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ABSTRACT: Incompletely condensed, fluorinated polyhedral oligomeric silsesquioxane with the highly
reactive group of trisodium silanolate was used for the synthesis of an initiator for atom transfer radical
polymerization. The initiator was applied to solution polymerization of methyl methacrylate (MMA) in
the presence of a copper complex. The polymerization proceeded in a living fashion, providing tadpole-
shaped polymers with an “inorganic head” of polyhedral oligomeric silsesquioxane (POSS) and an “organic
tail” of well-defined PMMA. A blend film composed of the tadpole-shaped polymer and a matrix PMMA
was annealed at 180 °C for 5 days and then analyzed by neutron reflectometry, X-ray photoelectron
spectroscopy, and contact angle measurement. These analyses revealed that the tadpole-shaped polymer
was preferentially populated at the air/polymer interface, and the outermost layer of the film was almost
completely covered by the POSS heads. This was mainly due to the low surface free energy of the
fluorinated POSS moiety. Owing to this unique structure, the blend film showed strong resistance against
Ar+ ion etching, despite the overall POSS content was only 2 wt %.

Introduction

Polyhedral oligomeric silsesquioxane (POSS) is a
cube-octameric molecule with an inner inorganic Si-
O-Si framework that is externally covered by organic
substituents.1 Thanks to the establishment of reliable
methods for the synthesis of a number of POSS-based
chemicals that contain various combinations of non-
reactive substituents and/or reactive functionalities,
POSS moieties can be incorporated into polymer sys-
tems via polymerization, grafting, blending, and so
forth.2-13 Such hybridizations result in dramatic im-
provement of polymer properties including glass transi-
tion and degradation temperatures, flammability, me-
chanical strength, and oxygen permeability.14-18

The surface (or air/polymer interface) structures of
multicomponent polymer systems such as block and
random copolymers and polymer blends are usually
different from those of the bulk, depending on monomer
and polymer compositions, chain architecture, and
chain-end functionalities.19,20 Such phenomena are
strongly emphasized by the use of fluorinated materi-
als: for example, their low surface free energies will
drive themselves toward the surface.21-25

In this study, we focus on the improvement of the
surface properties of a polymeric thin film by utilizing
the inherent characters of POSS and fluorine atom. We
recently developed a technique for the synthesis of
fluorinated POSS derivatives from an incompletely
condensed POSS with the highly reactive group of
trisodium silanolate26 and also one for the synthesis of

a tadpole-shaped hybrid polymer with an “inorganic
head” of POSS and an “organic tail” of well-defined
polymer27 by atom transfer radical polymerization28

(ATRP). Combining these two techniques, we here
prepare a new tadpole-shaped polymer composed of a
fluorinated POSS and a well-defined polymer. The
surface and structural characterization of the thin blend
film composed of the tadpole-shaped polymer and poly-
(methyl metacrylate) are carried out by neutron reflec-
tometry, X-ray photoelectron spectroscopy, and contact
angle measurement. The surface hardness of the blend
film is evaluated by studying its resistance against Ar+

ion etching.

Experimental Section

Materials. AK-225 (the mixture of CF3CF2CHCl2 and
CClF2CF2CHClF) was obtained from Asahi Glass Co., Ltd.,
Tokyo, Japan, and used without further purification. Ethyl
2-bromoisobutylate (98%, 2-(EiB)Br) was used as received from
Nacalai Tesque Inc., Osaka, Japan. Methly methacrylate (99%,
MMA) was obtained from Nacalai Tesque Inc. and distilled
under reduced pressure over calcium hydride. N,N′-Dimeth-
ylformamide (99.5%, DMF) was purchased from Nacalai
Tesque Inc. Copper(I) chloride (99.9%, Cu(I)Cl) was purchased
from Wako Pure Chemicals, Osaka, Japan. 4,4′-Dinonyl-2,2′-
bipyridine (97%, dNbipy) was purchased from Aldrich and used
without further purification. All other reagents were used as
received from commercial sources.

Measurements. Gel permeation chromatographic (GPC)
analysis was carried out at 40 °C on a Shodex GPC-101 high-
speed liquid chromatography system equipped with a guard
column (Shodex GPC KF-G), two 30 cm mixed columns
(Shodex GPC KF-804L, exclusion limit ) 400 000), and a
differential refractometer (Shodex RI-101). Tetrahydrofuran
(THF) was used as an eluent at a flow rate of 0.8 mL/min.
Poly(methyl methacrylate) (PMMA) standards were used to
calibrate the GPC system.
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Nuclear magnetic resonance (1H, 13C, and 29Si NMR) spectra
were obtained on a JEOL/AL400 400 MHz spectrometer.
Deuterated chloroform (CDCl3) was used as a solvent.

Ellipsometric analysis was performed on a variable angle-
of-incidence spectroscopic ellipsometer (M-2000U, J. A. Wool-
lam Co., Inc.). Measurements were taken at three incidence
angles of 65°, 70°, and 75°. The ellipsometric angles were
recorded in a wavelength range from 242 to 999 nm. The data
were processed and fitted by the software WVASE32 (J. A.
Woollam Co., Inc.).

Neutron reflectometric measurements were performed on
a time-of-flight neutron reflectometer (PORE)29 at the Neutron
Science Laboratory, Institute of Materials Structure Science
High Energy Accelerator Research Organization, Tsukuba,
Japan. The cold neutron beam with wavelengths ranging from
0.3 to 2 nm was incident from the air side of the sample at
incident angles θ of 0.25° and 0.6°. The angular resolution ∆θ/θ
was 5%. The specular reflection was measured by the time-
of-flight method using a 3H proportional counter. The reflec-
tivity R was analyzed on the basis of the multilayered model
using spreadsheet environment reflectivity fitting (SERF).30

Angle-dependent X-ray photoelectron spectroscopic (XPS)
measurements were made on a PHI 5600 spectrometer (Per-
kin-Elmer Inc.) equipped with a multiple channel detector. The
Mg KR X-ray source (1253.6 eV) was operated at 400 W (14
kV and 28.6 mA). The system pressure was less than 7.0 ×
10-9 Torr. High-resolution spectra were acquired over a 20 eV
window with a pass energy of 58.7 eV at 0.125 eV/step. Each
sample was analyzed at takeoff angles (the angles between
the photoelectron emission direction and the sample surface)
of 15°, 30°, 45°, 60°, 75°, and 90°. All binding energies were
referenced to the C 1s peak for neutral carbon, which was
assigned a value of 285.0 eV.

Static contact angle measurements were performed at 20
°C and ambient humidity on a CA-X contact angle meter
(Kyowa Interface Science Co., Ltd.) equipped with a video
capture apparatus. Water and diiodomethane were used as
probe liquids. A liquid drop (1.8 µL) was deposited on a sample
surface with a microsyringe. Contact angles were measured
at five different positions for one sample and averaged.

Synthesis of 2-Bromoisobutyryloxyethylhepta(3,3,3-
trifluoropropyl)-T8-silsesquioxane (7F-T8-BIB, Scheme
1). 7F-T8-BIB was synthesized via the four-step reactions
described below. First, (3,3,3-trifluoropropyl)trimethoxysilane
(100 g, 0.46 mol), THF (500 mL), distilled water (10.5 g, 0.58
mol), and sodium hydroxide (7.9 g, 0.2 mol) were charged into

a four-necked flask equipped with a reflux condenser and a
thermometer. The mixture was refluxed in an oil bath ther-
mostated at 70 °C for 5 h with magnetically stirring. The
system was allowed to get cool to room temperature and left
for 15 h. The volatile components were removed by heating at
95 °C under atmospheric pressure to obtain a white precipi-
tate, which was collected by a membrane filter having a pore
diameter of 0.5 µm, washed with THF, and dried at 80 °C for
3 h in a vacuum oven to yield hepta(3,3,3-trifluoropropyl)-
tricycloheptasiloxane trisodium silanolate (7F-T7-(ONa)3,
Scheme 1) as a white powder (74 g, 65 mmol) in a quantitative
yield. Because of the low solubility of 7F-T7-(ONa)3, its high
purity was confirmed by characterizing the product 7F-T7-
(OTMS)3 obtained by the reaction of 7F-T7-(ONa)3 with trim-
ethylchlorosilane (see Supporting Information).

Second step: 7F-T7-(ONa)3 (22.7 g, 19.9 mmol), triethyl-
amine (2 g, 19.9 mol), and dry THF (450 mL) were charged
into a round-bottomed flask, to which acetoxyethyltrichlorosi-
lane (7 g, 31.8 mmol) was quickly added at room temperature.
The mixture was magnetically stirred for 4 h at room tem-
perature. The resultant precipitate was removed by filtration,
and the filtrate was concentrated by a rotary evaporator to
obtain a crude product. The resultant solid was dispersed in
methanol (MeOH, 100 mL), collected with a membrane filter,
and dried at 75 °C for 5 h to yield acetoxyethylheptatrifluo-
ropropyl-T8-silsesquioxane (7F-T8-AE) as a white solid (15.5
g, 13.1 mmol, 66%). 1H NMR (CDCl3, 400 MHz): δ 4.18 (t,
2H, -O-CH2-), 2.14 (m, 14H, -CH2-CF3), 2.04 (s, 3H, CH3-
CdO), 1.19 (t, 2H, -CH2-Si), 0.95 (m, 14H, Si-CH2-CH2-
CF3). 13C NMR (CDCl3, 100 MHz): δ 171.11 (CdO), 131.41,
128.68, 125.92, and 123.20 (-CF3), 60.01 (-O-CH2-), 28.17,
27.85, 27.55, and 27.25 (-CH2-CF3), 20.92 (CH3-CdO), 12.81
(-CH2-Si), 4.03 (Si-CH2-CH2-CF3). 29Si NMR (CDCl3, 79
MHz): δ -68.66 (-CH2-SiO1.5), -67.62 and -67.72 (CF3-
CH2-CH2-SiO1.5).

Third step: 7F-T8-AE (3.5 g, 2.96 mmol), MeOH (360 mL),
and AK-225 (240 mL) were charged in a round-bottomed flask,
to which concentrated H2SO4 (0.9 mL) was added at room
temperature. The mixture was magnetically stirred for 12 h
at room temperature and another 9 h at 45 °C and then
concentrated by a rotary evaporator. The oily residue was
redissolved in AK-225 (200 mL) and washed twice with water
(2 × 500 mL). The organic layer was collected and dried over
anhydrous MgSO4. After filtration, the filtrate was concen-
trated by a rotary evaporator and dried in a vacuum oven to
obtain hydroxylethylheptatrifluoropropyl-T8-silsesquioxane

Scheme 1. Synthesis of Fluorinated POSS-Holding Initiator 7F-T8-BIB
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(7F-T8-HE) (3 g, 2.62 mmol, 90%). 1H NMR (CDCl3, 400
MHz): δ 3.81 (t, 2H, -O-CH2-), 2.14 (m, 14H, -CH2-CF3),
1.39 (broad, 1H, -OH), 1.13 (t, 2H, -CH2-CH2-Si), 0.93 (m,
14H, Si-CH2-CH2-CF3). 13C NMR (CDCl3, 100 MHz): δ
131.31, 128.58, 125.83, and 123.11 (-CF3), 58.08 (-CH2-OH),
28.12, 27.83, 27.52, and 27.22 (-CH2-CF3), 19.74 (-CH2-Si),
4.02 (Si-CH2-CH2-CF3). 29Si NMR (CDCl3, 79 MHz): δ
-67.84 (-CH2-SiO1.5), -67.65 and -67.66 (CF3-CH2-CH2-
SiO1.5).

Fourth step: 2-bromoisobutyryl bromide (1.2 g, 5.5 mmol)
was added to a cold solution of 7F-T8-HE (2.9 g, 2.5 mmol) in
dry dichloromethane (50 mL) with triethylamine (500 mg, 4.9
mmol) at -78 °C. The mixture was magnetically stirred for 1
h at -78 °C and then another 2 h at room temperature. After
filtration, the filtrate was diluted with dichloromethane (500
mL) and washed with water (500 mL), twice with 1 wt % of
aqueous NaHCO3 solution (2 × 500 mL), and again twice with
water (2 × 500 mL). After drying over MgSO4 and filtration,
the filtrate was concentrated by a rotary evaporator. Toluene
(500 mL) was added into the resultant residue, and the
mixture was kept in a freezer to obtain a precipitate, which
was washed with MeOH (500 mL), collected by a membrane
filter, and dried at 40 °C for 6 h to yield the final product 7F-
T8-BIB as a white solid (2.29 g, 1.75 mmol, 70%). 1H NMR
(CDCl3, 400 MHz): δ 4.28 (t, 2H, -O-CH2-), 2.15 (m, 14H,
-CH2-CF3), 1.93 (s, 6H, -CBr-(CH3)2), 1.25 (t, 2H, -O-
CH2-CH2-Si), 0.94 (m, 14H, Si-CH2-CH2-CF3). 13C NMR
(CDCl3, 100 MHz): δ 171.23 (CdO), 131.32, 128.57, 125.79,
and 123.07 (-CF3), 61.83 (-O-CH2-), 55.80 (-CBr), 30.70
((-CH3)2), 28.13, 27.83, 27.52, and 27.23 (-CH2-CF3), 12.45
(-O-CH2-CH2-Si), 4.00 (Si-CH2-CH2-CF3). 29Si NMR
(CDCl3, 79 MHz): δ -69.02 (-CH2-SiO1.5), -67.67 and -67.73
(CF3-CH2-CH2-SiO1.5). Anal. Calcd for C27H38O14F21BrSi8: C,
25.14; H, 2.96; F, 30.92; Br, 6.19. Found: C, 24.98; H, 2.97; F,
30.96; Br, 5.74.

ATRP of MMA by 7F-T8-BIB. A Schlenk tube was charged
with DMF (4 mL), MMA (4 g, 40 mmol), 7F-T8-BIB (130 mg,
0.1 mmol), and dNbipy (82 mg, 0.2 mmol), and then the
mixture was deoxygenated by purging with argon for 5 min.
To this mixture, Cu(I)Cl (10 mg, 0.1 mmol) was added in a
glovebox purged with argon, and the Schlenk tube was
equipped with a three-way stopcock. The polymerization was
carried out in a shaking oil bath thermostated at 70 °C, and
after a prescribed time t, an aliquot of the solution was taken
out for NMR measurement to estimate monomer conversion
and for GPC measurement. The rest of the sample was diluted
by THF and added in an excess of n-hexane to obtain a polymer
fPOSS-PMMA as a white powder. To characterize the PMMA
chain grown from the POSS initiator, the POSS moiety of the
fPOSS-PMMA was decomposed as follows: the fPOSS-
PMMA (15 mg) dissolved in toluene (2 mL) was charged into
a polyethylene tube, to which a 12 wt % aqueous HF solution
(4 mL) and methyltrioctylammonium chloride (20 mg) as a
phase transfer catalyst were added. The mixture was vigor-
ously stirred for 12 h. The organic layer containing the polymer
was washed with a saturated aqueous NaHCO3 solution (4 mL)
and water (4 mL) and then subjected to the GPC measurement
to determine the molecular weight and its distribution of the
treated polymer.

Blend Film Preparation. A neat blend film composed of
fPOSS-PMMA and PMMA was prepared by spin-coating a
mixture of the two polymers dissolved in dioxane, which had
been passed through a Teflon filter (Cosmonice Filter S, pore
size ) 0.45 µm, Nihon Millipore Ltd., Tokyo, Japan) before-
hand, onto a clean silicon wafer at 2500 rpm for 50 s. The
concentration of the polymer solution was 4 wt %. The spin-
coated film was dried in a temperature-controlled vacuum oven
at 25 °C for 12 h. The dried film was annealed under vacuum
at 180 °C for 5 days and then cooled to room temperature
under vacuum.

Ar+ Ion Etching. A blend film was etched with an Ar+ ion
beam operated at 2 kV of acceleration voltage for 1.2 min. The
system pressure was 7.5 × 10-7 Torr. The etched depth of the
film was measured by an Alpha-Step 200 surface profiler
system (Tencor Instruments Co., Ltd.).

Results and Discussion

Synthesis of the Fluorinated POSS-Holding Ini-
tiator 7F-T8-BIB. The fluorinated POSS derivative
with an initiating site for ATRP was synthesized by the
method described above: in short, (3,3,3-trifluoropro-
pyl)trimethoxysilane was hydrolytically condensed in
the presence of sodium hydroxide to obtain incompletely
condensed, fluorinated POSS with the highly reactive
group of trisodium silanolate, 7F-T7-(ONa)3, which was
subsequently corner-capped with acetoxyethyltrichlo-
rosilane to give 7F-T8-AE. The acetoxy group of 7F-T8-
AE was deprotected by the acid treatment to obtain
hydroxyl group-carrying POSS (7F-T8-HE). Finally, the
acylation of 7F-T8-HE with 2-bromoisobutyryl bromide
gave the fluorinated POSS-holding initiator 7F-T8-BIB
in a moderate overall yield of 40%. Its high purity was
confirmed by 1H, 13C, and 29Si NMR and elemental
analysis. The solubility of 7F-T8-BIB in various organic
solvents (1 wt %) was checked by the naked eye
observation. 7F-T8-BIB is soluble in DMF, dimethyl
sulfoxide, N,N′-dimethylacetamide, and MMA, partly
soluble in anisole, toluene, acetone, and THF, and
insoluble in hexane and diphenyl ether.

ATRP of MMA Initiated by 7F-T8-BIB. 7F-T8-BIB
was employed for solution polymerization of MMA with
a copper complex in DMF at 70 °C. DMF was chosen as
a solvent for the solubility of 7F-T8-BIB. Soon after the
reaction mixture was heated at 70 °C, no trace of Cu-
(I)Cl powder was observed in the system. The color of
the homogeneous solution was originally dark brown
and turned to reddish brown as the polymerization
proceeded. In an ATRP with no conventional initiation
and no Cu(II) concentration at the onset of polymeri-
zation (t ) 0), the polymerization rate should show the
2/3-order time dependence of conversion index ln([M]0/
[M]).31,32 Thus, we made the plot of ln([M]0/[M]) vs t2/3

for our polymerization system, as shown in Figure 1.
The plot can be approximated by a straight line passing
through the origin. This means that the polymerization
kinetics of this system can be well understood in terms
of the power-law theory, at least under the studied
experimental conditions.

Figure 2a shows the GPC traces of the obtained
polymers. With increasing reaction time, the mass
distribution shifts to a higher molar mass region,
becoming broader and eventually bimodal at t ) 6 h.
This may be due to the fluorinated POSS moiety at the
end of the polymer chain, which may cause aggregation

Figure 1. Plot of ln([M]0/[M]) vs t2/3 for the solution polym-
erization of MMA (50 wt %) in DMF at 70 °C with 7F-T8-BIB:
[MMA]0/[7F-T8-BIB]0/[Cu(I)Cl]0/[dNbipy]0 ) 400/1/1/2.
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of the polymer. To avoid this, the POSS moiety was
decomposed by the HF treatment. The mass distribution
became narrower, and the shoulder peak observed
before the HF treatment completely disappeared (Figure
2b). Figure 3 shows the evolution of the number-average
molecular weight Mn and the polydispersity index Mw/
Mn of the HF-treated polymer. It can be seen that the
Mn increases linearly with increasing monomer conver-
sion. These Mn values, however, are slightly larger than
the theoretical values Mn,theo calculated with the initial
molar ratio of MMA and the initiator 7F-T8-BIB, for a
still unclear reason. To check the validity of the GPC
analysis after the HF treatment, we carried out 1H NMR

measurement for one sample before the HF treatment
and estimated the Mn of the PMMA segment to be 7300
on the basis of the numbers of the methylene protons
of the polymer backbone and the ester protons of the
POSS moiety. This value is in good agreement with the
GPC value of 7500 (after the HF treatment). The Mw/
Mn ratio decreases with increasing monomer conversion,
reaching 1.2 at conversion about 45% or larger. All these
results confirm that the ATRP of MMA with 7F-T8-BIB
proceeds in a living fashion, providing a low-polydis-
persity, tadpole-shaped hybrid polymer with an “inor-
ganic head” of fluorinated POSS and an “organic tail”
of PMMA (fPOSS-PMMA).

Surface Characterizations of POSS-Containing
Thin Films. Fluorinated substances in a polymer film
tend to get concentrated (enriched) at the air/polymer
interface.21-25 We carried out the surface characteriza-
tion of a ultrathin blend film composed of a fPOSS-
PMMA (Mn ) 12 000) and a PMMA (Mn ) 180 000).
This film, denoted fPOSS-PMMA/PMMA, was prepared
by spin-casting a solution of the two polymers in dioxane
on a silicon wafer and had a thickness of several
hundred nanometers.

Neutron reflectivity measurements were undertaken
to examine the overall structure of the fPOSS-dPMMA/
PMMA blend film. The use of a deuterated polymer
affords a high contrast in scattering length density
between the deuterated and hydrogenous components.
The deuterated fPOSS-PMMA (fPOSS-dPMMA) with
Mn ) 12 000 and Mw/Mn ) 1.13 was similarly prepared
by ATRP of deuterated MMA initiated with 7F-T8-BIB.
Figure 4 shows the neutron reflectivity R as a function
of the wave vector q for the blend film composed of 20
wt % of fPOSS-dPMMA and 80 wt % of PMMA (Mn )
180 000, Mw/Mn ) 1.09), measured before and after
annealing the film at 180 °C for 5 days. The regular
interference fringes that tend to dampen in height at
high q suggest the existence of a layered structure.
Attempts to model the neutron reflectivity profiles with
two- or three-layered structures were carried out.
Satisfactory fitting was obtained only by assuming the
three-layered structure with two fPOSS-dPMMA-
enriched layers at the air/polymer and polymer/silicon
interfaces and a bulk layer flanked by them (Figure 4).

Figure 2. GPC traces of fPOSS-PMMAs (a) before and (b)
after the HF treatment.

Figure 3. Evolution of Mn and Mw/Mn of HF-treated fPOSS-
PMMAs as a function of monomer conversion. The broken line
in the figure represents the theoretical prediction.

Figure 4. Neutron reflectivity profiles obtained for the
fPOSS-dPMMA/PMMA blend films composed of 20 wt % of
fPOSS-dPMMA (Mn ) 12 000 and Mw/Mn ) 1.13) and 80 wt
% of PMMA (Mn ) 180 000 and Mw/Mn ) 1.09) before (4) and
after (O) annealing the films at 180 °C for 5 days. The full
lines in the figure represent the best fit for the data on the
basis of the multilayered model using the spreadsheet envi-
ronment reflectivity fitting.
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The gradient region between the fPOSS-dPMMA-
enriched and bulk layers was calculated by matching
the scattering length densities of the two adjacent layers
on the basis of the error function.30 The weight fraction
of fPOSS-dPMMA was calculated from the scattering
length density profiles obtained by the parameters for
the best fittings in Figure 4. Figure 5 shows the weight
fraction profiles of fPOSS-dPMMA as a function of the
distance from the air/polymer interface. fPOSS-dPM-
MA is more populated at the air/polymer and polymer/
silicon interfaces, and this behavior is more pronounced
for the annealed film. For the annealed film, the weight
fraction of the deuterated component reaches about
100% at the two interfaces. The thinning of the annealed
film, which is apparent in Figure 5, was caused by the
removal of solvents and air by annealing.

To verify that the enrichment of fPOSS-dPMMA is
ascribed to the inherent property of the fluorinated
material, we carried out similar experiments using two
different polymers instead of fPOSS-dPMMA. One,
PhPOSS-dPMMA, was synthesized by ATRP of deu-
terated MMA initiated with 2-bromoisobutyryloxyeth-
ylheptaphenyl-T8-silsesquioxane,27 and the other, EIB-
dPMMA, was synthesized by ATRP of deuterated MMA
initiated with ethyl 2-bromoisobutylate. PhPOSS-
dPMMA (Mn ) 9000, Mw/Mn ) 1.08) had the POSS end
group substituted with phenyl groups, and EIB-
dPMMA (Mn ) 13 000, Mw/Mn ) 1.14) had an ethyl
isobutyrate end group. Figure 6 shows the weight
fraction profiles of the deuterated components in the
PhPOSS-dPMMA/PMMA and EIB-dPMMA/PMMA
blend films annealed at 180 °C for 5 days. The PMMA
matrix sample (Mn ) 180 000, Mw/Mn ) 1.09) was the
same in all experiments. The figure shows that Ph-
POSS-dPMMA is again enriched at the two interfaces,
but the extent of enrichment is much lower (about 50%
of weight fraction of the deuterated component) than
in the case of fPOSS-dPMMA. Interestingly, a minor
surface enrichment of the deuterated species was also
observed for the EIB-dPMMA/PMMA film. This is
ascribed to the difference in molecular weight33 or that
in end group or both. The energy difference between
deuterium and hydrogen should be less important in
this problem. These results confirm that the major
driving force for the remarkable surface enrichment of
fPOSS-dPMMA observed for the annealed fPOSS-
dPMMA/PMMA blend film is the low surface free energy
of the fluorinated POSS. The POSS polymer itself has

a significant tendency to segregating at the surfaces,
which is highly strengthened by fluorination.

The neutron reflectometry for the fPOSS-dPMMA/
PMMA blend film revealed that fPOSS-dPMMA gets
populated at the air/polymer interface, forming the top
layer composed of nearly pure fPOSS-dPMMA of thick-
ness about 10 nm. A question now arises as to the
distribution of fluorinated POSS moieties attached to
the polymer chain end within the top layer. To clarify
this, we made an angle-dependent XPS measurement,
which allows us to determine the surface composition
as a function of depth. The takeoff angles used here were
15°, 30°, 45°, 60°, 75°, and 90°, which approximately
corresponded to the total sampling depth of 2.1, 4.1, 5.8,
7.1, 7.9, and 8.2 nm, respectively.34 Figure 7 shows the
XPS survey spectrum taken at takeoff angle 90° for an
annealed blend film of thickness 220 nm composed of
20 wt % of fPOSS-PMMA (Mn ) 12 000 and Mw/Mn )
1.18) and 80 wt % of PMMA (Mn ) 180 000 and Mw/Mn
) 1.09). Clearly observed are a F 1s peak at 687.9 eV
attributable to the fluoroalkyl chain of the POSS moiety
and O 1s and C 1s peaks at 531.9 and 284.7 eV,
respectively, attributable to both the POSS moiety and
the PMMA chain. Qualitatively similar spectra were
obtained at different takeoff angles. The depth profile
of the atomic molar ratio of fluorine and carbon was
estimated by determining the areas of the F 1s and C

Figure 5. Weight fraction profiles of fPOSS-dPMMA as a
function of the distance from the air/polymer interface for the
fPOSS-dPMMA/PMMA blend films composed of 20 wt % of
fPOSS-dPMMA (Mn ) 12 000 and Mw/Mn ) 1.13) and 80 wt
% of PMMA (Mn ) 180 000 and Mw/Mn ) 1.09) before (dotted
line) and after (full line) annealing the films at 180 °C for 5
days.

Figure 6. Weight fraction profiles of deuterated PMMA
(PhPOSS-dPMMA or EIB-dPMMA) as a function of the
distance from the air/polymer interface for the PhPOSS-
dPMMA/PMMA (full line) blend film composed of 20 wt % of
PhPOSS-dPMMA (Mn ) 9000 and Mw/Mn ) 1.08) and 80 wt
% of PMMA (Mn ) 180 000 and Mw/Mn ) 1.09) and the EIB-
dPMMA/PMMA (dotted line) blend film composed of 20 wt %
of EIB-dPMMA (Mn ) 13 000 and Mw/Mn ) 1.14) and 80 wt
% of PMMA (Mn ) 180 000 and Mw/Mn ) 1.09) after annealing
the films at 180 °C for 5 days.

Figure 7. XPS survey spectrum of the fPOSS-PMMA/PMMA
blend film composed of 20 wt % of fPOSS-PMMA (Mn ) 12 000
and Mw/Mn ) 1.18) and 80 wt % of PMMA (Mn ) 180 000 and
Mw/Mn ) 1.09) after annealing the film at 180 °C for 5 days.
The measurement was carried out at 90° takeoff angle.
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1s peaks and multiplying them by appropriate sensitiv-
ity factors, with which the weight fraction of POSS was
calculated using the known molar mass and atomic
molar ratio of the POSS moiety and MMA unit. Figure
8 shows the POSS weight fraction profile as a function
of the total sampling depth. The weight fraction of POSS
increases with decreasing total sampling depth, exceed-
ing 70 wt % for total sampling depth smaller than 2
nm. This means that the POSS moieties are highly and
the most populated at the outermost surface of the film.

The same fPOSS-PMMA/PMMA blend film was
subjected to contact angle measurements with water
and diiodomethane as probe liquids. The contact angles
of water (θw) and diiodomethane (θdim) were estimated
to be 83.7° and 55.9°, respectively (cf. θw and θdim with
PMMA film were 66.5° and 33.6°, respectively). Using
the well-known geometric mean model35 and the mea-
sured contact angles, we calculated the surface free
energy of the blend film to be 33.1 mN/m. This value is
close to the surface free energy (32.5 mN/m) of a glass
slide treated with the silane coupling agent (3,3,3-
trifluoropropyl)trimethoxysilane. This result suggests
that the outermost layer of the blend film is almost
completely covered by the POSS moieties.

Etching Resistance of the fPOSS-PMMA/PMMA
Blend Film. Gonsalves et al.36 and Argitis et al.37

reported that the incorporation of POSS in methacry-
late-based resists by copolymerizations of methacrylates
with POSS-carrying monomers significantly improved
resistance against reactive ion etching in O2 plasma, if
the POSS content in the resists exceeded 20-30 wt %.
We have examined effects of surface enrichment of the
POSS units on the etching behavior of the fPOSS-
PMMA/PMMA blend film.

A fPOSS-PMMA/PMMA blend film similar to those
used for the XPS and contact angle measurements was
used for the etching study. For reference, a blend film
containing 20 wt % of a relatively short PMMA (Mn )
13 000) and 80 wt % of a relatively long one (Mn )
180 000) was also studied. Both films were annealed at
180 °C for 5 days and then subjected to Ar+ ion etching
for 1.2 min. As shown in Table 1, the etched depth
measured for the reference sample (without POSS
moieties) is about 5 times larger than that for the
fPOSS-PMMA/PMMA blend film. This shows strong
resistance of the POSS-containing blend film against
the Ar+ ion etching.

Gonsalves et al.36 explained their result of the im-
proved etching resistance of the POSS-containing co-
polymer by the following two reasons: First, inorganic
molecules such as POSS generally have high etching
resistance than organic molecules. Second, the POSS
units in the polymer assume a different morphology,
forming large rectangular crystallites, when the POSS
content exceeds a certain level, say, 20-30 wt %.10,38,39

A network of these rectangular crystallites uniformly
distributed within the polymer matrix will effectively
protect the polymers from the O2 plasma etching. In our
fPOSS-PMMA/PMMA blend film, some kind of crys-
tallites of the POSS moieties can be formed on the top
surface of the film highly enriched with the POSS
moieties, which will afford the strong resistance against
the Ar+ ion etching. The most important and interesting
point in our system is that the overall POSS content in
the blend film is only 2 wt %, as is calculated from the
weight fraction of fPOSS-PMMA in the blend film (20
wt %) and that of the POSS moiety in the fPOSS-
PMMA chain (10 wt %). This POSS content (2 wt %) is
an order of magnitude smaller than the critical content
(20-30 wt %), above which the important effects of
POSS were noted in the previous reports.36,37 Thus, the
surface enrichment of the POSS moieties strongly
effected by the fluorination was confirmed to provide
the film with a remarkably enhanced etching resistance.

Conclusions

A new POSS-holding initiator for ATRP was designed
and used to synthesize a tadpole-shaped hybrid polymer
with an “inorganic head” of fluorinated POSS and an
“organic tail” of well-defined PMMA. Neutron reflecto-
metric, XPS, and contact angle measurements for an
annealed blend film composed of the hybrid polymer and
PMMA showed that the POSS moieties in the film were
highly populated on the ourtermost surface of the film.
Because of this unique structure, the blend film exhib-
ited strong resistance against Ar+ ion etching.

Supporting Information Available: Synthetic method
and 1H, 13C, and 29Si NMR data of 7F-T7-(OTMS)3. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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