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TITLE: SURFACE-MODIFYING SILICONE ELASTOMERS

[0001]

FIELD

10002] The present disclosure relates to compounds that. when grafted
onto a polymer surface, renders that surface superhydrophilic. More
particularly, the present disclosure relates to compounds for rendering the

10 surface of silicone elastomers superhydrophiic.

INTRODUCTION
[0003] Polydimethylsiloxane (PDMS) elastomers are soft, flexible
materials possessing a variety of advantageous properties that include
synthetic flexibility, optical transparency, biocompatibility, and high oxygen
15 permeability. However, the low surface energy exhibited by silicones can be
challenging for use in certain applications such as soft ithography and
biomaterials. For example, the intrinsic hydrophobicity of PDMS stamps
prevents polar “inks” from wetting out their surface. resulting in defective
patterns generated from the stamps.” As for contact lenses, poor surface
20 wettability make them susceptible to fouling by proteins or lipids, which can be

detrimental to nutrient permeability and patient comfort.* *

[0004] Two main étrategies have been used to indrease silicone
surface hydrophilicity. The first of these include oxygen plasma treatment *’
UV irradiation,* ™ and corona discharge,™ "2 all of which induce surface
25  hydroxylation of PDMS via high energy irradiation. One drawback of these
methodologies is that physical damage to the surface may occur.”” In an
alternative second strategy, hydrophilic materials may be absorbed, " ®
grafted (e.g., poly(ethylene glycol)w) or copolymerized (e.g., plasma
polymerization'’),"® onto the silicone surface. Both strategies have

30 drawbacks. Silicone polymers, with their high mobility ™ 2% and stability at air
_ 1.
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interfaces, generally undergo surface ‘reversion,” such that hydrophilic
materials become buried under a mobile silicone layer that migrates to the air

interface.?! %4

Although silicone elastomers can be temporarily made
hydrophilic, with water contact angles of 0° the surtaces revert to their
hydrophobic nature with much higher contact angles over short periods of

time 18, 22-24

10005} Superwetters are a class of silicone surfactants that have a
remarkable ability to facilitate dispersion of water across hydrophobic
surfaces, for example, to disperse pesticides across the surfaces of

hydrophobic leaf surfaces.® <°

The compounds typically have an
oligo(ethylene oxide) terminated at one end with a hydrophobic trisiloxane

siloxane head group, and various organic groups at the other (Figure 1A). ¢’

[0006] The preparation of superhydrophilic surfaces (water contact
angle <10°) has attracted much attention in the past years.”®*° Such surfaces
can be achieved by use of a responsive/dynamic hydrophilic layer; static
hydrophilic layers are not typically effective. A dynamic layer is one that can
develop a driving force to facilitate water spreading over the material's
surface. For instance, capillary forces between surface-bound nanoparticles
of a bimodal distribution led to efficient water wetting vyielding a

‘superhydrophilic’ surface.?’

SUMMARY

10007} In the present work, a surface modifying compound was
prepared in which an allyl group was placed at one end of an oligo(ethylene
glycol) chain and a siloxane was placed on the other end. The ally! group
permits grafting of the compound to surfaces that can be made to react with
the allyl functional group. Examples of such surfaces include silicone
elastomers comprising Si-H groups which can react with the allyl group under

hydrosilylation reaction conditions.

[0008] Accordingly, the present disclosure includes a compound of the

formula (I):

.9 .
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\/\o/\io\/ioﬁm'w (

)

wherein
nis6, 7,8 9or10;
mis 1, 2, 3,4 5or6; and

R’ is a straight or branched chain siloxane.

[0009] The present disclosure also includes a method of modifying a
surface of a substrate comprising grafting one or more compounds of Formula
(1) to the substrate. In an embodiment, the grafting 1s done by reacting the
substrate and the one or more compounds of Formula (J) under conditions to
form a covalent attachment therebetween. In an embodiment, the covalent
attachment i1s formed by a reaction between the allyl group on the one or
more compounds of Formula (l) and one or more functional groups on the
substrate. In an embodiment, the substrate is one that can be made to react
with one or more compounds of Formula (l). For example, the substrate i1s a
silicone polymer comprising Si-H functional groups that react with the allyl

group on the one or more compounds of Formula (l) under hydrosilylation

reaction conditions.

[0010] The present disclosure also Iincludes a use of one or more

compounds of Formula (I) to modify a surface of a substrate.

[0011] The present disclosure also includes a substrate that has been
surface modified by grafting of one or more compounds of Formula (I) as
defined above onto its surface. In an embodiment, the substrate is PDMS. In
an embodiment, the substrate has been surface modified to have a water

contact angle of 10° or less.

[0012] Other features and advantages of the present application will

become apparent from the foliowing detailed description. It should be

_3_
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understood, however, that the detailed description and the specific examples,
while indicating embodiments of the application, are given by way of
illustration only, since various changes and modifications within the spint and

scope of the application will become apparent to those skilled in the art from

this detailed description.

DRAWINGS
[0013] The application will now be described in greater detail with

reference to the drawings In which:

[0014] Figure 1 shows (a) structures of prior art superwetters; and (b)
synthesis and structures of diallyl PEG; monosilyl and monoallyl PEG and
bissilyl PEG.

[0015] Figure 2 shows the FT-IR spectra of (a) Dow Corning Q2-5211
and (b) APS.

[0016] Figure 3 is a graph showing the determination of cac for APS at
22 °C.

[0017] Figure 4 shows a schematic of the modification of silicone

elastomers with APS as well as the ATR-FTIR spectra of PDMS A: before,
and B. after surface grafting with APS (inset — SiH region).

[0018] Figure 5 is a graph showing the grafting percentage of APS on
PDMS. The surface hydrosilylation was done during 12 h.

[0019] Figure 6 contains graphs showing water contact angles
decreasing in proportion with time on APS-modified PDMS containing (a) 5 %
DC1107, (b) 1% DC1107 and (c) 0.5% DC1107.

[0020] Figure 7 i1s a graph showing that water contact angles decrease
with time on SiH-modified PDMS elastomers containing 1% DC1107 grafted
with SAPS, APS and LAPS, respectively. The grafting percentage of SAPS,
APS and LAPS modified PDMS are 18.7 %, 14.1 % and 17.1 %, respectively.
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[0021] Figure 8 contains graphs showing the stability tests of APS-
modified PDMS samples, which were immersed in (a) pH=10 buffer solution,
and (b) pH=4 buffer solution, separately. (c) One APS-modified PDMS

sample, whose grafting percentage is 14.1%, was tested after 5 months.

DESCRIPTION OF VARIOUS EMBODIMENTS

(1) Definitions

[0022] Unless otherwise indicated, the definitions and embodiments
described in this and other sections are intended to be applicable to all
embodiments and aspects of the disclosure herein described for which they

are suitable as would be understood by a person skilled in the art.

[0023] The term “superhydrophilic” as used herein reters to a substrate

surface for which the contact angle of a sessile drop of water is < 10°.

[0024] The term “superwetter” as used herein refers to a compound

that can render surfaces superhydrophilic.

[0025] The term “siloxane” as used herein refers to a functional group
comprised of units of the formula “R'R°SiO”, wherein R' and R® are
independently, an alkyl, alkenyl or aryl group. When R is methyl, the group Is

referred to herein as a “methylsiloxane”.

[0026] The term “alkyl” as used herein refers to straight or branched

chain alkyl groups containing 1, 2, 3, 4, 5 or 6 carbon atoms.

[0027}] The term “alkenyl” as used herein refers to straight or branched

chain alkenyl groups containing 1, 2, 3, 4, 5 or 6 carbon atoms.

[0028] The term “aryl” as used herein refers to aromatic carbocyclic
rings having at least one phenyl! ring containing 6, 7, 8, 9 or 10 carbon atoms
and that Is unsubstituted or substituted with 1, 2, 3, 4, 5 or 6 alkyl groups

(each Iindependently selected).

il 3 il

[0029] As used in this application, the singular forms “a”, "an” and “the”
include plural references unless the content clearly dictates otherwise. For

example, an embodiment including “a compound” should be understood to
- 5.
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present certain aspects with one compound or two or more additional

compound.

[0030] In embodiments comprising an ‘“additional® or “second’
component, the second component as used herein is chemically different from
the other components or first component. A “third” component is different
from the other, first, and second components, and further enumerated or

“additional’” components are similarly different.

[0031] The term "suitable" as used herein means that the selection of
the particular conditions would depend on the specific method to be
performed, but the selection would be well within the skill of a person trained

In the art.

[0032] In understanding the scope of the present disclosure, the term
"comprising” and its derivatives, as used herein, are intended to be open
ended terms that specify the presence of the stated features, elements,
components, groups, integers, and/or steps, but do not exclude the presence
of other unstated features, elements, components, groups, integers and/or
steps. The foregoing also applies to words having similar meanings such as
the terms, "including”, "having” and their derivatives. The term "consisting”
and its derivatives, as used herein, are intended to be closed terms that
specify the presence of the stated features, elements, components, groups,
integers, and/or steps, but exclude the presence of other unstated features,
elements, components, groups, integers and/or steps. The term “consisting
essentially of’, as used herein, is intended to specify the presence of the
stated features, elements, components, groups, integers, and/or steps as well
as those that do not materially affect the basic and novel characteristic(s) of

features, elements, components, groups, integers, and/or steps.

[0033] Terms of degree such as ‘"substantially”, "about” and

"approximately” as used herein mean a reasonable amount of deviation of the

modified term such that the end result is not significantly changed. These

terms of degree should be construed as including a deviation of at least +5%

-6 -
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of the modified term if this deviation would not negate the meaning of the

word it modifies.
(1) Compounds of the Disclosure

[0034] Silicone elastomers are exceptionally hydrophobic substrates.
Surface modification by oxidation or grafting of hydrophiiic polymers often fails
to give hydrophilic surfaces because silicone chains within the elastomer
migrate past the hydrophilic modification to ‘revert’ to a hydrophobic surface.
It has been demonstrated herein that an allyl-functionalized surface modifier,
APS, comprised of a poly(ethylene glycol) (PEG) chain modified at one end
by an allyl group and at the other by a siloxane can be grafted to substrates,
such as silicone elastomer surfaces. The resulting surfaces were completely
and rapidly wetted by water. The spreading rate of water droplets (0.02 mf
water) across an APS-modified silicone elastomer surface was 1 mm s’ for
the first 3 seconds: the contact angle decreased to below 10° within about 1
minute with droplet spreading to about 15 times the original size. The surface
remained superhydrophilic for at least 5 months during storage in air, although

the rate of spreading decreased over time.

[0035] Accordingly, the present disclosure includes a compound of the

formula (1):

\/\O/\/LO\/%}O,(/—);W (

)

wherein

niso, 7,8 9or10;

mis 1,2, 3, 4 5o0r6; and

R' is a straight or branched chain siloxane.

[0036] In an embodiment of the application, nis 7, 8 or 9. In a further

embodiment, n is 8.
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[0037] In an embodiment of the application, mis 1, 3, 4, S or 6. In a

further embodiment, mis 1, 3, 4 or 5. In yet another embodiment, mis 1 or 3.

[0038] In an embodiment of the application R' is a siloxane comprising
from 2 to 15 silicon atoms. In a further embodiment, all R' is a
methylsiloxane. in another embodiment, the R' is branched trisiloxane

(containing 3 silicon atoms). In yet another embodiment, R' is selected from

one of the following groups:

L I A A e R N N T T A A
i\/i\/i I\/' '\/I\/l I\/l\/l\/[ I\JI\/I\/I\/
7]TOTYTOTAN A TOT™ T 0T TOT T I TOT 0T 0T AT SO OT om0 R
\
/- ~gi”
Ol 1
S | g Si
; -S:—O-Sl|-—~ C[)
QO
L] I N Ay
AR AN TR/ACS A SUEECACYAS AE N
\ /
\ S
—Si Si// —Si, O#Si'_o Si//
7o 9T 7o 9 9T
Sli O—Sgi—O—SIi—- Sli O Sgi O S|i—-
O O \ /O O
gy \Si< Y “s( | |
/ \and \" wherein ~ represents the point of

attachment of the group to the compound for Formula (l). In another
L]
d

Si _Si_ _Si .
embodiment the siloxane is ~/ © ¢t © \" wherein ~ represents the point of

attachment of the group to the compound for Formula ().
(iii) Methods and Uses of the Disclosure

[0039] The allyl-functionalized compounds of Formula (1), comprised of
a poly(ethylene glycol) (PEG) chain modified at one end by an allyl group and
at the other by siloxane, can be grafted to substrate surfaces. For example, a
silicone elastomer surface grafted with a compound of Formula (I) comprising
ethylene glycol chains of about 8 ethylene oxide (EO) monomer units and a
branched trisiloxane, led to silicone surfaces that were completely and rapidly
wetted by water. The spreading rate of water droplets (0.02 ml water) across

this modified silicone elastomer surface was 1 mm s for the first 3 seconds

-8 -
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and the contact angle decreased to below 10° within about 1 minute with
droplet spreading to about 15 times the original size. The surface remained
superhydrophilic for at least 5 months during storage in air, although the rate

of spreading decreased over time.

10040] Accordingly, the present disclosure includes a method of
modifying a surface of a substrate comprising grafting one or more
compounds of Formula (1) to the substrate. In an embodiment, the grafting is
done by reacting the substrate and the one or more compounds of Formula (1)
as defined above under conditions to form a covalent attachment
therebetween. In an embodiment, the covalent attachment is formed by a
reaction between the allyl group on the one or more compounds of Formula (1)

and one or more functional groups on the substrate.

[0041] In an embodiment, the substrate is one that can be made to
react with the one or more compounds of Formula (I). In an embodiment, the
substrate is poly(dimethylsiloxane) (PDMS), polystyrene (PS), polypropylene
(PP), polyethylene, poly(methyl methacrylate) (PMMA) or related acrylic
polymers, polycarbonate (PC), polyisopropylene (Pl), nylon or related
polyamides, polyacylamides, fluorocarbons or mixtures thereof. A person
skilled in the art would know how to modify the surfaces of such polymers so
that they react with the allyl group of Formula | to form a covalent linkage. For
example, when the substrate I1s a silicone polymer (such as PDMS)
comprising Si-H functional groups the compound of Formula (1) is reacted with
the surface of the substrate under hydrosilylation reaction conditions. In an
embodiment, the hydrosilylation reaction conditions comprise a catalyst, for
example a noble metal catalyst, most generally a platinum complex, such as
Karstedt's catalyst. In a further embodiment, the hydrosilylation conditions
comprise dissolving the one or more compounds of Formula (I) is a suitable
solvent and adding the catalyst. The substrate to be surface modified is then
Immersed in the solution of the one or more compounds of Formula (1) and
catalyst and allowed to react at suitable temperature and time. After the

grafting reaction, the modified substrates can be washed and dried.
- 9.
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100472] The degree of hydrophilicity can be manipulated by controlling
the density of superwetting agents (compounds of Formula (1)) that are
grafted to the surface. The density can be increased by either increasing the
concentration of compounds of Formula (1) in the reaction mixture used to

chemically modify the surface and/or increase the reaction time.

[0043] Methods of creating Si-H functional surfaces on silicone
polymers are known.'® * In an embodiment the SiH containing silicone
polymers are prepared using a 10:1:1 silicone elastomer:curing
agent:(HMeSiO), which incorporates the excess SiH-containing polymer into

the prepolymer.

(0044] The present disclosure also includes a use of one or more

compounds of Formula (1) to modify a surface of a substrate.

(004 5] The present disclosure also includes a substrate that has been
surface modified by grafting of one or more compounds of Formula (l), as
defined above, onto its surface. In an embodiment, the substrate is PDMS. In
an embodiment, the subStrate has been surface modified to have a water

contact angle of 10° or less.
EXAMPLES

(0046] The following Examples are set forth to aid in the understanding
of the invention, and are not intended and should not be construed to limit in

any way the invention set forth in the claims which follow thereafter.

Materials

[0047} Poly(ethylene glycol) (PEG, Mn=400, 1000), tetraglyme, sodium
hydride (60 wt% in oil), allyl bromide, tetrahydrofuran (THF) and Karstedt's
platinum catalyst (platinum(0)-1,3-divinyl-1.1 3,3-tetramethyldisiloxane
complex solution) were purchased from Sigma-Aldrich Inc. Monoallyl-PEG-
OH A250 (Mn=250), A350 (Mn=350) and A550 (Mn=550) were qifts from
Clariant Corporation. Bis(trimethylsiloxy)methylsilane (Bis-H) was obtained
from Gelest Inc. The SylgardTh?84 silicone elastomer kit, containing the PDMS

- 10 -
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oligomers and curing agent, and poly(hydromethylsiloxane) (DC1107, PHMS)
were purchased from Dow Corning. THF was dried over activated alumina

before use; otherwise, compounds were used as received.

Characterization

[0048] "H NMR and "°C NMR spectra were obtained on Bruker AC-200
(200-MHz) spectrometer. The molecular weight and mass spectra were
determined on a Micromass Global Q-TOF Ultima (MALDI/CapLC-ES!
Quadrupole Time of Flight) Mass Spectrometer. ATR-FTIR spectra were
obtained on Bio-Rad FTS-40 (Fourier transform IR) spectrometer with an ATR
accessory, on which a 45° rectangle ZnSe crystal was used. Surface water

contact angle and surface tension were recorded using a Kriiss V1.50 drop

shape analyzer.

Synthetic Procedures

Example 1. Synthesis of Diallyl-terminated PEO (DAP) (details for 400 MW
PEG)

[0049] PEG (8.0 g, 0.02 mol) was dissolved in anhydrous THF to give a
20 wt% solution, into which excess sodium hydride (2.0 g, 0.05 mol) was
added slowly over 30 min. Allyl bromide (4.8 g, 0.04 mol) was then added
dropwise into the solution. The mixture was allowed to react with stirring for
16 h under nitrogen atmosphere. Afterwards, the mixture was filtered through
a Celite column and the filtrate was evaporated. The resuiting yellow oil (8.2
g) was obtained in a yield of 85%. Alternatively, diallyl tetraglyme SDAP
(shorter DAP) was formed in 89% yield (8.2 g) from tetraglyme and diallyi
PEG 1000 and LDAP (longer DAP) in 70% yield (8.0 g) from PEG 1000 using

similar processes.

[0050] DAP 'H NMR (200 MHz; CDCly) &: 5.94-5.77 (m, 2H, =CH-),
5.27-5.10 (m, 4H, CH.=), 3.98 (d, 4H, J=5.6 Hz, -O-CHaallyl), 3.61-3.52 (m,
38H, CH,-0). >C NMR (200 MHz, CDCl3) 5:134.7, 117.0, 72.2. 70.5.

- 11 -
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[0051] SDAP 'H NMR (200 MHz; CDCls) &: 5.86-5.75 (m, 2H, =CH-),
5.24-5.08 (m, 4H, CH,=), 3.95 (d, 4H, J=5.6 Hz, -O-CHaallyl), 3.59-3.51 (m,
18H, CH,-0). *C NMR (200 MHz, CDCls) 5:134.8, 117.1, 72.3, 70.6.

[0052] LDAP ('"H NMR (200 MHz; CDCl;) &: 5.98-5.80 (m, 2H, =CH-),
5.28-5.12 (m, 4H, CH,=), 3.98 (d, 4H, J=5.6 Hz, -O-CHaallyl), 3.75-3.62 (m,
86H, CH,-0). *C NMR (200 MHz, CDCl3) &: 134.7, 117.0, 72.2, 70.5.

Example 2: Synthesis of Allyl PEO Siloxane (APS) (details for PEG 400 MW)

[0053] DAP (2.0 g, 0.004 mol) was dissolved in anhydrous toluene (10
ml), into which Bis-H (0.89 g, 0.004 mol) in toluene (25 ml) was added along
with Karstedt’s catalyst (0.02 ml). The solution was stirred under Ar for 24 h at
room temperature. Afterwards, the solution was evaporated and yeliow ol
was obtained in a yield of 80% (2.3 g). Analogous processes with the shorter
and longer diallyl-PEG derivatives led to SAPS in 80% yield (2.5 g) and LAPS
in 45 % vield (2.2 g), respectively.

[0054] APS (note that the actual DP of the starting PEG was ~9.5. The
data is normalized to 9.0 for convenience) '"H NMR (200 MHz; CDCl3) 6: 5.92-
5.83 (m, 1H, =CH-), 5.30-5.14 (m, 2H, CHy=), 4.01 (d, 2H, J=5.6 Hz, -O-
CH,CH=CH,), 3.63-3.58 (m, 36H, -O-CHsether), 3.39 (t, 2H, J=7.2 Hz, O-
CHy), 1.62-1.51 (m, 2H, -CH,-CH>-Si), 0.45-0.37 (m, 2H, -CH2-Si1), 0.06 (s,
18H, TMSO), 0.01 (s, 3H, CHs-Si). °C NMR (200 MHz, CDCls) &: 134.8,
117.2, 74.2, 72.4, 70.0, 23.2, 13.5, 1.9, -0.3. IR, see Figure 1. HRMS (ESI)
m/z calcd for [Co9He4O11Sis+NH4]" 690.4083, found 690.4100.

[0055] SAPS 'H NMR (200 MHz; CDCls) &: 5.96-5.83 (m, 1H, =CH-),
5.30-5.1 (m, 2H, CH»=), 4.01 (d, 2H, J=5.4 Hz, -O-CH,CH=CH,), 3.65-3.58
(m, 18H, -O-CHaether), 3.39 (t, 2H, J=7.2 Hz, O-CH,), 1.62-1.51 (m, 2H, -
CH,-CH>-Si), 0.45-0.37 (m, 2H, -CH,-Si), 0.06(s, 18H, TMSQ), 0.01 (s, 3H,
CH5-Si). °C NMR (200 MHz, CDCls) &: 134.8, 117.2, 74.2, 72.3, 70.0, 23.2,
13.5, 1.9, -0.3.
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[0056] The LAPS compound was a produced as a mixture of monosilyl
(LAPS) and disily! species in an approximately 2:1 ratio. For clarty, the
spectra of the two compounds are reported separately. LAPS '"H NMR (200
MHz: CDCls) &: 5.98-5.79 (m, 1H, =CH-), 5.28-5.12 (m, 2H, CH>=), 4.00 (d,
2H J=5.6 Hz, -O-CH,CH=CH,), 3.65-3.58 (m, 86H, -O-CHether), 3.39 (t, 2H,
J=7.2 Hz, O-CH,), 1.62-1.51 (m, 2H, -CH5-CH2-Si), 0.45-0.37 (m, 2H, -CH>-
Si), 0.06 (s, 18H, TMSO), 0.01 (s, 3H, CH3-Si). The bis-silylated analogue: 'H
NMR (200 MHz; CDCl;) &: 3.65-3.58 (m, 86H, -O-CHzether), 3.39 (t, 2H,
J=7.2 Hz, O-CH,), 1.62-1.51 (m, 2H, -CH2-CH>-Si), 0.45-0.37 (m, 2H, -CH>-
Si), 0.06 (s, 36H, TMSO), 0.01 (s, 6H, CHs-Si). "°C NMR (200 MHz, CDCls)
O: 134.8, 117.2,74.2,72.3,70.0, 23.2, 13.5, 1.9, -0.3.

Example 3: Synthesis of bis-heptamethyltrisiloxanyl-PEG (SiFPS)

[0057] DAP (4.0 g, 0.17 mol) was dissolved in anhydrous toluene (10
ml), into which Bis-H (4.0 g, 0.34 mol) in dry THF (25 ml) was added along
with Karstedt's catalyst (0.02 ml). The solution was stirred under Ar for 24 h
at room temperature. Afterwards, the solution was evaporated and a yellow ol
was obtained in a yield of 88% (7.3 g). 'H and "°C NMR shows that a mixture

of regioisomers resulted from the hydrosilylation in a ratio of RCH,CH,CH.Si.
RCHonSiCH3 of ~ 1:1.

[0058] SiPS 'H NMR (200 MHz; CDCls) &: 3.59 (s, 36H), 3.36(t, 4H,
J=6.8 Hz), 1.56-1.51 (m, 4H), 0.86 (t, CH3, J = 5.2 Hz, 1.5H), 0.38 (m, CHy +
CH 1.5H), 0.06 (s, OTMS, 18H), 0.03 (s, 18H), -0.05 (s, 6H). °C NMR (200
MHz, CDCl) 5: 74.2, 73.1, 72.3, 70.62,25.6, 23.2,13.5,10.8,2.0, 1.9, -0.3.

Example 4: Si-H Functional Silicone Elastomers

[0059] The Sylgard PDMS oligomer (5.0 g) and curing agent (0.5 g)
were mixed together in a weight ratio of 10:1 along with additional PHMS
(DC1107), where 0.25 g, 0.05 g and 0.025 g, respectively, were used to give
formulations with 5 wt%, 1 wt% and 0.5 wt% PHMS. The mixtures were
poured into a Petri dish, degassed and cured under vacuum for 24h. The

cured PDMS samples were cut into small sample coupons with average
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diameter of 15 mm, and a thickness of 3 mm. The samples were swollen for
an hour in dry THF (20 ml) to remove the ungrafted compounds. After

repeating this step three times, the elastomers were dried to constant weight

under vacuum.

Example 5. Surface grafting of APS and other mono-allylPEG compounds on
PDMS

[0060] A series of APS solutions of various concentrations in THF,
respectively, were mixed with Karstedt’'s Pt catalyst (0.01 ml in 10 mi THF).

The small PDMS sample coupons were placed into the above solutions for 12

h at 50 °C. The samples were swollen for 1 h, washed with THF (3 x 20 ml),

and dried in a vacuum oven (~10 Torr) at room temperature to constant
weight. The surface grafting percentage of APS was calculated: Surface
Grafting Percentage%=100*(W1-WO0)/A*WO0, where W1 is the weight of PDMS
after grafting APS, WO is the weight of the PDMS elastomer before grafting

and A is the surface area of PDMS elastomers (7.07 cm2) (see Table 1).

[0061] Surface grafting of monoallyl PEG A250, A350, A550 and diallyl

PEG followed the same procedures.
Example 6. Wetting behavior

[0062] The abilty of solutions of APS and related compounds to wet
substrates was established using a drop shape analyzer. The contact angles

and total spreading were established immediately after placing an aqueous

drop volume ~0.02 ml| onto the surface of polystyrene (a new Petri dish) or a

cleaned glass slide.

[0063] The ability of water to wet out a variety of surface modified
silicones was also established using the drop shape analyzer. These data

include initial and final contact angles, and total spreading area for: PEG-
modified silicones (Figure 6, Figure 7, Table 1); water contact angles of APS-
modified PDMS (SGP 14 wt%) were measured each month for a period of 5

months (2 min. each time) for each month; APS-modified PDMS coupons
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after soaking in pH 4 and pH 10 buffer solutions, respectively (1, 2, 6, 10, 13
days). Prior to each test, the coupons were thoroughly washed by DI water
(Figure 8).

Results

[0064] Silicone superwetters are generally comprised of a trisiloxane
head group, to the central silicon of which is attached an oligo(ethylene oxide)
or mixed oligo(ethylene oxide/propylene oxide) chain, through a propy!
spacer. Subtle differences In surface activity result from differences in chain

length, balance of EO/PO and the nature of the end group R.

10065] Tethering the superwetter to a silicone elastomer surface
required a functional group linker on the PEG. Hydrosilylation was chosen as
an efficient coupling process commonly employed in silicone synthesis,’ to
cure the elastomers, to create a superwetting silicone, and to tether the
superwetter to the surface. Therefore, an allyl functional superwetter was

prepared (APS, SAPS, LAPS) and then grafted to an Si-H functional silicone

elastomer surface.
Preparation of the Superwetter APS

10066] Diallyl PEG was prepared by standard Williamson synthesis
starting from HO-terminated PEG and allyl bromide, in the presence of NaH.
The process I1s faclle with low molecular weight PEGs, although the
separation of pure diallyl PEG from the monoallyl PEG or starting material
becomes Increasingly difficult with increasing molecular weight.  Such
problems do not arise below a molecular weight of about 500: use of excess
reagent led to complete conversion of PEG-OH to diallyl PEG. Compounds
derived from PEGs of three different molecular weights were prepared: DAP
(MW 494) SDAP (MW 274) and LDAP (MW 1066). Note that DAP and LDAP
were prepared from PEG nominally of MW 400 (DP 9) and 1000 (DP 22), but
the actual degrees of polymerization were about 9.4 and 21.8, respectively.
The nominal values of DP 9 and DP 22 are used for convenience in reporting

spectral data.
- 15 -
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[0067] The synthesis of the functional superwetter APS, and the
analogues of lower SAPS and higher molecular weight LAPS, rely on partial
hydrosilylation of diallyl PEG with Bis-H (Figure 1). Statistical mixtures are
frequently problematic when monofunctionalization of a difunctional material is
attempted. In the case of LAPS, an inseparable mixture comprised of
approximately a 2:1 mixture of mono and bissilylated material was formed.
However, only the mono-allyl LAPS can bind to the silicone surface. In the
case of APS, the NMR data did not permit an explicit assessment of the
relative amount of diallyl-PEG starting material, bis-silylated PEG and the
desired allyl/silyl PEG: the product showed perfect integration for a monoallyl,
monosilyl PEG. Theretore, the surface activity of the APS was independently
established by comparison with the precursor DAP and putative byproduct
SIPS. As shown below in more detail, this analysis demonstrated that the
synthesized APS was clearly distinct from both DAP and SIPS.

[0068] The similarity of APS to a commercial superwetter and Dow
Corning Q2-5211 (R=H in Figure 1), can be seen from their FT-IR spectra

1

(Figure 2). However, the band at 3075 cm™ belongs to the stretching
vibration of =C-H, and at 1644 cm™ belongs to the stretching vibration of C=C,

data consistent with the presence of an allyl group APS.

[0069] The solubility of APS was established by measuring the cac
(critical aggregation concentration), and was calculated to be 0.28 g I"' (Figure

3), a value that is similar to commercial superwetters.

Wetting Performance

[0070] The ability of APS to disperse an aqueous phosphate buffer
solution (pH=7) was determined on both hydrophobic (polystyrene) and

hydrophilic (glass) surfaces. As a control, a 5 ul drop of buffer without

surfactant was shown to have an area of 0.50 cm? on glass and just 0.031
cm* on polystyrene. Additional controls with 0.1 wt% (0.2 wt%, 0.5 wt%) DAP
and 0.1 wt% (0.2 wt%, 0.5 wt%) SiPS, respectively, had only marginally larger

surface areas on either glass or polystyrene. Thus, neither of these materials
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shows effective wetting behavior. By contrast, when 1.5 wt% APS was
included in the buffer, the maximum wetting diameter area on polystyrene was
close to 6.16 cm?, close to 200 times the area of the original buffer solution.

Thus, APS has characteristics of typical superwetters.

[0071] Having prepared a functional superwetter, attention was turned
to grafting the material to a polymer surface, in this case a silicone elastomer.
To do so, Si-H functional surfaces that would undergo hydrosilylation with
APS were first created. A variety of strategies have been developed that lead
to the Si-H silicone elastomers, including post-cure surface modification.'™ *°
In this work, an alternative and straightforward strategy was chosen in which
excess SiH-containing polymer was incorporated in the Sylgard prepolymer:>*
rather than 10:1 polymer/curing agent, the elastomers were prepared from
10:1:1 polymer:curing agent:(HMeSiO), (Dow Corning 1107). The excess SiH

Is thus present both within the cured elastomer and on the external surface.

[0072] Elastomers based on these starting materials were SiH rich at
the interface, as shown by FTIR. The intense SiH peak at 2157 cm™ in the IR
of the elastomers disappeared after PDMS was modified by APS using
platinum-catalyzed hydrosilylation (Figure 1): the peaks at 2863 cm’'
confirmed the presence of PEO on the silicone surface.®> However, in
addition to surface modification, it is clear that this process also leads to loss

of some SiH contained within the silicone elastomer.

[0073] As discussed above, the synthesis of the functional superwetter
APS relies on partial hydrosilylation of diallyl PEG with Bis-H (Figure 4).

Surface activity showed that neither the diallyl (DAP) or disiloxane-modified
PEG compounds (SiPS) exhibited any superwetting ability at all on their own
In aqueous solutions. The latter compound cannot bind by hydrosilylation to
the surface. In a control experiment, pure DAP was grafted to the PDMS
elastomer using various concentrations in THF (10, 20, 50%). The lowest

contact angle of the materials prepared was 80°. Thus, the superwetting

described in more detail below can be ascribed to Silicone-APS modification
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only, and not a consequence of DAP binding. It further reinforces the
contention above that the APS was major product in the hydrosilylation of the

silicone surface: DAP or DAP-modified surfaces do not have superwetting

properties, while APS and APS-modified surfaces clearly do.

[0074] Small quantities of surface-active materials can have an
extraordinary impact on the wetting behavior of surfaces. 1o ensure that the
surface behavior of these silicone elastomers was not affected by any
residual, unreacted APS, the surface-modified silicones were extensively
swollen and washed first by THF, and then by CDCl; to remove any physically
absorbed compounds. The 200 MHz 'H NMR spectrum of the washed,
modified elastomer showed the presence of the APS propylene linker at
5=0.468-0.383,” while peaks at 8=3.65-3.60 are consistent with the presence
of PEO (no residual alkene groups from APS were observed). The surface
density of grafted APS is a consequence of the availability of SiH groups on
the elastomer surface and of the concentration of APS used In the
modification process:. the correlation of grafting efficacy to these two
parameters is shown In Figure 5. The grafting that occurred has its main
locus at the external interface. PEO is almost insoluble in silicone polymers,
and when incorporated internally, leads to hazy—>white elastomers.’” * The

elastomers produced here were optically transparent.

[0073] Superwetters received their designation because aqueous
solutions containing them spread both extensively and rapidly. As noted
above, the cac of APS is approximately 0.28 g I' (Figure 5). At
concentrations (well) above the cac, spreading of APS-containing aqueous
solutions I1s both fast and effective: one drop of 1 wt% APS aqueous solution
increased in area from 0.03 cm?® to 4.91 cm? in just 5 seconds (data not

shown).

[0076] Contact angle measurements using distilled water were made
on the APS-grafted silicone surfaces. There was an expected correlation

between the degree of APS incorporation on the surface and the water
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contact angle. The degree to which the contact angle dropped with APS
incorporation was extremely unusual. In some cases, the contact angle
dropped to nearly zero within one minute. This is very surprising because

PEG-modified silicone surfaces typically have contact angles of about 65-380°,

although lower values have been reported (see below). This effect is highly
dependent on surface coverage: at very high coverage (high concentration of
APS during grafting, high concentration of SiH in the elastomers), or very low
coverage (low concentration of APS during grafting and/or low concentration
of SiH in the elastomers) much higher contact angles were observed. These
differences are reflected in the surface grafting percentage (SGP, see
experimental section — essentially a weight gain/surface area): larger values

imply higher surface concentrations of APS.

[0077] The facile wetting of APS-tethered silicone surfaces was not a
consequence alone of the presence of PEG on the surface. To demonstrate
this, monoallyl PEGs of three different molecular weights: A250 (~EOs); A350
(~EO7) and A550 (~EQ+>»), respectively, were grafted onto PDMS elastomers
that contained 1wt% DC1107°**! using the same procedure as for APS. On
none of the PEG-modified surfaces was superwetting behavior observed. As
shown in Table 1, neither was grafting as efficient nor were contact angles
lowered as much by any of the EO materials as by APS. The lowest water

O 042-45

contact angles reported on PEG-modified surfaces i1s about 2 although

experience suggests the number is normally much higher, significantly higher
than the case with APS.

[00/8] In solution, the chemical structure of the trisiloxane surfactants
influences the spreading behavior. Silicone surfactants, although typically not
superwetters, frequently use copolymers of poly(propylene oxide) (PPQO) and
PEO as the hydrophilic component.*® Compared with propylene oxide (PO),
EO I1s more hydrophilic and more suitable as the hydrophilic part of trisiloxane

48

superwetter.*” *° Therefore, tethered PPO derivatives were not examined.

However, the surface activity of superwetters iIs also affected by EO chain
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length: the optimal spreading effect of superwetting surfactants i1s observed

when the number of repeat units (EO) is about 6-8,% longer or shorter lengths

of EO chains will decrease the spreading area. To examine the role of EO

chain length on surfaces modified with tethered superwetters, two compounds

with similar structures to APS were synthesized and grafted to the surface of

PDMS elastomers: SAPS has a very short EO tether (EO)4, while the other,
LAPS, has longer EO chain (EO)22 (Figure 1). At comparable surface
coverage, neither surfaces modified with the shorter or longer PEG
surfactants, SAPS and LAPS, respectively, could achieve the same low

contact angles or same high, rapidly attained, surface coverage as APS
(Figure 7, Table 1).

[0079] The magnitude of spreading of APS in water was examined, and

water on APS tethered to silicone, but not yet considered is the rate of
spreading: rapid rates of spreading are also emblematic of superwetters. The

water spreading rate on APS-modified PDMS was calculated according to a

literature method“°® where:
spreading rate = dD/dt (1)
and,
spreading area = dAS/dt, (2)

wherein D Is the diameter of water droplet, S is the surface area covered by
water and t is the spreading time. A series of experiments demonstrated that
aqueous solutions of APS spread to approximately the same degree and at a
similar velocity to the commercial superwetter L77. That is, replacing a
terminal alcohol, acetate, etc., on the PEG block with an allyl group leads only
to subtle changes in wetting properties. The situation is quite different when

the superwetter is tethered.

[0080} While water spread readily on tethered APS surfaces, it did so to
a lower degree and at a lower rate than when the surfactant was free in

solution. In addition, the spreading behavior was quite different. While an
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aqueous solution of APS spread rapidly at an approximately inear rate across
a surface, there were two stages for water spreading on the freshly prepared
APS-modified surface. In the case of the sample of PDMS made with 1 wt%

DC1107 and grafted with 14.7 wt% APS, a 0.02 ml water droplet spread on
the surface at a rate of ~1 mm s™' for the first 3 seconds. The water spreading
area Increased 8 times during this period. Then, the rate decreased to
approximately 0.1 mm s™' in the subsequent 30 seconds. The final area
covered by water was about 15 times larger than the original one droplet size.
This contrasts with the degree of spreading described of superwetters, which

°  Note, however, that the

increase drop area by approximately 50 times.?
contact angle at the edge of the spread dropiet approaches 0° when the drop

ceases to migrate.

[0081] The durability and environmental stability of modified surfaces
are factors to consider for their use in real applications. While silicones are
normally very stable to degradation, provided that the conditions remain near
neutrality, branched trisiloxanes are notoriously unstable to hydrolysis.*’
Superwetters are usually added to the agents to be dispersed and then used
immediately In pH 7 buffers. It was observed that, like aqueous solutions of
commercial surfactants L-77 and Q2-5211, solutions of APS decomposed in
water over a few days to a week: previous experience indicates that
hydrolysis of one or more Me3SiO groups occurs. However, it was possible
that tethering the superwetter to a surface would change the hydrolytic

susceptibility.

[0082] The hydrolytic stability of APS-modified PDMS elastomers was
tested by soaking for extended periods of time in aqueous pH=4 and pH=10
solutions. The results show that both acidic and basic conditions are
detrimental to the ability of water to spread on an APS-modified surface,
especially after the first week of modification. However, while spreading is
Impeded after the surface is exposed to such conditions, the water contact

angle can still decrease to 20° over 2-3 minutes. The tethered APS is thus

more resistant to hydrolytic degradation than APS in solution. Further
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degradation while soaking the tethered APS in an agueous solution occurred
In the second week, after which no superspreading effect was observed:

contact angles decreased only to about 60° over 1-2 minutes.

[0083] The shelf-life of the tethered APS was also established by
testing spreading behavior monthly over a period of 5 months: samples of
APS-modified surfaces were stored without any special protection on the
laboratory bench. Subtle changes were observed over time. While the final
contact angle (approaching zero) of water droplets was still achieved after 5
months, spreading rates changed appreciably. Rather than two distinct
spreading rates, the droplet would spread to a specific radius, stop for several
(typically up to 10) seconds and then spread to a new larger radius. This
start-stop-start-stop process was repeated up to about 8 times at which point

the approximately 0° contact angle was achieved.
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Table 1: Water wetting effects on PDMS modified with PEO® and with a
trisiloxane surfactant®

A250 A350 AS50
Grafting Percentage % 6.89 3.96 1.91
Contact Angle (°) 83 87 90

APS LAPS® SAPS
Grafting Percentage % 14.1 18.7 17 .1
Contact Angle (°) 0 69 73
Wetting Diameter 8 4.5 4

(mm)°

°“ PEO was dissolved 50 wt% in anhydrous THF to improve the reaction; the
hydrosilylation occurred over 12hours on a silicone surface prepared with
1%DC1107.

®Water droplets of 0.02 ml volume were used.

10  °© Although a ~2:1 mixture of the monosilyl (LAPS) and disilyl analogue was
used to modify the surface, only the former compound can chemically tether
to the surface.

° The initial radius of the wetted spot was ~ 1.0 mm:; the final diameter was
tested after 1 min.
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CLAIMS:

1. A compound of the formula ().

wherein

niso, 7,8, 9or10;

mis1, 2, 3 4 5or6: and

R' is a straight or branched chain siloxane.

2. The compound of claim 1, whereinnis 7, 8 or 9.

3. The compound of claim 2, wherein n is 8.

4. The compound of.any one of claims 1-3, whereinmis 1, 3, 4, 5 or 6.
5. The compound of claim 4, whereinmis 1 or 3, 4 or 5.

6. The compound of claim 5, whereinmis 1 or 3.

7. The compound of any one of claims 1-6, wherein R' is a siloxane

comprising from 2 to 15 silicon atoms.
8. The compound of claim 7, wherein R' is a branched trisiloxane.

9. The compound of any one of claims 1-8, wherein R' is a

methylsiloxane.

10. The compound of any one of claims 1-6, wherein R' is selected from

one of the following groups:
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11.The compound of claim 10, wherein R" is 7/ © # °©°\~ wherein
represents the point of attachment of the group to the compound for

Formula ().

12.A method of modifying a surface of a substrate comprising grafting one
or more compounds of Formula (l) as defined in any one of claims 1-11

to the substrate.

13. The method of claim 12, wherein the grafting is done by reacting the
substrate and the one or more compounds of Formula (I) under

conditions to form a covalent attachment therebetween.

14. The method of claim 13, wherein the covalent attachment is formed by
a reaction between the allyl group on the one or more compounds of

Formula (I) and one or more functional groups on the substrate.

15. The method of any one of claims 12-15, wherein the substrate is
poly(dimethylsiloxane) (PDMS), polystyrene (PS), polypropylene (PP),
polyethylene, poly(methyl methacrylate) (PMMA) or related acrylic
polymers, polycarbonate (PC), polyisopropylene (PI), nylon or related

polyamides, polyacylamides, fluorocarbons or mixtures thereof.

16. The method of claim 15, wherein the substrate is PDMS.
- 130 -
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17. A substrate that has been surface modified by grafting of one or more
compounds of Formula (l), as defined in any one of claims 1-11, on to

its surface, wherein the substrate is PDMS.

18. A substrate that has been surface modified by grafting of one or more
compounds of Formula (l), as defined in any one of claims 1-11, on to

its surface, and having a water contact angle of about 10° or less.
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