APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Chendl.2, 763—770 (1998)

Surface Science and Stability of Networks
Prepared from Hydroxy-Terminated
Polydimethylsiloxane and

Methyltriethoxysilane

Kenneth J. Wynne,"?* T. Ho,"® E. E. Johnston'?® and Sharon A. Myers*

IMaterials Chemistry Branch, Code 6120, Naval Research Laboratory, Washington, DC 20375, USA
“Physical Science S&T Division-331, Office of Naval Research, Arlington, VA 22217-5660, USA
3Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061-

0212, USA

“Naval Air Warfare Center, Weapons Division, Chemistry and Materials Branch, China Lake, CA 93555,

USA

Polydimethylsiloxane (PDMS) hybrid networks
have been prepared by the reaction of
PDMS(OH),, average molecular weight
26 x 10°, 43.6x 10° and 58 x 10%, and methyl-
triethoxysilane (MeTEQOS, 10-60 wt%) using a
dibutyltin dilaurate or dibutyltin diacetate
catalyst. By hydrolysis and homo- and co-
condensation, MeTEOS forms a siliceous do-
main (MeSD) and acts as a crosslinker for the
PDMS domain. Kinetic studies showed that high
MeTEOS and catalyst concentrations and re-
duction of free surface area favor fast gelation
and efficiency in converting MeTEOS to the
MeSD. Under the water-sparse conditions uti-
lized, cure was slow and substantial evaporative
loss of MeTEOS occurred.© 1998 John Wiley &
Sons, Ltd.
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INTRODUCTION

ings’), polydimethylsiloxane (PDMS) elastomeric
coatings provide control by minimizing fouling
adhesion strength (‘fouling release’ coatings).
These PDMS coatings are room-temperature vul-
canizing (RTV) elastomers which rely on sol-gel
cure chemistry as described by Ulrfchind Mark®

In this approach, alkoxysilane hydrolysis and
homocondensation produce a siliceous domain
(MeSD), while crosslinking is effected by co-
condensation of alkoxysilane or alkoxy(hydroxy)-
silane species with PDMS(OK)This chemistry is
basically the same as that used to prepare organic—
inorganic ‘hybrid’ materialg, but the hydrolysis
and condensation reactions occur under water-
sparse conditions. With a view toward examining
cure kinetics, surface chemistry and the nature of
the siliceous phase formed in ambient-temperature
cure, we describe herein a series of networks with
PDMS [M,(26-58)x 10°] prepared by cure with
methyltriethoxysilane.

EXPERIMENTAL

Materials

As an alternative to coatings which prevent marine/ll materials were used as received. Silanol end-
fouling by release of toxicants (‘antifouling coat- ¢@Pped polydimethylsiloxanes (PDMS)(QHiUni-
ted Chemical Technologies, Inc.) were obtained

with viscosities and molecular weights of 1000 ¢S
* Correspondence to: Kenneth J. Wynne, Materials Chemistry(26 x 103), 3500cS (43« 103), and 8000cS
Branch, Code 6120, Naval Research Laboratory, Washington, DC(58 X 103), according to the manufacturer's data.
20375, USA. Methyltriethoxysilane (MeTEOS) and dibutyltin

Contract/grant sponsor: Strategic Environmental Research and,. . .
De\,ebpn?em pro%ram (SERng dilaurate were purchased from Aldrich Chemical
Company.

Contract/grant sponsor: US Office of Naval Research.
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Network synthesis

Preparation of films for evaluation of wettability
For each PDMS(OH)} molecular weight (MW),
four levelsof MeTEOSwereutilized basedntotal
weight of reactantq10, 15.6, 25, and 40wt% for
MW =26 x 10° and 43.6 x 10°, and 15.6, 25, 40
and 58.5wt% for MW =58 x 10°). Dibutyltin
dilaurate catalyst comprised 1wt%. At room
temperature in air, measured amounts of
PDMS(OH) andMeTEOSwere mixed in a glass
vial (i.d. 1.9cm)with amechanicastirrerfor about
5 min, the catalystwas addedandthe mixing was
continuedfor another90 min. The viscousmaterial
was then cast on an FEP (tetrafluoroethylene—
hexafluoropropylene&opolymer) substrateor dip-
coated on glass slides (22mm x 50mm x
0.15mm). Sampleswere subsequentlycured at
50-60°C for 20h, andstoredat roomtemperature.
Alternatively, cure was effected at ambienttem-
peratureas shownin the kinetic studiesdescribed
below.

Preparation of samplesfor cure kinetics
Measuredamountsof PDMS(OH) and MeTEOS
weremixedwith a magneticstirrerfor about5 min
in eithera10ml vial (i.d. 1.9cm,4-5g material)or
a50ml beakeq(i.d. 2.9cm, 15g material)followed
by the addition of a measurecamountof catalyst.
The reactants were allowed to gel at room
temperaturein the container,and the progressof
the reactionwasmonitoredby measuringhe mass
of the mixture with a standardanalyticalbalance.

Characterization

Dynamic contact angles were measuredwith a
Cahndynamiccontact-angleanalyzer(DCA-312),
which is a Wilhelmy plate-typeinstrument.Unless
noted otherwise,water was used as the probing
liquid; it waspurified with a BarnsteadNANOpure
ultrapure water system.Each measurementon-
sistedof threecycles,the secondand the third of
which usually converged. The advancing and
recedingcontactanglesobtainedin the last cycle
arereported.

Stability of surfacewettability wasestimatedoy
immersingrepresentativeamplesn eitheraqueous
NaCl (0.5m) or NANOpurewatercontainingNaNs;
(5mm) for a period of 22 days, and monitoring
water contactanglesas a function of immersion
time. Stability to mass loss was estimated by
immersing samples in NANOpure water and
weighingdried samplesat 4 h intervals.

© 1998JohnWiley & Sons,Ltd.

2%Si NMR magic-anglespinning(MAS) spectra
were acquiredusing a Bruker MSL-200 operating
at 39.8MHz for silicon. Typical spectrawere
recorded using single-pulse excitation with a
recycledelayof 240s, 200 acquisitionsand MAS
speedsranging from 2.0 to 2.5kHz. All spectra
were acquired at ambient temperaturesand ex-
ternally referencedto octakis(trimethylsiloy)sil-
sesquioxan€Q8M8, downfieldpeakat 11.9ppm).

RESULTS AND DISCUSSION

Surface properties

A surveyof materialspreparedvith varyingPDMS
molecular weights and initial concentrationsof
MeTEOSwascarriedout. Underconditionsof 50—
60°C cure, all MeTEOS-derivd compositions
cured into nonflowing solids when cured in a
container. Three compositionswith low percen-
tagesby weightof MeTEOSfailed to cureto non-
flowing films on either FEP or glass substrates.
These included 26x 10° and 43.6x 10°
PDMS(OH}) with 10wt% MeTEOSand58 x 10°
PDMS(OH) with 15.6wt% MeTEOS.

To evaluatewettability, advancingandreceding
contact angleswere measuredand are listed in
Table1, eachvalue beingthe averageof measure-
mentson four different specimensin evaluating
surfacewettability, a high recedingcontactangle,
free andlow hysteresigOa = 0,qv — Oreo) aretaken
as indicators of a high PDMS surface area
fraction®® The wettability of the films depends
on the molecularweight of PDMS macromonomer
andtheinitial weightfraction of MeTEOS.Results
for 26 x 10° and 43.6x 10° PDMS(OH) are
similar, with 6,4, decreasingf,c increasing,and

Table 1 Contactangles(deg)of networksfrom PDMS(OH)
andMeTEOS

PDMS(OH), MeTEOS

(MW) (initial Wt%)  Oaqy Orec O
26 x 10° 15.6 115+1 92+2 23+3
26 x 10° 25 109+2 93+1 1643
26 x 106° 40 1044+2 95+1 943
43.6x 10° 15.6 113+2 91+1 2243
43.6x 10° 25 1084+2 93+1 15+3
43.6x 10° 40 103+1 95+1 842
58 x 10° 25 108+3 81+1 2744
58 x 10° 40 114+1 88+1 2642
58 x 10° 58.5 10443 8841 1644

Appl. OrganometalChem.12, 763-770(1998)
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hysteresis therefore decreasingwith increasing
weight percentage of initial MeTEOS. For

58 x 10° PDMS(OH), the resultsarelesssystema-
tic, and hysteresisandrecedingcontactanglesare
not asgoodasthoseachievedby usinglower-MW

PDMS(OH).

A set of samples based on 43.6x 10°
PDMS(OH) curedwith 25% MeTEOSwas used
to investigatethe effect on surface propertiesof
immersionin a salt solution. Contactanglesas a
function of immersiontime are shownin Table 2.
Within experimentalerror, the surfacetensionfor
the 0.5M NaCl solution (72.5dynecm™?) is the
same as the surface tension for water
(72.5dynecm™), while the surface tension for
the 5mmM NaN; solution is about 4% lower
(69.8dynecm ). Contactanglesfor wateron the
43.6x 10° PDMS/25% MeTEOS material just
before immersionin the NaCl or NaN; solutions
weref,q,= 106° andf,..=96°. (Thesevaluesare
slightly different from thoselisted in Table 1 and
may reflect the fact that thesesampleshad been

Surfaceroughnesss knownto increaseadvancing
and decreaseecedingcontactangle§®. The first
stageof thisprocessnaybeakind of nano-swelling
causedy theinteractionof waterwith near-surface
siliceous domains. The use of a salt solution,
particularly NaN;, as a probing liquid causes
somewhat greater changesin receding contact
anglesthanthe useof waterasa probingliquid.

Kinetics for reactions using
methyltriethoxysilane

The kinetics of network formation of the
PDMS(OH)}/MeTEOQOS system was investigated.
The variables examined included the ratio of
reactants,the concentrationof catalyst and the
surface-to-volumeatio of the reactantsEffects of
these factors were observed before and after
gelation.

Networkformationis illustratedin Eqn[1] using
26 x 10° PDMSandMeTEOSasstartingmaterials.

Theformulafor the productshowsthe molecular

yMeSi(OEt), + 1.5H,0 + xHO-PDMS-OH  Catalyst 26 » 16°PDMS, [(MeSiO,,)(OH),),

keptin air for four weeksbefore the immersion.
The effect of cure time on contact angles is
discussedn a separatesectionof this paper(see
Fig. 3).) Whenthe5 mm NaNs solutionwasusedas
the probing liquid, the contact angles were
0aav=107° and 6,ec=95° before immersion.In
comparisonwhen 0.5m NacCl solution was used
the contactanglesweref,q,= 106° andf,..= 88°.

Data in the upper portion of Table 2 are for
sampleswhich were agedin NaCl solution. The
sample was removed and 0,4, and 6, Were
evaluatedwith water as a probingliquid (dataon
left-handside)andthe salt solution (dataon right-
handside). The correspondinglatafor agingin a
5 mM NaN; solutionareshownin thelower portion
of Table 2. During the immersion,there was an
increasdn 6,4, for all probingliquids of about4—
7 ° andadecreasén 6, of 2-8°.

The observeddecreasen 6, for water during
immersion and the accompanyingincrease in
hysteresisreinterpretedn termsof a combination
of increasingsurfaceroughnessincreasinghydro-
philic characterdueto hydrolysisand the expres-
sion of hydrophilic sites at the surface. Surface
roughnessvasnot evaluatedor thesesamplesput
masdossduringwaterimmersionof samplesured
in a similar mannerwas observed(vide infra).

© 1998JohnWiley & Sons,Ltd.

+(1.5 — n/2)H,0 + 3EtOH

weight of the PDMS macromonomeandthe ratio
of PDMSto MeSD in termsof subscriptsx andy.
Wateris consumedn hydrolysisand producedin
condensatiorand2m + n = 3. Equation[1] ignores
water producedby the crosslinking reaction,i.e.
condensatiorf PDMS(OH) with any methylsilyl
hydroxy- or alkoxy-containig species.This is a
good approximation for networks with a high-
MeSD fraction. Theratio of mto n, i.e. of Si-Oto
Si—OH in the MeSD, hastwo limits: considering
only hydrolysis,n= 3 (m=0), the MeSDwould be
methylsilicic acid-like [MeSi(OH)], while at the
otherlimit, m=1.5andtheMeSDis MeSiO, s 2°Si
NMR spectroscopyvide infra) suggestghat the
stoichiometryof theMeTEOS/PDMSompositions
is at an intermediatelevel. In termsof massloss,
ethanoldominatesmass-wisethe volatile reaction
products,the ratio of m to n is a second-order
consideration,and weighing the reactantmixture
provesto be a convenientmeansof following the
reaction. The short residencetime of ethanolin
PDMS (hours) compared with long cure time
(weeks)justifiesfollowing cure by monitoringthe
massloss of ethanol.(To determinethe residence
time of ethanolin a PDMS matrix, a mixture of
ethanol(16 wt%) in PDMS (8000cS)wasprepared
in a50ml beakerandthe masdossof the mixture

Appl. OrganometalChem.12, 763-770(1998)
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Table 2 Effectsof immersionon surfacepropertiesof self-reinforcednetworks:contactangles(deg)asa function of time*

Immersedn 0.5mM NacCl solution

Immersedn 0.005M NaN; solution

Probingliquid = 0.5Mm

Probingliquid = 0.005m

Probingliquid = water NaCl soln. Probingliquid = water NaN;z soln
Time (days) gadv grec eadv 0 rec eadv erec eadv grec
0 106 95 106 88 106 97 107 95
2 110 93 108 91 112 95 108 88
6 111 93 111 91 114 93 109 87
9 112 93 113 92 114 93 112 89
22 113 93 110 85 113 91 112 87

2 The valuesshownarethe averageof two runs.

wasmonitored.The masslossprocesss first order
with respectto ethanol concentration.Thus, the
residencdime of ethanolin a PDMS matrix is on
the order of hoursat most, andis independenbf
concentration.)Related work suggeststhat resi-
dence time is little affected by the increasing
viscosity of the matrix. (The diffusion of a tracer
out of a high-moleculatweight polymer is only
slightly fasterthanthe diffusion of the sametracer
out of a network of the samepolymer; see,for
exampleRef'°)

Wateris showntwice in Eqn[1] to emphasizéts
rolein hydrolysisandasa productof condensation.
The net water used and producedis zero if the
reactionproceedgo completion(m=1.5).

Gel time
Gel time was determined empirically as the

250

Viscosity, poise

moment when there was no observableflow of
the reactantdollowing an inversionof the vessel.
Gelationhasbeeninvestigategohenomenologically
aswell astheoretically'* By thephenomenological
approachviscosity is followed as a function of
time; Fig. 1 showsa plot for a typical system,
66.0% PDMS(OH), 33.0% MeTEOS and 1.0%
dibutyltin dilaurate,in air at ambienttemperature,
in a10ml vial (i.d. 1.89cm) stirredwith a spindle
(No. 7 Brookfield). The viscosityincreasedslowly
in the first 600min, thenrapidly at about630min.
This patternof rapidincreasén viscosityat the gel
point is usual for thermosettingsystems but the
actual gel time dependson variablessuch as the
relativeweight-fractionof reactant@ndprocessing
conditions.Forexample whenstirredmagnetically
the samesystemdescribedabovedisplayeda gel
time of about100min.

200 300

400

Time, min.

Figure 1 Viscosity as a function of time before gelation. The system,comprising 66.0
%PDMS(OH), 33.0%MeTEOSand1.0% DBTDL in a 10ml vial wasstirredwith a No. 7

spindle(Brookfield viscometer).

© 1998JohnWiley & Sons,Ltd.
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Figure 2 Massloss as a function of time for the systemcomprising 65.9
%PDMS(OH), 33.1 % MeTEOS and 1.0 % DBTDL, in a 10ml vial,
magneticallystirred. Weight is expressedsa percentagef the total weight of
reactantsThe scaleon the right showsvaluesnormalizedwith respectto the

Normalized Weight Loss, %

theoreticalmaximumlossasethanol.

Kinetic Study on 26 x 10° PDMS(OH)—
MeTEOS: massloss
For kinetic study, a representativecomposition
consisting of 65.9wt% 26 x 10° PDMS(OH),
33.1wt% MeTEOS and 1.0wt% DBTDL was
allowedto reactin a 10 ml vial stirredmagnetically
at room temperatureThe gel time was 100min.
Themasdossasafunctionof time is shownin Fig.
2. A calculatedmassloss was determinedon the
basisof Eqn[1], assuminghatthesiliceousdomain
hadthe stoichiometryMeSiO, s. With this assump-
tion, the calculatedhetlossof massis 20.6%o0f the
initial weight of reactants,as indicated by the
horizontalline in Fig. 2. The scaleon the right of
Fig. 2 showsthe measurednassloss normalized
with respectto the calculatedmaximum. (A good
first approximationis to assumethe massloss
duringthecureis totally in theform of ethanol thus
theratio betweerthecurrentlossandthecalculated
maximumgivesthe extentof reaction).Thetime of
gelationis representetdy dayO in Fig. 2. Themass
loss increasessteadily for about one week after
gelation,thenthe rate of increasedropsgradually
andlevelsoff afterabouttwo weeks Thetotal mass
lossat two weekswas 26.6%,which exceededhe
calculatedvalue of 20.6%, indicating that either
MeTEOS or some volatile siloxane material, or
both, werealsolost from the systemduring cure.
The 26 x 10> PDMS(OH) usedin this study
containsabout 8wt% low-molecular-veight spe-

© 1998JohnWiley & Sons,Ltd.

cies, mostof which canbe removedby extraction
with acetongT. Ho andK. J. Wynne,unpublished
results).In an attemptto detectvolatile speciesn
PDMS(OHY), only 0.3% massloss was detected
underambienttemperatureand pressureafter two
weeks.The contributionfrom the PDMS starting
materialto excessnasdossis thereforenegligible.

The excessmassloss is due to volatility of
MeTEOS and the weight fraction of the siliceous
domainin the hybrid network is reducedaccord-
ingly. The massloss measurementéndicate the
ratio of actual(8.9%)to calculated15.7%)massof
siliceousdomainis 0.57.If the presencef SiOHis
neglected,the stoichiometry of this material is
[26 x 10° PDMS][(MeSiO; 537

Solid-state®°Si NMR spectroscopy

A PDMS-MeTEOSamplewaspreparedor solid-
state 2°Si MAS NMR spectroscopyin order to
determinecompositiorby a methodindependenof
massloss. The initial compositionwas 67.1wt%
26 x 10° PDMS(OH), 31.8wt% MeTEOS and
1.0wt% DBTDL. An intense, narrow peak at
—22.3ppm is due to silicon atomsin the PDMS
domain.A peakat —67.2ppmis assignedo silicon
atomsin the MeSD (A peakat —72. 7 ppmis an
MAS sidebandassociateavith the —22.3ppmpeak
for the PDMS phase)In prior work on MeTEOS-
basedgels peakshave beenassignedn the range
62—64ppmto T> (MeSiO,) andat 53-57ppmto T2

Appl. OrganometalChem.12, 763-770(1998)
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Figure 3 Advancingandrecedingcontactanglesof wateron
a film during cure for the system comprising 65.9%
PDMS(OH), 33.1% MeTEOS and 1.0% DBTDL. W 0aqv
(advancing);@ (6. (receding).

[MeSiO,(OH)]*%. The weak intensity of the peak
we observe does not allow an unambiguous
assignment(T? vs T3), but it is clear from the
irregularshapeof this peakthatmultiple speciesre
present.

Integratingthe intensity of thesepeaksgives a
ratio of 20:1for Sippms Sivesp Withoutvolatiliza-
tion of MeTEOSaratio of 10:6:1is calculatedThe
NMR measurementéndicate the ratio of actual
(4.5%) to calculated (15.4%) mass of siliceous
domain is 0.29. If the presenceof SiOH is
neglected,the stoichiometry of this material is
[26 x 10° PDMS] [(MeSiO, 5)]19.4 The ?°Si MAS
NMR dataconfirm the high evaporativemassloss
of MeTEOS and suggest that the MeSD is
composeaf T and T species.

Kinetic study on 26 x 10* PDMS(OH)—
MeTEOS: contact angles

Contactanglesfor water on this material during
cureasa function of time areshownin Fig. 3. The

changdn contactanglesshowsa patternparallelto

the changein weight, i.e. a fasterrate of change
occursin the first week, then a slower rate of

changeandfinally alevelingoff to afinal value.As

for all thermosetsa characteristiof PDMShybrid

networksis the continuanceof crosslinking after
gel formation!® The increasein the extent of

reactionreducesthe mobility of the gel constitu-
ents, i.e. the PDMS chains and the siliceous
domainsThereductionin mobility atthemolecular
level enhancesthe stability of the morphology
which favors PDMS chains at the surface. This

accountdor the ratherlargeincreaseof ca 35° in

Orec during cure (Fig. 3). The small decreaseca
10°) in 6,4y during cureis oppositeto the change
expected.A decreasein surfaceroughnessmay
accountfor this observation.

Effects of catalyst concentration

Effects of catalystconcentratioron the kinetics of
curing are summarizedin Table 3. With catalyst
concentratiorabove0.5wt%, the masdossleveled
off after 10 dayswith a total massloss of 29.0%.
With catalyst concentrationbelow 0.5wt%, the
masdossleveledoff after 18 dayswith atotalmass
loss of 30.5%. Thus, the gel time and massloss
increaseas the catalyst concentrationdecreases,
while the rate of cure decreasesvith decreased
catalystconcentration.

Effects of reactant ratios

Whenthe reactantratio was changedfrom 65.9%
PDMS(OH) and 33.1% MeTEOS to 83.1%
PDMS(OH) and 15.9% MeTEOS (both with 1%
DBTDL catalyst) the gel time increasedfrom
100min to 270min. As shown in Fig. 4 for
83.1% PDMS and 15.9% MeTEQOS, massloss is
rapidin thefirst threedays,thenmuchslower.The
total masslosswas 15.5%. Theratio of the weight
fraction of siliceous domain in this network

Table 3 Effectsof catalystconcentratioron the kinetics of the reactions

Run1 Run2 Run3 Run4

DPMS(OH) (wt%) 66.63 66.56 66.33 66.11
MeTEOS(wt%) 33.25 33.21 33.10 32.99
DBTDL (wt%) 0.12 0.23 0.57 0.90
Geltime (min) 250 200 150 120
Massloss (%)

At gelation 5.77 4.09 2.78 1.90

At 3 days 24.44 24.06 24.73 24.63

At 10days 30.52 30.12 28.94 28.97

At 11 days 30.58 30.19 28.97 28.98

At 18 days 30.74 30.37 — —

© 1998JohnWiley & Sons,Ltd.
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Figure 4 Massloss as a function of time for the system,comprising83.1%
PDMS(OH), 15.9%MeTEOSand1.0%DBTDL, in a 10ml vial, magnetically
stirred.Weightis expresse@sa percentagef the total weight of reactantsThe
scaleon the right showsvaluesnormalizedwith respecto the calculatedossas

ethanol.

(0.47%) to the calculatedvalue (6.7%) is 0.07,
comparedwith 0.57 for 65.9% PDMS(OH) and
33.1% MeTEOS. A similar reduction in mass
fraction of siliceous domain was observedwhen
the concentrationof the catalyst was 0.1wt%.
Comparedwith 66.5% PDMS(OH)} and 33.4%
MeTEOS,a82.5%-17.4%ystemshoweda longer
gel time (140h vs 4.2h) anda lower efficiencyin
forming siliceousdomains(theratiosfor the actual

to the calculatedweight fractionsfor the siliceous
domainwerelessthan0.01and0.11,respectively).

Effects of free surface area

Whenthereactionvesselaschangedromal0ml
vial to a50ml beakerthefree surfaceincreasedy
a factor of 2.3, and more vigorous stirring was
possiblewith a larger stir bar. The reactionwas
carried out with 61.5% PDMS(OH), 37.6%
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Figure 5 Mass loss as a function of time for the system comprising
61.5%PDMS(OH), 37.6% MeTEOS, and 0.9% DBTDL, in a 50ml beaker,
magneticallystirred. Weight is expressedsa percentagef the total weight of
reactantsThe scaleon the right showsvaluesnormalizedwith respectto the

theoreticalmaximumlossasethanol.
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MeTEOSand0.9% DBTDL, andthe masslossis
shownasa functionof time in Fig. 5. Thegeltime
was90min. The masslossat gelationwas 11.8%.
The massloss increasedrapidly in the first four
days,thengraduallyleveledoff aftersix days.The
final massloss was 35.0%, and the ratio of the
actual weight fraction of siliceousdomainto the
calculatedvalue was 0.22 (i.e. 4.0wt% siliceous
domainvs 18.5%calculated).Thus,the largerfree
surfaceand more vigorous stirring enhancedhe
rate of evaporationof MeTEOS, causing lower
efficiencyin forming a siliceousphaseandafaster
rate of massloss.

In summary,rapid gelation and low MeTEOS
loss are favored by the use of a high MeTEOS
concentratioranda high catalystconcentratiorand
thereductionof freesurfaceareafor thereactantsén
conjunction with faster stirring. With optimized
conditions,the gel time (lessthan2 h) is satisfac-
tory andthe efficiencyin convertingMeTEOSto a
siliceousdomainis 0.57.

Mechanical strength

Young'smoduluswasevaluatedor films prepared
with 65.9% 26 x 10° PDMS(OH) and 33.1%
MeTEOS. The cured material contained 8.9%
siliceous domain and exhibited a modulus of

0.7MPa and a strain-to-breakof 150+ 40%. The
correspondingvalue for a commercialRTV (GE
RTV 11), which containsca 30% CaCgQ filter, is

1.8MPa and 2124+ 8% (both obtained with

0.7mmx 5mm x 17mm strips at a strain rate
0.5min~%). Thus, the mechanicalstrengthof the
PDMS—-MeTEOSnaterialsis modest.

Stability in water

The stability in waterof a network preparedusing
65.9%26 x 10° PDMS(OH), 33.1%MeTEOSand
1% dibutyltin dilauratewas evaluatedby immer-
singathick film in nanopurevaterandperiodically
monitoringthemassof thesampleTherateof mass
loss was 2% per week. Another sample with a
similar starting composition but lower catalyst
concentration(0.3%) exhibiteda rate of massloss
of 1% per week. The suprisingly high rates of
weight loss for these materials has shifted our
attentionto networksutilizing a differentsilicious-
phaseprecursor.

© 1998JohnWiley & Sons,Ltd.

CONCLUSIONS

Polydimethylsiloxane (PDMS) hybrid networks
havebeenpreparedy thereactionof PDMS(OH)

and MeTEOS using a dibutyltin dilaurate or

dibutyltin diacetate catalyst Initial studies of

wettability as measured by contact angles
fagyv=106° and 6,..=96°) were encouraging.
Kinetic studiesshowedthe reactionrateis depen-
dent on catalystconcentrationand on processing
conditions.However,evaporativdossof MeTEOS
is a major problemunderthe water-sparseondi-

tionsusedin preparatiorof films. This evaporative
loss leadsto a low MeSD contentin films which

compromisesnechanicapropertiesFuturework is

aimedat control of SD compositionusing alkoxy-

silaneswhich arefar lessvolatile **

Acknowledgment This researchwassupportedn partby the
StrategicEnvironmentalResearctand DevelopmentProgram
(SERDP)andthe Office of Naval ResearchScientific Officer
ResearchProgram).

REFERENCES

[N

. K. Kroyer, British Patentl 307 001 (1973).
2. M. Kishihara K. NanishiandY. YoneharalS Patent 218
059 (1993).
3. B. McLoughlin, K. Maurice-Richesand E. B. Shone,
British Patentl 581 727 (1981).

. A. Milne, US Patent4 025693 (1977).

.D. R. Ulrich, CHEMTECH 242 (April 1988).

. J.E. Mark, CHEMTECH 242 (April 1989),andreferences

citedtherein.

.J.WenandG. L. Wilkes, Chem.,Mater. 8, 1667 (1996).

8. R. H. DettreandR. E. JohnsorJr, J. Phys.Chem.69, 1507
(1965).

9. R. E. JohnsonJr, in: Wettability Berg, J. C. (ed.) Marcel,
Dekker,New York, 1993,pp. 1-73.

10. X. Zheng,M. H. Rafailovich,J. Sokolov, X. Zhao,R. M.
Briber and S. A. Schwarz, Macromolecules26, 6431
(1994).

11.C. J. Brinker and G. W. Scherer, Sol-Gel Science
AcademicPressSanDiego, 1990, Chapters.

12. R.H. GlaserandG. L. Wilkes, J. Non-CrystSolids 113 73
(1989).

13.P. J. Flory, Principles of Polymer Chemistry Cornell
University PressNew York, 1953,Chapter9.

14.K. Wynne, T. Ho, E. E. Johnstonand S. A. Myers, In

preparation.

(o3¢ IE N

~

Appl. OrganometalChem.12, 763-770(1998)



