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Hybrid nanocomposite materials have received consider- 1)
f

able attention in recent years, opening a wide range o
opportunities for new materials!® One nanocomposite

subset includes soft hybrids based on poly(dimethylsiloxane) (13)
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(PDMS)1+-1 PDMS hybrids are hydrophobic, have low-
temperature elasticityT{ = —123 °C), and display good
hemocompatibility and biocompatibilifyp.We have focused

on PDMS hybrid surface science, including dihydroxy-
terminated PDMS (HO(Mg&IO)H) cross-linked by con-
densation with fluorinated alkoxysilart€®r poly(diethox-
ysiloxane) (PDESY’ These studies and those on Pt-cured
divinyl PDMS revealed time-dependent surface morphologies
and the intrinsic wetting behavior of PDMS coatiri§s.

Hydrosilylation and condensation-cured PDMS networks
are weak materials usually needing fillers for good mechan-
ical properties? 2! The customary filler for many applica-
tions, including biomedical elastoméfds amorphous fumed
silica nanoparticles (FSN), which consist of nanoparticles
and clusters. FSN may be untreated (U-FSN) or trimethyl-
silylated (T-FSN). Trimethylsilylated fumed silica is exten-
sively used in commercial processes not only to improve
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Scheme 1. Hybrid PDMS Coating Preparation Utilizing
Polydiethoxysiloxane (PDES) as the Siliceous Domain (SD)
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Figure 1. Top: TM-AFM phase images, 500 500 nm,A/A, = 0.60, for
(a) U-FSN-14%-5x; (b) U-FSN-14%-14x; (c) U-FSN-14%-28x. Bottom:
Schematic models-13 for the respective surface structures efca

OEt groups needed to cross-link HO(p#&O),H. PDES is
used as the crosslinker and siliceous phase precursor as
predictable solid-state compositions are obtaifeshmples
mechanical properties but also to avoid viscosity buildup and were cured for 3 days at 2& (90% RH) or 100C (ambient
nanoparticle aggregation. humidity). From TGA data, the nanocomposites were
In the present research, a modification of “technology” completely cured aftea 3 day cure at 100C; water is
known since 1958 was used to prepare FSN PDMS hybrids evolved as evidence of incomplete cure after 3 days at
(Scheme 1). In surface analysis by tapping-mode atomic force20 °C .2
microscopy (TM-AFM) of the hybrid materials, we found Nanocomposites were examined by TM-AFM employing
that for certain compositions and cure conditions the near- a low setpoint ratioAsy/A, = 0.6) generally considered “hard
surface FSN seem to “disappe&t'The inability to image  tapping”, as near-surface nanoparticles were usually not
near-surface nanoparticles was explained by the formationimaged at light tapping&s/A, = 0.9). For U-FSN-14%-4x
of an amorphous reticular siliceous surface domain that (25 °C cure), near-surface U-FSN are readily observed in
mechanically isolated near surface nanoparticles. This resultphase-contrast imaging because of the marked difference in
showed that nanoparticles can act as “reporters” for second-modulus between U-FSN versus the PDMS maitixa
ary siliceous domain structure buildup. Herein, we report typical phase image for U-FSN-14%-4x (28) is shown
surprising new developments for FSN PDMS hybrid nano- in Figure 1a. An identical phase image is observed after 100
composite materials. Nanoparticles “reappear” or “never °C cure. The results demonstrate that at low volume fractions
appear” depending on composition and nanoparticle surfaceof siliceous phase, the near-surface nanostructure is inde-
chemistry. On the basis of information from the reporter pendent of cure temperatu@&odel 1, Figure 1, represents
nanoparticles, we propose a model for siliceous phasethis composition wherein the volume fraction of the siliceous
secondary structure buildup that incorporates the TM-AFM domain is low and fragmented, the AFM tip is unimpeded,
results. and near-surface fumed silica nanoparticles are imaged.
PDMS hybrid materials reported herein comprise (1) alow  Eor U-ESN-14%-14x (25C cure), near-surface U-FSN
Ty PDMS phase cross-linked by (2) a siliceous domain (SD) are also readily observed, but the near-surface image is
generated by in situ hydrolysis/condensation of PDES, and dramatically changed after 10C cure (Figure 1b). Even
(3) 50 nm fumed silica nanoparticles (FSN; Scheme 1). with hard tapping, the near-surface U-FSN “disappear”
FSN were either unmodified (U-FSN) or trimethylsilylated  completely. Model 2 (Figure 1) shows a schematic for the
(T-FSN). PDES, a low-molecular-weight<¢000) poly-  “nanobarrier” formed by the near-surface rigid, amorphous,
alkoxysiloxane is completely miscible with PDMS. If well-  reticular siliceous domain that precludes observation of near-
mixed (e.g., via a Speed Mixer), the nanocomposites are syrface U-FSN. The formation of a siliceous phase nanobar-
optically transparent. Details are provided in the Supporting rier for 14x compositions can occur even at room temper-
Information. ature. Condensation cure is slow, so that long cure times
Condensation-cured PDMS coatings having 14 wt % and increased catalyst concentration favor more rapid “disap-
U-FSN or T-FSN were prepared with 4x, 14x, and 28x ratios pearance” of the fumed silica nanoparticles. The persistent
of SiOEt to Si-OH. Compositions are designated as before opservation of near surface U-FSN is favored by minimizing
on the basis of the SiOEt:SiOH ratio, with SIOH from Cata|yst Concentration\(o_?, wit %)
dihydroxyterminated PDMS [HO(M&IO)H] and SIOEt  pyrther to the above, in an investigation of U-FSN-28x
from PDES. The §ample Qe5|gnat|on T-FSN-14%-14x indi- compositions, AFM imaging gave completely different
cates 14 wt % trimethylsilylated FSN and that the PDES o jts compared to 4x and 14x compositions. Not only are
starting mass contained 14 times the molar amount of Si [ ,o5r_surface U-FSN imaged after 26 cure (Figure 2a),
o D : 5 652754 19510502 1951 but the image is actually clearer after 100 cure (Figure
223; Og\(ljvsﬁ,orrr.];lrf‘:guj%azfé,gr.; Bertolucci, M.; Galli’, G, CHieIIini, E.; Chujo, 2b). As illustrated in Figure 1, the nar_lc_)partlcles may b_e said
Y.; Wynne, K. J.J. Am. Chem. So@004 126, 12284. to “reappear” for U-FSN-28x compositions. Model 3 (Figure
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Figure 2. TM-AFM images, 500x 500 nm,A/A, = 0.60, for U-FSN- *er D

0%y - :
14%-28x: (a) 25°C cure; (b) 100°C cure. AFM tip mechanically

i d lain the » of U-ESN. F isolated from FSN

)is prOpos.e_ to exp ain the “reappearance 0 U-_ . - For Figure 3. Top: TM-AFM images for T-FSN-14%-28x (2%, 3 day cure),
28x compositions StOH groups from the growing siliceous 500 x 500 nm,A/A, = 0.60. Below: Schematic model 4, see Figure 1 for
domain react with U-FSN surface-SDH creating covalent  figure key; exception, broken circle around FSN represents trimethysilyl-

Si—0—Si linkages between the FSN and the SD. In so doing, 2™ N _
the larger volume fraction of siliceous phase creates g secondary siliceous domain structure. These results are

mechanically rigid connection from the surface to the near- 2n@logous to what we know on the macroscale (nanoscale

surface nanoparticles. This results a remarkably clear phasd"0de! in parentheses): a rock just beneath the water is easily
image of near-surface U-FSN. detected by tapping (1). If a thin sheet of ice forms, the rock

Identical 4x, 14x, and 28x compositions with trimethyl- is no longer detected by tapping (2). I the ice thickens, the

silylated fumed silica nanoparticles (T-FSN) were prepared rock can once more be dete(_:ted by tapping because of the
and investigated by TM-AFM. The results for 4x were similar mechqmcal conm_acnon of the ice to the rock (3). On the other
to that observed for U-FSN compositions shown in Figure hand, if the rOCk.I'S grotectehd by slfme soft hbumﬁer_ layer,
la. A subtle difference for 14x compositions was observed. \(/j\{e may not eas4| y V\?tﬁc'trtMeArIZC)I\(;l ' ?ven W enft € Il(ieSll\T n
Only compositions with minimal catalys£(.3 wt %) gave irect contact (4). Wit . Information from

coatings that allowed T-FSN imaging (typically within 24 reporters, the model of S|I|F:eous phase buildup on t.he
h) before “disappearance”. Thus, afee3 day 25°C cure, nanosqalg dlrgctly parallels this macroscale analpgy and gives
T-FSN already “disappeared” and the phase image is similar@ New msug_ht into the structur_e of nanocomposites prepared
to Figure 1b. The surprising result compared to U-FSN was bsz_silkzl)Ixysnr:)xan_e condenfs?tlo? cure. face for all .
that, for 28x compositions containing T-FSN (Figure 3), near- inally, phase Images ot fracture surtace for all composi-

surface nanoparticles are only faintly imaged, regardless ofions and processing conditions are almost |dent|_ca_l and
cure conditions always reveal the presence of FSN. Images are similar to

Model 4 (Figure 3) is proposed to explain the opposite those shown " F|gure 2, a_typ|cal image is provided in the

. . Supporting Information, Figure 1S. The subtle features

result for near-surface imaging of undetected T-FSN vs revealed in the surface study due to buildup of the secondar
clearer imaging of U-FSN in 28x nanocomposites. Model 4 y P y

shows trimethylsilylation as a broken circle surrounding siliceous phase are destroyed in the fracture process.

T-FSN. The trimethylsilyl groups block access of 8IH Acknowledgment. Research support from U.S. National
groups on the periphery of the growing siliceous domain. science Foundation (DMR-0207560) and the Italian MIUR
Unlike U-FSN, near-surface trimethylsilylated fumed silica (PRIN 2005-03-5277) is gratefully acknowledged .
nanoparticles are mechanically isolated from the TM-AFM

tip. As a result, near surface T-FSN are not detected by TM-  Supporting Information Available: Experimental details and
AFEM. table of nanocomposite compositions. This material is available free

By their “disappearance” and “reappearance”, near—surfaceOf charge via the Internet at http://pubs.acs.org.

fumed silica nanoparticles are reporters for buildup of CM0626839



