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ABSTRACT: Combining two non-surface-active building blocks, oligomeric poly(ethylene glycol) (PEG) and a
completely hydrophobic polyhedral oligomeric silsesquioxane (POSS) cage, creates amphiphilic telechelic polymers
(POSS-PEG-POSS), which exhibit surface activity at the air/water (A/W) interface. POSS moieties serve as
the hydrophobic groups for hydrophilic PEG chains of different number-average molar mass (1, 2, 3.4, 8, and 10
kg mol-1). For short PEG chains (1, 2, and 3.4 kg mol-1), insoluble monolayers form, whereas POSS end groups
were not sufficiently hydrophobic to keep higher molar mass hydrophilic PEG blocks (8 and 10 kg mol-1) at the
A/W interface. Thermodynamic analyses of the 1, 2, and 3.4 kg mol-1 POSS-PEG-POSS via surface pressure-
area per monomer isotherms indicate that the POSS end groups reside at the A/W interface and that the PEG
chains are squeezed into the subphase with increasing surface pressure. This conclusion is supported by X-ray
reflectivity studies on Y-type Langmuir-Blodgett multilayer films which reveal a double-layer structure with a
double-layer spacing of about 3.52 nm. These findings provide a strategy for producing new surface active species
from non-surface-active precursors.

Introduction

Two-dimensional (2D) monolayer studies at the air/water (A/
W) interface have attracted interest because of the ability to
obtain structural as well as morphological information. Only
certain types of molecules, those which exhibit a delicate balance
between hydrophilic and hydrophobic contributions to the
overall polarity of the molecules, are capable of forming stable
monolayers.1,2 Since Langmuir published his initial study of
monolayers of amphiphilic molecules at the A/W interface,3

numerous materials have been studied in the form of mono-
molecular films on liquid surfaces (Langmuir films) at constant
temperature.4 Furthermore, some monolayer films can also be
transferred onto solid substrates from the water surface through
the Langmuir-Blodgett (LB) or Langmuir-Schaefter (LS)
techniques. By examining Langmuir films and LB or LS films,
it is possible to obtain information about the mechanical,
electrical, optical, and chemical properties of oriented molecules
at the interface as well as information about structural properties,
such as the size and shape of molecules.5-11

Poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO)
are widely studied polymers12-14 with applications in a variety
of technological fields such as drug delivery,15,16batteries,17 and
biotechnology.18 Even though PEG and PEO are completely
water-soluble at room temperature, PEO of sufficient molar mass
can still form Langmuir monolayers at the A/W interface.19-22

The amphiphilic nature arises from the ability of the oxygen
atom in the ethylene oxide repeating unit (-CH2CH2O-) to

hydrogen bond with water.19 The stability of PEO monolayers
at the A/W interface depends not only on the surface concentra-
tion but also on the molar mass. The lowest reported molar mass
for forming stable PEO monolayers at the A/W interface was
18 kg mol-1.21 In contrast, fully condensed polyhedral oligo-
meric silsesquioxane (POSS) molecules (Figure 1), such as a
closed cage POSS (Figure 1A) (R8T8, where T is a silsesqui-
oxane unit and R is alkyl), are nonamphiphilic.23,24Given both
the theoretical and experimental interest in POSS as a versatile
hybridorganic-inorganicmaterialwithacore-shellstructure,25-32

and the fact that open cage33-36 trisilanol-POSS structures
(Figure 1B) are amphiphilic (T7R7(OH)3, where R is variable),
combining POSS with PEG could lead to interesting am-
phiphiles.

In this study, the combination of PEG oligomers which are
too water-soluble to be surface active and a closed cage POSS
group which is too hydrophobic to act as a surfactant produces
a new type of hybrid amphiphilic telechelic polymer (POSS-
PEG-POSS) at the A/W interface possessing interesting
insoluble surfactant properties. The advantage of POSS-PEG-
POSS molecules (Figure 2) over other telechelic systems is that
these materials can serve as building blocks for the construction
of hybrid organic-inorganic materials.37-39 Utilizing results
from Brewster angle microscopy (BAM) at the A/W interface
and X-ray reflectivity on LB films, the effects of the incorpo-
rated hydrophobic POSS on the surface activity and the
morphology of POSS-PEG-POSS as well as information about
the size and packing of these molecules will be discussed.

Experimental Section

Materials. Five poly(ethylene glycol) (PEG) polymers with
nominal monodisperse number-average molar masses ofMn ) 1,
2, 3.4, 8, and 10 kg mol-1, designated as PEG1K, PEG2K, PEG3.4K,
PEG8K, and PEG10K, respectively, were obtained from Aldrich and
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purified by twice repeating the process of precipitation inton-hexane
from chloroform solutions, followed by drying under vacuum
overnight.40 POSS-PEG-POSS samples were synthesized by
direct urethane linkages between the hydroxyl end groups of PEG
homopolymers and the monoisocyanate group of POSS macromers
(isocyanatopropyldimethylsilylcyclohexyl-POSS) provided by the
Air Force Research Laboratories, AFRL/PRSM.37,38The telechelic
polymers are designated here as POSS-PEG1K-POSS, POSS-
PEG2K-POSS, POSS-PEG3.4K-POSS, POSS-PEG8K-POSS, and
POSS-PEG10K-POSS, and their properties are summarized in
Table 1. In addition, a high molar mass PEO sample (Mn ) 90 kg
mol-1, polydispersity index ofMw/Mn ) 1.09) was purchased from
Polymer Source, Inc., and was used as received.

Surface Pressure-Area Isotherm and BAM Studies. The
samples were dissolved in chloroform (HPLC grade,∼0.5 mg
mL-1) without further purification and were spread onto the surface
of a standard Langmuir trough (500 cm2, Nima Technology Ltd.
601 BAM) filled with ultrapure 18.2 MΩ water (Millipore, Milli-Q
Gradient A-10) in a Plexiglas box. The compression isotherm
studies were carried out at a compression rate of 8 cm2 min-1 and
at a constant temperature of 22.5°C. This compression rate roughly
corresponds to 0.04 nm2 monomer-1 min-1. The surface pressure
(Π) was recorded by the Wilhelmy plate technique during all
isotherm measurements. A completely wetted filter paper plate
(contact angle≈ 0°) was used as the Wilhelmy plate. The variable
for the surface concentration was the average area per monomer,
A. The A value was calculated using the calculated average
monomer molar mass given in Table 1. Brewster angle microscopy
(BAM) studies (MiniBAM, NanoFilm Technologie Ltd., linear
resolution(20 µm) were carried out simultaneously during the
isotherm measurements, and the BAM images were recorded using
a charge-coupled device camera. The sizes of the BAM images in
this paper are 4.8× 6.4 mm2. The Langmiur trough, BAM, and
Plexiglas box rested on a floating optical table to minimize
vibrations.

LB Film Deposition. Silicon substrates [EnCompass Materials
Group, Ltd.; dopant: phosphorus, type N, orientation (1,0,0)] were
used as LB film substrates for X-ray studies. The substrates were
boiled in a 5:1:1 by volume mixture of H2O:NH4OH(concentrated):
H2O2 (30 vol %), for 1.5 h; after rinsing the wafers with Millipore
water, the substrates were immersed in a piranha solution [a 70:30
mixture of H2SO4 (concentrated):H2O2 (30 vol %)] for 0.5 h. The
substrates were then rinsed with copious amounts of water, dried
with nitrogen, and dipped into a buffered HF acid solution (CMOS
Grade, J.T. Baker) for 5 min followed by a brief dip into a buffered
NH4F solution (CMOS Grade, J.T. Baker). The substrates were
again rinsed with water and dried with nitrogen. The H2O2, H2-
SO4, and NH4OH used in the cleaning process were obtained from
EM Science, VWR International, and Fisher Scientific, respectively.

Ultrathin LB films were obtained for POSS-PEG1K-POSS using
a commercial LB trough (KSV 2000) by Y-type deposition.11 The
compression rate for approaching the targetΠ ) 25 mN m-1 was
10 mm min-1, as was the maximum forward and reverse rate of
the barriers during the dipping process to maintain a constant target
Π. The dipping rates were 10 mm min-1 for both the up and down
strokes, and a 2 min delay time was used between each dipping
cycle.

Specular X-ray Reflectivity. The specular X-ray reflectivity
measurements were performed at the NIST Center for Neutron
Research using Cu KR radiation with a wavelength of 0.154 nm
on a Bruker AXS-D8 Advance diffractometer. The thicknesses of
the films were obtained by plotting the refraction-corrected suc-
cessive minima vs minima index as described by Thompson et al.41

Roughnesses of both the film and the substrate were obtained by
fitting the experimental profiles with theoretical curves in Microsoft
Excel.42,43

Results and Discussion

Compression Isotherm Studies of PEG vs POSS-PEG-
POSS.The combination of two nonsurfactants such as water-
soluble PEG oligomers and completely hydrophobic POSS cages
yields telechelic polymers with surface properties that are
strongly molar mass dependent, as our results reveal below.

(1) PEG1K vs POSS-PEG1K-POSS.Figure 3 showsΠ-A
isotherms of PEG1K and POSS-PEG1K-POSS. It is obvious
that PEG1K exhibits almost no surface activity, whereas the
POSS-PEG1K-POSS analog forms insoluble films. Here it
should be noted that the isotherm for PEG1K shows an increase
in Π during a dynamic compression experiment. However, after
the cessation of compression,Π decays to zero, indicating that
the PEG itself is incapable of forming an insoluble monolayer.
For POSS-PEG1K-POSS, at very large molecular areas,A,
the monolayer is in a gaslike state (G). Upon film compression,
the coexistence of G and a liquidlike film is expected, even
though we are unable to resolve this coexistence by BAM. As
the lift-off A value (Alift -off ≈ 0.20 nm2 monomer-1) is
approached,Π begins to increase. For the expanded monolayer
region, 0.13< A < 0.20 nm2 monomer-1, the surface pressure
starts to rise slowly like high molar mass PEO and has a
compressibility that is consistent with a liquid-expanded (LE)
phase. Further compression of the monolayer (0.11< A < 0.13
nm2 monomer-1) leads to the formation of a more condensed
(LC) phase; however, on the basis of BAM images, the film
remains homogeneous. In the LC region,Π rises dramatically
with small changes inA showing the effect of the less
compressible POSS groups at the A/W interface. By extrapolat-
ing the steepest portion of the isotherm back to thex-axis (Π
) 0), one obtains a limiting cross-sectional area,A0 ≈ 0.13
nm2 monomer-1. The A0 value of 0.13 nm2 monomer-1 is
interesting if one considers that POSS-PEG1K-POSS is
composed of 24 repeating units (22 EO and 2 POSS). Hence,
A0 can also be defined as≈1.62 nm2 POSS-1. This value is
close to the reported collapse area for trisilanolcyclohexyl-
POSS.34 As all films are still homogeneous in BAM images, it
appears that the region from 0.11< A < 0.13 nm2 monomer-1

corresponds to a POSS monolayer with all PEG segments
squeezed into the subphase. Hence, the sharp rise inΠ
apparently reflects the rigidity of the POSS units of POSS-
PEG1K-POSS. For compression toA < 0.11 nm2 monomer-1

(Π > 30 mN m-1), there is a change in slope on theΠ-A
isotherm in Figure 3 that we interpret as the formation of
multilayer structures. The evidence for this conclusion comes
from heterogeneous BAM images in this region (BAM image
in Figure 3) showing rigid and collapsed domains.8,44,45 The
images are consistent with POSS being squeezed out of the

Figure 1. Representative POSS molecules: (A) R8T8 and (B) R7T7-
(OH)3. R can be a wide variety of substituents.
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monolayer into multilayer structures (squeezed out into air rather
than into the subphase). The schematic depiction appearing on
the isotherm in Figure 3 provides a qualitative description of
how we believe the monolayer packs in the region from 0.11
< A < 0.13 nm2 monomer-1. In essence, like another telechelic
polymer where hydrophobic alkyl end groups anchor PEG at
the interface,46 the two POSS groups anchor the molecule to
the A/W interface, thereby preventing the dissolution of the PEG
chain. The key difference is that POSS groups allow us to obtain
a surfactant with a much shorter PEG.

(2) PEG2K vs POSS-PEG2K-POSS.Figure 4 shows a plot
of Π-A isotherms of PEG2K and POSS-PEG2K-POSS.
Comparing PEG2K with POSS-PEG2K-POSS reveals differ-
ences from the analogous PEG1K systems. Similar to PEG1K,
PEG2K shows limited surface activity because of its high water
solubility. As noted for PEG1K, transientΠ values during the
dynamic compression experiment are not indicative of insoluble
film formation, andΠ also falls to zero when compression
ceases for PEG2K. Much like POSS-PEG1K-POSS, POSS-
PEG2K-POSS forms stable insoluble monolayers. At low
concentrations of POSS-PEG2K-POSS (Π ≈ 0 mN m-1), such
asA > 0.20 nm2 monomer-1, the film likely exists in a G phase
like POSS-PEG1K-POSS. The most obvious difference be-
tween POSS-PEG1K-POSS and POSS-PEG2K-POSS is the
decrease inAlift -off from 0.20 to 0.10 nm2 monomer-1, respec-
tively. This factor of 2 decrease is an exact consequence of
doubling the molar mass of the PEG segment. As a result, the
LE (0.07 < A < 0.20 nm2 monomer-1) and LC (0.05< A <
0.07 nm2 monomer-1) phases are shifted to smallerA values
for POSS-PEG2K-POSS. These shifts are highlighted in the
inset of Figure 4. Similarly,A0 decreases to≈0.07 nm2

monomer-1. Like POSS-PEG1K-POSS, this value can also be
expressed as≈1.58 nm2 POSS-1, a number that is consistent
with a POSS monolayer at the surface and PEG chains looping
into the subphase. Furthermore, there is also a slope change
aroundΠ ≈ 30 mN m-1 leading to film heterogeneity as seen
by BAM (Figure 4).

(3) PEG3.4K vs POSS-PEG3.4K-POSS.Figure S1 (Sup-
porting Information) showsΠ-A isotherms for PEG3.4K and
POSS-PEG3.4K-POSS. Like POSS-PEG2K-POSS, the POSS-
PEG3.4K-POSSΠ-A isotherm features shift to smallerA values
(Alift -off ≈ 0.06 nm2 monomer-1, 0.04< A (LE) < 0.06 nm2

monomer-1, and 0.03< A (LC) < 0.04 nm2 monomer-1). These
shifts mainly arise from the molar mass of the PEG segment

Figure 2. POSS-PEG-POSS molecules.37-39 R is a cyclohexyl group for these studies.

Table 1. Molar Mass Characteristics of the POSS-PEG-POSS37,38

calculatedb NMR GPC

POSSx-EOy-POSSxa

x/y/x (designation) monomerMn
c polymerMn

c Mn
c [POSS]/[PEG] wt % of POSS Mw

c Mw/Mn

1/22/1 (POSS-PEG1K-POSS) 137.46 3300 3470 2.15 68.1 3470 1.02
1/44/1 (POSS-PEG2K-POSS) 92.79 4300 4480 2.16 52.7 4480 1.08
1/74/1 (POSS-PEG3.4K-POSS) 73.55 5700 5730 2.03 40.7 5730 1.02
1/174/1 (POSS-PEG8K-POSS) 56.79 10300 10200 1.94 23.6 10230 1.03
1/217/1 (POSS-PEG10K-POSS) 54.29 12300 12100 1.86 19.8 12140 1.04

a Nominal number of repeating units (designated as monomers) for the ethylene oxide (EO) and the end groups (POSS). Text in parentheses are the
designation of telechelic polymers prepared from PEG with different molar masses.b Calculated values assume the POSS-EO-POSS ratios are correct and
assumes a POSS unit counts the same as an EO unit for monomer calculations.c All molar mass values have the units of g mol-1.

Figure 3. Π-A isotherms of PEG1K (dotted line) and POSS-PEG1K-
POSS (solid line) with a compression rate of 0.04 nm2 monomer-1

min-1 at T ) 22.5 °C. The schematic on the isotherm corresponds to
the presumed packing at the A/W interface for 0.11< A < 0.13 nm2

monomer-1. The circles correspond to POSS groups and the thick
wormlike lines indicate PEG1K in the schematic. The arrow indicates
the Π value for LB-film formation. The 4.8× 6.4 mm2 BAM image
was taken atA ) 0.04 nm2 monomer-1, showing representative
heterogeneity that appears in the film for compression toΠ > 30 mN
m-1. For the BAM image, compression was symmetric from the top
and bottom of the image.
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with an attendant shift ofA0 ≈ 1.4 nm2 POSS-1. As this value
is smaller than the POSS-PEG1K-POSS and POSS-PEG2K-
POSS system, some POSS units may be pulled into the subphase
by the larger PEG segment. Nonetheless, the majority of the
POSS groups are believed to form a monolayer with looped
PEG in the subphase. Similar to POSS-PEG1K-POSS and
POSS-PEG2K-POSS, POSS-PEG3.4K-POSS isotherms ex-
hibit a changing slope atΠ ≈ 30 mN m-1, leading to multilayer
formation. One significant difference is the shape of the transient
(constant compression) isotherm of PEG3.4K. As seen in Figure
S1, the PEG3.4K isotherm has a shape that is similar to high
molar mass PEO even thoughΠ drops to zero once compression
stops.

(4) PEG8K and PEG10K vs POSS-PEG8K-POSS and
POSS-PEG10K-POSS.Inspection of Figure 5, with compres-
sion isotherm data for PEG8K and PEG10K, reveals shapes and
transition features that are similar to high molar mass PEO.
However, the PEG8K and PEG10K samples, like the lower molar
mass PEG samples, fail to form stable monolayers. Once
compression of the monolayer ceases,Π decays to zero with
time. Interestingly, the POSS-PEG8K-POSS and POSS-
PEG10K-POSS samples suffer from the same problem as PEG8K

and PEG10K. Upon the cessation of compression,Π falls toward
zero with time for POSS-PEG8K-POSS and POSS-PEG10K-
POSS. In this respect, the transientΠ-A isotherms obtained
during constant compression for POSS-PEG8K-POSS and

POSS-PEG10K-POSS are more similar to PEG8K and PEG10K

(Figure S2, Supporting Information) than the lower molar mass
systems. Hence, the conclusion is clear. POSS end groups are
insufficiently hydrophobic to keep intermediate molar mass PEO
at the A/W interface (here intermediate molar mass represents
the range between roughly 4 and 18 kg mol-1, the lowest
reported molar mass for stable PEO Langmuir film formation).21

In light of a recent report on solution viscosity behavior of
POSS-PEG10K-POSS, it appears that micelles may form in
solution.39

Isotherm Stability. As noted throughout the discussion
above, monolayer stability is a principal concern for the POSS-
PEG-POSS system. The stability of various films can be probed
by looking at ∆Π vs time at constantA. For POSS-PEG-
POSS molecules with low molar mass PEG, such as POSS-
PEG1K-POSS, POSS-PEG2K-POSS, and POSS-PEG3.4K-
POSS, the films are moderately stable. The relaxation experiments
show that the pressure drops to values ofΠ ≈ 26, 25, and 17
mN m-1 after compression to highΠ values (Π > 45 mN m-1)
for POSS-PEG1K-POSS, POSS-PEG2K-POSS, and POSS-
PEG3.4K-POSS, respectively. In contrast, POSS-PEG8K-POSS
and POSS-PEG10K-POSS relax to a surface pressure of nearly
zero. This relaxation inΠ does not occur for high molar mass
PEO. The fact that the POSS-PEG-POSS polymers for 8 and
10 kg mol-1 PEG fail to remain at the surface reflects the fact
that POSS is insufficiently hydrophobic to anchor the molecules
to the A/W interface as previously suggested in the discussion.
With increasing molar mass of the PEG segments, there is a
constant shift to smallerA values reflecting the falling weight
percentage of POSS in the POSS-PEG-POSS polymers. Since
the average number of PEG segments for POSS-PEG2K-POSS
and POSS-PEG3.4K-POSS are 2 and 3.4 times as great as those
of POSS-PEG1K-POSS, the cross-sectional monomer areas
(A0) of POSS-PEG2K-POSS and POSS-PEG3.4K-POSS are
approximately1/2 and 1/3 the value of POSS-PEG1K-POSS
(Figure S3, Supporting Information).

In addition, Figure S3 shows a comparison ofΠ-A isotherms
for POSS-PEG-POSS molecules that form stable spread films.
The A values corresponding to the LE phase become progres-
sively smaller with increasing molar mass. Similarly,A values
for the formation of an LC region also shift to smallerA as the
wt % of PEG increases. The slope of the LC phase appears to
be steeper as the wt % of PEG increases; however, a better
comparison is the static elasticity,εs ) -A({∂Π}/{∂A})T, which
actually shows a decrease in the maximumεs (Figure S4,
Supporting Information). The largeεs values (εs > 100 mN m-1)
observed in the LC regime for the 1, 2, and 3.4 kg mol-1

POSS-PEG-POSS, and the trend of decreasingεs with

Figure 4. Π-A isotherms of PEG2K (dashed line) and POSS-PEG2K-
POSS (solid line) with a compression rate of 0.04 nm2 monomer-1

min-1 at T ) 22.5°C. The inset highlightsAlift -off for POSS-PEG1K-
POSS (9), PEG1K (O), POSS-PEG2K-POSS (solid line), and PEG2K

(dashed line). The 4.8× 6.4 mm2 BAM image was taken atA ) 0.03
nm2 monomer-1 showing representative heterogeneity that appears in
the film for compression toΠ > 30 mN m-1. For the BAM image, the
film was symmetrically compressed from the top and bottom of the
image.

Figure 5. Π-A isotherms of PEO90K (solid line), PEG10K ()), PEG8K

(dashed line), PEG3.4K (O), PEG2K (0), and PEG1K (∆) obtained at
T ) 22.5°C during compression at a fixed rate. Only the PEO90K sample
forms a stable Langmuir film.
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increasing PEG molar mass for the POSS-PEG-POSS series
provides a strong indication that the behavior is controlled by
the surface density of the POSS end groups. This supposition
will be explored in the next section.

POSS-PEG-POSS Behavior as a Function of POSS
Surface Density.Figure 6 showsΠ-A isotherms of POSS-
PEG1K-POSS, POSS-PEG2K-POSS, and POSS-PEG3.4K-
POSS as a function of the surface area per POSS end group,
APOSS. For comparison, Figure 6 also contains isotherms for
trisilanolcyclohexyl-POSS, Cy7T7(OH)3, and octacyclohexyl-
POSS, Cy8T8. It is obvious from Figure 6 that Cy8T8 molecules
form multilayers even at low surface pressure (Π ≈ 0 mN m-1);
thus, it is impossible to estimate a reasonable area per POSS
molecule from the figure. This behavior is expected on the basis
of previously reported data for octaisobutyl-POSS23,24 and the
completely hydrophobic character of Cy8T8. On the other hand,
it is possible to estimate the area each cyclohexyl-substituted
POSS cage occupies from Cy7T7(OH)3 since these molecules
form stable monolayers and feature nearly identical structures.
The A0 value for the Cy7T7(OH)3 molecule is≈1.81 nm2

POSS-1, and the area at the onset of the collapse transition is
≈1.64 nm2 POSS-1.34 Looking at Figure 6, it is interesting to
note that theA value for the onset of the LC phase for POSS-
PEG1K-POSS and POSS-PEG2K-POSS (A0 ≈ 1.6 nm2

POSS-1) corresponds very well with the collapse area of Cy7T7-
(OH)3. Hence, a reasonable conclusion would be that PEG is
squeezed into the subphase at the start of the LC phase (Π >
5 mN m-1), and a POSS “monolayer” exists for POSS-
PEG1K-POSS and POSS-PEG2K-POSS until these monolay-
ers collapse during constant compression experiments around
Π ≈ 30 mN m-1. It is interesting to note that the LC phase for
POSS-PEG3.4K-POSS forms at smallerA values (≈ 1.4 nm2

POSS-1). This feature is consistent with the previously noted
increase in solubility for POSS-PEG-POSS with increasing
PEG molar mass. As seen in Figure S5 (Supporting Informa-
tion), the trend of smallerA for increasing PEG molar mass for
POSS-PEG-POSS does not continue for POSS-PEG8K-
POSS and POSS-PEG10K-POSS during constant compression
experiments. For these two systems the area per POSS group
is much larger as the PEG component dominates the
constant compression isotherm. Nonetheless, the POSS-PEG8K-
POSS and POSS-PEG10K-POSS isotherms in Figure S5 are
only transient as the molecules do not form insoluble mono-
layers.

X-ray Reflectivity Results for Tel-POSS-PEG1K. Impor-
tantly, the careful balance between the hydrophobic POSS and
the hydrophilic PEG1K allows for the formation of LB multilayer
films by Y-type deposition. In contrast, higher molar mass PEG
telechelics are too hydrophilic to form Y-type LB multilayer
films. Figure 7 shows X-ray reflectivity profiles for a series of

POSS-PEG1K-POSS LB films on silicon substrates. The total
numbers of transferred layers for the LB films are 10, 20, 30,
and 40 layers. Because of the thickness and low surface
roughness of each specimen, the reflectivity profiles exhibit
periodic oscillations, Kiessig fringes, whose spacings correspond
to the total film thickness through Bragg’s law. By analyzing
the Kiessig fringe spacings,41 it is possible to generate Figure
7B, a plot of the total thickness (D) vs the number of transferred
layers. The slope of Figure 7B yields the thickness of a POSS-
PEG1K-POSS monolayer in the LB-film,d ) 1.76( 0.09 nm.
Slightly less than quantitative transfer ratios on the first few
dipping cycles leads to a nonzero (negative) intercept. This
feature provides justification to use the slope of Figure 7B rather
than the total film thickness divided by the number of transferred
layers, as a better indicator of layer thickness. Another
significant feature of the 30- and 40-layer films is the Bragg
peaks observed at 1.78, 3.56, and 5.45 nm-1. The observation
of Bragg peaks in the LB films arises from the presence of a
double-layer structure with a sufficiently large difference in
electron density between the hydrophilic head groups and the
hydrophobic tails. In this case, the hydrophobic POSS end

Figure 6. Π-A isotherms of POSS-PEG1K-POSS (solid line),
POSS-PEG2K-POSS (dashed line), POSS-PEG3.4K-POSS (]),
Cy7T7(OH)3 (O), and Cy8T8 (0) as a function of area per POSS group.

Figure 7. (A) X-ray reflectivity profiles from 10-, 20-, 30-, and 40-
layer LB-films as indicated on the graph for POSS-PEG1K-POSS
deposited atΠ ) 25 mN m-1 andT ) 22.5°C. The reflectivity values
of the 20-, 30-, and 40-layer films are shifted by 2, 5, and 7 decades,
respectively, for clarity. The inset highlights how the Kiessig fringe
spacing depends on film thickness. (B) The total film thickness vs the
number of deposited film layers. The slope ofd ) 1.76 ( 0.09 nm
provides the thickness of a POSS-PEG1K-POSS monolayer.

686 Lee et al. Macromolecules, Vol. 40, No. 3, 2007



groups are concentrated into layers with higher electron density
than the hydrophilic PEG-rich layers.

Packing in LB-Films and at the A/W Interface. The Bragg
peak spacing in Figure 7 means that the double-layer spacing
for POSS-PEG1K-POSS LB films is≈3.52 nm, as depicted
schematically in Figure 8. This value is consistent with the slope-
based analysis of the layer thickness in Figure 7B. As the double
layer has a spacing of 3.52 nm, and if one assumes that the
PEG layer has an amorphous PEG density (1.13 g cm-3), the
calculated diameter of each cyclohexyl-substituted POSS cage
must be≈1.24 nm. This “diameter” is smaller than simple AM1
calculations (diameter≈ 1.45 nm) but larger than the reported
thickness of a trisilanolphenyl-POSS LB layer (0.84 nm).47

Using a smaller POSS thickness necessarily leads to a thicker,
i.e., less dense PEG layer. Nonetheless, at the A/W interface,
the PEG layer should swell and is expected to have a thickness
on the order of≈2 nm at the A/W interface based on neutron
reflectivity studies for higher molar mass PEO samples.48

On the basis of the structural information obtained from the
LB films and previously published neutron reflectivity studies,48

a model for POSS-PEG1K-POSS samples at the A/W interface
is proposed in Figure 9. AtΠ ≈ 0 mN m-1, the molecules are
dispersed at the surface. PEG chains can stay at the air interface
or loop into the subphase (Figure 9A). As compression proceeds,
the molecules start to interact (Π ≈ 1 mN m-1), and osmotic
forces comparable to those in high molar mass PEO monolayers
are present (Figure 9B). With further compression (1< Π < 5
mN m-1), PEG segments will preferentially loop into the

subphase (Figure 9C) with dissolution being hindered by the
POSS anchors. ForΠ > 5 mN m-1direct interactions between
POSS end groups are expected, resulting in rigid (high modulus)
films and the formation of a structure (Figure 9D) that is
comparable to the POSS-PEG1K-POSS conformation observed
in the LB film (Figure 8). Further compression toΠ > 30 mN
m-1 leads to the collapse of the POSS-PEG1K-POSS mono-
layer into multilayer aggregates (Figure 9E) on the basis of the
BAM image in Figure 3.

Conclusions

In this study, two nonamphiphilic species, water-soluble
oligomeric PEG and an insoluble hydrophobic closed cage POSS
unit, are combined to produce amphiphilic POSS-PEG-POSS
molecules.Π-A isotherm and BAM measurements for am-
phiphilic POSS-PEG-POSS with 1, 2, and 3.4 kg mol-1 PEG
confirm dramatically different behavior from isotherm studies
of 1, 2, and 3.4 kg mol-1 oligomeric PEG molecules at the A/W
interface. The balance of the hydrophilic and hydrophobic
moieties is such that it is even possible to make Y-type LB
multilayer films for POSS-PEG1K-POSS. X-ray reflectivity
shows the LB films are comprised of 1.76 nm layers with a
resolvable double-layer structure that arises from segregated
hydrophobic POSS and hydrophilic PEG moieties. This study
clearly demonstrates the feasibility of creating hybrid organic-
inorganic surfactants from nonamphiphilic building blocks and
using these principles to create nanostructured materials and
coatings.
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