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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 mol1). For short PEG chains (1, 2, and 3.4 kg my|insoluble monolayers form, whereas POSS end groups
were not sufficiently hydrophobic to keep higher molar mass hydrophilic PEG blocks (8 and 10 Ky atdhe

A/W interface. Thermodynamic analyses of the 1, 2, and 3.4 kghR{DSS-PEG-POSS via surface presstte

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 LangmuiiBlodgett 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 hydrogen bond with watéf The stability of PEO monolayers
Two-dimensional (2D) monolayer studies at the air/water (A/ at the A/W interface depends not only on the surface concentra-

W) interface have attracted interest because of the ability to 10N butalso on the molar mass. The lowest reported molar mass

obtain structural as well as morphological information. Only for forming stable PEO monolayers at the A/W interface was

certain types of molecules, those which exhibit a delicate balancel8 kg mol':.2 In contrast, fully condensed polyhedral oligo-
between hydrophilic and hydrophobic contributions to the Meric silsesquioxane (POSS) molecules (Figure 1), such as a

overall polarity of the molecules, are capable of forming stable cl0sed cage POSS (Figure 1A)g[R, where ;_ ii a silsesqui-
monolayers:? Since Langmuir published his initial study of ~9Xane un|t.and Ris aIkyI)., are nopamph|ph fe* Given both .
monolayers of amphiphilic molecules at the A/W interfAce, the theoretical and experimental interest in POSS as a versatile
numerous materials have been studied in the form of mono- NYbridorganie-inorganic material with a coreshell structuréy 32

6 trici _
molecular films on liquid surfaces (Langmuir films) at constant 2nd the fact that open ca§e®® trisilano-POSS structures

temperaturé.Furthermore, some monolayer films can also be (Figure 1B) are amphiphilic (R7(OH)s;, where R is variable),

transferred onto solid substrates from the water surface through®®Mpining POSS with PEG could lead to interesting am-

the LangmuirBlodgett (LB) or LangmuirSchaefter (LS)  Phiphiles. o _ _

techniques. By examining Langmuir films and LB or LS films, ~In this study, the combination of PEG oligomers which are

it is possible to obtain information about the mechanical, t00 water-soluble to be surface active and a closed cage POSS

electrical, optical, and chemical properties of oriented molecules 9roup which is too hydrophobic to act as a surfactant produces

at the interface as well as information about structural properties, @ New type of hybrid amphiphilic telechelic polymer (PGSS

such as the size and shape of molecétés. PEG-POSS) at the A/W interface possessing interesting
Poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) insoluble surfactant properties. The advantage of PERESG—

are widely studied polyme¥&14 with applications in a variety ~ POSS mole_cules (Figure 2) over o_ther telechelic systems is t_hat

of technological fields such as drug delivépy/Sbatteriesy and these materials can serve as building blocks for the construction

biotechnology*® Even though PEG and PEO are completely ©Of hybrid organie-inorganic material$’3° Utilizing results
water-soluble at room temperature, PEO of sufficient molar mass from Brewster angle microscopy (BAM) at the A/W interface
can still form Langmuir monolayers at the A/W interfaée?? and X-ray reflectivity on LB films, the effects of the incorpo-
The amphiphilic nature arises from the ability of the oxygen rated hydrophobic POSS on the surface activity and the
atom in the ethylene oxide repeating unitGH,CH,0—) to morphology of POSSPEG-POSS as well as information about
the size and packing of these molecules will be discussed.
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/R Ultrathin LB films were obtained for POSSPEG—POSS using
(A) R .,O‘Si—O a commercial LB trough (KSV 2000) by Y-type depositiiThe
*Si—~0 AN R compression rate for approaching the taljet 25 mN n! was
O/ 0 \Si—O'SI 10 mm mirr?, as was the maximum forward and reverse rate of
R R the barriers during the dipping process to maintain a constant target
, O,‘Si | 0 I1. The dipping rates were 10 mm mihfor both the up and down
/Si' AN O./ strokes, ad a 2 min delay time was used between each dipping
R O—%K%SI\R cycle.
K Specular X-ray Reflectivity. The specular X-ray reflectivity
measurements were performed at the NIST Center for Neutron
o _/R Research using Cu&radiation with a wavelength of 0.154 nm
(B)  R.gLS5OH on a Bruker AXS-D8 Advance diffractometer. The thicknesses of
i O . - - ;
/ o) \ the f!lms were obtalngd by plotting the r'efractlon-corrected suc-
Si-OH cessive minima vs minima index as described by Thompsortét al.
| N ‘R Roughnesses of both the film and the substrate were obtained by
0-Si OH fitting the experimental profiles with theoretical curves in Microsoft
Pl N o Excel4243
N\ O-/4si< :
o—=si=0 R
R Results and Discussion
Figure 1. Representative POSS molecules: (AJTRand (B) RT- Compression Isotherm Studies of PEG vs POSSPEG—
(OH)s. R can be a wide variety of substituents. POSS.The combination of two nonsurfactants such as water-

purified by twice repeating the process of precipitation imteexane spluble PEG ohgomers and completely hydrophobp POSS cages
from chloroform solutions, followed by drying under vacuum yields telechelic polymers with surface properties that are
overnight® POSS-PEG-POSS samples were synthesized by Strongly molar mass dependent, as our results reveal below.
direct urethane linkages between the hydroxyl end groups of PEG (1) PEGik vs POSS-PEG;xk—POSS Figure 3 showg1—A
homopolymers and the monoisocyanate group of POSS macromerssotherms of PEg and POSSPEGk—POSS. It is obvious
(isocyanatopropyldimethylsilylcyclohexyl-POSS) provided by the that PEGk exhibits almost no surface activity, whereas the
Air Force Research Laboratories, AFRL/PRSMEThe telechelic POSS-PEG«—POSS analog forms insoluble films. Here it

polymers are designated here as POBEGk—POSS, POSS should be noted that the isotherm for PiRGhows an increase
Eggzg—_gEOGSlS’—PSOSSSgEaG?{leKIhPe?SSrb Pgr‘fgsi(r:‘éipr?iir .ar;(; in in IT during a dynamic compression experiment. However, after
0K ’ I properti U 1260 1N the cessation of compressidi,decays to zero, indicating that

Table 1. In addition, a high molar mass PEO sampMeg € 90 kg . _ . .
mol%, polydispersity index ofy/M, = 1.09) was purchased from the PEG itself is incapable of forming an insoluble monolayer.

Polymer Source, Inc., and was used as received. For POSS-PEGk—POSS, at very large molecular areds,
Surface Pressure-Area Isotherm and BAM Studies. The the monolayer is in a gaslike state (G). Upon film compression,
samples were dissolved in chloroform (HPLC gradd€).5 mg the coexistence of G and a liquidlike film is expected, even

mL~1) without further purification and were spread onto the surface though we are unable to resolve this coexistence by BAM. As
of a standard Langmuir trough (500 &nNima Technology Ltd. the lift-off A value @i—of &~ 0.20 nn? monomer?) is

601 BAM) filled with ultrapure 18.2 M2 water (Millipore, Milli-Q approached[I begins to increase. For the expanded monolayer
Gradient A-10) in a Plexiglas box. The compression isotherm yagion, 0.13< A < 0.20 nn? monomer?, the surface pressure
studies were carried out at a compression rate of 8rom* and starts to rise slowly like high molar mass PEO and has a
at a constant temperature of 22@. This compression rate roughly compressibility that is consistent with a liquid-expanded (LE)

corresponds to 0.04 fimonomer?® min~1. The surface pressure .
(IT) was recorded by the Wilhelmy plate technique during all phase. Further compression of the monolayer (6:14 < 0.13

isotherm measurements. A completely wetted filter paper plate "NF monomer?) leads to the formation of a more condensed
(contact anglex 0°) was used as the Wilhelmy plate. The variable (LC) phase; however, on the basis of BAM images, the film
for the surface concentration was the average area per monomerfemains homogeneous. In the LC regidhyises dramatically

A. The A value was calculated using the calculated average with small changes inA showing the effect of the less
monomer molar mass given in Table 1. Brewster angle microscopy compressible POSS groups at the A/W interface. By extrapolat-
(BAM) studies (MiniBAM, NanoFilm Technologie Ltd., linear ing the steepest portion of the isotherm back tostreis (1

resolution+20 um) were carried out simultaneously during the — 0), one obtains a limiting cross-sectional aréa,~ 0.13
isotherm measurements, and the BAM images were recorded usingnmz monomer.. The A, value of 0.13 nr monomer? is

a charge-coupled device camera. The sizes of the BAM images in; L . h :
this paper are 4.& 6.4 mn?. The Langmiur trough, BAM, and interesting if one considers that POSBEG—POSS is

Plexiglas box rested on a floating optical table to minimize composed of 24 repeating units (22 EO and 2 POSS)' I—_|ence,
vibrations. Ao can also be defined as1.62 nn¥ POSS!. This value is
LB Film Deposition. Silicon substrates [EnCompass Materials close to the reported collapse area for trisilanolcyclohexyl-

Group, Ltd.; dopant: phosphorus, type N, orientation (1,0,0)] were POSS* As alll films are still homogeneous in BAM images, it
used as LB film substrates for X-ray studies. The substrates wereappears that the region from 0.X1A < 0.13 nn¥ monomer?
boiled in a 5:1:1 by volume mixture of #@:NH,OH(concentrated): corresponds to a POSS monolayer with all PEG segments
H20 (30 vol %), for 1.5 h; after rinsing the wafers with Millipore  squeezed into the subphase. Hence, the sharp risH in
water, the substrates were immersed in a piranha solution [a 70:30gpparently reflects the rigidity of the POSS units of POSS

mixture of HSO; (concentrated):bD; (30 vol %)] for 0.5 h. The  pEG .~ pOSS. For compression f&o< 0.11 nn? monomer?
substrates were then rinsed with copious amounts of water, drled(l_I > 30 mN nt), there is a change in slope on the-A

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 1SOtherm in Figure 3 that we interpret as the formation of
NH,F solution (CMOS Grade, J.T. Baker). The substrates were Multilayer structures. The evidence for this conclusion comes
again rinsed with water and dried with nitrogen. TheOb| Ho- from heterogeneous BAM images in this region (BAM image
S0y, and NHOH used in the cleaning process were obtained from in Figure 3) showing rigid and collapsed domafrté:*> The

EM Science, VWR International, and Fisher Scientific, respectively. images are consistent with POSS being squeezed out of the
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Figure 2. POSS-PEG-POSS molecule¥ 3 R is a cyclohexyl group for these studies.
Table 1. Molar Mass Characteristics of the POSSPEG—POSS738
calculateél NMR GPC
POSS—EQ,—-POS§?
xly/x (designation) monomewi,© polymerMy°¢ My [POSSJ/[PEG] wt % of POSS M Mw/Mp

1/22/1 (POSSPEGK—POSS) 137.46 3300 3470 2.15 68.1 3470 1.02
1/44/1 (POSSPEGk—POSS) 92.79 4300 4480 2.16 52.7 4480 1.08
1/74/1 (POSS PEG 4k—POSS) 73.55 5700 5730 2.03 40.7 5730 1.02
1/174/1 (POSSPEGk—POSS) 56.79 10300 10200 1.94 23.6 10230 1.03
1/217/1 (POSSPEGk—POSS) 54.29 12300 12100 1.86 19.8 12140 1.04

aNominal 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 m&@sSatculated values assume the POE®—POSS ratios are correct and
assumes a POSS unit counts the same as an EO unit for monomer calcufatibmsolar mass values have the units of g mbl

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 nn* monomer?. In essence, like another telechelic
polymer where hydrophobic alkyl end groups anchor PEG at
the interface'® 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) PEGyk vs POSS-PEG,«k—POSS.Figure 4 shows a plot
of IT—A isotherms of PE& and POSSPEGk—POSS.
Comparing PEg with POSS-PEGk—POSS reveals differ-
ences from the analogous PEGsystems. Similar to PEfg,
PEGx shows limited surface activity because of its high water
solubility. As noted for PEG, transientIT values during the Ok

40 Air

Water

I1 =25 mN-m
for LB - Transfer

dynamic compression experiment are not indicative of insoluble 0.0 0.1 0.2 0.3 0.4
film formation, andIT also falls to zero when compression 2 -1
ceases for PEg&. Much like POSSPEGx—POSS, POSS A Inm“*monomer

PEGk—POSS forms stable insoluble monolayers. At low
concentrations of POSPEGK—POSS [1 ~ 0 mN nT1), such

asA > 0.20 nn? monomer?, the film likely exists h a G phase

like POSS-PEGk—POSS. The most obvious difference be-
tween POSSPEG«—POSS and POSSPPEGk—POSS is the
decrease imyi—off from 0.20 to 0.10 nfhmonomer?, 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 nn? monomer?) and LC (0.05< A <

0.07 nnt monomer?) phases are shifted to small&rvalues

for POSS-PEGk—POSS. These shifts are highlighted in the
inset of Figure 4. Similarly,A; decreases tox~0.07 nn?
monomer?. Like POSS-PEG«—-POSS, this valut_a can al_so be POSS (solid line) with a compression rate of 0.042rmonomer?
expressed as-1.58 nnf POSS, a number that is consistent  yin-1 at T = 22.5°C. The schematic on the isotherm corresponds to
with a POSS monolayer at the surface and PEG chains loopingthe presumed packing at the A/W interface for 041 < 0.13 nn#

into the subphase. Furthermore, there is also a slope changenonomer®. The circles correspond to POSS groups and the thick

~ 1 i ; i wormlike lines indicate PE( in the schematic. The arrow indicates
E;O;nA(Ij\}I—I(FigsL(I)r(;nA,,\; m* leading to film heterogeneity as seen the IT value for LB-film formation. The 4.8x 6.4 mn? BAM image

] S . . Sk

Figure 3. TI—Aisotherms of PEg (dotted line) and POSSPEG«—

. was taken atA = 0.04 nn? monomer?!, showing representative
(3) PEGg.ak vs POSS-PEG3.4«—POSS. Figure S1 (Sup-  heterogeneity that appears in the film for compressiof te 30 mN

m~L. For the BAM image, compression was symmetric from the top
and bottom of the image.

monomer?, and 0.03< A (LC) < 0.04 nn¥ monomer?). These
shifts mainly arise from the molar mass of the PEG segment

porting Information) showdI—A isotherms for PEgu and
POSS-PEG 4«—POSS. Like POSSPEGk—POSS, the POSS
PEG 4«—POSSIT—A isotherm features shift to small&rvalues
(Ait—oft ~ 0.06 nn? monomer?, 0.04 < A (LE) < 0.06 nn#
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Figure 4. TI—-Aisotherms of PE& (dashed line) and POSPEGk—
POSS (solid line) with a compression rate of 0.042rmonomer?
min~! atT = 22.5°C. The inset highlight#\yix -t for POSS-PEG—
POSS W), PEG (O), POSS-PEG«—POSS (solid line), and PEf
(dashed line). The 4.8 6.4 mn? BAM image was taken aA = 0.03

nm? monomer?! showing representative heterogeneity that appears in
the film for compression té1 > 30 mN nT*. For the BAM image, the
film was symmetrically compressed from the top and bottom of the
image.

with an attendant shift ofp &~ 1.4 nn¥ POSS!. As this value
is smaller than the POSFEG—POSS and POSSPEGk—
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Figure 5. TI—A isotherms of PEG) (solid line), PEGok (¢), PEGk
(dashed line), PEGKk (O), PEGk (O), and PEGk (A) obtained at
T = 22.5°C during compression at a fixed rate. Only the Bg®ample
forms a stable Langmuir film.

POSS-PEG,ok—POSS are more similar to Plgiand PEGok
(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 mplthe lowest
reported molar mass for stable PEO Langmuir film formatfn).

In light of a recent report on solution viscosity behavior of
POSS-PEGw—POSS, it appears that micelles may form in
solution®

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 atAIl vs time at constanA. For POSS PEG—
POSS molecules with low molar mass PEG, such as POSS
PEGk—POSS, POSSPEGk—POSS, and POSFEG sk—
POSS, the films are moderately stable. The relaxation experiments
show that the pressure drops to valuedlo& 26, 25, and 17
mN m~! after compression to higH values {I > 45 mN nT1)
for POSS-PEG—POSS, POSSPEGk—POSS, and POSS
PEG 4x—POSS, respectively. In contrast, POSEGyx—POSS
and POSSPEG,ok—POSS relax to a surface pressure of nearly
zero. This relaxation idl does not occur for high molar mass
PEO. The fact that the POS®EG-POSS polymers for 8 and

POSS system, some POSS units may be pulled into the subphas&0 kg mol* PEG fail to remain at the surface reflects the fact
by the larger PEG segment. Nonetheless, the majority of the that POSS is insufficiently hydrophobic to anchor the molecules

POSS groups are believed to form a monolayer with looped
PEG in the subphase. Similar to POSZEGk—POSS and
POSS-PEGKk—POSS, POSSPEG 4«—POSS isotherms ex-
hibit a changing slope dfl ~ 30 mN nT?, leading to multilayer

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 smalleA values reflecting the falling weight
percentage of POSS in the POSZEG-POSS polymers. Since

formation. One significant difference is the shape of the transient the average number of PEG segments for POSEGx—POSS

(constant compression) isotherm of P As seen in Figure
S1, the PEGuk isotherm has a shape that is similar to high
molar mass PEO even thoufhdrops to zero once compression
stops.

(4) PEGgk and PEG;ok vs POSS-PEGg—POSS and
POSS-PEG;ok—POSS.Inspection of Figure 5, with compres-
sion isotherm data for PEfs and PEGok, reveals shapes and
transition features that are similar to high molar mass PEO.
However, the PEg and PEGok samples, like the lower molar

and POSSPEG 4«—POSS are 2 and 3.4 times as great as those
of POSS-PEGk—POSS, the cross-sectional monomer areas
(Ao) of POSS-PEGK—POSS and POSSPEG; 4«—POSS are
approximately'/, and %3 the value of POSSPEG—POSS
(Figure S3, Supporting Information).

In addition, Figure S3 shows a comparisord bf-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. Similadyyalues

mass PEG samples, fail to form stable monolayers. Once for the formation of an LC region also shift to smallkeas the

compression of the monolayer ceasHsgecays to zero with
time. Interestingly, the POSSFPEGx—POSS and POSS
PEGok—POSS samples suffer from the same problem assREG
and PEGok. Upon the cessation of compressibhfalls toward
zero with time for POSSPEGy—POSS and POSSPEG ok—
POSS. In this respect, the transidibit-A isotherms obtained
during constant compression for POS2EG«—POSS and

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 elasticitg,= —A({ 9I1}/{ 9A} )1, which
actually shows a decrease in the maximem(Figure S4,
Supporting Information). The largg values &€ > 100 mN n1?)
observed in the LC regime for the 1, 2, and 3.4 kg ol
POSS-PEG-POSS, and the trend of decreasiag with
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Figure 6. TI—-A isotherms of POSSPEGk—POSS (solid line), a3 [ 30
POSS-PEGk—POSS (dashed line), POSBEG 4«—POSS ©), 10 "
Cy;T7(OH)3 (O), and C¥Ts (O) as a function of area per POSS group. 45 ; | 40 kﬁwwm“ljku
increasing PEG molar mass for the PGFEG-POSS series 10 0 1 2 3 4 5 6
provides a strong indication that the behavior is controlled by -1
the surface density of the POSS end groups. This supposition q /nm
will be explored in the next section. 80F
POSS-PEG—POSS Behavior as a Function of POSS B
Surface Density.Figure 6 showd1—A isotherms of POSS
PEGk—POSS, POSSPEGk—POSS, and POSPEG 4k—
POSS as a function of the surface area per POSS end group, 60
Aposs For comparison, Figure 6 also contains isotherms for
trisilanolcyclohexyl-POSS, G¥-(OH)s, and octacyclohexyl- =
POSS, CyTs. It is obvious from Figure 6 that G¥s molecules £ 40}
form multilayers even at low surface pressures{ 0 mN nT2); o)
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-PG&8and the 201
completely hydrophobic character of £Ty. On the other hand,
it is possible to estimate the area each cyclohexyl-substituted
POSS cage occupies from dy(OH)s since these molecules oh . . .

form stable monolayers and feature nearly identical structures.
The Ay value for the CyT;(OH); molecule is~1.81 nn?
POSSY, and the area at the onset of the collapse transition is
~1.64 nn? POSS1.34 Looking at Figure 6, it is interesting to
note that theA value for the onset of the LC phase for PGSS
PEGk—POSS and POSSPEGK—POSS Ay ~ 1.6 nn? deposited afl = 25 mN nTtandT = 22.5°C. The reflectivity values
POSS?Y) corresponds very well with the collapse area of Gy of the 20-, 30-, and 40-layer films are shifted by 2, 5, and 7 decades,
(OH)s. Hence, a reasonable conclusion would be that PEG is reSPectively, for clarity. The inset highlights how the Kiessig fringe

. spacing depends on film thickness. (B) The total film thickness vs the
Zqﬁqeﬁzre}gll)moa::je :ugghsage":;totr?; ;;2?, Oé)firéfsl-g)rprgaggs( number of deposited film layers. The slopet 1.76 & 0.09 nm

provides the thickness of a POSBEG«—POSS monolayer.

PEGk—POSS and POSSPEGk—POSS until these monolay-
ers collapse during constant compression experiments around®OSS-PEGk—POSS LB films on silicon substrates. The total
IT ~ 30 mN nTl. It is interesting to note that the LC phase for numbers of transferred layers for the LB films are 10, 20, 30,
POSS-PEG 4—POSS forms at smallek values ¢& 1.4 nn? and 40 layers. Because of the thickness and low surface
POSSY). This feature is consistent with the previously noted roughness of each specimen, the reflectivity profiles exhibit
increase in solubility for POSSPEG-POSS with increasing  periodic oscillations, Kiessig fringes, whose spacings correspond
PEG molar mass. As seen in Figure S5 (Supporting Informa- to the total film thickness through Bragg’s law. By analyzing
tion), the trend of smalleA for increasing PEG molar mass for  the Kiessig fringe spacind$,it is possible to generate Figure
POSS-PEG-POSS does not continue for POSBEGk— 7B, a plot of the total thicknes®] vs the number of transferred
POSS and POSSPEG,ok—POSS during constant compression layers. The slope of Figure 7B yields the thickness of a POSS
experiments. For these two systems the area per POSS groufPEG-POSS monolayer in the LB-filng = 1.76 4+ 0.09 nm.
is much larger as the PEG component dominates the Slightly less than quantitative transfer ratios on the first few
constant compression isotherm. Nonetheless, the POEGg— dipping cycles leads to a nonzero (negative) intercept. This
POSS and POSSPEG(«k—POSS isotherms in Figure S5 are feature provides justification to use the slope of Figure 7B rather
only transient as the molecules do not form insoluble mono- than the total film thickness divided by the number of transferred
layers. layers, as a better indicator of layer thickness. Another

X-ray Reflectivity Results for Tel-POSS-PEG1K. Impor- significant feature of the 30- and 40-layer films is the Bragg
tantly, the careful balance between the hydrophobic POSS andpeaks observed at 1.78, 3.56, and 5.45 hrithe observation
the hydrophilic PEG allows for the formation of LB multilayer of Bragg peaks in the LB films arises from the presence of a
films by Y-type deposition. In contrast, higher molar mass PEG double-layer structure with a sufficiently large difference in
telechelics are too hydrophilic to form Y-type LB multilayer electron density between the hydrophilic head groups and the
films. Figure 7 shows X-ray reflectivity profiles for a series of hydrophobic tails. In this case, the hydrophobic POSS end

0 10 20 30 40

Deposited Film Layers

Figure 7. (A) X-ray reflectivity profiles from 10-, 20-, 30-, and 40-
layer LB-films as indicated on the graph for POSSEG«—POSS
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= "1‘ 422, k?rl}w‘-.} Y "}}' ﬁ 5 POSS end groups are expected, resulting in rigid (high modulus)

0 " 4 * Q'h ‘g’ :‘.;; films and the formation of a structure (Figure 9D) that is
=]

+444444

subphase (Figure 9C) with dissolution being hindered by the
POSS anchors. Fdll > 5 mN mdirect interactions between

3

comparable to the POS®EGk—POSS conformation observed
in the LB film (Figure 8). Further compressionIb > 30 mN

"* _:s H_&_é + .,_' m-1 Ie;ads to the collapse of the PQSBEQK—POSS mono-
LaaleJp H&,&‘Q‘gg Y )l- layer into multilayer aggregates (Figure 9E) on the basis of the
vy o v Y BAM image in Figure 3.
A A A A A A A
Conclusions
Figure 8. A schematic depiction of a POSPEG«—POSS LB-film In this study. t hiohili . ter-solubl
(four layers) obtained by Y-type deposition Ht= 25 mN nt* and In this study, two nonamphiphilic species, water-soluble
room temperatureT(= 22.5°C). The double-layer spacing i€3.52 Ollgomerlc PEG and an insoluble hydrophObIC closed cage POSS
nm. Spheres represent POSS units while wormlike chains representunit, are combined to produce amphiphilic POFEG-POSS
PEG segments. molecules.II—-A isotherm and BAM measurements for am-
A phiphilic POSS-PEG-POSS with 1, 2, and 3.4 kg mdlPEG
(A) confirm dramatically different behavior from isotherm studies
of 1, 2, and 3.4 kg mot* oligomeric PEG molecules at the A/W

(B) interface. The balance of the hydrophilic and hydrophobic
moieties is such that it is even possible to make Y-type LB

(C) multilayer films for POSSPEGk—POSS. X-ray reflectivity
D Eﬁ W %lg B]#b‘];! shows the LB films are comprised of 1.76 nm layers with a

(D) resolvable double-layer structure that arises from segregated
m hydrophobic POSS and hydrophilic PEG moieties. This study
(E) clearly demonstrates the feasibility of creating hybrid organic
M inorganic surfactants from nonamphiphilic building blocks and
using these principles to create nanostructured materials and
Figure 9. Proposed packing model for POSBEG«—POSS mol- coatings.
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