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ABSTRACT: Blends of amphiphilic poly(dimethylsiloxane) (PDMS) and a model polyhedral oligomeric
silsesquioxane (POSS) nanofiller, trisilanolisobutyl-POSS, form homogeneous monolayers at the air/water
interface. At high POSS content (>80 wt %), a thermodynamic analysis of surface pressure—area per
monomer (IT—A) isotherm data suggests possible phase separation prior to collapse of the PDMS
component. PDMS bilayer formation that normally occurs around IT ~ 8 mN m~! shifts to higher surface
pressures with increasing trisilanolisobutyl-POSS content, indicating compatibility between the two
materials in the monolayer state that is analogous to a positive deviation binary liquid mixture. Further
compression leads to the collapse of the POSS component into multilayer domains around IT ~ 17.5 mN
m~L. Brewster angle microscopy shows the amount of PDMS in the blend alters the aggregation state of
the nonequilibrium solidlike trisilanolisobutyl-POSS domains. These results provide insight into POSS
aggregation mechanisms that may be present in thicker films and bulk systems.

Introduction

Over the past decade, polyhedral oligomeric silses-
guioxane (POSS) molecules have attracted considerable
attention. With rigid inorganic cores and flexible organic
coronae of nanometer dimensions,? POSS molecules
have been used for hybrid organic—inorganic nanocom-
posites,®* space-survivable coatings,>® and synthetic
templates for nanostructured materials.”~12 The poly-
hedral silicon—oxygen nanostructured skeleton, from
which the name is derived, consists of intermittent
siloxanes of the general formula (SiOs2)n, 317 which was
first reported in 1946.1% By incorporating POSS into
polymeric species, improved physical properties such as
low-k dielectric constants,’9721 high glass transition
temperatures (Tg),%2% high thermal stability,?*=26 high
oxidation resistance,>® photoresists,?’?6 and unique
crystalline materials?30 can be obtained.

POSS molecules, representing hybrid organic—inor-
ganic materials with a core—shell structure, can be
thought of as the smallest possible particles of silica.l2
While the interfacial properties are important for future
applications of POSS, relatively little is actually known
about the surface properties of POSS systems.31-33
Recently, Deng et al. showed that the partial cage
structure of trisilanolisobutyl-POSS, T;R;(OH)3; where
R = isobutyl, can form stable Langmuir monolayers.3435
In view of the physical structure of POSS, with small
length/diameter ratios and barrel-like shapes, one can
imagine trisilanol-POSS molecules will have simpler
monolayer phase behavior than fatty acids. Hence,
POSS molecules may afford the opportunity to study
interactions between polymers and nanofillers in a “two-
dimensional” Langmuir monolayer system.
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This report focuses on the compatibility of two am-
phiphiles, trisilanolisobutyl-POSS3435 and poly(dimeth-
ylsiloxane) (PDMS),%6 as blended films at the air/water
interface (A/W) by monitoring their interactions with
the Wilhelmy plate technique and Brewster angle
microscopy (BAM). PDMS was first reported to have
surface-active properties in 1947.3 Since then, studies
have been performed to show the formation of mono-
layer and multilayer films at A/W.37739 In this study the
entire composition range, 0—100 wt % PDMS, is exam-
ined as blends with trisilanolisobutyl-POSS. This study
provides a detailed examination of the monolayer and
collapse behavior of mixtures of trisilanolisobutyl-POSS
with PDMS at A/W.

Experimental Section

Materials. Trisilanolisobutyl-POSS (HybridPlastics, Inc.)
and PDMS (M, = 7.5 kg/mol, My/M, = 1.09, Polymer Source,
Inc.) were used without further purification. Spreading solu-
tions were made by dissolving the pure components or blends
in chloroform (~0.5 mg mL~%, HPLC grade). The samples were
allowed to dissolve for more than 24 h.

Isotherm Studies. The blend was spread onto the surface
of a standard Langmuir trough (500 cm?, Nima Technology,
601BAM) filled with ultrapure 18.2 MQ water (Millipore,
Milli-Q Gradient A-10) maintained at 22.5 °C in a Plexiglas
box with a relative humidity of 70—75%. To investigate the
thermodynamic properties of the trisilanolisobutyl-POSS/
PDMS mixtures, four methods were used to vary the surface
area or surface concentration: (1) “compression” of the barriers
at a constant rate, (2) successive “addition” of spreading
solution, (3) “hysteresis” loops, and (4) “relaxation” (the
portions in quotation marks indicate the short form used
throughout the paper). For compression at a constant rate,
each sample was compressed at 20 cm? min~*. For hysteresis,
each sample was compressed at a speed of 20 cm?2 min~! to a
designated average area per monomer value, [A[J and were
immediately expanded at the same speed to a final trough area
of 480 cm?. This method was used to test the reversibility of
the different structural stages of the film. For successive
addition, the surface area was held constant and the surface
concentration was varied by making successive additions of
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Figure 1. (A) IT1-[AOcompression isotherms for trisilanol-
isobutyl-POSS blends with PDMS. Temperature was held
constant at 22.5 °C, and a compression rate of 20 cm? min—!
was used. The amount of POSS (wt %) is 0, 20, 40, 60, 80, 90,
95, and 100 from left to right, respectively. The arrows indicate
the composition-dependent transition surface pressure, Iiransi-
tion, for PDMS multilayer formation. The linear dotted lines
are used to show the extrapolation to the cross-sectional area,
Ao = 175 A2 monomer~1, at low II and the start of the
“nonequilibrium” regime at higher II for the pure trisilano-
lisobutyl-POSS isotherm. (B) The isotherms in (A) have been
replotted whereby each isotherm is offset from the previous
isotherm by an additional +0.5 mN m~ (+3.5 mN m™ total
offset for the 20 wt % POSS film from the unaltered 100 wt %
POSS film) with decreasing POSS content to highlight the
plateau region.

spreading solution. After each addition, IT was allowed to relax
to a constant minimum value (AIT < 0.1 mN m™! over a 10
min period) after evaporation of the spreading solvent. For low
surface pressures, the total relaxation time including solvent
evaporation was on the order of 20—30 min, while times on
the order of an hour were necessary in the collapsed regime.
For relaxation experiments, each sample was compressed at
a speed of 20 cm? min~! to a final compressed area per POSS
molecule, Aposs ~ 60 A2 monomer—. The barriers were held
at that position, and the sample was allowed to relax. The
surface pressure was recorded as a function of time until a
constant value was observed. For all four methods, a minimum
of 15 min was allocated after spreading to ensure the chloro-
form evaporated before all the isotherm measurements were
started. Surface pressure, I, was recorded by the Wilhelmy
plate technique during all isotherm measurements. A com-
pletely wetted filter paper plate was used as the Wilhelmy
plate.

Brewster Angle Microscopy (BAM). BAM studies (Mini-
BAM, NanoFilm Technologie GmbH, linear resolution better
than or equal to 20 um) were carried out simultaneously during
the isotherm measurements, and the BAM images were taken
by a CCD camera. The BAM images presented in this paper
are 4.8 x 6.4 mm? unless specifically noted. The entire
configuration (Langmuir trough, BAM, and Plexiglas box) rests
on a floating optical table to minimize vibrations.

Results and Discussion

Compression Isotherm Studies of the Pure Com-
ponents. Figure 1 shows a plot of surface pressure, II,
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as a function of average area per monomer, [A[L for
different mixtures of PDMS and POSS. At dilute surface
concentrations, [AC> 20 A2 monomer~1, PDMS is known
to form a liquid/gas (L/G) biphasic film.2° In this regime,
all of the Si and O atoms are able to adsorb to the
subphase with the hydrophobic methyl substituents
oriented into the air, reflecting the amphiphilic nature
of PDMS. A liquidlike monolayer forms (14 < [A< 18
A2 monomer1) forms upon film compression to [AQ
values less than the cross-sectional (limiting) area of a
PDMS repeat unit (~18 A2 monomer—1). As IT increases
in the monolayer regime, repeating units begin to pull
out of the interface and collapse begins (first plateau, 9
< [AO< 14 A2 monomer—1). At [AC~ 8 A2 monomer1,
there is a smaller rise in IT followed by a second plateau
(AO< 6 A2 monomer~1). These transitions were origi-
nally described3® in terms of helix formation; however,
more recent studies suggest these are actually multi-
layer transitions where a “dry” PDMS layer spreads on
top of a hydrated PDMS layer.3” As it is not possible
for the techniques used in this study to distinguish
between the two cases, subsequent discussion will favor
the multilayer model.

POSS also exhibits an interesting isotherm.3435 At low
surface concentrations ((AO> 220 A2 molecule™?, not
shown in Figure 1) IT ~ 0 mN m~1, and the film likely
exists in a biphasic L/G coexistent regime;® with
increasing compression (180 < A< 220 A2 molecule™1)
the POSS forms a liquidlike monolayer which shows no
hysteresis during compression—expansion cycles.3® Fur-
ther compression in this regime leads to the formation
of a less-compressible liquidlike monolayer (150 < [A
< 180 A2 molecule™1), where extrapolation back to I =
0 mN m~! yields a limiting area of A; = 175 A?
molecule™1, which is in excellent agreement with the
known size of a different trisilanol-POSS derivative,
trisilanolcyclohexyl-POSS, and molecular modeling of
trisilanolisobutyl-POSS.*0 In this regime, the film only
exhibits slight hysteresis during compression—expan-
sion cycles. As the film is compressed further, there is
another change in slope (135 < [AC< 150 A2 molecule™2).
In this regime, the film exists in a truly nonequilibrium
state leading to the “cusp” in the isotherm at IT ~ 17.5
mN m~ ([AD~ 135 A2 molecule™?), signifying collapse
of the film into multilayer domains. Addition and
stepwise compression experiments both show that sur-
face pressure values relax to IT ~ 125 mN m™
Moreover, for IT > 17.5 mN m~1 the rapid formation of
a more condensed phase causes a slight drop in IT until
the barriers “catch up” because the multilayer phase
that forms has a smaller area per molecule than in the
monolayer state.

Compression Isotherm Studies of the Blends.
Each isotherm, excluding the pure components (left-
most curve = PDMS, right-most curve = POSS) repre-
sents a mixture with increasing weight percent POSS
as you go from left to right in Figure 1. Qualitatively,
the mixtures show behavior between the extremes of
PDMS and POSS. For 0 < IT < 8 mN m™1, a liquidlike
monolayer is formed for all compositions. In the region
8 < II < 13 mN m™1, there is a composition-dependent
collapse transition, ITiansition. This transition corre-
sponds to PDMS multilayer formation. Above IT ~ 13
mN m~1, all blend isotherms exhibit POSS-like behavior
and show an essentially composition independent cusp
around IT ~ 17.5 mN m~1. The latter transition corre-
sponds to the formation of POSS-rich multilayer do-
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mains. After the cusp, the mixed isotherms show a long
“plateau” as more POSS converts into multilayer do-
mains. These features and their significance are dis-
cussed in more detail below.

The Monolayer Regime. Thermodynamic analysis
of the isotherms can help to understand the mixing
behavior at a molecular level. For IT < 8 mN m~%, the
appropriate expression for ideal mixing is given as

B\mix,ideal(H)D: XPOSSAPOSS(H) + XPDMSAPDMS(H) (1)

where Aposs(IT) and Appms(IT) are the values of A at a
given IT value for the pure component monolayers and
Xppms and Xposs are the mole fractions. Hence in 2-D,
the analogous property to the volume change upon
mixing in 3-D can be defined as

AAmix(rl) = B\(H)D— IJS‘mix,ideal(l—I)[| (2)

Figure 2A shows a plot of [A(IT)Cvs the mole fraction
of POSS in the blend films. Figure 2A shows represen-
tative data for two different IT values (2 and 7 mN m—1)
while comparable data for 5 mN m~! were omitted for
clarity. Surface pressure values below IT = 8 mN m~!
were chosen to avoid pressure-induced collapse of the
PDMS component. Qualitatively, the data show positive
deviation from ideal mixing ([(Amixideal(IT)C] the dotted
lines on the figure). As positive deviation from ideal
mixing indicates unfavorable enthalpic interactions, it
is also useful to consider the molar Gibbs excess free
energy of mixing, AGexess, Which can also be calcu-
lated from the IT—A isotherms of the pure and mixed
films:41.42

I
AGgycess = [ AAL(IT) dIT 3)

The AGexcess Values for binary mixtures as a function of
POSS mole fraction and surface pressure are shown in
Figure 2B for IT = 2, 5, and 7 mN m~. For all the
compositions studied, these curves were concave down-
ward, giving positive AGeycess Values, in agreement with
unfavorable interactions in binary monolayers.*2 These
values become more positive with increasing surface
pressure, indicating that the repulsion between the two
components are stronger at larger IT. However, the near-
zero values of AGexcess Observed for mixtures containing
less than 80 wt % (=27 mol %) POSS are consistent with
uniphasic mixtures.*? In contrast, mixtures containing
larger amounts of POSS (>80 wt %, >27 mol %) have
large AGeyxcess Values that may be consistent with phase
separation. By assuming that the ideal entropy of
mixing can be described by Flory—Huggins-type behav-
ior, the Gibbs free energy of mixing, AGnix, can be
estimated as

AGmix(H) = AG‘excess(n) + AGideaI(H)
Pepms
= AGyess(I1) + (¢Poss IN ¢poss T W IN ¢ppms
4)

where ¢; is the volume fraction of component i and n is
the number of segments in a polymer chain based on
the size of a solvent molecule (here n = 101/8).%® These
data are shown in Figure 2C for II =2 and 7 mN m™1
(5 MmN m~1 data have been omitted for clarity), indicat-
ing that POSS/PDMS phase separation may occur just
prior to the collapse transition of the film in POSS/
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Figure 2. (A) Mean surface areas per repeating unit, (B)
excess Gibbs free energies of mixing, and (C) estimated Gibbs
free energies of mixing calculated from the isotherms at IT =
2 (0), 5 (@), and 7 mN m™* (+) plotted as a function of the
POSS mole fraction, Xposs, or volume fraction, ¢poss, On a
monomer basis. Solid lines are guides for the eyes, and the
dotted lines correspond to the values for ideal mixing. The IT
=5 mN m~! data were omitted from (A) and (C) for clarity.

PDMS mixtures containing more than 80 wt % POSS.
However, no direct microscopic evidence was seen for
this by BAM during compression, suggesting POSS and
PDMS monolayers may have comparable thickness and
refractive indices in this regime.

PDMS Collapse. The fact that the films show
characteristics of both PDMS and POSS behavior
requires a different treatment of the data for IT > 8 mN
m~1. PDMS undergoes a transition from a monolayer
to a multilayer film around IT &~ 8 mN m~1.38 Whether
this transition occurs through elaborate conformational
changes as suggested by Fox et al.’® or a simple
spreading of “dry” PDMS on the top of the hydrated
PDMS layer®7:38 is beyond the scope of this paper as both
mechanisms would lead to a film that is roughly two
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Figure 3. Ilyansion for PDMS multilayer formation as a
function of the mole fraction of POSS on a per monomer basis.
Filled circles (®) represent experimental data from Figure 1,
the solid line is provided to highlight the trend, the bold dotted
line represents ideal dilute solution behavior (Henry’s law),
and the dashed line connecting the “equilibrium” transition
pressure of the pure components provides ideal solution
behavior (Raoult's law). The vertical dashed lines are used to
highlight the three distinct regimes (A, B, and C).

monomer units thick. In this study, the PDMS mono-
layer — multilayer transition manifests itself as a
shoulder (shown as arrows in Figure 1) in the mixtures.
This transition occurs at higher surface pressures in
mixtures with increasing trisilanolisobutyl-POSS con-
tent. When the pressure is less than Iiransition, the films
are monolayers and show average characteristics of
PDMS and POSS. There is a positive deviation from
ideal behavior over the entire composition range (Figure
2), ultimately similar to the partial pressure change of
two dissimilar liquids.** The blend films at the water
surface below ITiransition are thought to be stable mono-
layers with both components staying at A/W, until the
PDMS component is squeezed out of the interface due
to a weaker water affinity than the POSS molecules—
which is confirmed from the BAM studies and will be
discussed later.

Above the shoulder in Figure 1, Iiansition iNdicated
by arrows, a different analysis is utilized. Figure 3
shows Tiansition @S a function of the mole fraction of
POSS, Xposs, calculated on a per monomer basis. The
plot in Figure 3 can be thought of as a surface analogue
to a vapor pressure diagram for an ideal-dilute binary
mixture of volatile liquids, where the equilibrium col-
lapse pressures of PDMS and POSS represent the vapor
pressures of the pure components and the bold dashed
line corresponds to the prediction of Raoult's law.*> As
seen in Figure 3, there are three distinct regimes. In
region A, ideal-dilute solution behavior is observed with
positive deviation from Raoult’s law. The dotted line in
Figure 3 provides the surface analogue of a Henry's law
regime. By extrapolating the initial slope to pure POSS,
one observes a value of IT ~ 17.5 mN m~1 or the dynamic
collapse value of trisilanolisobutyl-POSS.3435 Hence, one
observes a nonideal enhancement of the pressure-
dependent stability of PDMS monolayers at low POSS
loadings. In region B of Figure 3, deviations from
Henry’'s law behavior are observed. By region C in
Figure 3, Raoult's law behavior is observed with an
extrapolation to IT ~ 12.5 mN m~! for pure POSS. This
value agrees amazingly well with the “thermodynami-
cally” stable collapse value for trisilanolisobutyl-POSS.35
Both the transition region, B, and the Raoult's law
regime, C, are consistent with unfavorable interactions
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that may lead to phase separation. Therefore, a suitable
interpretation may be that the presence of low-viscosity
PDMS plasticizes the trisilanolisobutyl-POSS, thereby
enhancing the rate at which it collapses, leading to a
noticeable kink in the isotherm. Hence, region C should
be characterized as the preferential collapse of the
PDMS component with some collapsing POSS as well.
In any event, these transitions occur in the absence of
detectable reflectivity changes as the BAM images are
homogeneous over the time scale of the compression.

The Nonequilibrium “Monolayer” Regime. Previ-
ous work with trisilanolisobutyl-POSS shows this POSS
derivative forms a nonequilibrium monolayer between
12,5 and 17.5 mN m~! upon compression.®® In this
regime, addition, stepwise compression, and compres-
sion isotherms yield different results as viscous trisil-
anolisobutyl-POSS monolayers collapse at a rate which
is slower than the compression rate. As a result,
continuous compression leads to a rise in IT until
ultimate failure occurs with nonequilibrium collapse of
the film at IT ~ 17.5 mN m~1. As seen in Figure 1, this
regime shifts to smaller [Alas the amount of PDMS
increases. Nonetheless, neither increasing PDMS con-
tent nor the collapse of the PDMS component has a
significant impact on the collapse pressure of the POSS
component. Hence, the value of IT ~ 17.5 mN m~! for
nonequilibrium POSS collapse is a good measure for the
dynamic affinity of trisilanolisobutyl-POSS at the sur-
face for all PDMS compositions.

Collapse of the POSS Component. Unlike the
collapse behavior at the shoulder, which corresponds to
the monolayer — multilayer transition of PDMS, the
surface pressure of the cusp, corresponding to the
nonequilibrium formation of more condensed POSS
domains, is unaffected by the amount of PDMS. This
transition can be visualized with the aid of BAM as seen
in Figure 4, where the solidlike domains appear brighter
than the rest of the film. The micrographs in Figure 4
were chosen to ensure a constant POSS surface con-
centration of Aposs ~ 50 A2 molecule~1. This concentra-
tion is calculated by assuming the film is only composed
of POSS. Pure trisilanolisobutyl-POSS only forms small
nonequilibrium solidlike structures when compressed
past the collapse pressure. Trisilanolisobutyl-POSS
forms more solidlike multilayer domains for small
amounts of added PDMS. It is possible that the greater
area fraction of solid domains reflects a lower viscosity
within the blend. Alternatively, PDMS could serve as a
nucleation site for the heterogeneous formation of
solidlike domains. These domains tend to aggregate into
larger structures (Figure 4B). Ultimately, with increas-
ing amounts of PDMS, the formation of solidlike POSS
domains apparently becomes more difficult at a specific
temperature and IT value as their surface fraction
decreases (Figure 4D,E) as one might expect for the
addition of a liquid solute. As noted above, there is
definitely a larger surface fraction of multilayer domains
present in the 90 wt % trisilanolisobutyl-POSS sample.
The fact that multilayer domain formation and aggrega-
tion occur on a time scale that is initially faster than
the rate of compression causes the pressure to drop
slightly in the IT—A isotherms at the cusp prior to the
formation of a long plateau that is observed upon
compression past the cusp.

Hysteresis Studies. Once enough PDMS is incor-
porated into the blend films, the amount of solid present
after the cusp decreases, and the compression becomes
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Figure 4. BAM images upon compression for different POSS/
PDMS blends (wt % POSS, [AZA2 monomer1): A (100, 47.4),
B (90, 25.4), C (80, 14.8), D (60, 9.5), and E (40, 6.4). The [AT
values all correspond to a POSS concentration of Aposs ~ 50
A2 molecule. Solidlike domains appear bright in the images,
which are 4.8 x 6.4 mm? in size. The letters on the TI-[AO
isotherm show the positions where the BAM images were
obtained.

more reversible, as seen in Figure 5A. The sudden drop
in IT upon expansion does not seem to depend on the
amount of PDMS present in the blend. Three hysteresis
cycles of POSS/PDMS blend films at A/W for fresh
monolayers can be seen in Figure 5B for the 90 wt %
POSS blend film. Three general conclusions can be
drawn from Figure 5B for films at A/W: (1) a very stable
reversible monolayer film forms below IT ~ 7 mN m™31,
i.e.,, before the PDMS component begins multilayer
collapse; (2) irreversible PDMS bilayer formation occurs
between 7 mN m~1 < IT < 17 mN m~! as the respread-
ing of PDMS from the bilayer state is slower than the
rate of area expansion; and (3) unstable POSS multi-
layer domain formation occurs after the cusp, resulting
in a two-step dynamic relaxation process corresponding
to the respreading of POSS multilayer aggregates and
subsequent respreading of PDMS. However, this re-
spreading is incomplete. If multiple hysteresis loops are
performed for the same monolayer, the results are
strongly dependent on the maximum surface pressure
value, ITnax, to which the monolayer is compressed. For
IInax < 7 mN m™1, repeated loops are essentially
identical. For 7 mN m™1 < IInax < 17 mN m~1 there is
a small shift in the curves to smaller [Alvalues (<5%)
for the second and later cycles. However, for multiple
cycling of films compressed deep into the collapsed
regime of the POSS component, like the solid curve in
Figure 5B, there is a continual shift to smaller [AQ
values for subsequent cycles from the preceding cycle
(>10% per cycle dependent upon how far the film is
compressed into the collapsed regime). This condition
suggests that while solidlike POSS domains are no
longer visible following the expansion of the film back
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Figure 5. TI-[Altompression—expansion isotherms for single
cycles of POSS/PDMS blends. All films were compressed and
expanded at 20 cm? min~! and a constant temperature of 22.5
°C. (A) Hysteresis curves for 20, 60, and 90 wt % POSS blends
are shown from left to right. Solid curves represent the
compression process, and the dashed curves represent the
expansion process. (B) Hysteresis curves for a single composi-
tion, a 90 wt % POSS blend, compressed to ITmax = 8, 12, and
16 mN m™%, corresponding to dotted, dashed, and solid
expansion curves, respectively.

to the initial [AOvalue, multilayer domains that are
smaller than the resolution of the BAM must exist as
subsequent recompression of the film requires smaller
[ADvalues before the surface pressure rises. Moreover,
the continual shift in [AQOwith increasing cycle number
means that more of the film is converted into a “per-
manent” multilayer state with each cycle.

When there is a high concentration of trisilanolisobu-
tyl-POSS present and a small amount of PDMS (<15
wt %), the area fraction of solid domains increases
(Figure 4B). This feature may occur because the PDMS,
when present in small amounts, functions as a nucle-
ation site for the aggregation of trisilanolisobutyl-POSS
and is possibly aided by phase separation as noted in
the thermodynamic analysis of the monolayer regime.
By utilizing BAM, the surface fraction and density of
solidlike domains during expansion can be directly
observed as seen in Figure 6. As more domains form
for POSS films with small amounts of PDMS, a “spa-
ghetti-like” network appears. The domains first appear
as ring structures as seen in Figure 6B. As the trough
area expands, these rings break apart into branched
“spaghetti-like” strands as seen in Figure 6A and to a
lesser extent in Figure 6C,D. The nucleation sites that
allowed more solidlike domains to form also allow more
network-like morphologies to form upon expansion of
the barriers (Figure 6B). There is, however, a threshold
on the amount of solid that will be formed with added
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Figure 6. BAM images upon expansion for different POSS/
PDMS blends (wt % POSS, [AIAZ monomer~1): A (100, 49.5),
B (90, 26.0), C (80, 14.0), D (60, 10.0), and E (40, 5.0). The [AO
values all correspond to a POSS concentration of Aposs ~ 50
A2 molecule. Solidlike domains appear bright in the images,
which are 4.8 x 6.4 mm?2 in size. The letters on the I1-[AQ
isotherm show the positions where the BAM images were
obtained during the expansion process.
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Figure 7. A II-[AOisotherm comparison between addition
and compression for a 60 wt % trisilanolisobutyl-POSS blend
with PDMS. The compression isotherm (solid line) was ob-
tained at 20 cm? min—! at a temperature of 22.5 °C. The circles
(O) represent “equilibrium” addition data. The letters cor-
respond to the surface concentrations where BAM images
shown in Figure 8 were obtained.

PDMS. As can be seen in Figure 4C—E, as more PDMS
is introduced into the system, fewer domain structures
form; hence, there are also fewer structures upon
expansion (Figure 6C—E). Moreover, when network-like
structures fail to form, the predominant morphology is
one where most domains exist as small round structures
(Figure 6E).

Addition Experiments. Figure 7 contains a repre-
sentative comparison between compression data and
data obtained by making successive additions of spread-
ing solution for the 60 wt % trisilanolisobutyl-POSS
blend with PDMS. After spreading, the surface pressure

Amphiphilic PDMS/POSS Blends 4905

SEC g i

Figure 8. BAM morphologies obtained by addition and
compression of a 60 wt % trisilanolisobutyl-POSS blend with
PDMS (IT/mN m~1, [AZA2 monomer~1): A (10.9, 21), B (15.2,
18), and C (14, 16.5) all by addition vs D (16.5, 16.5) by
compression. Solidlike domains appear bright in the images,
while coexistent liquidlike phases, BAM images A — C, have
much lower contrast. To highlight these features, white arrows
have been added to highlight examples of thicker PDMS
domains (medium brightness) on the monolayer background
(darkest features), and dark arrows are used to highlight POSS
aggregates (brightest, small circular domains) which tend to
initially form in the thicker PDMS domains. All images are
2.4 x 3.2 mm? in size.

values for all of the addition data were allowed to relax
until a stable, “equilibrium” surface pressure value was
obtained. The “equilibrium” condition was arbitrarily
chosen to be AIT < 0.1 mN m~1 in a 10 min period. As
seen in Figure 7, allowing equilibration causes the
pressure to stabilize at lower values than under com-
pression conditions. Both isotherms exhibit the same
shape and trend, but the plateau pressure of the
addition isotherm is lower by about 3 mN m~. Figure
8 shows the surface morphologies of the blend film at
different surface pressures by addition. The surface
blend film was clear before the PDMS transition and
then slightly brighter round liquid domains appeared
at surface pressures above about 11 mN m~1 (Figure
8A)—which is consistent with multilayer formation.
Further addition of the mixture onto the surface leads
to POSS multilayer domain formation within the upper
layer of elongated PDMS bilayer domains (Figure 8B,C).
Trisilanol-POSS molecules are believed to form dimers
after the cusp,3546 as this would be a more energetically
favorable conformation for POSS molecules in the
hydrophobic multilayer regime. This hypothesis is sup-
ported by the known crystal structure for trisilanolcy-
clohexyl-POSS, where the unit cell consists of a hydrogen-
bonded dimer.#° If dimer does form at the interface, the
dimeric-POSS would be nonamphiphilic, as intermo-
lecular hydrogen bonding would replace direct hydrogen
bonding between the silanol groups and water. The
morphology from the compression method is shown in
Figure 8D for comparison at the same surface concen-
tration, AO~ 16.5 A2 monomer~!, as Figure 8C. The
liquidlike multilayer domains of PDMS that appeared
in addition are not observed during compression, and
the condensed POSS multilayer aggregates appear to
be smaller in size due to the dynamic nature of the
compression process. It is important to note that the
absence of liquidlike PDMS multilayer domains in
Figure 8D obtained by compression does not necessarily
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Figure 9. Relaxation, IT vs t, curves for blends of trisilanol-
isobutyl-POSS with PDMS. Compression ceased at the Ilg
values given in Table 1 for each composition ratio.

40
Relaxation time /h

Figure 10. Morphologies obtained from a relaxation experi-
ment for a 90 wt % POSS blend with PDMS at a constant area,
[AC= 28.5 A2 monomer~1. The BAM images (A — E) correspond
to the labeled points on the IT vs t relaxation curve. Solidlike
domains appear bright in the images, which are 4.8 x 6.4 mm?
in size.

mean that they do not exist as they could be smaller in
size than the resolution of the BAM. Moreover, their
presence in the addition experiments in Figure 8A—C
is consistent with the long equilibration times (at least
30 min vs less than 2 min during continuous compres-
sion for comparable IT values) and lower viscosity of the
film during evaporation of the spreading solvent that
facilitate the formation of large domains.

Relaxation Phenomena. Figures 9—11 show rep-
resentative relaxation behavior of POSS/PDMS blends.
In Figure 9, the surface pressure is plotted as a function
of time for representative relaxation curves. Figure 9
clearly shows two groups of data. The first group (<80
wt % POSS) corresponds to those systems that form one
phase systems in the monolayer state according to the
thermodynamic analysis of the isotherm data. The
second group consists of those systems (>80 wt % POSS)
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Figure 11. Blend film morphologies after 5 min of relaxation
for (wt % POSS, [AA2 monomer—1): A (100, 60), B (90,28.5),
C (80, 17.6), D (60, 11.4), and E (40, 6.7). The [Alvalues all
correspond to a POSS concentration of Aposs &~ 60 A2 molecule™.
Solidlike domains appear bright in the images, which are 4.8
x 6.4 mm? in size.

which may form phase-separated monolayers just prior
to monolayer collapse and pure trisilanolisobutyl-POSS.
The high-POSS content data in Figure 9 all relax to the
same final surface pressure (IT ~ 12.5 mN m™1). As this
surface pressure value is comparable to pure trisilano-
lisobutyl-POSS, one can expect a surface where all of
the PDMS is excluded from the water interface and
resides on top of the POSS. In contrast, the low-POSS
content films relax to a surface pressure value that is
actually greater than the value obtained for pure
trisilanolisobutyl-POSS. These systems suggest that
both the upper and lower levels of the multilayer film
contain some PDMS that enhances POSS—water inter-
actions, thereby supporting a film with a higher surface
pressure. While the molecular basis for this behavior
is speculative, it is supported by BAM. Figure 10 shows
representative morphological data for the relaxation of
a 90:10 POSS:PDMS blend by weight following the
cessation of compression. The initial pressure at the
cessation of compression, Iy, of each blend film is stated
in Table 1, where both the collapse surface pressures
from addition and compression are also included. As
seen in Figure 9 and Table 2 for trisilanolisobutyl-POSS,
there is a rapid initial relaxation in IT upon the cessation
of compression and then a slower decrease in surface
pressure until a stable value of IT = 125 mN m™! is
obtained. During the early stages of I1 relaxation, the
solidlike POSS domains aggregate into ringlike struc-
tures to minimize the contributions of line tension and
dipole density to the total energy of the nonequilibrium
system.*’” Representative BAM micrographs in Figure
10 for the relaxation process of a 90 wt % POSS blend
show that the relaxation in IT is accompanied by the
aggregation of more condensed domains to from ringlike
structures at intermediate I1, before breaking up into
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Table 1. Important II Values for Trisilanolisobutyl-POSS/
PDMS Blends at A/W?2

initial final
collapse collapse  relaxation relaxation
wt% mol% pressure  pressure  pressure  pressure

POSS POSS® (mMNm)¢ (mNm)d (mNme (mNmf

0 0 8.5 8.5 8.5 8.5
20 2 18.0 13.7 17.7 141
30 4 17.9 17.8 141
40 6 175 13.8 16.8 14.0
60 12 17.3 13.8 15.9 12.9
80 27 17.5 12.6 15.6 12.4
90 46 175 12.8 15.6 12.6
95 64 17.4 16.2 12.4

100 100 17.6 12.5 15.7 12.3

a1l values are accurate within £0.2. ® mol % derived on a
monomer basis, where POSS is treated as a single monomer. ¢ For
compression at 20 cm? min~1. 4 For addition. € Initial IT, values
for Figure 9. f Final IT values for Figure 9.

smaller aggregates at the lower equilibrium IT. In this
respect, the behavior is the same as pure trisilanol-
isobutyl-POSS.3> The ringlike structures that form
during the IT relaxation process are consistent with the
nonequilibrium formation of solidlike domains in a
liquidlike monolayer matrix.*”

Figure 11 shows BAM micrographs for the early
stages of Il relaxation for blends of variable POSS
content. Interestingly, the images in Figure 11 are
nearly identical to the result seen for hysteresis experi-
ments in Figure 6. With decreasing POSS content
within the films, solidlike domains formed at A/W fail
to aggregate into connected ring structures and instead
form islands. This observation is further evidence for
PDMS multilayer formation on top of the POSS/PDMS
blend at A/W, where the water surface is not completely
covered by POSS molecules upon compression. Under
these conditions, PDMS molecules still could interact
with POSS molecules laterally and enhance film stabil-
ity as evidenced by the higher final IT values.

Returning to Figure 9, the IT—t decay curves are not
single exponentials, suggesting that a complex collapse
mechanism exists. The decay process is dominated by
a fast relaxation process that rapidly decreases the
pressure to a value near the plateau (“equilibrium”)
value. This fast process was assigned to a reorganization
of the blend film (following its nonequilibrium compres-
sion) because the magnitude (AII) increases with both
the compression rate and the target surface pressure
(result not shown). This reorganization may be due to
an adjustment in the distribution of dipole moments and
mean distances. A process that slowly decreases II to
the plateau pressure is observed at longer times. This
process was interpreted as a loss of material from the
interface (or multilayer formation) and could result from
a nucleation and growth process resulting in three-
dimensional (3-D) aggregates.
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Qualitatively, the relaxation behavior seen in Figure
9 must consist of at least a fast and a slow mode.
Quantitatively, a triple-exponential function

I/, = a, exp(—t/7;) + a, exp(—t/t,) +
(1 —a, — a,) exp(—t/zy) (5)

where a; and a, are exponential prefactors and 71, 72,
and 73 provide different relaxation times, was found to
adequately describe the data in Figure 9. Results for
the fitting parameters for different trisilanolisobutyl-
POSS/PDMS blends are summarized in Table 2. The
first term in eq 5, a; exp(—t/r1), describes the initial drop
in IT upon the cessation of compression. The first
reorganization time, 71, is on the order of less than 1
min and is similar for all blend compositions (Table 2).
This behavior reflects a stronger influence by the elastic
rather than viscous properties of the monolayer. Hence,
the first term has been attributed to local, short-range,
reorganization of the functional groups of the molecules
within the monolayer.

The second term in eq 5, a, exp(—t/tp), yields a
relaxation time on the order of a few minutes. In this
step, there is a continuation of dipolar and chain
segment relaxation along with long-range adjustment
of symmetry, mean distances between domains, and the
dissipation of surface pressure gradients to produce the
network structures seen in Figures 10 and 11 as well
as their ultimate breakup. As the prefactor, a,, is much
smaller than aj, these processes are less significant for
this system than the molecular scale rearrangements.

The final term in eq 5, (1 — a1 — az) exp(—t/r3), has
relaxation times on the order of 73 ~ 100 h. This term
accounts for multilayer aggregation but is much longer
than the experimental observation window. Hence, the
prefactor defines the final plateau IT value as the
experimental time scale < 3. In terms of I1/TI, (Table
1), the percentage change in IT during relaxation
increases with increasing POSS content in the film. This
observation suggests that lower film viscosities ac-
companying the addition of PDMS minimize the impor-
tance of relaxation processes during film compression.
This result is also consistent with the observed hyster-
esis behavior in Figure 5A.

Conclusions

One of the key remaining challenges for POSS nano-
technology is the successful blending of POSS based
materials with polymers for transparent hybrid organic—
inorganic nanocomposites. In this report, uniform blend
monolayers of trisilanolisobutyl-POSS and PDMS could
be formed up to 80 wt % POSS in the presence of an
attractive surface (water). With increasing surface
concentration, there is an initial departure from the
monolayer state through PDMS desorption into a mul-

Table 2. Parameters Used To Fit the Relaxation of Trisilanolisobutyl-POSS/PDMS Blends

wt % POSS a;? a? 71/2 To/mind 73/h2
20 0.1473 + 0.0005 0.0445 + 0.0005 30.6 £ 0.4 9.84+0.2 128 £ 2
30 0.1194 + 0.0003 0.0707 + 0.0003 28.84+0.2 7.0+0.1 68 +1
40 0.0966 + 0.0003 0.0481+ 0.0003 28.2+04 12.7 £ 0.2 79+1
60 0.0975 + 0.0004 0.0666 + 0.0004 19.8 £0.3 9.440.2 57+1
80 0.0947 + 0.0003 0.0934 + 0.0003 18.6 £ 0.2 7.7+0.1 9% +1
90 0.1015 + 0.0002 0.0969 + 0.0002 14.44+0.1 35+0.1 136 +1
95 0.0983 + 0.0004 0.1098 + 0.0004 10.2+ 0.1 3.0+0.1 54 £1
100 0.1691 + 0.0007 0.0758 + 0.0007 14.44+ 0.2 6.8+ 0.1 112 +£ 3

a +1 standard deviation.
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tilayer structure. Further compression leads to desorp-
tion of trisilanolisobutyl-POSS and the formation of
more condensed solidlike POSS aggregates in a PDMS
fluid where one can reasonably expect POSS molecules
to hydrogen bond with one another and form dimer
structures as they do in bulk crystal structures.*® Hence,
this study provides insight into aggregation mechanisms
that may also be important in POSS/polymer blends and
coatings.
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