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Silicones with enhanced protein resistance were prepared by introducing poly(ethylene oxide) (PEO) chains via
siloxane tetherga—c) of varying lengths. Three unique ambifunctional molec(éesc) having the general formula
o-(EtO)Si(CH,)-oligodimethylsiloxangblock-poly(ethylene oxide}OCH; (n = 0 (a), 4, (b), and 13(c)) were
prepared via regioselective Rh-catalyzed hydrosilylation. Nine films were subsequently produced by@he H
catalyzed sotgel cross-linking ofa—c each witho,w-bis(Si—OH)polydimethylsiloxaneR®, M, = 3000 g/mol)

in varying ratios (1:1, 1:2, and 2:3 molar ra@pb, or c to P). Films prepared with a 2:3 molar ratia-{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 I@ngth These results
indicate that PEO was more effectively mobilized to the surface if incorporated into silicones via longer siloxane
tethers.

Introduction condensation cure of triethoxysilylpropyl PEO monomethyl
ether with o,w-bis(S—OH)PDMS and tetraethoxysilane
Silicones, particularly poly(dimethylsiloxane) (PDMS), have (Si(OEt),).24.25

been utilized in many biomedical applications because of their  pEo's protein resistance has been attributed to its high water
thermal and oxidative stability, gas permeability, low modulus, contenté large excluded volum#,steric repulsior?®29and its
flexibility, and _gc_)od biocom_patibilityh2 Unfortunatel_y, silicones blockage of adsorption sites on the underlying surfcEhe
generally exhibit poor resistance to blood proteins as a result gffect of PEO molecular weight (MW) and surface concentration
of its extreme hydrophobicity? An adsorbed blood protein layer protein resistance has been widely studied:3" The

can invoke subsequent platelet adhesion and activation of configurational mobility of PEO produces an entropic penalty
coagulation pathways leading to thrombosis thereby compromis- ot chain compression if protein adsorption were to 0déd#:2o

ing device success? To reduce protein adsorption, silicone  Thys enhancement of PEO chain mobility may optimize protein
surfaces have been hydrophilized by various approaches thajegjstance. For instance, surfaces of coatings prepared by cross-
|nv0I;/(7371[:éhyS|caI or chemical treatments or a combination of linking o,w-bis(S—OH)PDMS with bis-triethoxysilylpropy!
both? ] PEO displayed inferior protein resistance compared to surfaces
_ Poly(ethylene oxide) (PEO, or poly(ethylene glycol) (PEG)) of coatings prepared with triethoxysilylpropyl PEO monomethyl
is a n.eutrall, hydrophilic pplymer that EXthIFS unu_sually high  ether?s This was attributed to a lack of mobilization of the
protein resistancé.' To improve the protein resistance of gjfunctional PEO to the aqueous interface compared to the
silicone surfaces, PEO has been incorporated into silicone monofunctional PEO. Conventional strategies to incorporate
materials. Typically, silyl methyl (StMe) groups at the surfaces  pgQ into silicones utilize PEGsilanes in which the PEO

of silicones are first converted t?s reactive 5]|ar'12|1"7(9H) segment is separated from the grafting or cross-linking site by
groups by oxygen or air plasm&** UV radiation;®17 UV/ a short alkane spacer (e.g., propyl as for (FEXCH,)s—(CHa-
ozone radiation (UVO}%8or solution-phase oxidatiolt.PEO CH,0),—OCHg)), which may limit PEO mobilityt®.2+-25

may be subsequently grafted onto the silanol-covered silicone Herein, we propose a synthetic strategy to prepare silicones

surfaces via S|Ian|zat|.on reactions of PEQIanes containing with enhanced protein resistance by the incorporation of PEO
appropriate end-functionalized silane anchoring groups such as

alkoxysilaneg® For instance, both trimethoxysilylpropyl and via siloxane tethers. Three unique ambifunctional moledales
triethoxysilylpropyl PEO monomethyl ether ((REJ(CHb)s— c) were prepared having the general formméEtO)Si(CHy)—

. ] oligodimethylsiloxang-blockpoly(ethylene oxidg)-OCHs (n

(OCHZCHZ.).” OCHy) havezlciezzen.effectn/'ely graﬁed onto §|Ianol =0(a), 4, (b), and 13(c)) (Figure 1). Thus, the PEO segment
covered silicone surfacé®2%-22Silane (Si-H)-enriched silicone o .

. S . is distanced from the cross-linkable group ((Ef8)) by an
surfaces, produced by acid-catalyzed equilibration of silicone ~. " . . .
; - ..~ oligodimethylsiloxane tether. These siloxane tethers are highly
in the presence of polymethylhydrosiloxane, were grafted with flexible due to the wide bond angle-043) and low barrier to
allyl PEO monomethyl ether (Gi+CHCH,—(OCH,CHy)n- 9

. . . linearization (0.3 kcal/mol) of StO—Si of dimethylsilox-
OCHg) via Pt-catalyzed hydrosilylatio#?. PEO has also been 8,30 ; . e
introduced throughout the bulk of silicone materials via the anes®*The dynamic flexibility of Si-O—Si produces poly-

mers with extremely low glass transition temperaturgssy
* Author to whom correspondence should be addressed. E-mail: (e.g., PDMS g = _125°C)'.Thus’ the siloxane tethers@f_c
mgrunlan@tamu.edu. ’ ‘ shoulq enhance P.EO cham mobility so thgt PEO is more
t Department of Biomedical Engineering. effectively reorganized to film surfaces to improve protein
* Department of Chemical Engineering. resistance.
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Figure 1. Synthesis of a—c and subsequent conversion to cross-
linked films by the acid-catalyzed sol—gel condensation with o,w-
bis(Si—OH)polydimethylsiloxane (P) at 1:1, 1:2, and 2:3 molar ratios
of a, b, orc to P.

To prepare ambifunctional moleculga—c), we utilized
regioselective hydrosilylation reported by Crivello and*Bi43
Rhodium-catatalyzed (Wilkinson’s catalyst, RhCI{Ph) hy-
drosilylation of o,w-bis(Si—H)oligodimethylsiloxanes with
vinyl-terminated molecules was shown to proceed in a regi-
oselective fashion. Thus, only one of the two terminatIiSi
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Experimental Section

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

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

Gel Permeation Chromatograph@el 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 mmx 30 cm) column packed with divinylbenzene cross-
linked polystyrene was maintained at 26 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 parametersM,, (66 000 g/mol), polydispersity (1.03),
intrinsic viscosity (0.845 dL/g), andnfdc (0.112 mL/g). Data analysis
was performed with Viscotek OmniSec software (version 4.0).

Thermal Graiimetric AnalysisThe thermal stabilities of neat liquid
samples £10 mg) in Pt pans were evaluated with a TA Instruments
Q50 under N or air at a flow rate of 40 c#min. The sample weight
was recorded while the temperature was increas&d/vhin from 25
to 800°C.

Film Characterization. Thermal Graimetric Analysis.Thermal
analyses of free-standing pieces of films10 mg) were similarly
measured as described above.

Soxhlet ExtractionThe amount of un-cross-linked material in a film
was determined by Soxhlet extraction. A film cured on a microscope
slide was extracted with Gi€l, 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 Analysi§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
x width = 35 x 5.3 mn¥) 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

moieties was added to the vinyl compound. In this study, a seriesassembly at a frequency of 5 Hz and a displacement @4 After

of three commercially available,w-bis(Si—H)oligodimethyl-
siloxanes (ODMS,, ODMS,, and ODMS;3) were utilized.
Alternatively, ODMS, and ODMS;3 may be prepared by the
acid-catalyzed equilibration of cyclic siloxanes such as octam-
ethylcyclotetrasilaxane (P or hexamethyltrisiloxane (§) with
tetramethyldisiloxane (TMDS) by varying the stoichiometry of
the cyclic siloxanes and TMD%:#5A cross-linkable (EtQ)5i—
moiety was introduced to one terminal end of each-bis-
(Si—H)oligodimethylsiloxane @QDMSg 4,19 by regioselective
Rh-catalyzed hydrosilylation with vinyl triethoxysilang{EOS)

to yield the corresponding.-triethoxysilylethylw-silane-oli-
godimethylsiloxang (1—3) (Figure 1). The Pt-catalyzed
(Karstedt’s) hydrosilylation reaction of the regioselective prod-
ucts (L—3) each with allyl PEO monomethyl ethevlf = 425
g/mol) yielded the corresponding ambifunctional molec(ges

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 bromiéFinally, a—c
each underwent phosphoric acid ;@0y)-catalyzed sotgel
cross-linking witho,,w-bis(Si—=0OH)polydimethylsiloxaneR, M,

= 3000 g/mol) in varying ratios (1:1, 1:2, and 2:3 molar ratios
of a, b, orcto P) to produce nine compositional unique filrifis.

equilibration at-=140°C for 3 min, the temperature was increas€C4
min to 25°C. TheTy was determined from the peak maximum of the
measureds'.

Contact Angle Measuremerftatic @siaig, advancing @aq), and
receding ¢r¢ 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. fkQfc measurements, a
sessile drop of water (oL) was measured at 15 s and 2 min after
deposition onto the film surface. Titky, was measured by the addition
of 3 ul (0.25uL/s) of water to a 5L pendant droplet to advance the
contact line. Thed,ec was measured by the subsequent removal of 4
uL (0.25 uL/s) from the same droplet to recede the contact line. The
reporte@siaic Gadv aNdOrec values are an average of three measurements
taken on different areas of the same film sample.

Adsorption of Beine Serum Albumin ProteilThe adhesion of Alexa
Fluor 555 dye conjugate of bovine serum albumin (AF-555 BB,
= 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 eyes 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 débi/
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prior to testing. A silicone isolator (20 mm well diameter, 2.5 mm well

Murthy et al.

Table 1. Film Compositions and Percentage Weight Loss after

depth; JTR Press-to-Seal Silicone Isolators) was affixed to each coatedSoxhlet Extraction

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=pH4)

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 a

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
5x objective (Axiocam HRC revision 2) and filter cube (excitation
filter of 546 £ 12 nm (band-pass) and emission filter 58810 nm

moles of P

a,b,orc moles of a, (HOSi—PDMS4o % wt

film (value of n) b, orc —SiOH) loss?
a;P1 a(n=0) 1 1 1%
bi1P; b (I’l = 4) 1 1 3%
c1P1 c(n=13) 1 1 2%
1P2 a(n=0) 1 2 9%
biP> b (n=4) 1 2 8%
c1P2 c(n=13) 1 2 4%

2P a(n=0) 2 3 0.5%
2Ps b(n=4) 2 3 1%

C2P3 c (n=13) 2 3 0.5%

a After Soxhlet extraction (CH,CHy, 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.

analysis: ODMS, (134 g/mol), ODMS, (430 g/mol), andODMS;3
(2096 g/mol). The MWs ofP were determined by GPOQW,/M, =
5000/3000 g/mol). PEO allyl methyl etheh{PEOsM) was obtained
from Clariant (Polyglykol AM-500) and was dried overnight under high

(band-pass)) was used to obtain fluorescent images on three randomly,acyum prior to use. Thel, of A-PEOsM was determined to be 425

selected regions of the surface within each isolator well. The fluorescent
light source was permitted to warm up for 30 min prior to image

g/mol (n = 8) by end-group analysi$H NMR (8, ppm): 3.26 (s, 3H,
OCHjs), 3.51 (m, 32H, OEl,CH,), 3.90 (d, 2H,J = 5.7 Hz, CH=

capture. Linear operation of the camera was ensured, and the constanEHcH,0), 5.11 (m, 2H, ®,=CHCH;0), and 5.79 (m, 1H, Ci+

exposure time used during the image collection permitted quantitative

CHCH;0).

analyses of the observed fluorescent signals. The fluorescence micros- Synthetic Approach. All reactions were run under a,tmosphere

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-

with a Teflon-covered stir bar to agitate the reaction mixture.
o-Triethoxysilylethylw-silane-oligodimethylsiloxang$1—3) were
prepared by the Rh-catalyzed regioselective hydrosilylation of equimolar

555-BSA-exposed region was subtracted from that of nonexposed regiong mounts o/ TEOS with ODMSo, ODMS,, or ODMS;3, respectively

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

(Figure 1).ODMS, 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

against a calibration curve constructed from the measured fluorescencgq ggeoc. After 6 h. the reaction was cooled to room temperature, and

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 Spectroscop{tray photoelectron spectroscopy
(XPS) was used to confirm the chemical grafting of (E&)(CH.)s—
(OCH,CH,)s—OCH; 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 Kon-
monochromatic X-ray source. The spot size was 7 m® mm. The
survey scan (61100 eV) and C 1s high-resolution scan (20 eV scan
width) were performed with a takeoff angle of 9®inding energies
were referenced to the €C peak at 285 eV. The raw data were
analyzed using XPS peak processing software.

Materials. RhCI(PhP); (Wilkinson’s catalyst) and solvents were
obtained from Aldrich. HPLC grade toluene and NMR grade GDCI
were dried ove4 A molecular sieves. Silastic T-2 (silicone elastomer)
was obtained from Dow Corning. Pdivinyltetramethyldisiloxane
complex (Karstedt's catalyst), triethoxysilane, vinyltriethoxysilane
(VTEOS), o,w-bis(Si—H)oligodimethylsiloxanesQDMS, or tetram-
ethyldisiloxane;ODMS,, M, = 400-500 g/mol per manufacturer's
specificationsODMS;3, M,, = 1000-1100 g/mol per manufacturer’'s
specifications)g,w-bis-(S—OH)polydimethylsiloxaneR, M, = 2000~
3500 g/mol per manufacturer’'s specifications), and monovinyl-
terminated PDMS ¢H,=CH—-PDMS-n-Bu, M, = 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 weid) (of ODMS,,
ODMS,, and ODMS;; were determined byH NMR end-group

toluene was removed under reduced pressure. The residue was purified
by flash column chromatography on silica gel with hexanes/ethyl acetate
(2:1 vlv), and volatiles were removed under reduced pressure.

Triethoxysilylethyl-oligodimethylsiloxangeblockpoly(ethylene ox-
ide)s (a—c) were prepared by the Pt-catalyzed hydrosilylation of
A-PEOgM with 1, 2, or 3, respectively (Figure 1). Polymets-3 were
each combined witA-PEOgM (1:1 molar ratio) and toluene in a round-
bottom flask equipped with a rubber septum and heated &C70he
progress of the reaction was monitored with IR spectroscopy by the
disappearance of the-SH (~2125 cnt?) 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 dhat were
isolated as colorless liquids.

Film Preparation. In a scintillation vial equipped with a Teflon-
covered stir bar and cap;—c were each combined with,w-bis(Si—
OH)polydimethylsiloxaneR, M, = 3000 g/mol) in varying molar ratios
(1:1, 1:2, and 2:3 molar ratios @, b, or c to P) and mixed for~5
min (Table 1). Next, 3 mol % of PO, (based on total solid weight of
the aforementioned mixtures) was added as a solutiorsBOHEtOH
(10:90 w/w), and the mixture was stirred rapidly for 3 h.

Microscope slides (75 25 x 1 mn¥) were sequentially washed
with distilled water, CHCl,/hexane (1:1 v/v), and acetone and fina&yDV
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dried in a 150°C oven for 24 h prior to use. One milliliter of each of Synthesis of c.Polumer3 (10.37, 0.008 mol)A-PEOsM (3.42,
the aforementioned mixtures was applied to a microscope slide and0.008 mol), and Karstedt's catalyst (aQ) in toluene (50 mL) were
allowed to coat the entire slide. The slide was then placed in a level reacted as above. In this way(12.1 g, 88% yield) was obtainetH
150 °C oven for 24 h. Free-standing films for dynamic mechanical NMR (6, ppm): —0.002 to 0.05 (m, 90H, Sids), 0.09 (m, 2H, SiEi>-
analysis (DMA) and thermal gravimetric analysis (TGA) testing were CH,CHy), 0.51 (m, 3H, Si€i.CH), 1.05 (m, 1H, SiGi,CH,), 1.18
obtained by removing films from slides with a clean single-edge razor (m, 9H, SIOCHCHz3), 1.55 (m, 2H, SIiCHCH:CH,), 3.34 (s, 3H,
blade. Coated microscope slides were used for contact angle measure©CHs), 3.52 (m, 2H, SiCHCH>CH>), 3.60 (m, 32H, OEi.CHy), 3.78

ments and protein adsorption studies.

Triethoxysilylpropyl PEO monomethyl ether ((E¥S)—(CH.)s—
(OCH.CH,)s—OCH;) was chemically grafted onto microscope slides
with typical procedure& Briefly, clean microscope slides were
immersed in HCI (12 M)/MeOH (1:1 v/v) fo2 h and then in HCI (12
M) for 2 h. The slides were rinsed thoroughly with deionized water
and dried under vacuum at 5C for 4 h. The glass slides were then
immersed in a solution of (Et@Bi—(CH2)s—(OCH.CH;)s—OCH,/

toluene (5:95 v/v) for 12 h at RT. The slides were removed from the

solution and cured at 18€C in vacuo (36 in. Hg) for 12 h. PEO-

(m, 6H, SIOH,CHs). 13C NMR (9, 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, 77699, 72.10,
74.38. IR ¢): no Si—H band.

Synthesis of (EtO}Si—(CH3);—(CH,CH;0)s—OCHj. Triethox-
ysilane (3.07 g, 0.019 mol)A-PEOsM (7.94 g, 0.019 mol), and
Karstedt's catalyst (5@L) in toluene (25 mL) were reacted as above
to produce triethoxysilylpropyl PEO monomethyl ether (E&)-
(CHy)3—(OCH,CH,)s—OCH; (9.3 g, 83% yieldf* H NMR (6, ppm):
0.59 (m, 2H, Si®1,CH,CH,), 1.18 (m, 9H, SIOCKCH3), 1.61 (m, 2H,
SiCH,CH,CH,), 3.34 (m, 3H, OEl3), 3.40 (m, 2H, SICHCH,CH,),

grafted microscope slides served as the “PEO control” for contact angle band
n

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 wa6.6
mm. A silicone-coated slide served as a “PDMS control” for contact
angle and protein adsorption studies.

Synthesis of 1. ODM$ (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 wal(43.4 g, 89% yield) was obtainetH
NMR (6, ppm): 0.00%0.02 (m, 6H, SiGl3), 0.06-0.12 (m, 6H,
SiCH3), 0.50 (m, 3H, Si®i,CH,), 1.03 (m, 1H, Si€,CH,), 1.18 (m,
9H, SIOCHCHg), 3.77 (m, 6H, SiIOE€l,CHs), 4.64 (m, 1H, SH). °C
NMR (6, ppm): —0.44, 1.17, 2.03, 9.30, 9.50, 18.60, 58.62. i} (
2125 (Si-H) cm™.

Synthesis of 2. ODM$ (20.05 g, 0.05 mol)y TEOS (8.46 g, 0.05
mol), and Wilkinson’s catalyst (10 mg) in toluene (60 mL) were reacted
as above. In this way? (28.0 g, 90% yield) was obtainetHd NMR
(0, ppm): 0.00%0.15 (m, 36H, SiEls), 0.52 (M, 3H, Si€l,CH,), 1.04
(m, 1H, SiCH,CH,), 1.18 (m, 9H, SIOCHKCH3), 3.77 (m, 6H, SIOEl,-
CHs), 4.66 (m, 1H, Sif). 13C NMR (6, ppm): —0.25, 1.02, 1.19, 1.36,
1.51, 2.13, 9.45, 18.67, 58.70. IR){ 2125 (Si-H) cm™.

Synthesis of 3. ODMS; (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 wayg (23.2 g, 90% yield) was obtainetHd NMR
(0, ppm): 0.00%0.17 (m, 78H, Si€ls), 0.53 (m, 3H, Si€,.CH,), 1.05
(m, 1H, SiCH,CH,), 1.19 (m, 9H, SIOCHKCH3), 3.78 (m, 6H, SIOEl,-
CHs), 4.68 (m, 1H, Sif). 13C NMR (0, ppm): —0.31, 0.97, 1.13, 1.33,
1.45, 2.08, 9.40, 18.61, 58.67. IR){ 2125 (Si-H) cm™*.

Synthesis of aPolymerl (5.1 g, 0.016 mmol)A-PEOgM (6.7 g,
0.016 mol), and Karstedt's catalyst (2Q) in toluene (60 mL) were
reacted as above. In this wag/(10.6 g, 88% yield) was obtainetH
NMR (9, ppm): —0.07 to —0.06 (m, 12H, SiEis), 0.002 (m, 2H,
SiCH,CH,CH,), 0.43 (m, 3H, Si®,CH,), 0.96 (m, 1H, Si€i,CH,),
1.12 (m, 9H, SIOCHKCHg), 1.47 (m, 2H, SiCHCH,CH,), 3.27 (s, 3H,
OCHg), 3.44 (m, 2H, SiCHCH,CH,), 3.54 (m, 32H, OEi,CH,), 3.71
(m, 6H, SIOGH,CH;z). 1*C NMR (9, ppm): —0.39, 0.29, 1.81, 9.21,
14.24, 18.33, 23.44, 58.31, 58.99, 70.03, 76:38.63, 71.95, 74.21.
IR (v): no Si—H band.

Synthesis of b.Polymer2 (5.24 g, 0.008 mol)A-PEOsgM (3.48 g,
0.008 mmol), and Karstedt's catalyst (&Q) in dry toluene (45 mL)
were reacted as above. In this way(7.8 g, 91% yield) was obtained.
H NMR (9, ppm): —0.02 to 0.01 (m, 36H, Sigs), 0.07 (m, 2H,
SiCH,CH,CH,), 0.50 (m, 3H, Si®,CH,), 1.03 (m, 1H, Si€i,CH,),
1.16 (m, 9H, SIOCHCHg), 1.53 (m, 2H, SiCHCH,CH,), 3.32 (s, 3H,
OCHg), 3.47 (m, 2H, SICHCH,CH,), 3.56 (m, 32H, OE,CH,), 3.73
(m, 6H, SIOGH,CH;z). 1*C NMR (9, 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, #¥643, 72.05,
74.33. IR ¢): no Si—H band.

3.61 (M, 32H, O®,CH,), 3.78 (m, 6H, SIO&I,CHs). IR (v): no Si-H
and.

Discussion

Synthesis of 3. Rhodium-catalyzed regioselective hydrosi-
lylation reaction of equimolar amounts OfTEOS with
ODMS,, ODMS,, or ODMS;3 effectively producedl—3,
respectively, in good yields=(89%) (Figure 1)!H NMR spectra
of 1-3 showed a reduction in the SH peak integration value
by one-half compared to the starting material. A-Hi(~2125
cm1) absorbance was noted in the IR spectrd oB.

Verification of the Composition of 1—3. For Rh-catalyzed
regioselective hydrosilylation, the enhanced reactivity of one
Si—H terminus ofo,w-bis(Si—H)-terminated compounds toward
vinyl-containing compounds is not well understood. However,
the requirement for terminal SH 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*3Crivello and Bi reported
the regioselective hydrosilylation @f,w-bis(Si—H)oligodim-
ethylsiloxanes having only-24 silicon atoms!®3 In this study,
we utilized a,w-bis(Si—H)oligodimethylsiloxanes @DMS,
ODMS,, and ODMS;3) having 2, 6, and 15 silicon atoms,
respectively. Evidence thdt-3 are the pure monosubstituted
products of regioselective hydrosilylation cannot be solely based
on 'H NMR analysis because each spectrum represents the
average composition of the sample. In other words, a pure
monosubstituted product,(2, or 3) would have the sam¥H
NMR spectrum as the mixture of three products obtained from
the corresponding non-regioselective hydrosilylati@nec-tri-
ethoxysilylethyl-monosubstituted produds, @, or 3), (ii) o,w-
triethoxysilylethyl-disubstituted product, aid) nonsubstituted
product ODMS,, ODMS,, or ODMS;3), where the ratio of
disubstituted to nonsubstituted product would be equal (Figure
S2 of the Supporting Information). Becau€®MS;3 is the
highest MWa,w-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 ofODMS;3 andVTEOS.

Following Rh-catalyzed hydrosilylation o®©DMS;3 and
VTEOS (1:1 molar ratio), the product was reacted Wkl ;=
CH—-PDMS-n-Bu (My/M, = 83 000/60 000 g/mol) by Pt-
catalyzed hydrosilylation such that all -S4 groups were
consumed (confirmed by IR) thereby produciMg Identifying
whether or notM was the product of exclusively + CH,=
CH—PDMS-n-Bu was then determined by GPC. If the initiélDV
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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 CH,=CH—PDMS-n-Bu.

Rh-catalyzed hydrosilylation reaction was regioselective, then
the product would be pure, monosubstitu@dM, = 1286
g/mol), which would subsequently react witBH,=CH—
PDMS-n-Bu to form a single produdix) (M, = 61 286 g/mol).
However, non-regioselective Rh-catalyzed hydrosilylation would
have produced a mixture of-iii, which would each subse-
quently react withCH,=CH—-PDMS-n-Bu to vyield, x, the
product of monosubstitutegl+ CH,=CH—-PDMS-n-Bu (M,

= 61 286 g/mol),y, unreactedx,w-triethoxysilylethyl-disub-
stituted product I, = 1476 g/mol), andz, the product of
ODMS;3 + CH,=CH-PDMS-n-Bu (1:2 molar ratio) {1, ~

121 096 g/mol), wherey and z would be present in equal
amounts (Figure S2 of the Supporting Information). Products
andz were individually synthesized in isolated reactions so that
their elution peaks could be identified in the GPC chromatograph
of M if present. Producy was synthesized by Pt-catalyzed
hydrosilylation of ODMS;33 and VTEOS (1:2 molar ratio),
whereasz was prepared by Pt-catalyzed hydrosilylation of
ODMS;3andCH,=CH—-PDMS-n-Bu (1:2 molar ratio). In the
GPC chromatograph &, the elution peak of is definitively
absent (Figure 2). The elution peak ofwould overlap with
the elution peak oM but must be absent as well singeand

z would be present in equal amounts. Thus, the composition of
M may be identified as that ok (i.e., the product of
monosubstitute® + CH,=CH—PDMS-n-Bu). These results
confirm that Rh-catalyzed hydrosilylation of reaction@DMS;3
andVTEOS was regioselective and produced only monosub-
stituted3. It is assumed that, because of their lower M\Wg,-
bis(Si—H)oligodimethylsiloxaneDDMS, and ODMS, simi-
larly underwent regioselective hydrosilylation to produce only
monosubstituted and 2, respectively.

The monosubstituted structure b3 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 prod(etsi) , then
ii (disubstituted) andii (nonsubstituted) would be present in
equal amounts (Figure S2 of the Supporting Information).
Although ii would undergo setgel 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 (Et@Qpi— (a—c) and Si~-OH (P) (i.e., films
aP3, boP3, andc,Ps), <1 wt % of un-cross-linked material was
extracted. Thugj andiii are not present at greater than 1 wt %
each. These results indicate tHat3 are >98% monosubsti-
tuted.
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Synthesis of a-c. The Pt-catalyzed hydrosilyation reaction
of a 1:1 molar ratio ofi—3 each withA-PEOgM produceda—c,
respectively, in good yields(88%). Completion of the reaction
was confirmed by IR analysis od—c, which showed no
absorbance at2125 cm! due to unreacted SiH bonds of
1-3, respectively. The SiH peak 4.7 ppm) of'H NMR
spectra ofai—c was also absent. No vinyl peaks were observed
in the IH or 13C NMR spectra.

Thermal Stability of a—c. As expected,a—c began to
degrade at lower temperatures in air than in (Rigure 3).
Polysiloxanes are known to display exceptional thermal stability
compared to many organic polyméfsThus, thermal stabilit)bDV
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Table 2. Mechanical and Surface Properties of Films

DMA  static contact angles  dynamic contact angles

Tg estatic (deg) Ostatic (deg) aadv erec

film (°C) (at 15 s) (at 2 min) (deg) (deg)
aiPy —-117 93+2 77+3 93+1 85+1
biP1 —116 87+ 2 71+2 87+1 78+1
ciPy —116 78+1 64 +1 89+1 78+1
aiP» —116 9% +t1 71+1 97+ 1 8l1+2
b1P> —116 MV+1 62+1 89+1 77+1
ciP2 —117 94+1 66+ 1 94+ 1 77+£2
asPs3 —115 97 £2 78+1 102+1 86+ 1
boP3 —114 89+1 63+ 2 84+1 70+1
c2Ps3 —114 74+£2 61+ 2 8l1+1 70+1
PDMS? 116 £ 1 115+ 1 121 +1 115+ 1
PEO? 62 +6 53+4 61+1 61+1

2 PDMS (control) = Silastic T-2 (silicone elastomer) cured on a glass
microscope slide. » PEO (control) = (Et0);Si—(CHy)3—(OCH,CH,)s—OCHj3
grafted onto a glass microscope slide.
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Figure 5. Storage moduli (G') of films.

in N, and air increased with the increasing length of the siloxane
tether such that was the most stable. Degradation of polysi-
loxanes in air produces silica residt¥ehus, the residue weight
was highest forc (~30%) because of its relatively higher
siloxane content.

Preparation of Films. The HsPOs-catalyzed sotgel cross-
linking of a—c each withP in varying molar ratios (1:1, 1:2,
and 2:3 molar ratios o, b, or c to P) produced a series of
nine films (Figure 1 and Table 1). Commonly used tin-based
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exposure to
water

[ S

Figure 6. Following exposure to an agueous 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.

catalysts (e.g., dibutyltin dilaurate) often require long cure
schedules, and residues may have adverse effects in medical
application®1-53 H3PQy is an attractive water-soluble catalyst
alternative as it may be extracted from the final product. The
rate of HPOy-catalyzed sotgel condensation involving Si-
(OEt), was increased by nearly 2 orders compared to other
acids® Gadda et al. reported thegROy-catalyzed cross-linking

of a,w-bis(S—OH)polydimethylsiloxane and tetrakis(hydroxy-
Idimethylsiloxane)silané’

The extent of cross-linking was evaluated by Soxhlet extrac-
tion. Because there are three Et@roups é—c) versus two
HO—Si groups P) per respective chain, a 2:3 molar ratioapf
b, orcto P is stoichiometrically balanced. Thus, for filragPs,
boP3;, and coP3, <1 wt % of un-cross-linked material was
removed following Soxhlet extraction (Table 1). Films prepared
with a stoichiometric deficiency oP (films a;P;, biP1, and
c1P1) or a stoichiometric excess ¢t (a1P2, biP2, and ciPy)
demonstrated greater weight loss following Soxhlet extraction
(1—9 wt %).

The deconvoluted C 1s X-ray photoelectron spectrum of the
surface of the (EtQpi—(CH,)3—(OCH,CH,)s—OCH;-grafted
microscope slide revealed three peaks: 285.0 eVQY; 286.7
eV (C-0), and 288.7 eV (adsorbed gQ(Figure S1 of the
Supporting Information). The peak at 286.7 eV is consistent
with the ether carbons of PE®.

Thermal Stability of Films. The thermal degradation of films
is shown in Figure 4. Films exhibited generally similar degrada-
tion profiles. In N, films were degraded by650°C, whereas
in air films reached their final weight by500°C. In air,~30— CDV
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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 ¢ 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: o = different than film prepared with a; g = different than film prepared with b; y = different than film prepared with c; = = different than

PEO control; o = different than PDMS control.

50% of silica residue was produced for all films and is within
the expected range. A slight increase in thermal stability is
indicated for filmsayPs, boP3, andc,Ps, which have the least
amount of un-cross-linked material. Acids are known to catalyze
chain equilibration of siloxane (SiO) bonds into low-MW
cyclics, which are volatile at elevated temperatitfddowever,
the high thermal stabilities and residue weights (in air) of the
films indicate that the presence of catalytic amounts ¢P®}
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 Ty of each film was determined by the maximum of the
loss modulus@").5¢ TheTy's were low for all films and ranged
between—117 and—114°C. Similar Ty values were expected

was significantly lower than the correspondifigaic (at 15 s),
and hydrophilicity similarly increased in the order< b < c.
The exception to this trend was noted for fileaP,, which
displayed slightly higheBsaiic values compared tbiP,. Un-
cross-linked material may have migrated to the film surface and
altered surface properties. Films prepared with a 2:3 molar ratio
(a—cto P) lack significant quantities of un-cross-linked material
that may have migrated to the film surface. For these films,
increased siloxane tether leng#n—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
0aqvWhereas hydrophilicity is reflected I8..5° For cross-linked
silicones, the presence of -SCH; groups at the film-air

since the distance between cross-links is maintained at a constaninterface leads to higl#.q. After a pure silicone surface is

value by the MW ofP.5” The presence of small amounts of
un-cross-linkeda—c (films a;P;, bsP;, andc;P;) or P (films
a;P,, biP,, and c1P) did not significantly alterTy values.
Following cross-linking, the PEO segment &fc exists as a
“dangling free end”. However, due to the low cross-link density
of the films, thep transition temperaturelf) associated with
such free ends is not observed nor is a decreask, with
increased siloxane tether lengfh_ower-MW analogues oP
may be utilized to prepare more densely cross-linked films with
higherTg's, which may reveal the aforementioned trends.

The storage modulugy) is related to stiffness or resistance
to deformatior?® For films prepared with the same molar ratio
of a, b, orcto P, G' increased with decreasing siloxane tether
length in the ordec < 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 hi@laiic (at 15 s)
(116°) whereaYqaiic (at 15 s) of the hydrophilic PEO control
was low (62). For films prepared with the same molar ratio
(a—cto P), Oswiic (at 15 s) decreased and surface hydrophilicity
increased in the order < b < c. Furthermorefstaic (at 2 min)

wetted, polar groups such as-$)—Si reorganize to the film
water interface to minimize interfacial tension such thag <
0aav.%1 For all films, 0,ec was significantly reduced versus the
correspondingfaq,, indicating that PEO reorganized to the
surface after exposure to waf@rAs 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 lend#i-c) enhanced hydrophilicity
before and after exposure to an aqueous environment (i.e., lower
Badv @and By 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 rat&—-€ to P),
statistical differencesp(< 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 gBV
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experimental protocd® It was observed that films (air- produced surfaces with increased hydrophilicity, which was
equilibrated) generally adsorbed less BSA compared to the further enhanced upon exposure to an aqueous environment.
PDMS control (air-equilibrated). Films exhibited enhanced Less BSA protein was adsorbed onto film#s; andc,P3 (PBS-
surface hydrophilicity compared to the PDMS control as was equilibrated) compared to filra,P3 (PBS-equilibrated) as well
indicated by their lowef,q, values (Table 2). Thus, PEO is compared to the PDMS and PEO controls. FilbaB; andc,P;
present at film surfaces prior to exposure to an aqueous (PBS-equilibrated) adsorbed statistically similar amounts of
environment, which leads to reduced protein adsorption. There BSA. Thus, the increased siloxane tether lengta-ef enhanced
was not a statistical difference in the amount of BSA adsorbed protein resistance of silicone-based films by more effectively
onto film ayP3 (air-equilibrated) compared to the PDMS control. mobilizing PEO to the surface particularly after exposure to an
Its relatively high BSA adsorption may be attributed to the fact aqueous environment.

that this film was the most hydrophobié.g, = 102).

For films prepared with 1:1 and 2:3 molar ratiac 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  sypporting Information Available. XPS scan of (EtQJi—
PEO control (PBS-equilibrated). These films exhibited lower (cH,),—(OCH,CH,)s—OCH; chemically grafted onto a glass
Ostatic (2 min) andbye values compared to the PDMS control.  microscope slide, schematic of the preparation-oif andx—z,
Also, these values are much lower than the corresporfiiing and preparation of andz for GPC studies. This material is

(15 s) andagw Which indicates that additional PEO mobilized  ayailable free of charge via the Internet at http://pubs.acs.org.
to the surface upon exposure to an aqueous environment (Figure

Acknowledgment. The authors thank D. E. Bergbreiter
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the CAM-200 contact angle analyzer.
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un-cross-linked? at these film surfaces may have contributed
to these results.

The effect of siloxane tethefa—c) length on protein
resistance may be evaluated with films prepared with a 2:3 molar
ratio @—c to P). Films b,P; and c,P; (PBS-equilibrated)
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Conclusions

PEO chains were incorporated into silicones via siloxane
tetherg(a—c) of varying lengths to systematically increase PEO
mobilization to the film surface and improve protein resistance.
Three unique ambifunctional moleculda—c) having the
general formulaa-(EtO)Si(CH,),—oligodimethylsiloxang
blockpoly(ethylene oxide)-OCHs; (n = 0 (a), 4, (b), and 13
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o,w-bis(Si=OH)polydimethylsiloxane B, M, = 3000 g/mol)
in varying ratios (1:1, 1:2, and 2:3 molar ratiosafh, or c to
P) produced nine films. These films exhibited very I@yand
G' values as well as high thermal stability. The effects of the
siloxane tether lengtfa—c) on surface properties and protein

resistance were readily assessed with films prepared with a 2:3

molar ratio @—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 tetherc)
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