APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Chemi.3, 845-855 (1999)

Silicon-modified Surfactants and Wetting: V.
The Spreading Behaviour of Trimethylsilane
Surfactants on Energetically Different Solid
Surfacest

R. Wagner,'* Y. Wu," H. V. Berlepsch,’ H. Zastrow,' B. Weiland' and

L. Perepelittchenko?

"Max-Planck-Institute for Colloids and Surfaces, Rudower Chaussee 5, 12489 Berlin, Germany
2Institute for Petrochemical Synthesis, Leninskii Prospekt 29, 117912 Moscow, Russia

The spreading behaviour of defined trimethylsi- 1 INTRODUCTION

lane-based surfactants of general formula

(CH3)3Si(CH,)g(OCH,CH,),OCH3, n=2-6, on  Aqueous solutions of some commercially available
five different solid surfaces at 21°C has been trisiloxane surfactants rapidly wet hydrophobic as
investigated. Compounds bearing short diethy- well as moderately hydrophilic surfaces (6gse0
lene and triethylene glycol hydrophiles do not to 0.9). For Silwet L77 (in which a polydisperse
spread. For the longer-chained tetraethylene to triethylene to dodecaethylene glycol hydrophile is
hexaethylene glycol derivatives, the ability to attached to the trisiloxane moiety via a short
spread depends on the surface energy. Rapid trimethylene spacer) a maximum is found for
spreading is restricted to the slightly polar — CO¥waer=0.4* The spreading rate of such a so-
surface of 40 mN m* surface energy. Lower or ~ called ‘superspreader’ solution significantly ex-
higher surface energies considerably reduce the ceeds that expected for a process purely controlled
spreading rates. The phase behaviour of the by liquid diffusion®>® It is assumed that fast
solutions substantially influences the spreading adsorption of surfactant molecules onto the sub-
process. The dispersed systems of the tetraethy- strate produces a surface tension gradient which
lene glycol derivative spread constantly over generates a rapid flow (Marangoni_flow) of
long time intervals. The dispersions of the surfactants directed towards the drop e@§é.
pentaethylene glycol analogue are very close to ~ The importance of the turbidity of trisiloxane
the temperature for a transition into the one-  surfactant solutions for spreading_on low-energy
phase state. A retardation of the spreading surfaces has been stressed repeatelilfowever,
process occurs after a few seconds. Micellar it could be shown that certain additives generate
solutions of the hexaethylene glycol derivative non-turbid solutions and simultaneously increase
either spread very slowly or stop spreading after the spreading rate.Recent papers focus on the
a few seconds. The largest spreading areas and general ability of certain trisiloxane-based surfac-
highest initial spreading rates were found for the  tants to form vesicles as an essential prerequisite for
0.1wt% solutions. Copyright © 1999 John superspreading, or on the formation of a separate
Wiley & Sons, Ltd. phase of accumulated surfactant molecules at the
solid—liquid interface®** These partially contrary
findings are due to the complex composition of
commercially available superspreaders which pre-
_ vents a comprehensive understanding of the
Received 7 January 1999; accepted 11 February 1999 phenomenoﬁ?

A recent investigation of strictly defined trisilox-
ane-based species has definitely shown that super-
* Correspondence to: R. Wagner, Max-Planck-Institute for Colloids Spreading depends decisively on the phase state and
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Table 1 Composition[percentagef (CHs)sSi (CH,)g (OCH, CH,) m OH] of K4237 accordingto a GC analysis

m 1 2 3 4

5 6 7 8

5.2 14.7 19.1 21.8

17.5 13.3 7.2 1.2

binaryor ternarysurfactantmixturesplay important
roles. (Ref. 13; seealsoR. Wagner,Y. Wu, H. v.
Berlepschand L. PerepelittchenkoAppl. Organo-
metal. Chem, in press;R. Wagner,Y. Wu, G.
Czichocki, H. v. Berlepsch, F. Rexin and L.
Perepelittchenko, Appl. Organometal. Chem,
AOC 13, 201 (1999); R. Wagner, Y. Wu, G.
Czichocki,H. v. BerlepschF. Rexin, T. Rexinand
L. PerepelittchenkoAppl. Organometal.Chem,
AOC 885;R. Wagner,Y. Wu andH. v. Berlepsch,
Monatsh.Chem, 130,237 (1999).

However, the questionfor the necessityof the
trisiloxanemoietyin strictly definedsuperspreaders
hasnot beenansweredThe major disadvantagef
trisiloxane-basedstructures is their hydrolytic
instability 14> Thereforealternativestructureshave
beeninvestigated Oligoethyleneglycol derivatives
of fatty alcohols (CiE;) spreadrapidly on high-

HO(CH,),OH

Na
NaO(CH,),OH
CH; Il a)
CH;0(CH,);OH HO(CH,CH;0),CHj
SOCLAC,Hs);N b) o) SOCL/AC ;Hs);N
CH;0(CH,),Cl CKCH,CH,0),CH;

Mg/(CH3)3SiCl| o) ) l HO(CH,CH;0),Na

CH;30(CHy)(Si(CH3); HO(CH,CH,0)sCH;
PBr3/HBr l d l Na
Br(CH)5(CH3 ) NaO(CH,CH,0)sCH;
\ 9 /
CH;

CHy-Si(CH,)§(OCHaCH,)OCH;
H;

Schemel Reaction sequenceyielding the trimethylsilyl-
substitutechexaethylenglycol derivaive.

Copyright© 1999JohnWiley & Sons,Ltd.

energysurface$ Branchedpolysilare and carbosi-
lane structureshavealsobeenconsidered®8

Due to the betteraccessibilityand surprisingly
low solution surface tensions:® hydrolytically
stable polydispersetrimethylsilanesuperspreaders
havebeendevelopd (e.g. Goldshimidt K4237)20-22

It is the purposeof this study to describethe
synthesis of defined trimethylsilane-basg oli-
goethyleneglycol derivativesand to investigate
the dependencesf their spreadingareasandinitial
spreadingrateson the surfaceenergyand surface
polarity. In addition, the properties of these
materialsarecomparedvith thoseof corresponding
trisiloxanesurfactants.

2 MATERIALS AND METHODS

2.1 Materials

Silwet L77 and K4237 were suppliedfrom Union
CarbideandGoldschmidtAG, respectivelyK4237
is a polydispersesurfactantof general formula
(CH3)3S|(CH2)6(OCH2CH2)mOH, m=1-8. The
compositionis givenin Table 1.

Definedtrimethylsilyl derivativesof the general
type (CH3)3S|(CH2)6(OCH2CH2)nOCH3, n=2-6
(SIEG, to SIEQG;), have been synthesizedin a
complexreactionsequencérom the corresponding
oligoethyleneglycol monomethy ethers(Schemel).

Key intermediatesfor the synthesisof these
defined derivatives are 1-bromo-6-trimethylsil
hexaneandthe correspondingligoethyleneglycol
monomethylethers.The latter have beensynthe-
sizedfrom monochlorooligoethyleneglycol mono-
methyl ethersand oligoethyleneglycols via sub-
sequenhalosgenation$e) andWilliamson etherifi-
cations (f).>>2* 1-Bromo-6-(trimethysilyl)hexane
hasbeensynttesizedrom 1,6-heanedid. Themulti-
stepreacton sequenceincludesan etherfication (a)
andhalogerations(b andd) aswell asa Grignad type
reacton (c). The appaently straichtforward hydro-
silylation of hex-5-e-1-ol with trimethylsilane?* was
not usedsincethe handing of large amounts of the
gaseos silane was found to be difficult under
laboraory conditions*®

Appl. OrganometalChem.13, 845-855(1999)
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Table 2 Chainlengthsand boiling points of oligoethyleneglycol intermediatesand the trimethylsilyl derivatives

SIEQ; to SIEGs
(CH3)3Si(CH,)6O U,
CI(CH,CH,0)CHs HO(CH,CH,O)CHs  (CH,CH,0),CHs Contamination(%)
(B.p., °C/mmHg) (B.p., °C/mmHg) (B.p., °C/mmHg) purity (%) Si Without Si
2 SIEG, >>99
(194/760) (110-113/0.35)
3 SIEG; >>99
(122/10) (162-166/0.8)
2 4 SIEO, >>99
(164-174/760) (112-118/0.3) (188-190/0.7)
2 5 SIEGs >>99
(148-153/0.5) (193-195/0.2)
3 6 SIEGs 98 2 (SIEGy)

(112-114/16) (167-169/0.6)

(206-211/0.3)

* commerciallyavailable(Aldrich)

Table2 summarizestructuresandboiling points
of key oligoethyleneglycol intermediatesand the
trimethylsilyl derivativesSIiEQ, —SIEG;.

Accordingto GC-MS experiments SIEQs con-
tainsminor amountsof SIEGs. Retentiontime and
fragmentation pattern (signals at m/z=59
[CH30CH,CH,], 103 [CH3OCH2CHOCH,CHS,]
and73[(CH»)sSi]) areidenticalto thoseof thepure
compoundSIiEQGs.

Table 3 containsthe structure-confirming**C-
NMR signalsfor derivative SiEQ,.

2.1.1 Synthesisof
(CH3)3Si(CH2)6(OCHCH)sOCH3 (SIEOg)

Procedure(a)

Hexane-1,6-diol1500g; 12.69mol) was placed
underargonin a four-neckedbottle equippedwith
refluxing condenserthermometerand stirrer. The
temperaturevasraisedto 70°C. Over 1.5h 1149
(4.96mol) of sodiumwereaddedandthetempera-
ture was simulataneouslyaisedto 130°C. After-
wards the reaction mixture was cooledto 60°C.
Over2 h780g (5.4mol) CHsl wasdroppedn. The
temperaturevasthenkeptat 70 °C for anadditional
2 h.Fourvacuumdistillationsovera30cmVigreux
columnyielded150g of a crudeproduct(b.p. 106—
110°C/20mmHg). The synthesisdescribedabove

of the monomethyletherwasrepeatedhreetimes.
The crude products were UNCLEAR TEXT
distilled twice over a 50cm packed column.
Colourless 1-hydroxy-6-methoxybxane 377g;
(b.p. 100-103C/14mmHg, GC purity 99.5%)
wasobtained.

Procedure(b)

1-Hydroxy-6-methoxyheane  (377g;2.86mol)
wasplacedin a three-neckedbottle equippedwith
refluxing condenser,dropping funnel, magnetic
stirrer and argon inlet. After cooling to 10°C,
3579 (3 mol) of thionyl chloride was addedover
1h. Thetemperaturevasraisedto 60 °C at the end
of the addition. Threevacuumdistillations over a
50cm packed column yielded 205.5g of the
colourless 1-chloro-6-methoxyhexangb.p. 70—
71°C/14mmHg, GC purity 98%).

Procedure(c)

Magnesium(35g; 1.44mol) and I, (10mg) were
placed in a three-neckedbottle equipped with
refluxing condenser,dropping funnel, magnetic
stirrer and argoninlet. Absolute THF (20ml) and
20.5g (0.14mol) 1-chloro-6-methoxyhexse were
added.Thetemperaturevasraisedto 50 °C andthe
reaction started. The mixture was diluted with
100ml THF. A mixture of 185g (1.23mol) 1-

Table 3 *C-NMR shifts of selectedsubstructuresf derivative SIEO,

Substructure (CHy)sSi

SiCH,

SiCH,CH, OCH3

Shift (ppm) —-1.94

16.34

23.56 58.64

Copyright© 1999JohnWiley & Sons,Ltd.
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chloro-6-methoxybxane and 500ml THF was
addedover 1 h. Due to the exothermicreaction
the temperaturerapidly roseto 65°C. After 50%
additionthe systemwasfurther heatedto maintain
the temperatureThe mixture was cooledto 55°C

and 172g (1.58mol) trimethylchlorosiane was
added over 1 h. To complete the reaction the
temperaturewas raised to 70°C for 3h. After

cooling to room temperatureMgCl, andtracesof

magnesiumverefiltered off, THF wasremovedat

atmospheripressurandtheresiduewassubjected
to two vacuumdistillations over a 25cm packed
column. 1-Methoxy-6-trimethylsijlhexane(181g,

b.p. 84-86°C/16mmHg, GC purity 96%) was
obtainedasa colourlesdiquid.

Procedure(d)

1-Methoxy-6-trimehylsilylhexane (181g;
0.96mol) was placed in a four-necked bottle
equippedwith a dropping funnel, stirrer, thermo-
meter and a refluxing condenserwith attached
water separator. After cooling to 0°C 302g
(1.22mol) phosphorudribromide was addedover
10min. The temperaturevas raisedto 80°C and
50 ml hydrobromicacid (48 wt%) wasaddedto the
solutionover 1.5h. After coolingto 0 °C, 80 ml of
waterwasinjected.Theorganiclayerwasseparated
anddried over Na,SO,. Vacuumdistillation overa
25cm packedcolumnyielded 2059 of the colour-
less 1-bromo-6-trimethylsilfhexane(b.p. 104°C/
14mmHg, GC purity 98%).

Procedure(e)

Triethylene glycol monomethyl ether (739g;
4.5mol) and 505g (5mol) triethylamine were
placed in a four-necked bottle equipped with
refluxing condenserdropping funnel, stirrer and
thermometerAfter coolingto 10°C 5969 (5 mol)
thionyl chloridewasaddedover 2 h. At the endof
the addition the temperaturewas raisedto 70°C.
The black reaction mixture was cooled to room
temperatureand liquefied by addition of diethyl
ether. After filtration the collected diethyl ether
extractswere combined,the solventwas distilled
off andthe residuewas subjectedto two vacuum
distillations.Thecolourlesamonochlorariethylene
glycol monomethylether(666g; b.p. 112-114C/
17mmHg, GC purity 99.5%)wasobtained.

Procedure(f)

Triethyleneglycol (870g; 5.8 mol) wasplacedin a
three-neckedbottle equippedwith refluxing con-
denserdroppingfunnel, magneticstirrerandargon
inlet. Thetemperaturevasraisedto 70°C and38g

Copyright© 1999JohnWiley & Sons,Ltd.

(1.65mol) sodiumpieceswereaddedto the liquid.

Due to the exothermicreaction the temperature
immediatelystartedto rise. By controlledsodium
addition it was maintained at 120°C for 1h.

Monochloro triethylene glycol monomethylether
(298.5g; 1.64mol) was dropped into the hot

glycolate over 40min. Sodium chloride immedi-

atelystartedo precipitate To completethereaction
thetemperaturevasraisedto 170°C for 1 h. After

cooling to room temperaturethe mixture was
diluted with diethyl etherandfiltered. The solvent
was removed and the crude product twice was
distilled overa 25 cm packedcolumn. The distilla-

tions yielded 250g hexaethyleneglycol mono-

methyl ether (b.p. 167-169C/0.6mmHg, GC

purity 95%).

Procedure(g)

Hexaethyleneglycol monomethylether (115.4g;
0.39mol) was placed in a three-neckedbottle
equippedwith refluxing condenserdropping fun-
nel, magneticstirrer andargoninlet. The tempera-
turewasraisedto 160°C and3 g (0.13mol) sodium
was dissolvedin the liquid over 1 h. Due to the
exothermic reaction and additional heating the
temperatur@ncreasedo 200°C. The mixture was
cooledto 100°C and 30g (0.13mol) 1-bromo-6-
trimethylsilylhexane was dropped into the hot
glycolate over 15min. Sodium bromide immedi-
atelystartedo precipitate To completethereaction
thetemperaturevasraisedto 170°C for 1 h. After
cooling to room temperaturethe mixture was
filtered andthe crudeproductdistilled threetimes
over a 10cm Vigreux column. The distillations
yielded 9 g of the trimethylsilyl-substitutedhexa-
ethylene glycol monomethyl ether derivative
(CHa3)3Si(CH,)6(OCH,CH,)gOCH;  (b.p.  206-
211°C/0.3mmHg, GC purity 98%).

2.1.2. Spreading experiments

For the spreadingexperimentdive chemicallyand
energeticallydifferent silicon wafer surfaceswvere
preparedThechemicalstructuresandsolid surface
energydataaresummarizedn Scheme2 andTable
4. The surface modification methods and the
characterizatiorof the surfaceenergieshavebeen
outlined(R. Wagner,Y. Wu, H. v. BerlepschandL.
Perepelittchenko Appl. Organometal. Chem, in
press).

2.2 Methods
3C-NMR spectrawere recordedon a Varian XL

Appl. OrganometalChem.13, 845-855(1999)
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H3
o

l:o s
Hs 2Hs

H3C—|1—CH3 Hscz—%fn—Csz H3CECH3 O_]‘_O HyC— %HCH;
? P e

I Si- wafer
ME ET PH TP EO

Scheme2 Surfacestructuresof the modifiedsilicon wafers.

300 spectrometerusing CDCl; as solvent and
internal standard.

Column GC experimentswere carriedout on a
Perkin-ElmerAuto SystemgaschromatographA
1 m steelcolumn (1/8 inch) packedwith Chromo-
sorb W-AW-DCMS (80-100mesh)and modified
with 3% SE 30 was used (temperatureprogram
50— 300°C, heatingrate10°C min™*, then20min
at 300°C, FID).

The GC-MScouplingexperimentavere carried
out on a Hewlett-PackardHP GC 5890/MSD5970
combination. A 20m glass capillary (diameter
0.18mm modified with 0.5um crosslinkedpoly-
styrene DB-5; temperature program: 1 min at
60°C, then 60°C- 260°C, heating rate
20"Cm|n*1i finally 260°C— 280°C, heatingrate
0.5°Cmin™ -, electronimpact mass spectra)was
used.

Dynamic light scattering experiments were
carried out on a Zetasizer3000 (Malvern; laser
light wavelength 633nm, detection angle 90°,
Gaussiandistribution of particle sizes,measuring
temperature21°C). In complete analogy to the

Table4 Modified silicon wafersurfacessolid surfacetensiongys,), Lifshitz—vanderWaals(ys,"

pretreatmentfor spreading experiments,freshly
preparedsolutionswere handshakemnd eachwas
sonicatedor 2 min. Typically, 0.01wt% solutions
havebeeninvestigatedin orderto reachasufficient
signalintensitya 1 wt% solutionof SIEQ; hadto be
used.

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

The generalprocedurefor the spreadingexperi-
mentshasbeendescribectlsewherg¢Ref. 13andR.
Wagner,Y. Wu, H. v. Berlepschand L. Perepe-
littchenko, Appl. Organometal. Chem, 13, 621
(1999); R. Wagner,Y. Wu, G. Czichocki, H. v.
BerlepschF. RexinandL. Perepelittchenkolppl.
Organometal Chem, 13, 201 (1999); R. Wagner,
Y. Wu, G. Czichocki,H. v. BerlepschF. Rexin, T.
RexinandL. Perepelittchenkoippl. Organometal.
Chem, AOC 885).

Thespreadingxperiment®n the surfacef the
different silicon wafers were carried out in a
laboratorymaintainedat 21 + 0.5°C and49+ 2%
relative humidity. Chemicalsand equipmenthad

W)y, donor—acceptor

(ysv"'") contributionsandwater contactangles
ME ET PH TP EO
Jsv (MNM b (N eumanﬁ) 23 30 41 42 47
/s\, (mMNm~ 2 (Good) 23 30 39 41 46
~ (MNmM™—) (Owen$) 0 0 1 3 4
sttOt—stLW +967 (MNmY) 23 30 40 44 50
watercontactangle(°) 93 90 79 59 46
2 Ref. 25.
® Ref. 26.
¢ Ref. 27.

Copyright © 1999JohnWiley & Sons,Ltd.
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MesSi-Cs-EOs-OCHs  1wt.%

2

spreading area (mm)

4 6

time (s) 10
Figure 1 Time-dependenspreadingareasfor the derivative
SIEQ,; c=1wt%.

beenstoredundertheseconditionsfor atleast12h.

The wafers were carefully cleanedwith twice-
distilled water, ethanoland finally twice-distilled
water. Prior to every new experimentthey were
exposedo atmosphericconditionsfor 5min. The
mixtureswerehandshakefor 2 min andafterwards
ultrasonicatedfor 2min in a water bath. A

microsyringewas usedto deposit10ul drops of

the surfactantsolutions on the modified silicon

wafers.

Each spreadingexperimentwas repeatedwice
with identically pretreatedwafers. A standard
VHS-C camcorder(25 frames per second)was
usedto recordthe spreadingdrops.The singleruns
were visualizedon a conventionalTV screenand
the drop sizeswere determinednanually.Depend-
ing onthe spreadingate,up to 1 framepersecond
was evaluated.The setting of the starting points

MesSi-Cs-EOs-OCHa  0.1wt.%

700
~ 6%‘ PH
~g
£ 500 -
o
£ 400 -
[
& 300 1
-
£ 2001 ET
&
100 g——z——e—= TP
0 ; Mg EO .
0
4ﬁme(s)6 8 10

Figure 2 Time-dependenspreadingareasfor the derivative
SIEQy; c=0.1wt%.

Copyright© 1999JohnWiley & Sons,Ltd.

MesSi-Cs-EOs-OCHz 1wt %

250 -
<8 200 PH
E
§ 150+
<
£
o ME
0
4 e 5)° 10

Figure 3 Time-dependenspreadingareasfor the derivative
SIEG;; c=1wt%.

(spreadingime = 0) wascritical. Drops(10 ul) of a
1 wt% solution of the trisiloxane-basedierivative
[(CH3)3SiO,CH3Si(CH,)3(OCH,CH,);0CH;  did
not spread and covered equilibrium areas of
12.5mn? (ME), 12.5mn? (ET), 14.9mn? (PH),
17.5mm? (TP) and 50.2mm? (EO), respectively.
These areas defined the starting points of the
spreadingexperimentsFor a given time the mean
spreadingareas have been calculated from the
single-rundata. Typically, the deviationof single-
run areasfrom the meanvaluesis lessthan 10%.
Initial spreadingrateshave beencalculatedfrom
the slopesof the areavs time curves.In orderto
avoidimpactsfrom thedropdepositionprocessthe
minimumtime intervalfor the calculationavas3s.
The samplesfor the phaseinvestigationswere
preparedby mixing the surfactantswith twice-
distilled waterin glasstest-tubesAfter mixing the
solutionswere subjectedto a heatingand cooling
cycle for solubilizing and homogenizing the
mixtures. The phasetransitiontemperaturesvere
determinedafter equilibrationby visual inspection
of the solutions in a thermostatedwater bath
between crossedpolarizers. The temperatureat
which the mixtures changefrom transparentto
turbid canbe determinedhis way with anaccuracy
of + 0.1°C. Birefringenceindicateshe presencef
anisotropidiquid-crystallinephasesFlow birefrin-
gencewasobservedy stirring.

3 RESULTS

Figures1-8 describethe time dependenc®f the
spreadingareador 1 wt% and0.1wt% solutionsof

Appl. Organometal Chem.13, 845-855(1999)
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Me3Si-Cs-EOs-OCHz  0.1wt.%

S(D“
PH
N’gm—
g
§ 300+
<
o0
£
é TP
& 100 - EO
0 , =EL.ME .
2 4 8
0 time (3)

Figure 4 Time-dependenspreadingareasfor the derivative
SIEG;; c=0.1wt%.

MesSi-Cs-EOs-OCHs  1wt.%
80 1 EO

2

spreading area (mm)

50 1 PH
TP

o0

10
4 time (s) 6

Figure 5 Time-dependenspreadingareasfor the derivative
SIEG;; ¢ =1wt%.

MesSi-Cs-EOs-OCHs  0.1wt.%

100 - PH

2

spreading area (mm)

ME

10

o0

4ﬁme (s;)6

Figure 6 Time-dependenspreadingareasfor the derivative
SIEQ;; c=0.1wt%.

Copyright© 1999JohnWiley & Sons,Ltd.

K4237 Iwt.%
PH

2

spreading area (nm)
3 8 B B
3
9

TP

3

5

(]

)
o

time (s)

Figure 7 Time-dependent spreading areas for
c=1wt%.

K4237,

the single compoundsSiEQ,, SIEQs and SIEG; as
well asthe polydispersesurfactantK4237.

The largestspreadingareasarefound on the PH
surfacefor the 0.1wt% solutions.The concentrated
1wt% systemscover smallerareas.The 0.1wt%
SIEQs and the 1wt% K4237 solutions stop
spreadingafter a few seconds.

Figures9-12 depict the concentrationand sur-
face energy dependenceof the initial spreading
ratesfor thederivativesSiEQ, to SIEQ; andK4237.
The single compoundsaswell asthe polydisperse
systemreachthe spreadingrate maximumon the
PH surface.The 0.1wt% solution of SIEQ, is the
only onewith anoticeablespreadingateonthe ET
surface. Substantially reduced initial spreading
rateswerefound on the extremelylow-energyME
aswell ason the high-energyTP andEO surfaces.

For comparative purposesthe corresponding

K4237 0.1wt.%

200 A PH
"E 150 -
rt
g
o 100 1
£
=
3 50—-/"; EO
o ET
1P ME
0 T T T T T Ll
0 4 6 10
time (3)
Figure 8 Time-dependent spreading areas for K4237;

c=0.1wt%.
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100 MesSi—Cé--OCHs 21°C 50 KC4237 21°C

~g E 4

% 75 - g

= £ 30 -

= o0

=0 £

s B

2 2

& s ] = 10 - 0,1 wt.%

o =

2 £ 0,01 wt.%

£ 0- A

o ME ET PH TP EO
M ET PH TP EO

Figure 9 SIiEQ;: concentrationand surface energy depen-
denceof theinitial spreadingates.

MesSi-Cs-EOs-OCHa 21°C

8

2

initial spreading rate (mny/s)
N
S

~J
w

[Sv]
[

M ET  PH TP EO

Figure 10 SIiEGs: concentrationand surfaceenergy depen-
denceof theinitial spreadingates.

Me;3Si-Cs-EQs-OCH3 21°C

(783
O

N
W
i

3o
(=]
i

—
v
|

—_
o
L

W% :
. 00Lwt% -
M ET PH TP EO

initial spreading rate (mnzx/s)
w

0-

Figure 11 SIiEQs concentrationand surfaceenergy depen-
denceof theinitial spreadingates.

spreadingratesof the trisiloxane-basednaterials
[(CH3)3SiO, CHsSI(CHy)s (OCHCHy)s OCHs
(EGs, Fig. 13) andSilwet L77 (Fig. 14) havebeen

Copyright© 1999JohnWiley & Sons,Ltd.

Figure 12 K4237: concentrationand surfaceenergydepen-
denceof theinitial spreadingates.

M2D-C3-FQs-OCHs 21°C

1wt.%

2

initial spreading rate (mm/s)

100 A

M ET PH TP EO

Figure 13 DefinedtrisiloxanesurfactantEQg: concentration
and surfaceenergy dependencef the initial spreadingrates
(datatakenfrom R. Wagner,Y. Wu, H. v. Berlepschand L.
PerepelittchenkaAppl. Organometal Chem, in press.).

includedR. Wagner,Y. Wu, H. v. BerlepschandL.
PerepelittchenkoAppl. Organometal. Chem, in
pressBothsurfactantspreadapidlyontheET and
PH surfaces.

Figure 15 summarizesthe phase transition
temperaturesf 1 wt% and5wt% solutionsof the
singlecompoundsSiEQ; to SIEQ; andK4237.The
solutionsof SIEQ, are more or lessturbid at low
temperaturesnd show birefringence.On increas-
ing the temperaturehe solutionsbecometranspar-
entandshowthetypical textureof alamellarphase
betweercrossegolarizers We assumevy analogy
with related hydrocarbor?® and siloxane-based
compound®®~3*thatthe mixturesaredilute disper-
sions of bilayer aggregates(L, phase). Upon
increasingthe temperaturethe solutions become
flow-birefringent (L; phase).further temperature
increasgyieldscloudybutisotropicsolutionswhich
show complete phaseseparationafter 12h. This

Appl. OrganometalChem.13, 845-855(1999)
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Silwet L77 21°C

2

initial spreading rate (mmj/s)

0,01 wt.%

—h

M ET PH TP EO

Figure 14 Silwet L77: concentrationand surface energy
dependencef the initial spreadingrates(datatakenfrom R.
Wagner,Y. Wu, H. v. BerlepschandL. PerepelittchenkoAppl.
OrganometalChem, in press.).

two-phasestateis designated?® and the liquid—
liquid insolubility boundaryis specified as the
cloud point Te.

The solutionsof SIEQs and SIEG; aretranspar-
ent at low temperaturesand do not show birefrin-
gence.They becomecloudy and isotropic at T.
Complete phaseseparationis reachedafter 24 h.
The existence of a micellar solution at low
temperaturesis suggested.Lamellar or sponge
phasesavenot beenobserved.

The 1 wt% solutionof the polydispersé4237is
turbid at low temperaturedt possessea complex
phasebehaviourWithin 7 daysat24°C it separates
into an upperflow-birefringent(L,) and a bottom
flow-birefringent(L3) phase.Upon increasingthe

35 Measi-C6-EOn-OCH3
30
254
0 20 1
s
=15
10
5 .
0
3 4% 4 5 S 6 K4237**
Iwt.% 1wt% Swt% 1wt% Swt.% 1wt.% lwt%
number of ethylene glycol units

Figure 15 Phasedransitiontemperaturesisa function of the
oligoethyleneglycol chain length and concentration.*Two-
phasel 3 region: uppersurfactantrich L3 layer, bottom water
layer. **After 7 daysat 24°C two phases:upperL, layer,
bottomL 3 layer.

Copyright © 1999JohnWiley & Sons,Ltd.

temperatureit becomescloudy and isotropic at
28.6°C.

4 DISCUSSION

It wasdemonstratedecentlyR. Wagner,Y. Wu, H.
v. BerlepschandL. PerepelittchenkaAppl. Orga-
nometal. Chem, in press. that the spreading
behaviour of solutions of defined trisiloxane
surfactantsdependson the surface energy. The
1wt% solutions of the relatively short-chain
pentaethyleneglycol (EOs) and hexaethylene
glycol (EOQg) derivatives rapidly spreadon the
nonpolar ET surface.On the slightly polar PH
surface dilute 0.1wt% solutionsof the heptaethy-
lene glycol (EO;) and octaethyleneglycol (EQs)
derivatives spreadfaster. Furthermore,spreading
behaviourandphasebehaviourare closelyrelated.
This changein the spreadingpatterncoincideswith
that of the phasebehaviour.At 21°C spreading
temperaturesolutionsof EOs and EOg represent
dispersedtwo-phasesystems(2®) whereasEO,
and EQg form vesicular/lamellaones.

Defined trimethylsilane-bas#® surfactants be-
have differently. Solutions of the short-chain
derivatives SIEQ, and SIEO; did not spreadon
the surfaceaunderinvestigation.Due to their short
oligoethylene glycol chains, macroscopicphase
separatioroccurredrapidly.

For the compoundsSIiEQ,, SIEGs and SIEQs
(Figs 9-11) a uniform pattern of the initial
spreadingrates has beenfound. Rapid spreading
is restrictedon the slightly polar PH surfaceand
diluted 0.1wt% solutions.The more concentrated
or diluted systemsspreadmore slowly. Further-
more, the initial spreadingratesare substantially
reducedon the nonpolar,low-energysurfacesME
andET aswell asonthepolar,high-energysurfaces
TP andEO. Clearly thesedefinedtrimethylsilane-
basedmaterialsdo not possesshe inherentability
of trisiloxane surfactantsto spread rapidly on
nonpolar,low-energy surfaceslike ET (Fig. 13).
However, for the derivative bearing the shortest
oligoethylene glycol chain, SIEQ,, the highest
initial spreadingate on the ET surfacewasfound
(Fig. 9). Diverging from the typical trisiloxane
behaviour(Fig. 13) the 0.1wt% solution spreads
fasterthanthe1 wt% one.Neverthelessf rapidand
completephaseseparationcan be avoided,short-
chainderivativesopenup the possibility of wetting
materials of nonpolar, low-energy, character.R.
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Table 5 Particlesizesof solutionsof SIEQ,, SIEQs andSIiEQs

Derivative SIEQ, (0.01wt%)

SIEQ; (0.01Wt%) SIEQ, (1 Wt%)

Particlesize 240

(intensitymean,nm)

221 11

Wagner,Y. Wu, H. v. Berlepschand L. Perepe-
littchenko, Appl. Organometal Chem, in press.

The polydispersesurfactant K4237 (Fig. 12)
spreads significantly more slowly than SIEQ,
and SiEQs. It is reasonableo assumé@ that the
head-groupdifference (i.e. —OH for K4237 and
—OCH; for SIEQy) is not responsiblefor the
substantiallyreducedinitial spreadingrates. In-
triguingly, in this particularcasethe 1 wt% solution
spreadsfaster than the dilute 0.1wt% one. A
comparisorwith the polydisperseSilwet L77 (Fig.
14)is of practicalinterest.Ilt immediatelydiscloses
that without performance-enhamuy measures
K4237 cannotcompetewith the trisiloxanesurfac-
tant. The dilute 0.1wt% solution of the latter
spreaddasterandon a broaderangeof acceptable
surfaces.

Experimentswith definedtrisiloxanesurfactants
haveprovedthatdispersed2®) aswell aslamellar/
vesicularphasesare ableto generateapid spread-
ing. R. Wagner,Y. Wu, H. v. Berlepschand L.
PerepelittchenkoAppl. Organometal.Chem., in
press.Probably due to water evaporationat the
spreadingfront and the subsequenformation of
viscous lamellar phases,the 1wt% systemsof
thelatter phasetype abruptlystopspreadingaftera
few secondsDispersedsystemsspreadfor much
longer.

Accordingto Figs 1 and 2, SIEQ, solutionscan
spreadover long time intervalson the PH surface.
At a spreadingemperaturef 21 °C theyrepresent
dispersedtwo-phase systems (Fig. 15). SIEQs
solutionsbehaveslightly differently. Although the
spreadingprocessdoesnot stop, kinks in the area
vs.time curves(Figs.3 and4) areclearlyvisible.In
this particular caseT. (20.3°C, Fig. 15) is only
slightly below the spreading temperature and
thereforethe driving force for a completephase
separationis small. Neverthelessgdue to dynamic
light-scatteringdata(Table5) the solutionsof both
SIEQ, and SIEQs consistof large particlestypical
for dispersedystemsilt is importantto notethatfor
SIEG; at21°C alamellarphasaegionappearata
concentrationas high as 55wt%. R. Strey, R.
Wagner,Langmuir,in press.This evidentdifficulty
of forming the highly concentratedamellar phase

Copyright© 1999JohnWiley & Sons,Ltd.

seems to be responsible for the transitional
charactenof the areavs. time curves.

SIEG; solutionsconsistof substantiallysmaller
particles (Table 4). Spreadingof these micellar
systemsds retardedo suchan extentthatthe shape
of the 1wt% curve cannotbe evaluatedreliably
(Fig. 5). Surprisingly,the 0.1wt% solution stops
spreadingafter a few secondgFig. 6).

K4237 behaveslike a long-chain trisiloxane
surfactantin a lamellar/vesiculastate(Figs 7 and
8). The concentrated. wt% solution stopsspread-
ing abruptly after a few seconds,whereasthe
0.1wt% onecontinuesto wet the solid surface.

4.1 Conclusion

The spreadingbehaviour of solutions of single
trimethylsilane-basésurfactanton solid materials
dependsdecisively on the surfaceenergy. Rapid
spreadingis restrictedto slightly polar surfaces
(PH) of mediumsurfaceenergy(40mNm™1).

The spreadingoehaviouron the PH surfaceand
phasebehaviourare related. The dispersed(2®)
systemf SIEQ, constantlyspreadoverlong time
intervals.For the solutionsof SIEG;, closeto T, a
retardationof the spreadingprocessafter a few
secondss clearly visible. The solutionsof SIEQs
eitherspreadvery slowly (1 wt%) or stopspreading
after a few secondg0.1wt%).

The polydisperseK4237 spreadsmore slowly
andover smallerareasthanthe mostactive single
compoundsSiEQ, andSIiEGs andthe polydisperse
trisiloxanesurfactantSilwet L77.

Divergingfrom thebehaviourof definedtrisilox-
ane surfactants,the single trimethylsilane-based
materialsalwaysspreacbverlargerareasandfaster
at the 0.1wt% concentration.

The datafor definedtrisiloxane-andrimethylsi-
lane-basedsingle compoundsindicate that short-
chain speciestend to spreadfasteron low-energy
surfaces. Therefore, an examination of defined
mixtures consistingof short-andlong-chain deri-
vativescould helpto improvethe understandin@f
therole of singlecomponentsn complexmixtures.
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