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Silicones with enhanced protein resistance were prepared by introducing poly(ethylene oxide) (PEO) chains via
siloxane tethers(a-c) of varying lengths. Three unique ambifunctional molecules(a-c) having the general formula
R-(EtO)3Si(CH2)2-oligodimethylsiloxanen-block-poly(ethylene oxide)8-OCH3 (n ) 0 (a), 4, (b), and 13(c)) were
prepared via regioselective Rh-catalyzed hydrosilylation. Nine films were subsequently produced by the H3PO4-
catalyzed sol-gel cross-linking ofa-c each withR,ω-bis(Si-OH)polydimethylsiloxane (P, Mn ) 3000 g/mol)
in varying ratios (1:1, 1:2, and 2:3 molar ratioa, b, or c to P). Films prepared with a 2:3 molar ratio (a-c to P)
contained the least amount of un-cross-linked materials, which may migrate to the film surface. For this set of
films, surface hydrophilicity and protein resistance increased with siloxane tether length(a-c). These results
indicate that PEO was more effectively mobilized to the surface if incorporated into silicones via longer siloxane
tethers.

Introduction

Silicones, particularly poly(dimethylsiloxane) (PDMS), have
been utilized in many biomedical applications because of their
thermal and oxidative stability, gas permeability, low modulus,
flexibility, and good biocompatibility.1,2 Unfortunately, silicones
generally exhibit poor resistance to blood proteins as a result
of its extreme hydrophobicity.3,4 An adsorbed blood protein layer
can invoke subsequent platelet adhesion and activation of
coagulation pathways leading to thrombosis thereby compromis-
ing device success.5,6 To reduce protein adsorption, silicone
surfaces have been hydrophilized by various approaches that
involve physical or chemical treatments or a combination of
both.3,7-10

Poly(ethylene oxide) (PEO, or poly(ethylene glycol) (PEG))
is a neutral, hydrophilic polymer that exhibits unusually high
protein resistance.11,12 To improve the protein resistance of
silicone surfaces, PEO has been incorporated into silicone
materials. Typically, silyl methyl (Si-Me) groups at the surfaces
of silicones are first converted to reactive silanol (Si-OH)
groups by oxygen or air plasma,13-15 UV radiation,16,17 UV/
ozone radiation (UVO),16,18or solution-phase oxidation.19 PEO
may be subsequently grafted onto the silanol-covered silicone
surfaces via silanization reactions of PEO-silanes containing
appropriate end-functionalized silane anchoring groups such as
alkoxysilanes.20 For instance, both trimethoxysilylpropyl and
triethoxysilylpropyl PEO monomethyl ether ((RO)3Si(CH2)3-
(OCH2CH2)n-OCH3) have been effectively grafted onto silanol-
covered silicone surfaces.19,21,22Silane (Si-H)-enriched silicone
surfaces, produced by acid-catalyzed equilibration of silicone
in the presence of polymethylhydrosiloxane, were grafted with
allyl PEO monomethyl ether (CH2dCHCH2-(OCH2CH2)n-
OCH3) via Pt-catalyzed hydrosilylation.23 PEO has also been
introduced throughout the bulk of silicone materials via the

condensation cure of triethoxysilylpropyl PEO monomethyl
ether with R,ω-bis(Si-OH)PDMS and tetraethoxysilane
(Si(OEt)4).24,25

PEO’s protein resistance has been attributed to its high water
content,26 large excluded volume,27 steric repulsion,28,29and its
blockage of adsorption sites on the underlying surface.30 The
effect of PEO molecular weight (MW) and surface concentration
on protein resistance has been widely studied.11,31-37 The
configurational mobility of PEO produces an entropic penalty
of chain compression if protein adsorption were to occur.12,28,29

Thus, enhancement of PEO chain mobility may optimize protein
resistance. For instance, surfaces of coatings prepared by cross-
linking R,ω-bis(Si-OH)PDMS with bis-triethoxysilylpropyl
PEO displayed inferior protein resistance compared to surfaces
of coatings prepared with triethoxysilylpropyl PEO monomethyl
ether.25 This was attributed to a lack of mobilization of the
difunctional PEO to the aqueous interface compared to the
monofunctional PEO. Conventional strategies to incorporate
PEO into silicones utilize PEO-silanes in which the PEO
segment is separated from the grafting or cross-linking site by
a short alkane spacer (e.g., propyl as for (RO)3Si(CH2)3-(CH2-
CH2O)n-OCH3)), which may limit PEO mobility.19,21-25

Herein, we propose a synthetic strategy to prepare silicones
with enhanced protein resistance by the incorporation of PEO
via siloxane tethers. Three unique ambifunctional molecules(a-
c) were prepared having the general formulaR-(EtO)3Si(CH2)2-
oligodimethylsiloxanen-block-poly(ethylene oxide)8-OCH3 (n
) 0 (a), 4, (b), and 13(c)) (Figure 1). Thus, the PEO segment
is distanced from the cross-linkable group ((EtO)3Si) by an
oligodimethylsiloxane tether. These siloxane tethers are highly
flexible due to the wide bond angle (∼143°) and low barrier to
linearization (0.3 kcal/mol) of Si-O-Si of dimethylsilox-
anes.38,39 The dynamic flexibility of Si-O-Si produces poly-
mers with extremely low glass transition temperatures (Tg’s)
(e.g., PDMS,Tg ) -125°C). Thus, the siloxane tethers ofa-c
should enhance PEO chain mobility so that PEO is more
effectively reorganized to film surfaces to improve protein
resistance.
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To prepare ambifunctional molecules(a-c), we utilized
regioselective hydrosilylation reported by Crivello and Bi.40-43

Rhodium-catatalyzed (Wilkinson’s catalyst, RhCl(Ph3P)3) hy-
drosilylation of R,ω-bis(Si-H)oligodimethylsiloxanes with
vinyl-terminated molecules was shown to proceed in a regi-
oselective fashion. Thus, only one of the two terminal Si-H
moieties was added to the vinyl compound. In this study, a series
of three commercially availableR,ω-bis(Si-H)oligodimethyl-
siloxanesn (ODMS0, ODMS4, and ODMS13) were utilized.
Alternatively, ODMS4 andODMS13 may be prepared by the
acid-catalyzed equilibration of cyclic siloxanes such as octam-
ethylcyclotetrasilaxane (D4) or hexamethyltrisiloxane (D3) with
tetramethyldisiloxane (TMDS) by varying the stoichiometry of
the cyclic siloxanes and TMDS.44,45A cross-linkable (EtO)3Si-
moiety was introduced to one terminal end of eachR,ω-bis-
(Si-H)oligodimethylsiloxane (ODMS0,4,13) by regioselective
Rh-catalyzed hydrosilylation with vinyl triethoxysilane (VTEOS)
to yield the correspondingR-triethoxysilylethyl-ω-silane-oli-
godimethylsiloxanen (1-3) (Figure 1). The Pt-catalyzed
(Karstedt’s) hydrosilylation reaction of the regioselective prod-
ucts (1-3) each with allyl PEO monomethyl ether (Mn ) 425
g/mol) yielded the corresponding ambifunctional molecules(a-
c). Although we obtained the allyl PEO monomethyl ether from
a commercial source, it may be prepared by reaction of
monomethoxy PEO with NaH and allyl bromide.46 Finally, a-c
each underwent phosphoric acid (H3PO4)-catalyzed sol-gel
cross-linking withR,ω-bis(Si-OH)polydimethylsiloxane (P, Mn

) 3000 g/mol) in varying ratios (1:1, 1:2, and 2:3 molar ratios
of a, b, or c to P) to produce nine compositional unique films.47

Experimental Section

Polymer Characterization. NMR.1H and13C spectra were obtained
on a Mercury 300 MHz spectrometer operating in the Fourier transform
mode. Five percent (w/v) CDCl3 solutions were used to obtain spectra.
13C NMR spectra were run with broad-band proton decoupling. Residual
CDCl3 was used as an internal standard.

IR Spectroscopy.IR spectra of neat liquids on NaCl plates were
recorded using a Bruker TENSOR 27 Fourier transform infrared
spectrometer.

Gel Permeation Chromatography.Gel permeation chromatography
(GPC) analysis was performed on a Viscotek GPC system equipped
with three detectors in series: refractive index (RI), right angle laser
light scattering (RALLS), and viscometer (VP). The ViscoGEL HR-
Series (7.8 mm× 30 cm) column packed with divinylbenzene cross-
linked polystyrene was maintained at 25°C in a column oven. The
eluting solvent was HPLC grade toluene at a flow rate of 1.0 mL/min.
The detectors were calibrated with a polystyrene narrow standard with
the following parameters:Mw (66 000 g/mol), polydispersity (1.03),
intrinsic viscosity (0.845 dL/g), and dn/dc (0.112 mL/g). Data analysis
was performed with Viscotek OmniSec software (version 4.0).

Thermal GraVimetric Analysis.The thermal stabilities of neat liquid
samples (∼10 mg) in Pt pans were evaluated with a TA Instruments
Q50 under N2 or air at a flow rate of 40 cm3/min. The sample weight
was recorded while the temperature was increased 4°C/min from 25
to 800°C.

Film Characterization. Thermal GraVimetric Analysis.Thermal
analyses of free-standing pieces of films (∼10 mg) were similarly
measured as described above.

Soxhlet Extraction.The amount of un-cross-linked material in a film
was determined by Soxhlet extraction. A film cured on a microscope
slide was extracted with CH2Cl2 in a Soxhlet apparatus for 12 h. The
percentage of un-cross-linked material was calculated as the weight
difference of the extracted versus unextracted weight divided by the
unextracted weight.

Dynamic Mechanical Analysis.Storage (G′) and loss (G′′) moduli
of cured films were measured as a function of temperature on a TA
Instruments Q800 dynamic mechanical analyzer. Specimens (length
× width ) 35 × 5.3 mm2) were cut from free-standing films using a
clean single-edged razor cutting tool. Electronic calipers were used to
measure film thickness (∼0.5 mm) prior to testing. The dynamic
mechanical analyzer was operated using a dual cantilever clamp
assembly at a frequency of 5 Hz and a displacement of 4µm. After
equilibration at-140°C for 3 min, the temperature was increased 4°C/
min to 25°C. TheTg was determined from the peak maximum of the
measuredG′′.

Contact Angle Measurement.Static (θstatic), advancing (θadv), and
receding (θrec) contact angles of distilled/deionized water droplets at
the film-air interface were measured at room temperature (RT) with
a CAM-200 (KSV Instruments) contact angle measurement system
equipped with an autodispenser, video camera, and drop-shape analysis
software. Coated microscope slides were stored in a desiccator for 5
days prior to contact angle measurements. Forθstatic measurements, a
sessile drop of water (5µL) was measured at 15 s and 2 min after
deposition onto the film surface. Theθadv was measured by the addition
of 3 µL (0.25 µL/s) of water to a 5µL pendant droplet to advance the
contact line. Theθrec was measured by the subsequent removal of 4
µL (0.25 µL/s) from the same droplet to recede the contact line. The
reportedθstatic, θadv, andθrec values are an average of three measurements
taken on different areas of the same film sample.

Adsorption of BoVine Serum Albumin Protein.The adhesion of Alexa
Fluor 555 dye conjugate of bovine serum albumin (AF-555 BSA;Mw

) 66 kDa; Molecular Probes, Inc.) onto film surfaces was studied by
fluorescence microscopy. To remove residual acid catalyst from the
films, all coated microscope slides were first leached in distilled water
for 24 h with fresh water changes every 6 h until the pH of the water
remained at∼7.2. Coated microscope slides were subsequently dried
in vacuo (36 in. Hg, 24 h, RT) and stored in a desiccator for 2 days

Figure 1. Synthesis of a-c and subsequent conversion to cross-
linked films by the acid-catalyzed sol-gel condensation with R,ω-
bis(Si-OH)polydimethylsiloxane (P) at 1:1, 1:2, and 2:3 molar ratios
of a, b, or c to P.
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prior to testing. A silicone isolator (20 mm well diameter, 2.5 mm well
depth; JTR Press-to-Seal Silicone Isolators) was affixed to each coated
microscope slide with clips to prevent leakage of solutions from the
well. For each film composition, two coated microscopes slides were
analyzed. One slide served to test a film surface exposed to air prior to
AF-555 BSA deposition whereas the other served to test a film surface
that was first exposed to phosphate-buffered saline (PBS; pH) 7.4)
for 12 h.

For air-equilibrated films, the exposed surface of the film inside each
isolator well was filled with 1 mL of AF-555 BSA solution (0.1 mg/
mL in PBS), equilibrated in the dark at RT for 3 h, and removed. One
milliliter of fresh PBS was then added to each well and removed after
5 min; this process was repeated a total of three times. Film surfaces
tested in this way are referred to as “air-equilibrated”.

For PBS-equilibrated films, on the second set of coated microscope
slides, the exposed surface of the film inside each isolator was filled
with 1 mL of PBS and removed after 12 h. Exposure to AF-555 BSA
solution (3 h) was immediately executed using the same protocol as
above. Film surfaces tested in this manner are referred to as “PBS-
equilibrated”.

A Zeiss Axiovert 200 optical microscope equipped with a A-Plan
5× objective (Axiocam HRC revision 2) and filter cube (excitation
filter of 546 ( 12 nm (band-pass) and emission filter 575-640 nm
(band-pass)) was used to obtain fluorescent images on three randomly
selected regions of the surface within each isolator well. The fluorescent
light source was permitted to warm up for 30 min prior to image
capture. Linear operation of the camera was ensured, and the constant
exposure time used during the image collection permitted quantitative
analyses of the observed fluorescent signals. The fluorescence micros-
copy images were analyzed using the histogram function of Photoshop,
which yielded the mean and standard deviation of the fluorescence
intensity within a given image. The fluorescence intensity of each AF-
555-BSA-exposed region was subtracted from that of nonexposed region
to ensure correction for any fluorescence signal from the material itself.
The background-corrected fluorescence intensities for each film were
then used to quantify AF-555 BSA levels adsorbed by comparison
against a calibration curve constructed from the measured fluorescence
intensities of AF-555 BSA standard slides. Standard slides were
prepared by fitting a silicone isolator to uncoated, solvent-cleaned glass
slides and adding 1 mL of AF-555 BSA solutions of known concentra-
tions (0, 0.005, 0.01, 0.02, and 0.04 mg/mL AF-555 BSA in PBS) to
individual wells.

X-ray Photoelectron Spectroscopy.X-ray photoelectron spectroscopy
(XPS) was used to confirm the chemical grafting of (EtO)3Si-(CH2)3-
(OCH2CH2)8-OCH3 onto glass microscope slides, which served as the
“PEO control”. The surface was analyzed using a KRATOS AXIS Ultra
Imaging X-ray photoelectron spectrometer with a Mg KR non-
monochromatic X-ray source. The spot size was 7 mm× 3 mm. The
survey scan (0-1100 eV) and C 1s high-resolution scan (20 eV scan
width) were performed with a takeoff angle of 90°. Binding energies
were referenced to the C-C peak at 285 eV. The raw data were
analyzed using XPS peak processing software.

Materials. RhCl(Ph3P)3 (Wilkinson’s catalyst) and solvents were
obtained from Aldrich. HPLC grade toluene and NMR grade CDCl3

were dried over 4 Å molecular sieves. Silastic T-2 (silicone elastomer)
was obtained from Dow Corning. Pt-divinyltetramethyldisiloxane
complex (Karstedt’s catalyst), triethoxysilane, vinyltriethoxysilane
(VTEOS), R,ω-bis(Si-H)oligodimethylsiloxanes (ODMS0 or tetram-
ethyldisiloxane;ODMS4, Mn ) 400-500 g/mol per manufacturer’s
specifications;ODMS13, Mn ) 1000-1100 g/mol per manufacturer’s
specifications),R,ω-bis-(Si-OH)polydimethylsiloxane (P, Mn ) 2000-
3500 g/mol per manufacturer’s specifications), and monovinyl-
terminated PDMS (CH2dCH-PDMS-n-Bu, Mn ) 62 700 g/mol,
essentially 100% monovinyl-terminated with the nonfunctional end
n-butyl-terminated per manufacturer’s specifications) were acquired
from Gelest. The number average molecular weight (Mn) of ODMS0,
ODMS4, and ODMS13 were determined by1H NMR end-group

analysis: ODMS0 (134 g/mol),ODMS4 (430 g/mol), andODMS13

(1096 g/mol). The MWs ofP were determined by GPC (Mw/Mn )
5000/3000 g/mol). PEO allyl methyl ether (A-PEO8M ) was obtained
from Clariant (Polyglykol AM-500) and was dried overnight under high
vacuum prior to use. TheMn of A-PEO8M was determined to be 425
g/mol (n ) 8) by end-group analysis.1H NMR (δ, ppm): 3.26 (s, 3H,
OCH3), 3.51 (m, 32H, OCH2CH2), 3.90 (d, 2H,J ) 5.7 Hz, CH2d
CHCH2O), 5.11 (m, 2H, CH2dCHCH2O), and 5.79 (m, 1H, CH2d
CHCH2O).

Synthetic Approach.All reactions were run under a N2 atmosphere
with a Teflon-covered stir bar to agitate the reaction mixture.

R-Triethoxysilylethyl-ω-silane-oligodimethylsiloxanesn (1-3) were
prepared by the Rh-catalyzed regioselective hydrosilylation of equimolar
amounts ofVTEOS with ODMS0, ODMS4, or ODMS13, respectively
(Figure 1).ODMSn andVTEOS (1:1 molar ratio) were combined with
Wilkinson’s catalyst and toluene into a 350 mL pressure vessel equipped
with a Teflon bushing as a pressure seal. The tube was sealed and heated
to 80 °C. After 6 h, the reaction was cooled to room temperature, and
toluene was removed under reduced pressure. The residue was purified
by flash column chromatography on silica gel with hexanes/ethyl acetate
(2:1 v/v), and volatiles were removed under reduced pressure.

Triethoxysilylethyl-oligodimethylsiloxanen-block-poly(ethylene ox-
ide)8 (a-c) were prepared by the Pt-catalyzed hydrosilylation of
A-PEO8M with 1, 2, or 3, respectively (Figure 1). Polymers1-3 were
each combined withA-PEO8M (1:1 molar ratio) and toluene in a round-
bottom flask equipped with a rubber septum and heated to 70°C. The
progress of the reaction was monitored with IR spectroscopy by the
disappearance of the Si-H (∼2125 cm-1) absorbance. After an initial
reaction time of∼12 h, an aliquot of the reaction solution was
evaporated on a NaCl plate, and the IR spectrum was obtained. In the
case of an incomplete reaction, additional Karstedt’s catalyst (50% of
original volume) was added, and the reaction continued for another
∼6 h before checking the IR spectrum. This cycle was repeated until
no Si-H absorbance was observed in the IR spectrum. Typically, no
additional Kartstedt’s catalyst was required to complete the reaction.
The catalyst was removed from the reaction mixture by refluxing the
reaction mixture with activated charcoal for 12 h. After filtration, the
volatiles were removed under reduced pressure so thata-c were
isolated as colorless liquids.

Film Preparation. In a scintillation vial equipped with a Teflon-
covered stir bar and cap,a-c were each combined withR,ω-bis(Si-
OH)polydimethylsiloxane (P, Mn ) 3000 g/mol) in varying molar ratios
(1:1, 1:2, and 2:3 molar ratios ofa, b, or c to P) and mixed for∼5
min (Table 1). Next, 3 mol % of H3PO4 (based on total solid weight of
the aforementioned mixtures) was added as a solution of H3PO4/EtOH
(10:90 w/w), and the mixture was stirred rapidly for 3 h.

Microscope slides (75× 25 × 1 mm3) were sequentially washed
with distilled water, CH2Cl2/hexane (1:1 v/v), and acetone and finally

Table 1. Film Compositions and Percentage Weight Loss after
Soxhlet Extraction

film
a, b, or c

(value of n)
moles of a,

b, or c

moles of P
(HOSi-PDMS40

-SiOH)
% wt
lossa

a1P1 a (n ) 0) 1 1 1%
b1P1 b (n ) 4) 1 1 3%
c1P1 c (n ) 13) 1 1 2%
a1P2 a (n ) 0) 1 2 9%
b1P2 b (n ) 4) 1 2 8%
c1P2 c (n ) 13) 1 2 4%
a2P3 a (n ) 0) 2 3 0.5%
b2P3 b (n ) 4) 2 3 1%
c2P3 c (n ) 13) 2 3 0.5%

a After Soxhlet extraction (CH2CH2, 12 h), corresponds to percentage
of un-cross-linked material: 1:1 molar ratio a-c to P, stoichiometric excess
of a-c; 1:2 molar ratio a-c to P, stoichiometric excess of P; 2:3 molar
ratio a-c to P, stoichiometric balance.
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dried in a 150°C oven for 24 h prior to use. One milliliter of each of
the aforementioned mixtures was applied to a microscope slide and
allowed to coat the entire slide. The slide was then placed in a level
150 °C oven for 24 h. Free-standing films for dynamic mechanical
analysis (DMA) and thermal gravimetric analysis (TGA) testing were
obtained by removing films from slides with a clean single-edge razor
blade. Coated microscope slides were used for contact angle measure-
ments and protein adsorption studies.

Triethoxysilylpropyl PEO monomethyl ether ((EtO)3Si-(CH2)3-
(OCH2CH2)8-OCH3) was chemically grafted onto microscope slides
with typical procedures.48 Briefly, clean microscope slides were
immersed in HCl (12 M)/MeOH (1:1 v/v) for 2 h and then in HCl (12
M) for 2 h. The slides were rinsed thoroughly with deionized water
and dried under vacuum at 50°C for 4 h. The glass slides were then
immersed in a solution of (EtO)3Si-(CH2)3-(OCH2CH2)8-OCH3/
toluene (5:95 v/v) for 12 h at RT. The slides were removed from the
solution and cured at 180°C in vacuo (36 in. Hg) for 12 h. PEO-
grafted microscope slides served as the “PEO control” for contact angle
and protein adsorption studies.

Silastic T-2 (silicone elastomer) was applied to clean microscope
slides with a drawdown bar (30 mil) and allowed to cure at RT for
over 72 h. The film thickness for cured Silastic T-2 films was∼0.6
mm. A silicone-coated slide served as a “PDMS control” for contact
angle and protein adsorption studies.

Synthesis of 1. ODMS0 (20.0 g, 0.15 mol),VTEOS (28.4 g, 0.15
mol), and Wilkinson’s catalyst (10 mg) in toluene (100 mL) were
reacted as above. In this way,1 (43.4 g, 89% yield) was obtained.1H
NMR (δ, ppm): 0.001-0.02 (m, 6H, SiCH3), 0.06-0.12 (m, 6H,
SiCH3), 0.50 (m, 3H, SiCH2CH2), 1.03 (m, 1H, SiCH2CH2), 1.18 (m,
9H, SiOCH2CH3), 3.77 (m, 6H, SiOCH2CH3), 4.64 (m, 1H, SiH). 13C
NMR (δ, ppm): -0.44, 1.17, 2.03, 9.30, 9.50, 18.60, 58.62. IR (ν):
2125 (Si-H) cm-1.

Synthesis of 2. ODMS4 (20.05 g, 0.05 mol),VTEOS (8.46 g, 0.05
mol), and Wilkinson’s catalyst (10 mg) in toluene (60 mL) were reacted
as above. In this way,2 (28.0 g, 90% yield) was obtained.1H NMR
(δ, ppm): 0.001-0.15 (m, 36H, SiCH3), 0.52 (m, 3H, SiCH2CH2), 1.04
(m, 1H, SiCH2CH2), 1.18 (m, 9H, SiOCH2CH3), 3.77 (m, 6H, SiOCH2-
CH3), 4.66 (m, 1H, SiH). 13C NMR (δ, ppm): -0.25, 1.02, 1.19, 1.36,
1.51, 2.13, 9.45, 18.67, 58.70. IR (ν): 2125 (Si-H) cm-1.

Synthesis of 3. ODMS13 (20.1 g, 0.02 mol),VTEOS (3.5 g, 0.02
mol), and Wilkinson’s catalyst (10 mg) in toluene (50 mL) were reacted
as above. In this way,3 (23.2 g, 90% yield) was obtained.1H NMR
(δ, ppm): 0.001-0.17 (m, 78H, SiCH3), 0.53 (m, 3H, SiCH2CH2), 1.05
(m, 1H, SiCH2CH2), 1.19 (m, 9H, SiOCH2CH3), 3.78 (m, 6H, SiOCH2-
CH3), 4.68 (m, 1H, SiH). 13C NMR (δ, ppm): -0.31, 0.97, 1.13, 1.33,
1.45, 2.08, 9.40, 18.61, 58.67. IR (ν): 2125 (Si-H) cm-1.

Synthesis of a.Polymer1 (5.1 g, 0.016 mmol),A-PEO8M (6.7 g,
0.016 mol), and Karstedt’s catalyst (50µL) in toluene (60 mL) were
reacted as above. In this way,a (10.6 g, 88% yield) was obtained.1H
NMR (δ, ppm): -0.07 to -0.06 (m, 12H, SiCH3), 0.002 (m, 2H,
SiCH2CH2CH2), 0.43 (m, 3H, SiCH2CH2), 0.96 (m, 1H, SiCH2CH2),
1.12 (m, 9H, SiOCH2CH3), 1.47 (m, 2H, SiCH2CH2CH2), 3.27 (s, 3H,
OCH3), 3.44 (m, 2H, SiCH2CH2CH2), 3.54 (m, 32H, OCH2CH2), 3.71
(m, 6H, SiOCH2CH3). 13C NMR (δ, ppm): -0.39, 0.29, 1.81, 9.21,
14.24, 18.33, 23.44, 58.31, 58.99, 70.03, 70.53-70.63, 71.95, 74.21.
IR (ν): no Si-H band.

Synthesis of b.Polymer2 (5.24 g, 0.008 mol),A-PEO8M (3.48 g,
0.008 mmol), and Karstedt’s catalyst (50µL) in dry toluene (45 mL)
were reacted as above. In this way,b (7.8 g, 91% yield) was obtained.
1H NMR (δ, ppm): -0.02 to 0.01 (m, 36H, SiCH3), 0.07 (m, 2H,
SiCH2CH2CH2), 0.50 (m, 3H, SiCH2CH2), 1.03 (m, 1H, SiCH2CH2),
1.16 (m, 9H, SiOCH2CH3), 1.53 (m, 2H, SiCH2CH2CH2), 3.32 (s, 3H,
OCH3), 3.47 (m, 2H, SiCH2CH2CH2), 3.56 (m, 32H, OCH2CH2), 3.73
(m, 6H, SiOCH2CH3). 13C NMR (δ, ppm): -0.48, 0.21, 1.17, 1.28,
1.87, 9.19, 14.19, 18.43, 23.46, 58.45, 59.13, 70.12, 70.64-70.73, 72.05,
74.33. IR (ν): no Si-H band.

Synthesis of c.Polumer3 (10.37, 0.008 mol),A-PEO8M (3.42,
0.008 mol), and Karstedt’s catalyst (50µL) in toluene (50 mL) were
reacted as above. In this way,c (12.1 g, 88% yield) was obtained.1H
NMR (δ, ppm): -0.002 to 0.05 (m, 90H, SiCH3), 0.09 (m, 2H, SiCH2-
CH2CH2), 0.51 (m, 3H, SiCH2CH2), 1.05 (m, 1H, SiCH2CH2), 1.18
(m, 9H, SiOCH2CH3), 1.55 (m, 2H, SiCH2CH2CH2), 3.34 (s, 3H,
OCH3), 3.52 (m, 2H, SiCH2CH2CH2), 3.60 (m, 32H, OCH2CH2), 3.78
(m, 6H, SiOCH2CH3). 13C NMR (δ, ppm): -0.45, 0.25, 1.21, 1.31,
1.92, 9.24, 14.24, 18.47, 23.51, 58.49, 59.16, 70.17, 70.69-70.79, 72.10,
74.38. IR (ν): no Si-H band.

Synthesis of (EtO)3Si-(CH2)3-(CH2CH2O)8-OCH3. Triethox-
ysilane (3.07 g, 0.019 mol),A-PEO8M (7.94 g, 0.019 mol), and
Karstedt’s catalyst (50µL) in toluene (25 mL) were reacted as above
to produce triethoxysilylpropyl PEO monomethyl ether (EtO)3Si-
(CH2)3-(OCH2CH2)8-OCH3 (9.3 g, 83% yield).24 1H NMR (δ, ppm):
0.59 (m, 2H, SiCH2CH2CH2), 1.18 (m, 9H, SiOCH2CH3), 1.61 (m, 2H,
SiCH2CH2CH2), 3.34 (m, 3H, OCH3), 3.40 (m, 2H, SiCH2CH2CH2),
3.61 (m, 32H, OCH2CH2), 3.78 (m, 6H, SiOCH2CH3). IR (ν): no Si-H
band.

Discussion

Synthesis of 1-3. Rhodium-catalyzed regioselective hydrosi-
lylation reaction of equimolar amounts ofVTEOS with
ODMS0, ODMS4, or ODMS13 effectively produced1-3,
respectively, in good yields (g89%) (Figure 1).1H NMR spectra
of 1-3 showed a reduction in the Si-H peak integration value
by one-half compared to the starting material. A Si-H (∼2125
cm-1) absorbance was noted in the IR spectra of1-3.

Verification of the Composition of 1-3. For Rh-catalyzed
regioselective hydrosilylation, the enhanced reactivity of one
Si-H terminus ofR,ω-bis(Si-H)-terminated compounds toward
vinyl-containing compounds is not well understood. However,
the requirement for terminal Si-H groups within an appropriate
distance has been suggested. For instance, the rate of regiose-
lective hydrosilylation of bis(dimethylsilyl)alkanes is signifi-
cantly reduced when the number of methylene units between
Si-H groups is increased from 2 to 4.49 Crivello and Bi reported
the regioselective hydrosilylation ofR,ω-bis(Si-H)oligodim-
ethylsiloxanes having only 2-4 silicon atoms.40-43 In this study,
we utilized R,ω-bis(Si-H)oligodimethylsiloxanes (ODMS0,
ODMS4, and ODMS13) having 2, 6, and 15 silicon atoms,
respectively. Evidence that1-3 are the pure monosubstituted
products of regioselective hydrosilylation cannot be solely based
on 1H NMR analysis because each spectrum represents the
average composition of the sample. In other words, a pure
monosubstituted product (1, 2, or 3) would have the same1H
NMR spectrum as the mixture of three products obtained from
the corresponding non-regioselective hydrosilylation,(i) R-tri-
ethoxysilylethyl-monosubstituted product (1, 2, or 3), (ii) R,ω-
triethoxysilylethyl-disubstituted product, and(iii) nonsubstituted
product (ODMS0, ODMS4, or ODMS13), where the ratio of
disubstituted to nonsubstituted product would be equal (Figure
S2 of the Supporting Information). BecauseODMS13 is the
highest MWR,ω-bis(Si-H)oligodimethylsiloxane of the series,
it is anticipated to be most likely to undergo non-regioselective
Rh-catalyzed hydrosilylation. Thus, we sought to confirm that
3 was the pure monosubstituted product of regioselective
hydrosilylation ofODMS13 andVTEOS.

Following Rh-catalyzed hydrosilylation ofODMS13 and
VTEOS (1:1 molar ratio), the product was reacted withCH2d
CH-PDMS-n-Bu (Mw/Mn ) 83 000/60 000 g/mol) by Pt-
catalyzed hydrosilylation such that all Si-H groups were
consumed (confirmed by IR) thereby producingM . Identifying
whether or notM was the product of exclusively3 + CH2d
CH-PDMS-n-Bu was then determined by GPC. If the initial
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Rh-catalyzed hydrosilylation reaction was regioselective, then
the product would be pure, monosubstituted3 (Mn ) 1286
g/mol), which would subsequently react withCH2dCH-
PDMS-n-Bu to form a single product(x) (Mn ) 61 286 g/mol).
However, non-regioselective Rh-catalyzed hydrosilylation would
have produced a mixture ofi-iii , which would each subse-
quently react withCH2dCH-PDMS-n-Bu to yield, x, the
product of monosubstituted3 + CH2dCH-PDMS-n-Bu (Mn

) 61 286 g/mol),y, unreactedR,ω-triethoxysilylethyl-disub-
stituted product (Mn ) 1476 g/mol), andz, the product of
ODMS13 + CH2dCH-PDMS-n-Bu (1:2 molar ratio) (Mn ≈
121 096 g/mol), wherey and z would be present in equal
amounts (Figure S2 of the Supporting Information). Productsy
andz were individually synthesized in isolated reactions so that
their elution peaks could be identified in the GPC chromatograph
of M if present. Producty was synthesized by Pt-catalyzed
hydrosilylation of ODMS13 and VTEOS (1:2 molar ratio),
whereasz was prepared by Pt-catalyzed hydrosilylation of
ODMS13 andCH2dCH-PDMS-n-Bu (1:2 molar ratio). In the
GPC chromatograph ofM , the elution peak ofy is definitively
absent (Figure 2). The elution peak ofz would overlap with
the elution peak ofM but must be absent as well sincey and
z would be present in equal amounts. Thus, the composition of
M may be identified as that ofx (i.e., the product of
monosubstituted3 + CH2dCH-PDMS-n-Bu). These results
confirm that Rh-catalyzed hydrosilylation of reaction ofODMS13

andVTEOS was regioselective and produced only monosub-
stituted3. It is assumed that, because of their lower MWs,R,ω-
bis(Si-H)oligodimethylsiloxanesODMS0 and ODMS4 simi-
larly underwent regioselective hydrosilylation to produce only
monosubstituted1 and2, respectively.

The monosubstituted structure of1-3 is also supported by
results of the measured amount of un-cross-linked material in
cured films (Table 1). If Rh-catalyzed hydrosilylation was non-
regioselective and produced the mixture of products(i-iii) , then
ii (disubstituted) andiii (nonsubstituted) would be present in
equal amounts (Figure S2 of the Supporting Information).
Although ii would undergo sol-gel cross-linking withP, iii
could not undergo cross-linking and thus would be removed as
un-cross-linked material. For films prepared with a stoichio-
metric balance of (EtO)3Si- (a-c) and Si-OH (P) (i.e., films
a2P3, b2P3, andc2P3), e1 wt % of un-cross-linked material was
extracted. Thus,ii andiii are not present at greater than 1 wt %
each. These results indicate that1-3 are g98% monosubsti-
tuted.

Synthesis of a-c. The Pt-catalyzed hydrosilyation reaction
of a 1:1 molar ratio of1-3 each withA-PEO8M produceda-c,
respectively, in good yields (g88%). Completion of the reaction
was confirmed by IR analysis ofa-c, which showed no
absorbance at∼2125 cm-1 due to unreacted Si-H bonds of
1-3, respectively. The Si-H peak (∼4.7 ppm) of1H NMR
spectra ofa-c was also absent. No vinyl peaks were observed
in the 1H or 13C NMR spectra.

Thermal Stability of a-c. As expected,a-c began to
degrade at lower temperatures in air than in N2 (Figure 3).
Polysiloxanes are known to display exceptional thermal stability
compared to many organic polymers.50 Thus, thermal stability

Figure 2. GPC chromatographs of M, y, and z. The absence of y
(and hence z) confirms that M is the product of the monosubstituted
3 and CH2dCH-PDMS-n-Bu .

Figure 3. Thermal stability of a-c in N2 and in air.

Figure 4. Thermal stability of films in N2 and in air.
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in N2 and air increased with the increasing length of the siloxane
tether such thatc was the most stable. Degradation of polysi-
loxanes in air produces silica residue.50 Thus, the residue weight
was highest forc (∼30%) because of its relatively higher
siloxane content.

Preparation of Films. The H3PO4-catalyzed sol-gel cross-
linking of a-c each withP in varying molar ratios (1:1, 1:2,
and 2:3 molar ratios ofa, b, or c to P) produced a series of
nine films (Figure 1 and Table 1). Commonly used tin-based

catalysts (e.g., dibutyltin dilaurate) often require long cure
schedules, and residues may have adverse effects in medical
applications.51-53 H3PO4 is an attractive water-soluble catalyst
alternative as it may be extracted from the final product. The
rate of H3PO4-catalyzed sol-gel condensation involving Si-
(OEt)4 was increased by nearly 2 orders compared to other
acids.54 Gädda et al. reported the H3PO4-catalyzed cross-linking
of R,ω-bis(Si-OH)polydimethylsiloxane and tetrakis(hydroxy-
ldimethylsiloxane)silane.47

The extent of cross-linking was evaluated by Soxhlet extrac-
tion. Because there are three EtO- groups (a-c) versus two
HO-Si groups (P) per respective chain, a 2:3 molar ratio ofa,
b, or c to P is stoichiometrically balanced. Thus, for filmsa2P3,
b2P3, and c2P3, e1 wt % of un-cross-linked material was
removed following Soxhlet extraction (Table 1). Films prepared
with a stoichiometric deficiency ofP (films a1P1, b1P1, and
c1P1) or a stoichiometric excess ofP (a1P2, b1P2, and c1P2)
demonstrated greater weight loss following Soxhlet extraction
(1-9 wt %).

The deconvoluted C 1s X-ray photoelectron spectrum of the
surface of the (EtO)3Si-(CH2)3-(OCH2CH2)8-OCH3-grafted
microscope slide revealed three peaks: 285.0 eV (C-C), 286.7
eV (C-O), and 288.7 eV (adsorbed CO2) (Figure S1 of the
Supporting Information). The peak at 286.7 eV is consistent
with the ether carbons of PEO.55

Thermal Stability of Films. The thermal degradation of films
is shown in Figure 4. Films exhibited generally similar degrada-
tion profiles. In N2, films were degraded by∼650°C, whereas
in air films reached their final weight by∼500°C. In air,∼30-

Table 2. Mechanical and Surface Properties of Films

DMA static contact angles dynamic contact angles

film
Tg

(°C)
θstatic (deg)
(at 15 s)

θstatic (deg)
(at 2 min)

θadv

(deg)
θrec

(deg)

a1P1 -117 93 ( 2 77 ( 3 93 ( 1 85 ( 1
b1P1 -116 87 ( 2 71 ( 2 87 ( 1 78 ( 1
c1P1 -116 78 ( 1 64 ( 1 89 ( 1 78 ( 1
a1P2 -116 96 ( 1 71 ( 1 97 ( 1 81 ( 2
b1P2 -116 90 ( 1 62 ( 1 89 ( 1 77 ( 1
c1P2 -117 94 ( 1 66 ( 1 94 ( 1 77 ( 2
a2P3 -115 97 ( 2 78 ( 1 102 ( 1 86 ( 1
b2P3 -114 89 ( 1 63 ( 2 84 ( 1 70 ( 1
c2P3 -114 74 ( 2 61 ( 2 81 ( 1 70 ( 1
PDMSa 116 ( 1 115 ( 1 121 ( 1 115 ( 1
PEOb 62 ( 6 53 ( 4 61 ( 1 61 ( 1

a PDMS (control) ) Silastic T-2 (silicone elastomer) cured on a glass
microscope slide. b PEO (control) ) (EtO)3Si-(CH2)3-(OCH2CH2)8-OCH3

grafted onto a glass microscope slide.

Figure 5. Storage moduli (G′) of films.

Figure 6. Following exposure to an aqueous environment, the PEO
segments of a-c reorganized to the film-water interface thereby
increasing surface hydrophilicity. Surface hydrophilicity increased as
the siloxane tether length of a-c increased. Thus, longer siloxane
tethers enhance reorganization of PEO segments to the surface.
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50% of silica residue was produced for all films and is within
the expected range. A slight increase in thermal stability is
indicated for filmsa2P3, b2P3, andc2P3, which have the least
amount of un-cross-linked material. Acids are known to catalyze
chain equilibration of siloxane (Si-O) bonds into low-MW
cyclics, which are volatile at elevated temperatures.50 However,
the high thermal stabilities and residue weights (in air) of the
films indicate that the presence of catalytic amounts of H3PO4

do not contribute to a reduction in their thermal stability.
Dynamic Mechanical Analysis.The mechanical properties

of the films determined by DMA are summarized in Table 2.
The Tg of each film was determined by the maximum of the
loss modulus (G′′).56 TheTg’s were low for all films and ranged
between-117 and-114 °C. SimilarTg values were expected
since the distance between cross-links is maintained at a constant
value by the MW ofP.57 The presence of small amounts of
un-cross-linkeda-c (films a1P1, b1P1, andc1P1) or P (films
a1P2, b1P2, and c1P2) did not significantly alterTg values.
Following cross-linking, the PEO segment ofa-c exists as a
“dangling free end”. However, due to the low cross-link density
of the films, theâ transition temperature (Tâ) associated with
such free ends is not observed nor is a decrease inTg with
increased siloxane tether length.58 Lower-MW analogues ofP
may be utilized to prepare more densely cross-linked films with
higherTg’s, which may reveal the aforementioned trends.

The storage modulus (G′) is related to stiffness or resistance
to deformation.59 For films prepared with the same molar ratio
of a, b, or c to P, G′ increased with decreasing siloxane tether
length in the orderc < b < a (Figure 5).

Contact Angle Analysis. Contact angle measurements of
water droplets on film surfaces are reported in Table 2. The
hydrophobic PDMS control produced a highθstatic (at 15 s)
(116°) whereasθstatic (at 15 s) of the hydrophilic PEO control
was low (62°). For films prepared with the same molar ratio
(a-c to P), θstatic (at 15 s) decreased and surface hydrophilicity
increased in the ordera < b < c. Furthermore,θstatic (at 2 min)

was significantly lower than the correspondingθstatic (at 15 s),
and hydrophilicity similarly increased in the ordera < b < c.
The exception to this trend was noted for filmc1P2, which
displayed slightly higherθstatic values compared tob1P2. Un-
cross-linked material may have migrated to the film surface and
altered surface properties. Films prepared with a 2:3 molar ratio
(a-c to P) lack significant quantities of un-cross-linked material
that may have migrated to the film surface. For these films,
increased siloxane tether length(a-c) produced surfaces with
enhanced hydrophilicity. Thus, longer siloxane tethers more
effectively mobilized PEO segments to the surface (Figure 6).

The hydrophobic surface characteristics are obtained from
θadvwhereas hydrophilicity is reflected byθrec.60 For cross-linked
silicones, the presence of Si-CH3 groups at the film-air
interface leads to highθadv. After a pure silicone surface is
wetted, polar groups such as Si-O-Si reorganize to the film-
water interface to minimize interfacial tension such thatθrec <
θadv.61 For all films, θrec was significantly reduced versus the
correspondingθadv, indicating that PEO reorganized to the
surface after exposure to water.62 As previously mentioned,
surface compositions of films prepared with a 2:3 molar ratio
(a-c to P) are not potentially complicated by the presence of
un-cross-linked materials at the surface. For these films,
increased siloxane tether length(a-c) enhanced hydrophilicity
before and after exposure to an aqueous environment (i.e., lower
θadv and θrec) in the order ofa < b < c. These observations
support the conclusion that longer siloxane tethers more
effectively mobilize PEO to the surface particularly when
exposed to aqueous environments (Figure 6).

Protein Adsorption. The adsorption of BSA protein onto
film surfaces and controls are reported in Figure 7. For a given
set of films prepared with the same molar ratio (a-c to P),
statistical differences (p < 0.05) are noted within that series
and compared to the PDMS and PEO controls. BSA adsorption
onto the PEO control (air-equilibrated) was unusually high
possibly due to insufficient PEO hydration produced by the

Figure 7. Adsorption of BSA protein (3 h) after film surfaces were exposed to air (air-equilibrated) and after first equilibrating in PBS for 12 h
(PBS-equilibrated). Error bars represent the standard deviation between the fluorescence measurements of three randomly selected regions.
For a set of films prepared at the same molar ratio (i.e., 1:1, 1:2, or 2:3 of a, b, or c to P) and with same type of exposure before BSA adsorption
(e.g., air- or PBS-equilibrated), statistical significance was determined by one-way analysis of variance (Holm-Sidak method; p ) 0.05). Symbol
key: R ) different than film prepared with a; â ) different than film prepared with b; ø ) different than film prepared with c; π ) different than
PEO control; σ ) different than PDMS control.
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experimental protocol.26 It was observed that films (air-
equilibrated) generally adsorbed less BSA compared to the
PDMS control (air-equilibrated). Films exhibited enhanced
surface hydrophilicity compared to the PDMS control as was
indicated by their lowerθadv values (Table 2). Thus, PEO is
present at film surfaces prior to exposure to an aqueous
environment, which leads to reduced protein adsorption. There
was not a statistical difference in the amount of BSA adsorbed
onto film a2P3 (air-equilibrated) compared to the PDMS control.
Its relatively high BSA adsorption may be attributed to the fact
that this film was the most hydrophobic (θadv ) 102°).

For films prepared with 1:1 and 2:3 molar ratio (a-c to P),
equilibration in PBS for 12 h just prior to exposure to BSA
(PBS-equilibrated) significantly reduced BSA adsorption com-
pared to the PDMS control (PBS-equilibrated) as well as the
PEO control (PBS-equilibrated). These films exhibited lower
θstatic (2 min) andθrec values compared to the PDMS control.
Also, these values are much lower than the correspondingθstatic

(15 s) andθadv, which indicates that additional PEO mobilized
to the surface upon exposure to an aqueous environment (Figure
6). The enhancement of PEO to the surface improves protein
repellency. Adsorption of BSA onto filma2P3 (PBS-equilibrat-
ed) versus the PEO control (PBS-equilibrated) was not statisti-
cally different. It was the least hydrophilic of all films (θrec )
86°).

Films prepared with a stoichiometric excess ofP (1:2 molar
ratio ofa-c to P; PBS-equilibrated) demonstrated different BSA
adsorption results. Filmc1P2 showed higher BSA adsorption
after equilibration in PBS; this result was repeated in a second
analysis. Also, filmsa1P2 andb1P2 (PBS-equilibrated) did not
adsorb statistically different amounts of BSA compared to the
PDMS and PEO controls (PBS-equilibrated). The presence of
un-cross-linkedP at these film surfaces may have contributed
to these results.

The effect of siloxane tether(a-c) length on protein
resistance may be evaluated with films prepared with a 2:3 molar
ratio (a-c to P). Films b2P3 and c2P3 (PBS-equilibrated)
adsorbed less BSA compared to filma2P3 (PBS-equilibrated)
as well as the PDMS and PEO controls. The amount of BSA
adsorbed ontob2P3 versusc2P3 (PBS-equilibrated) was not
statistically different. Thus, increased siloxane tether length
enhanced mobilization of PEO to the surface following exposure
to an aqueous environment leading to improved protein resis-
tance.

Conclusions

PEO chains were incorporated into silicones via siloxane
tethers(a-c) of varying lengths to systematically increase PEO
mobilization to the film surface and improve protein resistance.
Three unique ambifunctional molecules(a-c) having the
general formulaR-(EtO)3Si(CH2)2-oligodimethylsiloxanen-
block-poly(ethylene oxide)8-OCH3 (n ) 0 (a), 4, (b), and 13
(c)) were prepared via regioselective Rh-catalyzed hydrosily-
lation. H3PO4-catalyzed sol-gel cross-linking ofa-c each with
R,ω-bis(Si-OH)polydimethylsiloxane (P, Mn ) 3000 g/mol)
in varying ratios (1:1, 1:2, and 2:3 molar ratios ofa, b, or c to
P) produced nine films. These films exhibited very lowTg and
G′ values as well as high thermal stability. The effects of the
siloxane tether length(a-c) on surface properties and protein
resistance were readily assessed with films prepared with a 2:3
molar ratio (a-c to P) that are not complicated by the presence
of un-cross-linked materials that may migrate to the film surface.
For these films, increased length of the siloxane tether(a-c)

produced surfaces with increased hydrophilicity, which was
further enhanced upon exposure to an aqueous environment.
Less BSA protein was adsorbed onto filmsb2P3 andc2P3 (PBS-
equilibrated) compared to filma2P3 (PBS-equilibrated) as well
compared to the PDMS and PEO controls. Filmsb2P3 andc2P3

(PBS-equilibrated) adsorbed statistically similar amounts of
BSA. Thus, the increased siloxane tether length ofa-c enhanced
protein resistance of silicone-based films by more effectively
mobilizing PEO to the surface particularly after exposure to an
aqueous environment.
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