dispersedtwo-phase,
20) systemgloseto thetransitiontemperatur€T,)
from thelamellarphasg(L ) to thetwo-phasestate
(2®) 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 chainlength differencebetweenthe
two compoundslecisivelyinfluenceghe spreading
rates®* All of these spreadingexperimentson
single compoundsandtheir definedmixtureshave
beencarriedout on a singlenon-polar,low-energy
surface. The influences of surface energy and
surface polarity are unknown. Therefore the

Copyright© 2000JohnWiley & Sons,Ltd.

purpose of this study was to investigate the
dependence®f the spreadingareasand the initial
spreadingatesof definedtrisiloxanesurfactant®on
the surfaceenergyand surfacepolarity.

2 MATERIALS AND METHODS

2.1 Materials

Silwet L77 wassuppliedfrom Union Carbide.The
synthesisof defined 1,1,1,3,5,5,5-heptamethyHri
siloxanyl (MD*M) derivatives of the general
structure [(CH3)38|O]2CH3S|(CH2)3(OCH2CH2)
nOC (n 3-9) has beenoutlined in an earlier
paper-? Table 1 summarizeshe colours, purities
andproductcomp03|t|on$>f thesiloxanyl-modified
oligoethyleneglycols™®

For the spreadingexperimentsfive chemically
and energeticallydifferent silicon wafer surfaces
wereprepared.

Beforethe surfacemodificationghewaferswere
washedn ethanol,methylenechloride and diethyl
ether,placedin an oxidizing solutionconsistingof
39 parts(w/w) of conc.H,SO;,, 11 parts(w/w) of
H,0 and2 partsw/w of K»,S,0g, thenrinsedwith
twice distilled water andfinally dried in an argon
stream.

In order to prepare trimethylsilylated (ME)
surfaces,bare wafers were put in hexamethyldi-
silazanein a vacuum-tight desiccator. Surface
structures of the types (CyHs)3SiO—(ET),
(CgHs)(CH3),SIO—(PH), (CgH5)3SiO—(TP) and
[CH30(CH,CH,0)sCH,CH,CH,](CH3),SiO—
(EO) have beenpreparedfrom the corresponding
chlorosilanesn anhydrousn-heptaneThe chemi-
cal structuresandreactionconditionsare summatr-
izedin Fig. 1 andTable2.

[(CH3)3Si]2NH, (CzHs)sSICl, (CgHs)(CHg)SICl

Appl. OrganometalChem.14, 177-188(2000)
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Figure 1 Surfacestructuresof the modifiedsilicon wafers.

and (CgHs)sSiCl were commercially available
(ABCR) andwereusedwithoutfurtherpurification.
The silane [CH3;0(CH,CH,0)sCH,CH,CH,]
(CH53).SIiCl was synthesized from CH;O(CH,.
CH,0)sCH,CH= CH2 and H(CHj3),SiCl. Thus,
8.3g (2.84x 10 ?mol) of pentaethyleneglycol
monoallyl monomethyl ethef* was stirred at
70°C for 30min. Volatile substancewereremoved
in oil vacuum Afterwardsthe pentaethylenglycol
derlvatlvewascooledto roomtemperaturethen4g
(4.23x 10 ?mol) dimethylchlorosilaneand 10mg
of a 3wt% Pt-containing Lamoreaux catalyst
solutior?* were addedunderan argonatmosphere.
Thehydrosilylationwascarriedoutat 70°C for 3h.
The completeconversiorof the olefin waschecked
by meansof gas chromatographyThe excessof
dimethylchlorosilanevas removedin 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 temperaturenas raisedto 70°C for
18h. The modified waferswere removedfrom the
vesselndcleanedwith acetoneethanolandtwice-
distilled water.

The energystateof the waferswascharacterized
by contact-anglemeasurementagainstwater and
organic liquids. The energy data setsof the test
liquids aregivenin Table 3.

Testliquid dropswere placedon every pieceof
silicon wafer and the contactangleswere deter-
mined goniometrically. The anglesin Table 4
representhe meanvaluesof at leastfour measure-
ments. Deviations larger than +1° for single
measurementa&erenot observed.

The data for the strictly non-polar alkanes
tetradecane,pentadecane, hexadecaneand Ccis-
decahydronaphthaleneémv w) as well as
CHoly (7w =~ 7wy W) were usedto calculatesolid
surfacetensionsys, (Neumanr?’ Eqn[1]) andthe
correspondind.ifshitz—vander Waalscontribution

Table 2 Modified silicon wafer surfacessurfacestructuresreagentsandreactionconditions

Surfacestructure Reagent Reactiontime (h) Temperaturd °C)
(CH3)3Si0O— [(CH3)3Si].NH 144 20
(C5H5)3Si0— 50(C,Hs)3SiCl in 200ml n-heptane 24 65
(CeHs)(CHa),Si0o— 59(CsHs)(CHs).SiCl in 200ml n-heptane 36 65
(CeHs)3SiO— 109g(CgHs)3SiCl in 200ml n-heptane 48 70
OCH,CH,CH,](CH3),SiO—  CH,0)sOCH,CH,CH,](CH3),SiCl in 200ml

n-heptane

Copyright© 2000JohnWiley & Sons,Ltd.
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Table 3 Interfacial liquid/vapourtensions(y,), and Lifshitz—van der Waals (;,"*¥) and donor—acceptoty v ')

contributionsof waterand selectedorganicliquids

Liquid v (MNm™) Y (MNm™) v (MNm™)
Watef 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
Diiodomethan@ 50.8 50.8 ~0
Ethyleneglycol? 48.0 29.0 19.0
Glycerof 64.0 34.0 30.0
Formamidé 58.0 39.0 19.0

2 datatakenfrom Ref. 25.

rerV (Good?2 Eqn[2]). Similarity betweenys, and
vV indicates the non-polar character of a
surface??° (Table5)

For polarsurfacegys, % 7s,-"') eqn[3] hasbeen
usedto calculatethe donor—acceptocontribution
of the solid surfacetensionys,™’~ from the contact
anglesof the polarliquids glycerol, ethyleneglycol
and formamid€® Fowkes’ conceptof interfacial
tensioncomponent$ hasbeenappliedto calculate

752! from the single contributions(Eqn [4]).

(0«015'st - 2) vV Ysv v + v

cogd) = 1
q ) Yv (0-015\/ Ysv Vv — 1) ( )
ALW
1+cost =2, |3 (2)
Iv
(14 cosh) = 21/7'5\\,/‘/ . ’y|'\‘,W +2 fy;t,/_ . VIJ\;/_
)
Yo = A (4)

2.2 Methods

Column GC experimentswere carried out on a
Perkin—ElmerAuto SystemgaschromatographA
1m steel column (1/8-inch; 3.2mm) packedwith
Chromosorb W-AW-DCMS (80-100-mesh)and
modified with 3% SE30 was used (temperature
programme:50-30C°C, heatingrate 10°Cmin*;
20min at 300°C; FID).

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

The generalprocedurefor the spreadingxgeri-
mentshasbeendescribedn earlierpapers:®=*

Thespreadingexperiment®nthe surfacef the
different silicon wafers were carried out in a
laboratorykeptat 21+ 0.5°C and49+ 2% relative
humidity. Chemicalsand equipmentwere stored
undertheseconditionsfor atleast12h. Thewafers
were cleanedcarefully with twice-distilled water,
ethanolthen finally twice-distilled water. Before
everynewexperimentheywereexposedo atmos-
pheric conditions for 5min. The mixtures were

Table 4 Contactangles(deg)of waterandorganicliquids on the modifiedsilicon wafer surfaces

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 structuresand abbreviationof modified silicon wafers,seeFig. 1.

Copyright© 2000JohnWiley & Sons,Ltd.
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Table 5 Modified silicon wafer surfacessolid surfacetensions(ys,), Lifshitz—van der Waals (ys,-*") and donor—

acceptor(ys,’ ") contributions

ME ET PH TP EO
PsMN M) (lNeumann) 23 30 41 42 47
7sv (MN M~ (Good) 23 30 39 41 46
st+/7(mN m ) 0 0 1 3 4
sttOt(mN mil) 23 30 40 44 50

For structuresandabbreviationsseeFig. 1.

shakenmanually for 2min and afterwardsultra-

sonicatedor 2min in awaterbath.A microsyringe
was usedto depositl0—ul dropsof the surfactant
solutionson the modifiedsilicon wafers.

Each spreadingexperimentwas repeatedwice
with identically pretreatedwafers. The spreading
drops were recorded with a standard VHS-C
camcorder(25frames ). The single runs were
visualized on a conventionalTV screenand the
dropsizesdeterminednanually.Dependingon the
spreadingate,upto 1frames * wasevaluatedThe
setting of the starting points (spreadingtime = 0)
wascritical. Drops(10ul) of a 1wt% solutionof the
triethylene glycol derivative EO3 did not spread;
they coveredequilibrium areasof 12.5mm? (ME),
12.5mn¥ (ET), 14.9mn? (PH), 17.5mm? (TP) and
50.2mnv (EO), respectivelylt is importantto note
thata 10ul drop of twice-distilled water occupied
20mn? on the EO surface.However,evenminor
amountsof all trisiloxane surfactantg0.001wt%)
enlargedthe areato typically 50mn?. Theseareas
definedthe startingpointsof the spreadingexperi-
ments. The meanspreadingareaswere calculated

M2D-C3-EOs-OCHs 1wt %

2

spreading area (mm)

time (s)

asthe averagdrom the single-rundatafor a given
time. Typically, the deviationof single-runresults
from the meanvalueswaslessthan10%.

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 surfaceimpurities probablycausedhe
irregulardrop shapes.

The samplesfor the phaseinvestigationswere
preparedby mixing the surfactantswith twice-
distilled waterin glasstest-tubesAfter mixing, the
solutionswere subjectedto a heatingand cooling
cycle to solubilize and homogenizethe mixtures.
Thephaseransitiontemperaturesveredetermined
after equilibration by visual inspection of the
solutionsin a thermostatedwater bath between
crossedpolarizers.The temperatureat which the
mixtureschangefrom transparento turbid canbe
determined in this way with an accuracy of
+0.1°C. Birefringenceindicatesthe presenceof
anisotropidiquid-crystallinephasesFlow birefrin-
gencewasobservediponstirring.

M:D-C3-EOs-OCHs  0.1wt.%

2

spreading area (mm)

Figure 2 Time-dependenspreadingareasfor the derivative EO5: ¢ = 1wt% (left); ¢ = 0.1wt% (right).

Copyright© 2000JohnWiley & Sons,Ltd.
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M2D-C3-E07-OCH3 1wt %

M;D-C5-EQ;-OCH; 0.1wt.%

300 A
ET PH
“'E 250 "E
€ 2w E
g <
o 2
:n 150 ]
= 5
s 100 4 ME =
Z g
& 50 1 )
0 1 T T 1
1
0 5 time s) 10 5 0 5 time (s) 10 15
Figure 3 Time-dependenspreadingareasfor the derivativeEO7: c =1 wt% (left); c= 0.1 wt% (right).
3 RESULTS spreadsmost rapidly on both the ET and PH

Figures2—4 describethe time dependencef the
spreadingareador 1wt% and0.1wt% solutionsof
the single compoundsEO5 and EO7 as well as
Silwet L77.

Slowly spreadingdropswereobservedor up to
45s.Generallytheyreachedpreadingareasf less
than 200mm? without any pronouncedspreading
featuresRapidly spreadingiropsoftenreachedhe
wafer edgesafter less than 10s. However, the
characteristi@aspectsuchashigh initial spreading
ratesor sudderstopswereobservedeliably within
this narrowtime window. We thereforelimited the
time scalesn Figs2—-4to 15s.

The fastestareaincreasefor the short-chained
derivativeEO5wasfoundfor the 1wt% solutionon
the ET surface.EO7 spreadsrapidly on the PH
surfaceat a concentratiorof 0.1wt%. Silwet L77

Silwet L77

1wt %

300 A ET . TP

250 A

2

spreading area (mni)
(W]
s

150
ME

8

n
o
L

time (s)

surfacesat a concentratiorof 0.1wt%.

Figures5-11 depict the concentrationand sur-
face energy dependenceof the initial spreading
ratesfor the derivativesEO4-EO9andSilwet L77.
EO4 is a poor spreaderEO5 and EO6 reachthe
spreadingrate maximumon the ET surface.The
longer chainedderivativesEO7 and EOS8 spread
fasteronthe PH surface Silwet L77 spreadg$astest
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 layer$ a broader range of
surfaceenergieds acceptable.

Figure 13 summarizesthe phase transition
temperaturesf the single compoundsat a con-

Silwet L77  0.1wt.%
PH

900 1
800 -
700 4
600
500 +
400 A
300 4

200
100 & 2P0 M g
0 T T

0 5 time (s) 10 15

ET

spreading area (mmz)

Figure 4 Time-dependenspreadingareasfor Silwet L77: ¢ = 1wt% (left; ¢ = 0.1wt% (right).

Copyright© 2000JohnWiley & Sons,Ltd.
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M2D-Cs-FO4-OCH3 21°C

3 -
> —
g yd 1w1.%A\\
E yd
21 ¢ \
g \
g ._._,.____l\()\} wt.% /
E. 1 1 \\Ir‘”""’"‘
K|
E ) . 0,01 wt.:% . .
O e ET PH TP EO

Figure 5 EOA4.concentratiorandsurfaceenergydependence
of theinitial spreadingates.

centration of 1wt%. The general pattern of the
phase behaviour of the single compoundshas
alreadybeenoutlined®?* and agreesqualitatively
with that for the commercially available polydis-
persetrisiloxanesuperspreaders:*31¢

Single surfactantsolutions were more or less
turbid at low temperaturesand showed birefrin-
gence.On increasingthe temperaturehe solutions
became increasingly transparent and showed
the typical texture of a lamellar phasebetween
crossedpolarizers.We assumeby analogy with
related hydrocarbofi* and siloxane-basedcom-
pounds$?*318that the mixturesweredilute disper-
sions of bilayer aggregategL, phase).Upon an
increaseof temperaturehe sampledvecamecloudy
butisotropicandshowedcompletephaseseparation
aftersomehours.Thistwo-phasestateis designated
29 and the liquid—liquid insolubility boundaryis
specifiedas the cloud point T.. An intermediate

M2D-C3-E0s-OCHs 21°C

80
% 70 4 /T
& 0 /1 wt.% \\
2 50 / \
= |
- \
5 \
<
@ 30 \
& 0,1wt% ™, \
5 20 4 ‘/ \ \\
:*é 10 - 0,01 wt.% \
0 -
ME ET PH TP EO

Figure 6 EOS5:concentratiorandsurfaceenergydependence
of theinitial spreadingates.

Copyright© 2000JohnWiley & Sons,Ltd.

M2D-C3-FQs-OCH3 21°C

S

120 -

2

initial spreading rate (mm/s)

g

PH TP

ME ET

Figure 7 EOG: concentratiorandsurfaceenergydependence
of theinitial spreadingates.

flow birefringentspongephas€L 3 phasi)zsould not
beidentifiedreliably for 1wt% solutions>>2*

4 DISCUSSION

4.1 Contact angles and surface
energies

The different surfaceg(Table 2) were preparedto
imitate qualitatively somecommonlyusedmateri-
als suchPDMS (ME), polyethyleneand polypro-
pylene (ET), polystyrene(PH) and polyethylene
glycol (EO). The major advantagef wafersis the
smoothnessf their surfacesThe datain Tables4
and5 showthat the evaluationof the hydrophobic
characteof a surfaceexclusivelyby watercontact
angle measurementss insufficient. For the tri-

M2D-C3-EQ7-OCH; 21°C

8

0,1 wt.%

2

initial spreading rate (mm/s)
3 3

N
wn
L

0

ME ET PH TP EO

Figure 8 EOT7:concentratiorandsurfaceenergydependence
of the initial spreadingates.

Appl. OrganometalChem.14, 177-188(2000)



184

R. WAGNER, Y. WU, H. v. BERLEPSCHAND L. PEREPELITTCHENKO

100 M,D-C;-EQ;-OCH, 21°C

0,1 wt.%

75 1

50

25 A

initial spreading rate (mni/s)

0 -

ME ET PH TP

Figure 9 EOB8:concentratiorandsurfaceenergydependence
of theinitial spreadingates.

methylsilylated (ME) and triethylsilylated (ET)
surfaceghewatercontactangledifferenceamounts
to a marginal 3°. However,the surfaceenergyof
both non-polar surfaces,calculatedfrom contact
anglesof organlcllqwds differs by a considerable
7mN m~L. Theseapparentlycontradictoryresults
aredueto afundamentau|fferencebetweemolar
organicliquids and water. The energybalancefor
water is dominatedessentiallyby donor—acceptor
forces,whereasfor alkanesand evenfor organic
liquids as polar as glycerol the Llfshltz—van der
Waals contribution dominates(Table 3).°2° The
latter force pattern better matchesthat 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 hasbeenshowf thattheinitial spreadingatesof

M2D-C3-EQe-OCH3 21°C

30

“'E 25 /’\

g /

ot E

0 //lwt%\

£ 15 1

E /'\

£ 154 /

g 10 / Olwt%\\\\ Ve

.

£ 5 0,01 wL.% M/
OTVE T E PH TP EO

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

Copyright© 2000JohnWiley & Sons,Ltd.

%0 Silwet 177 21°C

Z %

£

-

Elel

B 4

£

E 20

E 10 001 wt.%
0

ME ET PH TP EO

Figure 11 Silwet L77: concentrationand surface energy
dependencef theinitial spreadingates.

Silwet L77 and related polydispersetrisiloxane
surfactants depend strongly on the surfactant
concentration and the hydrophilic/hydrophobic
characternof the surface.A maximumin the range
0.1-0.2nvt% 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
spreadingemperaturglaysno major role.

Due to an extensivestudy of the temgerature
dependencef the initial spreadingrate?*~?* the
rapid spreadingof aqueoussolutions of single
oligoethylene-glycol-modifig trisiloxane surfac-
tantsonanon-polarJow- energysurface(trlmethyl-
silylated Si wafer; (ys,= 24mN m™) is linked to
the existenceof a microdipersediwo-phasestate
(2®). Rapid spreadingis strongly temperature-
dependenandoccursif the lamellarphase(L,) —

9% Silwet L77
~~ 0, :
“§ 30 | 0,1% silane
1% sil
é 70 o suane
]
E 01 0,1% thiol
w304 T
204 4 .
< 1% thiol
£ 304 S
& 20
= |
= 10
= 0 4 T T T T T ]
0,5 -0,25 0 0,25 0,5 0,75 1
cos © (water)

Figure 12 Silwet L77: surface energy dependenceof the
initial spreadingatesonsilane-modifiedSi wafers(seeFig. 10)
andthiol-modifiedgold layers(datatakenfrom Ref. 6).
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M2D-C3-EOx-OCHs  1wt.%

' / turbid solution

5 6 7 L77 8 9
number of ethylene glycol units

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

two phasestate (2d) individual phasetransition
temperature (T,) is slightly below the actual
spreading temperature. Within a concentration
range of 0.01-wt% initial spreadingrates in-
creasesnonotonicalwith concentration.

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

Derivative EO4 is a very poor spreadefFig. 5).
The spreadingate differencesfor the surfacesare
not significant.For the derivativesEO5-EO9(Figs
5-10), pronouncedsurfaceenergyand concentra-
tion dependencesf theinitial spreadingateexist.

The datafor the trimethylsilylated surface ME
(WSV—ZBmNm 1y are unexpected.n earlier ex-
periment$* we measurednmal spreadingatesof
up to 60mm?s~* (EO6 at 23°C) on a non-polar,
slightly Iesshydrophoblctrlmethylsnylatedsurface
(Ysv=24mNm™~ 1. The apparentlymarginalreduc-
tion of ys, is responsibldor dramaticallydecreased
initial spreadingrates. Even for the best smgle
spreaderEQO6,theydo notexceedZOmm st We
assumethat below 'ysv—23mNm tr|S|onane-
basedsurfactantsolutionslose the ability to wet
solid materialsrapidly. However, the well-estab-
lished spreading rate sequence EO6>EO5~
EO7>EO8>EO09>EO4 is not altered and the
initial spread|ngate5|ncreasemonotomcallywnh
concentratiorf?

A comparisorof thesetrendswﬁh thosefor the
ET surface(ys,=30mNm™Y) indicatesan exclu-
sively quantitative nature of the considerable
spreadingrate differences.On the ET surface(i)
EO6 remainsthe fastestspreader(ii) the deriva-
tives’ spreadingrate sequencéholds and (iii) the
spreadingateincreasesvith concentrationThere-
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Figure 14 Spreadingof surfactantsolutionson ME and ET
surfaces.

fore, an optimized (fast) spreadingprocessof a
singlecompoundntheET surfaceis alsolinkedto
the eX|stenceof a microdispersedwo-phasestate
(29).7

It is assumedhat the higher spreadingrateson
the ET surfacearedueto lessstrictdemandgor the
coverageof the interfaces(Fig. 14, left). Recently,
for a siloxane surfactant—non-polasolid surface,
systentheliquid/vapour(y ) andsolid/liquid (ys)
interfacialtensionsveredeterminedinderidentical
dynamic conditions®?> The data indicate that g
reacts sensitively under dynamic conditions
whereasy, v remainsalmostunaffected.Siloxane
surfactant molecules probably cover a liquid—
vapour interface much faster than a hydrophobic
solid—liquidone.Thereforethe spreadingcondition
O =0° shoulddependmainly on sufficientcover-
ageof thesolid-liquidinterface®® It is clearthatthe
necessarilydensecoverageof the ME surface(Fig.
14, right) consumesnoretime andthereforelimits
the spreadingate.

It is one of the mostinterestingfeaturesof this
investigationon singlecompoundghat the spread-
ing patternchangesqualitatively from the strictly
non-polarET to the slightly polar PH surface.A
detailed inspection of the spreadingrates offers
some unexpectedtrends. 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 concentrationHowever,on the PH
surfacethe 0.1wt% solutionsof thelonger-chained
derivativesEQO7 and EO8 (Figs 8 and 9) spread
faster than the correspondingEO5 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 T.. Surface energy and
possiblysurfacechemistryplay a major role.

Theanalysisof theareavstime curvessomewhat
improves our understandingof the underlying
processesk-or derivative EO5 (Fig. 2) the spread-
ing areasincreaseconstantlyduring a relatively
long time interval. Neither the surfactantconcen-
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tration nor the nature of the surface alters this
generalpattern. Whereasthe 0.1wt% solution of
derivativeEO7 follows this rule, its 1wt% solution
behavesdifferently; the spreadingprocessstops
abruptly after a few secondson the ET and PH
surfaceqFig. 3).

An explanation of this complex behaviour
requiresa consideratiorof thefact thatthis general
changeof the spreadingpatterncoincideswith that
of the phasebehaviour(Fig. 13). Solutionsof EO5
(Tc5.3°C) andEO6 (T:19.1°C) representlispersed
two-phasd2d®) systemst a spreadingemperature
of 21°C. Solutionsof the longer-chainedderiva-
tivesEQO7(T:31°C) andEO8(T.36°C) undergathe
phasetransitionlamellar phase(L,) — two-phase
state (2d) at temperaturesabove the spreading
temperature Under experimentalconditions they
remainin avesicular/lamellaone-phasetate.lt is
reasonableto assumethat due to the inevitable
water evaporationtheir 1wt% solutions rapidly
form highly viscous, surfactant- rlch vesmular/
lamellar phasesat the drop edge'®'® Dilute
0.1wt% solutions are less sensitiveto the water
loss. For the microdispersedsystemsof EO5 and
EOBG,viscosityargumentdasedn the existenceof
specificallyorganizedphasesare not relevant.

A furtherincreaseof the surfaceenergyandits
donor—acceptorportion causesdramatically re-
duced initial spreadingrates. However, on the
completely phenylatedsurface TP, the pattern of
theinitial spreadingatesis similarto thatdescribed
for the PH surface.The 1wt% solutions of the
dispersedwo-phasesystemE£05andEO6 (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 phenylgroupsare optimizedfor
methylated sﬂoxane structures and their polar
oxygenatoms>3

Spreadingon the oligoethylene-glycol-modified
surfaceEO proceedddifferently. Within the con-
centrationrange under investigationa significant
concentrationdependencef the initial spreading
ratewasnot found. All solutions excepto 01wt%
of EO4 (Fig. 5) spreadat 2-10mn?s . Specific
interactions between the ohgoethylene glycol
moietiesof the surfactantmoleculesand those of
the modified surfaceprobably dominate? 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
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alternativedriving force for the rapid coverageof
the solid-liquid interfacedoesnot exist.

It has been demonstratedthat the spreading
behaviour of solutions of defined trisiloxane
surfactantss a function of the phasestateof the
solutionsandthe energy/chemicatharacterof 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 Thehighestspreadingatesfor a
givensolutionconcentratiorwere measurean the
ET andPH surfacesThe 0.1wt% solutionsspread
fasterthanthe 1wt% systemsAn analysisof the
correspondingreavstime curves(Fig. 4) discloses
the affinity to the longer-chainedlerivativeseO7
and EO8. During a long-lastingspreadingprocess,
the diluted 0.1wt% systemcan cover large areas.
The spreadingfront of the 1wt% solution stops
abruptly after a few secondsPhenomenologically,
this profile of Silwet L77 mimics that of a long-
chained derivative (T; > Tspreading CONtaining a
certain amountof a short-chainedstructure.Ad-
ditionally, the ability to wet the completely
phenylatedsurfaceTP could be addressedy the
presenceof minor amountsof very long-chained
specieq10-12ethyleneglycol units).

However,on the presentevel of understanding,
crucial problemsremainunsolved.It is a question
of far-reachingpractical importancewhetherthe
matching of the energy or chemical featuresof
surfacesand surfactantds a prerequisitefor rapid
spreadingA comparisorof the spreadingatesof
Silwet L77 solutionson silane-modifiedSi wafers
with those obtained on mixed thiol surfaces
(dlfferentm|xturesofCH20H andCHs-terminated
thiols on gold)® (Fig. 12) suggestsa considerable
influenceof the surfacechemistry.Generally,for
thiol-modified surfacesspreadingis possibleon a
muchbroaderangeof surfaceenergieqexpressed
in terms of water contactangles).On the silane-
modified wafers a shift of the surfaceenergyis
linked to a change in the silane substituent
structure. A substantially narrower range of ac-
cepted surfacesis found. Systematic spreading
experiment®on surfacef identicalsurfaceenergy
but different surface chemistry could provide
conclusiveevidencefor the dominanceof either
energyor chemicalfactors.

Further,it is not well understoodvhy dispersed
two-phasesystemsspreadfaster and over large
areason non-polar,low-energy surfaceswhereas
vesicular/lamellarsolutionsprefer moderatelypo-
lar and higher-energyones. The considerations
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outlined above, concerning different surfactant
densitieson non-polar surfacesor the changein

the surfactantorientationon polar surfacesgdo not
explainthe modeof 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—
40mNm™1)

Fortheoptimizedsurface€T andPH, spreading
behaviourand phasebehaviourare closelyrelated.
On the non-polarsurfaceET, rapid spreadingis
observedfor 1wt% solutionsof relatively short-
chainedderivative§ EO5andEO6).0Ontheslightly
polar surface PH, dilute 0.1wt% solutions of
longer-chainedierivatives(EO7 and EO8) spread
faster. This change of the spreading pattern
coincides with that of the phasebehaviour. At
21°C spreadingemperaturesolutionsof EO5and
EO6 representdispersediwo-phasesystems(2¢)
whereasEO7 and EO8 form vesicular/lamellar
systems.

Extremely low (ME) or high surfaceenergies
(PH, EO) substantiallyreducethe spreadingates.
Neverthelessthe 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
mechanismgpromoting the spreadingprocesson
low- and medium-energysurfacesare not relevant
any longer.

Solutionsof SilwetL77 haveno preferencdor a
specificsurface Theyspreadastonthe ET 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>* Alternatively, hydrolytically stable
trimethylsilane-basednaterials have been devel-
oped>® The propertiesof this surfactanttype will
be reportedin a separatgaper.

Copyright© 2000JohnWiley & Sons,Ltd.
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