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A processing method using high speed mixing was developed for the generation of nanocomposites
comprised of a,u-dihydroxy-polydimethylsiloxane (PDMS) and untreated fumed silica nanoparticles (U-
FSN). Conventional condensation cure with poly(diethoxysiloxane) (PDES) was employed so as to
generate PDMS/FSN nanocomposites with increasing weight fractions of siliceous domain. This study
focuses on the changes in surface morphology imaged by non-contact or tapping mode AFM (TM-AFM)
as a function of increasing the initial concentration of PDES. The ratios (X) of SieOEt from PDES to SieOH
from PDMS end groups are 4X, 14X, 28X, 35X, 45X and 60X. Compared to prior work, two important
differences in the present investigation are (1) the use of a high shear mixer as a processing tool to
facilitate nanoparticle dispersion and (2) spin coating instead of dip coating. Common to the present and
prior work is the use of TM-AFM for investigating surface morphology as a function of siliceous phase
precursor concentration. TM-AFM phase images show nanoparticles are “reporters” and reflect effects of
composition and processing on surface morphology. Near-surface nanoparticles are clearly imaged up to
35X, “disappear” at 45X, then “reappear” at 60X. These results are different from those previously
reported where “disappearance” was noted for 14X compositions. The differing results reveal that pro-
cessing conditions have an important effect on surface morphology. A model is presented that accounts
for the surface morphological observations and wetting behavior via sessile drop measurements.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Research in hybrid nanocomposites seeks optimization of
performance by combining synergistically organic and inorganic
materials [1e9]. Nanoparticle interfacial modification is an essential
part of engineering optimal compositions. This is demonstrated by
the discovery of dramatic improvements in mechanical properties
for clay polymer nanocomposites [10] which resulted in a new
materials research field that is still of great interest [11,12].
Expanding studies in nanocomposites seek to improve performance
in diverse areas such as dielectrics [13] andhybridphotovoltaics [14].

Silicone elastomers have weak mechanical properties [15e17]
and require fillers to provide reinforcement. As a result, one of
the most common hybrid nanocomposites, which has been known
for decades [18] is comprised of a polydimethylsiloxane matrix
combined with fumed silica nanoparticles (FSN) [19e22]. In
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addition to fumed silica nanoparticles, zeolite [23] ceramic [24] and
silica nanoparticles [25,26] have been utilized.

Polydimethylsiloxane elastomers have very low glass transition
temperatures (Tg w�120 �C) and high thermal stability (w250 �C)
[27]. Hydrophobicity, easy fabrication and biocompatibility [28,29],
have led to a wide range of applications including caulks, adhesives
and coatings [30] biomaterials [31] and even in tissue engineering
[32].

We have explored surface science associated with several
solegel cured PDMS systems. To improve oleophobicity, hydroxyl-
terminated polydimethysiloxane, PDMS(OH)2, was crosslinked
with (tridecafluoro-1,1,2, 2-tetrahydrooctyl)triethoxysilane
(FTEOS). The surface morphology depended strongly on the
PDMS/crosslinker ratio [33]. For example, at a ratio of 6X (X ¼
SieOEt/SieOH), micron scale, fluorous siliceous domains were
observed surrounded by siloxane rich domains [33]. In contrast, at
a ratio of 12X, a uniform surface layer of the fluorous siliceous
phase formed, which was confirmed by XPS and high advancing
contact angles. Although the goal of oleophobicity was attained,
the fluorous siliceous domain is brittle, limiting applications [34].

mailto:kjwynne@vcu.edu
mailto:vyadavalli@vcu.edu
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2010.09.053
http://dx.doi.org/10.1016/j.polymer.2010.09.053
http://dx.doi.org/10.1016/j.polymer.2010.09.053


S. Chakrabarty et al. / Polymer 51 (2010) 5756e5763 5757
PDES is poly(diethoxysiloxane), with the approximate empirical
formula [SiO(CH3CH2O)2]n or [SiO(OEt)2]n. While tetraethylortho-
silicate (TEOS) volatilizes during hydrolysis and condensation cure
of PDMS(OH)2, low volatility and relatively low condensate
(ethanol) generation make PDES very useful alternative [35,36]. A
time dependent surface morphology and stability was found for
PDMS/PDES coatings [33].

PDES and related condensation cure agents are typically used at
w5 wt% or less. Such low solegel curing agent content minimizes
shrinkage and generation of volatiles from condensation cure. To
explore the impact of increasing siliceous domain content, the
surface and bulk morphology of elastomeric coatings comprised of
PDMS(OH)2, fumed silica nanoparticles and increasing PDES
content (Scheme 1) was investigated by tapping mode atomic force
microscopy (TM-AFM) [37,38]. It is important to note that mixing
was performed manually at ambient temperature; herein, this
process is designated very lowspeed (VLS)mixing. For U-FSN (14wt
%) and complete cure at 100 �C, the bulk nanoparticle/PDMSmatrix
morphology was conventional. Unexpectedly, near-surface nano-
particles acted as morphological “reporters”, revealing a surface
morphology dependent on the mole ratio of OEtPDES/OHPDMS

designated by “X”: (1) 5X, nanoparticles imaged, “expected”; (2)
14X, nanoparticles “disappear”; (3) 28X, nanoparticles “reappear”.

Water is both a reactant (eSieOeEt hydrolysis) and product
(SieOH condensation) in alkoxysiloxane cure using [SiO(OEt)2]n.
Therefore, in addition to crosslinking HO(PDMS)OH, a glassy sili-
ceous domain is formed. The “appearing” and “disappearing”
nanoparticle phenomenon noted above was explained by a model
that related the AFM tip interaction with the increasing near-
surface siliceous domain content and nanoparticle surface chem-
istry. With very low speed (VLS) processing conditions used
previously, increasing PDES content to 14X resulted in a near-
surface siliceous layer that isolated the AFM tip from near-surface
untreated fumed silica nanoparticles (U-FSN, disappearing, Fig. 7B).
Increasing the siliceous content further (28X) resulted in a near-
surface siliceous volume fraction high enough to encompass the
near-surface nanoparticles and facilitate mechanical detection by
the tip (reappearing). The analogy that was employed to explain
this unexpected phenomenon was as follows: when blindfolded, it
is easy to detect a slightly submerged rock under water; however, it
is not possible to detect the rock if a thin layer of ice intervenes. If
the ice becomes thick enough to contact the rock, it is possible to
locate the rock due to a lower sound when tapping.

VLS mixing employed in the above study is tedious and the
extent of nanoparticle dispersion is “operator dependent”. On
a large scale, mixing viscous siliconemacromonomers with fillers is
done via extruders or other mechanical devices so as to obtain
Scheme 1. Processing sequence for PDMS-FSN nanocomposites. The filled circles
represent nanoparticles to which eSieOH chain ends are bound. A grey x indicates
covalent bonding of eSi(eOe)3 to FSN.
uniform filler dispersion. To mimic such processes a small scale
device for high speed (HS) mechanical mixing was used for the
nanocomposite processing reported herein. Processing the same
PDMS nanocomposite compositions via HS mixing provides near-
surface morphologies that are surprisingly different compared to
VLS mixing. While the same morphological sequence (appearing,
disappearing, reappearing) is “reported” by near-surface nano-
particles, different compositions for these events are observed and
the changes imaged by TM-AFM are more subtle. In view of the
importance of understanding nanocomposite morphology and
nanoparticle interfaces and their relationships to the synergistic
development of hybrid materials properties, these results are pre-
sented herein.

2. Experimental

2.1. Materials

Silanol terminated polydimethylsiloxane (DMS-S31, 1000 cSt, 26
kDa) was obtained from Gelest Inc. Unmodified fumed silica
nanoparticles (U-FSN, Aerosil 300 fumed silica unmodified) having
a diameter of 50 nm and a surface area of 300 � 30 sqm/g was
obtained from Aerosil. Modified fumed silica nanoparticles (T-FSN,
Cab-o-sil TS530 HMDZ treated fumed silica) having a BET surface
area of 200 sqm/g was generously provided by Quantum Silicones,
Midlothian, VA. Polydiethoxysiloxane (PDES) containing 40e42%
SiO2 equivalent (ES40) was obtained from Gelest; dibutyltin
dilaurate (DBTDA) was obtained from Aldrich.

2.2. FSN-PDMS nanocomposite preparation and processing

Fumed silica/PDMS nanocomposite coatings were prepared in
two steps. Initial nanoparticle dispersion was followed by further
nanoparticle dispersion and catalyst/PDES mixing.

2.2.1. Nanoparticle dispersion
Hydroxy-terminated polydimethylsiloxane (5 g), unmodified

fumed silica nanoparticles (U-FSN, 0.71 g, 14 wt%) were placed in
a 50 g capacity Flacktek containers having a screw top. The
container was placed in a Speed Mixer-DAC 150FV (Flacktek Inc.,
LandrumSC). The protocol entails the use of a ‘High-Speed’ (HS)
mixing technique which involves mixing the ingredients in a cycle
of 2700 rpm for 60 s. This HS mixing process was repeated 4 times
to obtain a highly viscous, whitish nanoparticle/PDMS dispersion.
The rotary motion and shear combined to increase the temperature
of the nanoparticle/PDMS dispersion from ambient (25 �C) to 30 �C.

2.2.2. Catalyst/PDES mixing
The metric for defining quantities of PDES crosslinker/siliceous

domain precursor is the ratio (X) of SieOeEt groups from PDES to
SieOH groups [PDMS(OH)2]. To explore a wide range of siliceous
domain content, 4, 14, 28, 35, 45, and 60X compositions were
obtained. Calculated amounts (Table 1) of PDES and 0.5 wt% DBTDA
catalyst were added to the nanoparticle PDMS dispersion obtained
as described above in step (a). The mixture was processed at 2700
rpm for 60 s, which is the maximum processing time for the
machine. After a 10 s interval, this process was repeated 5 times to
ensure homogeneity. The temperature of the resin mixture at this
point was 40 �C. After a total of six mixing cycles the viscosity of the
whitish resin was noticeably diminished by a combination of
temperature and shear thinning. This decreased viscosity facilitated
spin coating slides for surface analysis. Samples were spun coated
on glass slides for 30 s at 3000 rpm, and cured for 72 h at 100 �C.
Previous work had established that these conditions would effect
complete cure [38]. Although the nanoparticle/resin mixture was



Table 1
Composition of filled U-FSN nanocomposites.

PDES, g (mmoles OEt)a

(wt%)
Siliceous domainc

(wt%)
Ratio “X”b U-FSN, g

(wt%)
Shrinkage
(vol%)

0.104 (0.77) (2.1) 0.87 4 0.72 (14.2) 1.03
0.363 (2.68) (7.3) 3.1 14 0.75 (14.5) 3.44
0.72 (5.33) (14.5) 6.1 28 0.8 (15) 6.51
0.91 (6.74) (18.2) 7.6 35 0.83 (15.4) 7.9
1.17 (8.67) (23.4) 9.7 45 0.87 (15.8) 9.7
1.56 (11.55) (31.2) 13 60 0.92 (16) 12.3

a DBTDA catalyst (0.025 g) and mass of PDMS (5.0 g) were held constant.
b X ¼ Si(OEt)/Si(OH).
c Calculated SiO2 weight % (from PDES) in the nanocomposite.
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whitish-translucent, spin coating resulted in the formation of thin
(ca. 30 mm), homogenous, optically transparent films.

2.2.3. Preparation of fracture surfaces
The processed PDMS resin containing U-FSN was poured into

Petri dishes andwas allowed to cure for 72 h at 100 �C. The resulting
U-FSN/PDMS nanocomposite was dipped in liquid nitrogen and
fractured to obtain a smooth surface.
2.3. AFM imaging

PDMS nanocomposite morphologies were investigated using
TM-AFM instruments from Asylum Research, Santa Barbara, CA
(MFP-3D) and Veeco Instruments, PlainviewNY (DI-3100). For the
MFP-3D, Olympus AC 240 TS cantilevers were used with a nominal
spring constant in the range of 0.7 N/me3.8 N/m. For the DI-3100
a Veeco Nanoscope V controller was utilized with Veeco RTESPW
cantilevers (part: MPP-11100-W) having nominal spring constants
in the range of 20 N/me80 N/m. A scan rate of 1 Hz was used for all
imaging. For comparisons, AFM images are normalized to the same
phase scale (z, deg) as indicated in Figure legends. The phase scale is
chosen to optimize image quality and consistency with topo-
graphical images.
Fig. 1. Phase images (20 � 20 mm, z ¼ 30�) for U-
Phase images provide contrast between near-surface regions of
higher and lower modulus [39]. With the Nanoscope instrument,
the default is light for regions of higher modulus and dark for softer
regions. For example, an evolution of clearly defined surface
domains was observed for condensation cured PDMS modified
with a fluorous triethoxysilane [40]. Similarly, for polyurethanes,
near-surface hard block domains appear light while soft block
domains are dark [41e44]. Inspection of images previously repor-
ted for PDMS nanocomposites [37,38] shows that near-surface
nanoparticles appear dark while the “soft” silicone matrix is light.
This representation is opposite to the earlier work noted above [40].

Garcia first modeled a phase inversion phenomenon that
recognized attractive and repulsive operational modes in TM-AFM
[45]. In one mode, a net attractive force dominates the amplitude
reduction while in the other a net repulsive force controls canti-
lever dynamics. Garcia’s analysis showed that stiff samples give rise
to large repulsive forces (a net positive force), while compliant
materials give an opposite result. Changing the drive frequency,
which controls tipesample interactions can access both regimes so
that the phase image representation for the same sample can be
reversed [45e47].

Garcia’s analysis explains why the glassy, microscale surface
features formedby thefluorousmodifierwere light/highmoduluse
dark/low modulus [40] while more compliant PDMS nano-
composites have reversed appearances. In the present paper, phase
images are compared that often have opposite phase image repre-
sentations for the same sample, but the underlying morphological
structure is, of course, identical. The contrasting images are noted as
“phase image reversal” or PIR in the appropriate points in the
discussion.

2.4. Wetting behavior

Static contact angles were obtained using a Rame-Hart goni-
ometer equipped with an LCD camera. Deionized water (w18.2
MU) was used as the probe liquid. A water drop was placed on the
coated surface and the image was taken immediately. Captured
FSN-PDMS samples cured at 100 �C for 72 h.
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images were analyzed and contact angles were obtained using
Dropview image software version 1.4.11. Average values were
obtained for 10 observations (2 drop sites, 5 readings each).
3. Results

The combinationofhydroxyl-terminatedPDMS,untreated fumed
silica nanoparticles (U-FSN) and increasing amounts of poly-
diethoxysiloxane (PDES), that is, increased siliceous domain content,
led to the unexpected surface phenomenon of “appearing” and
“disappearing” nanoparticles [38]. This was followed by “reappear-
ing” nanoparticles at even higher PDES concentrations [37]. These
results attest to the sensitivity of TM-AFM to subtle changes in
nanoscale surface morphology for condensation cured PDMS. The
work reported herein emerged from an effort to simplify and
improve reproducibility of mixing viscous PDMS resin/nanoparticle
combinations. Considering the straightforward formulation and
nominally similar processing the TM-AFM results were surprising.
3.1. Compositions

Dihydroxy-terminated PDMS (26 kDa) and FSN (14 wt%) were
used to generate a series of nanocomposites. By increasing the
PDES crosslinker/siliceous phase precursor, compositions with
increasing siliceous domain (SD) were prepared (Table 1). In an
earlier investigation, a “Very Low-Speed” (VLS) mixing technique
was employed involving mixing the ingredients in a cycle of 100
rpm for 60 s. In contrast to the earlier study, compositions were
processed with a high speed (HS) mixing technique described
earlier to obtain finely dispersed nanoparticles.

Scheme 1 illustrates the processing sequence, which is critical to
the development of surface morphologies described in the next
section. First, four HS mixing cycles accomplish initial homogeni-
zation. Second, PDES and catalyst were added followed by six HS
mixing cycles. During this sequence a noticeable decrease in
viscosity occurred, but the bulk resin mixture remained whitish-
Fig. 2. Phase images (5 � 5 mm, z ¼ 40�) for U
opaque. After spin coating and cure at 100 �C, optically transparent
30 mm films were obtained.
3.2. PDMS/U-FSN surface morphology

TM-AFMphase images (20� 20 mm, AsylumMFP-3D) are shown
in Fig.1 for U-FSNnanocompositeswith increasing siliceous content
(“X”) but similar U-FSN weight percents. As the weight fraction of
siliceous content increases (4X to 28X) near-surface nanoparticles
are imaged with increasing clarity. At 35X nanoparticle imaging is
subdued while nanoparticles “disappear” at 45X. At 60X nano-
particles “reappear”, though the resolution is modest.

The results in Fig. 1 confirm previous results that U-FSN act as
“reporters” for near-surface morphological changes [37,38].
However, the sequence of observed morphologies is completely
different from those previously reported [37,38]. To confirm the
unexpected results, a new set of samples were processed (Scheme
1) and imaged with a Veeco Nanoscope V system (Figure S1). The
sequence of phase images in Figure S1 is essentially the same as
those in Fig. 1, although the contrasting imaging colors are opposite
due to phase image reversal (PIR) described in the Experimental
section. Thus, convinced that the nanoparticles are “reporting” an
important effect for the new processing sequence, we set about
interpreting the “message”.

To focus more clearly on nanoscale surface morphology, Fig. 2
shows 5 � 5 mm phase images for the same composition range
imaged in Fig. 1 at 20 � 20 mm. A parallel set of phase images (2 � 2
mm, Nanoscope V, PIR contrast) is shown in Figure S2. Considering
the 14e16 wt% FSN nanoparticles, comparable near-surface
morphologies might be expected but are not observed. From the
phase images in Figs. 1 and 2 and S1, and S2, a range of near-surface
morphologies is observedwith increasing siliceous domain content.
When PDES content is low, the near-surface concentration of U-FSN
appears low. The surface morphology for the 4X composition is
dominated by the amorphous PDMS volume fraction. Near-surface
U-FSN are imaged as light features. With increased weight fraction
-FSN nanocomposites (Asylum MFP-3D).
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of siliceous domain from 4X to 28X, the apparent concentration of
near-surface nanoparticles increases. These higher resolution
images confirm that increasing the siliceous phase content to 35X
results in an apparent diminution of near-surface nanoparticle
concentration. At 45X near-surface nanoparticles are not imaged or
“disappear”. At 60X, the near-surface nanoparticles “reappear”with
larger apparent size, moderate contrast, and high near-surface
concentration. An enlarged phase image (20 � 20 mm) for U-FSN-
60X is shown in Figure S3. The high density of near-surface nano-
particles and more clearly defined appearance are noteworthy.

3.3. PDMS/U-FSN surface topology

AFM height images (2D, 3D, 20 � 20 mm) for U-FSN nano-
composites are shown in Fig. 3. The RMS roughness, Rq, is shown as
a function of composition in Fig. 4. RMS roughness increases from28
nm to a maximum of 62 nm at 28X followed by a steep decline to 8
nm at 45X; a slight increase to 13 nm is found for 60X. As is usually
found, RMS roughness depends on the scan size. The noteworthy
coincidence of the minimum in Rq and the “disappearance” of near-
surface U-FSN (Figs. 1 and 2, S1, S2) was an important consideration
in the development of the proposed model for near-surface
morphology.

3.4. PDMS/T-FSN surface morphology and topology

Coatings were prepared by the process described in Scheme 1
using trimethylsilylated fumed silica nanoparticles (T-FSN).
Figure S5 showsTM-AFM2Dheight, phase and3Dheight images (20
� 20 mm) for 4-, 28- and 60X T-FSN nanocomposites; fromFigure S5,
Rq is 7.5, 7.1, and 7.7 nm, respectively. In the case of T-FSN, the near-
Fig. 3. TM-AFM 2D (left) and the 3D (right) height images (20 � 20 mm
surface morphology and topology for the processing method
described in Scheme 1 are identical to that observed previously for
handmixing. That is, the images are virtually devoid of near-surface
features, nanoparticles are not detected/imaged or appear very
faintly, and surfaces have very low RMS roughness. Thus, the pro-
cessing dependence of morphology and topology for U-FSN nano-
composites on the siliceous domain content must stem from
chemical interactions of PDMS, PDES, and U-FSN.

3.5. PDMS/FSN fracture surface morphology and topology

TM-AFM images for all U-FSN fracture surfaces are shown in
Figures S6 and S7. Height (2D, 3D) and phase images have a similar
appearance for all compositions, but there is a noticeable trend to
somewhat higher content of areas imaged as “hard”. This is
expected based on increase of siliceous domain content from <1 to
w13 wt% (Table 1).

A representative set of images for a 45X fracture surface is
shown in Fig. 5. The clear nanoparticle imaging in Fig. 5 contrasts
with the “disappearance” of nanoparticles for this composition
shown in Figs.1 and 2, S1, and S2. Like all fracture surfaces shown in
Figures S6 and S7, Rq for 45X is high, whereas Rq for the 45X coating
surface is less than 10 nm.

3.6. Surface wetting characteristic

When possible, we have reported dynamic contact angle (DCA)
data for silicones and related coatings [48,49]. However, the PDMS/
nanocomposite resins were too viscous for two-sided dip coated
samples. Only static contact anglemeasurements could be obtained
for the spin coated films. Static contact angles are shown as
) for U-FSN nanocomposites; Rq values are in Fig. 4 (Nanoscope V).



Fig. 4. Variation in the RMS surface roughness (Rq) for 20 � 20 mm 2D height images:
A, U-FSN; B, T-FSN nanocomposites.
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a function of PDES(OEt)/PDMS(OH)2 ratio (X) in Fig. 6. A regular
decrease in contact angles occurs with increasing siliceous phase
content. The highest contact angle is for 4X (115�) while the lowest
(100�) is for 60X.

4. Discussion

The intent of changing processing conditions for the PDMS
nanocomposites was simply to achieve more homogenous nano-
particle dispersion. Surprisingly, the near-surface nanoparticles
“report” that high speed mixing changes AFM imaged near-surface
morphology (Figs. 1 and 2, S1, S2). The interpretation of the
“message” reported by near-surface nanoparticles must take into
account:

i. T-FSN nanocomposites
a. Images are virtually devoid of near-surface features; that is,

nanoparticles are not detected/imaged or appear very faintly
(Figure S5); T-FSN nanoparticles do not “report” as the tri-
methylsilylated are chemically inert.

b. Surfaces have uniformly low RMS roughness
c. Near-surface morphology and topology for the processing

method described in Scheme 1 is identical to that observed
previously for hand mixing.

ii. U-FSN nanocomposites
d. Roughness (Rq) is strongly dependent on siliceous domain wt

% (Fig. 4).
e. Compared to hand mixing where nanoparticles “dis-

appeared” at 14X, the same phenomenon occurred at 45X
when high speed mixing was employed.

iii. Considerations common to T-FSN and U-FSN
Fig. 5. Representative 20 � 20 mm AFM fracture surface images for U-PDMS-45X: A, 2D hei
shown.
f. Due to condensation cure a steady increase in shrinkage
occurs with increased initial PDES content (Table 1);
shrinkage reaches 12.3 vol% for 60X.

g. AFM bulk fracture surface images for T-FSN and U-FSN are
virtually indistinguishable.

The model proposed in Fig. 7 is an integration of prior results for
VLS mixing technique (Fig. 7A), new results for HS mixing (Fig. 7B)
and T-FSN PDMS nanocomposites (Fig. 7C). The model for “dis-
appearing” and reappearing nanoparticles described earlier is
unchanged (Fig. 7A). That is, at 14X, the surface siliceous domain
blocks detection of the U-FSN. At higher siliceous domain volume
fractions, the ready reaction of PDES ethoxy and hydroxy groups
(SieOEtPDES, SieOHPDES) with U-FSN surface SieOH (SieOHnano)
effects a mechanical connection of the AFM tip with the nano-
particles, which are easily imaged. T-FSNs are inert and are not
detected or provide very faint images (Fig. 7C).

The model for U-FSN PDMS nanocomposites generated by HS
mixing (Fig. 7B) is based on competition of reactive PDMS end
groups (SieOHPDMS) and PDES ethoxy and hydroxy groups
(SieOEtPDES, SieOHPDES) for U-FSN surface SieOH (SieOHnano).

Stage 1.With reference to Scheme1, initialHSmixingofPDMSand
U-FSN (2700 rpm; 4� 60 s) results in PDMS chain ends bound to U-
FSN nanoparticles. At this stage, the interaction may be through H-
bonding (chemisorption) or covalent bonding (condensation to
SieOeSi). Scheme 1 (upper right) represents bonded chains with
bold lines andnanoparticles towhich these chains are bound asfilled
circles. Fig. 7B depicts four PDMS chains as small circles attached to
nanoparticles. The depiction ignores the broad molecular weight
distribution of PDMS chains and the disparity between the size of U-
FSN (w 50 nm) and 26 kDa PDMS chains. For the latter, the RMS end-
to-end distance is w7.5 nm using the valence angle model [50].

Stage 2. After addition of PDES, competition for reaction of
SieOHPDMS, SieOEtPDES, and SieOHPDES with SieOHnano occurs. A
myriad of condensation reactions are simultaneously underway as
network formation that parallels solegel chemistry is initiated. PDES
is comprised ofmultiple species includingdimers, trimers, tetramers,
and oligomeric species [35] all of which can undergo condensation
reactions with PDMS chain ends, other PDES species, and SieOHnano.
However, the presence of adsorbed or chemisorbed PDMS chains on
U-FSN blocks reaction of PDES species with SieOHnano.

The model in Fig. 7B is based on the notion that nanoparticle-
bound PDMS chains form a kinetic barrier to reaction of PDES
species with SieOHnano. A corollary to this proposed scheme is that
nanoparticles with bound PDMS chains tend to have higher near-
surface concentrations compared to U-FSN. Such nanoparticles
with bound PDMS chains may be designated “S-FSN”. The sugges-
tion that S-FSN tend to have higher near-surface concentrations
ght; B, phase; and C, 3D height. The orientation of the x axis in the 3D height image is



Fig. 6. Static contact angles of the coated slides with variation in the siliceous phase
concentration.
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compared to U-FSN follows their lower surface free energy and
better compatibility with the PDMS matrix.

It follows from the model proposed in Fig. 7B that the near-
surface concentration of S-FSN shifts the “disappearance” of
nanoparticles to higher siliceous domain concentration (45X‑)
compared to compositions prepared by very low speed (VLS) pro-
cessing conditions where U-FSN are the dominant nanoparticle
species (Fig. 7A). “Disappearance” is a gradual process as AFM
phase images of 35X show the beginning (Figs. 1 and 2, S1, S2). The
“reappearance” of nanoparticles at 60X results from a higher
concentration of PDES overcoming the blocking effect of surface
concentrated PDMS chains. That is, increased PDES results in
increased concentration of numerous molecular intermediates
containing eSieOH that compete for the formation of eSieOeSie
bonds on the nanoparticle surfaces. In turn, this results in enhanced
mechanical connectivity to the AFM probe by virtue of the
increased near-surface volume fraction of rigid siliceous phase
depicted in the last frame of Fig. 7B.

The proposed emergence of the siliceous domain at high PDES
concentration (45X) seems counter-thermodynamic. Based on self-
condensation alone, the PDES-derived siliceous domain should be
polar and glass-like precluding surface concentration. Nevertheless,
contact angles decrease regularly (decreasing hydrophobicity) from
the lowest (5X,114�) to highest (60X,100�) siliceous content (Fig. 6).
From wetting behavior, we conclude that the siliceous domain has
a gradually increasing, water accessible area fraction, decreasing the
Fig. 7. Model for surface morphology of U-FSN/PDMS nanocomposites as a function of
siliceous domain content: A, hand mixed; B, high speed mixing; C, T-FSN nano-
composite. AFM tip indicates nanoparticle imaged (green) or not (red); “x” represents
siliceous domain Si(eOe)4 tetrahedron; background pattern is PDMS matrix. For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.
water contact angle by 14� at 60X. This emergence is likely facili-
tated by increased volumetric shrinkage at higher siliceous domain
content, as this phase is relatively rigid and lessmobile compared to
the PDMS-rich domain.

The combined reaction of PDMSand PDESwith the nanoparticles
apparently results in nanoparticle aggregates due to PDMS chain/
siliceous domain bridging. Aggregates result in increased roughness
(Rq, Fig. 4) that is synergistic with increased shrinkage until the 45X
composition, where the formation of a continuous near-surface
siliceous domain results in a precipitous drop in Rq and nanoparticle
“disappearance”. The “reappearance” at 60X must result from the
connection of the smooth, surface siliceous-rich domain with near-
surface nanoparticles via bridging. Such bridges are rigid and afford
amechanical connection of the tip to thenear-surface nanoparticles.

5. Conclusion

U-FSN/PDMS nanocomposites prepared using high speed (HS)
mixing has a compositional dependent surface morphology (Figs. 1
and 2) which is different from that obtained previously for identical
compositions using a VLS mixing technique. A surface morpho-
logical model (Fig. 7B) is proposed based on a competition for U-
FSN surface SieOH (SieOHnano) by PDMS eSieOH end groups
(SieOHPDMS) and PDES ethoxy and hydroxy groups (SieOEtPDES,
SieOHPDES). At low PDES concentrations (4Xe35X), nanoparticle-
bound PDMS (S-FSN) inhibits reaction of PDES species with
SieOHnano. In addition, nanoparticle-bound PDMS chains facilitate
matrix compatibility and near-surface concentration as well as
surface roughness accompanying shrinkage. At 45X, the growing
concentration of siliceous domain results in a continuous near-
surface siliceous-rich domain and nanoparticle “disappearance”
(Fig. 1, S1, and 7B, 45X). A noteworthy reduction in coating
roughness accompanies the formation of this continuous surface
layer (Fig. 4). This is the same phenomenon proposed previously for
the 14X composition processed by VLS mixing (Fig. 7A 14X). [37,38]
However, the mild processing conditions utilized previously must
not have facilitated the “mechano-chemistry” that occurs under HS
mixing, viz., the reaction of PDMS eOH chain ends with SieOHnano.
Under mild VLS “hand mixing” used previously, PDES competed
more favorably for SieOHnano resulting in nanoparticle “disap-
pearance” at a lower siliceous domain content (14X).

At the 60X composition, nanoparticles “reappear”. This detection
is attributed to a mechanical connection through the near-surface
siliceous domain that enables tipenanoparticle interactions (Fig. 1,
S1, and 7B, 60X). The reduced contrast of the nanoparticles in the
60X phase image (Fig. 1B) is attributed to reduced tipenanoparticle
interactions due to the intervening siliceous domain.

While the emergence of a polar siliceous domain surface area
fraction seems counter-thermodynamic for coatings generated in
air, water contact angles decrease by 14� from 4X to 60X compo-
sitions; that is, the PDMS nanocomposites become less hydro-
phobic at high siliceous domain content (Fig. 6). Volumetric
shrinkage (loss of ethanol) accompanies higher initial poly-
diethoxysiloxane weight fractions, which may result in increased
surface exposure of siliceous domain. The presence of PDMS chains
bound to the near-surface siliceous domain presumably acts to
buffer against an even steeper decline in water contact angles.

The results reported herein are guiding additional studies aimed
at understanding the complex interplay of composition and pro-
cessing that affect the morphology for systems containing PDMS,
nanoparticles, and a siliceous domain from condensation cure. The
goal is to obtain additional insights that will facilitate systematic
tuning of properties for these important materials, which are used
widely in applications ranging from caulks, sealants, and foul-release
marine coatings to sophisticated biomaterials.
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