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Abstract: The method of forming self-assembled monolayers on polymer
surfaces is reviewed. It is shown that the alkylsiloxane monolayers formed on
polymer surfaces are structurally similar to the analogous monolayers formed
on silicon wafers. These monolayers can be post-derivatized in order to
introduce a number of hydrophobic, reactive and polar functionalities, some
of which may be useful model] systems for studying biological interactions at

surfaces.

INTRODUCTION

Self-assembly of organic molecules is a useful
method for modifying systematically the chemical
properties of solid surfaces in order to control
their functions in such processes as wetting,
adhesion, friction and biosensing to name but a
few. Traditionally, inorganic surfaces have been
used as supports for self-asssembled monolayers
(SAM)". By contrast, the technology of modifying
the surfaces of organic polymers by SAMs is
emerging only recently.”* SAMs on organic
polymers may be useful in cases where the
deformability of the support is needed, such is the
case with implantable biomaterials that require a
certain degree of mechanical flexibility. The
scope of this brief review is rather limited — its
primary purpose is to introduce this newly
emerging technology to the researchers in biomat-
erials. We hope to show that the self-asssembled
monolayers can be prepared on organic polymer
surfaces with nearly the same level of sophisti-
cation as is normally achieved with SAMs on
inorganic materials.
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METHODS OF PREPARING SAMS ON
POLYMERIC SURFACES

Sagiv? first described the adsorption of octadecyl-
trichlorosilane (and various cyanine dyes) at the
surfaces of stretched poly(vinyl alcohol) (PVA)
and of polyethylene coated with PVA. Others’
have described the preparation of self-assembled
multilayers using Cl;Si0OSiCLOSiCl; and PVA.
First systematic attempt to form self-assembled
monolayers on polymer surfaces was made by
Whitesides et al.*>5. So far two polymer surfaces
have been examined: polyethylene and polydime-
thylsiloxane. The strategy to modify the surface
of polyethylene involves three to four steps. In
the first step, polar functionalities are introduced
onto the surface of polyethylene by plasma
oxidation. In the second step, a thin silicate layer
is formed onto this oxidized surface by adsorption
and hydrolysis of SiCl,. In the third step, this
stlicate-coated polymer surface is exposed to
the vapour of alkyltrichlorosilanes to form the
monolayer film. If further modification is
required, an olefin functional monolayer may be
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reacted with mercapto-functional organic mol-
ecules by a free radical process in order to
introduce such functionalities as amine, ethylene
oxide, carboxylic acid, sulphonate, etc. Formation
of self-assembled monolayers on polydimethylsi-
loxane does not require the second step, because
the exposure of the surface to an oxygen plasma
readily generates a thin superficial silicate layer
(<50 A), which can be reacted to the vapour
of alkyltrichlorosilanes in order to form the
monolayer film.®

WETTING BEHAVIOUR OF SAMS
SUPPORTED ON ORGANIC POLYMERS

Table 1 shows the contact angles of a polar liquid
(water) and a non-polar liquid (hexadecane) on
several SAM-coated PE and PDMS surfaces.
These contact angles compare well with the
values obtained on similar SAMs prepared on
the surfaces of silicon wafer and the corresponding
alkylthiols adsorbed onto gold. This similarity in
the wetting behaviour indicates that the SAMs
on polymer surfaces are structurally similar to
those formed on inorganic substrates.

INFRARED SPECTROSCOPY OF SAMS
ON PDMS

The order exhibited by the self-assembled mono-
layers of alkylsiloxanes adsorbed onto oxidized
PDMS surfaces was examined using total internal
reflection infrared spectroscopy. For long
chain alkylsiloxanes (i.e. Cys), the positions of
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the asymmetric (2919 cm 1) and symmetric
(2850 cm™1) CH, stretches indicate that they are
at least in a quasicrystalline state.> For short
chain alkylsiloxanes (i.e. Cyy or lower), infrared
spectroscopy (v,(CH,) = 2925 em™; » (;CH) =
2855 cm™ 1) indicates that the monolayers are in
liquid-like state. The adsorbed film produced by
long chain alkylsiloxanes can be made more
liquid-like by decreasing the amount of surface
coverage. Table 2 summarizes the IR and wett-
ability data of hexadecylsiloxane monolayers as
a function of surface coverage. With the decrease
in surface coverage, the adsorbed film becomes
progressively more liquid-like as indicated by the
shift of the peak positions of the asymmetric
and symmetric CH, stretches to higher wave-
numbers — consequently, the wettability of these
surfaces towards water and hexadecane increases
on account of the increase in the concentration
of higher energy -CH,- groups at the surface.

MANIPULATION OF THE WETTABILITY
OF MONOLAYER SURFACES BY
VARYING THE TERMINAL
FUNCTIONALITY

The surface energies of the monolayer coated
polymer surfaces can be easily modified by
selecting suitable terminal functional groups of
the monolayer films, as was done by others'
for silane monolayers on silicon wafer. X-ray
photoelectron spectroscopy” of the Cy, region of
several PDMS surfaces, which have been modified
with the following silanes; Cl38i{CH,)10CHs,
Cl,Si(CH,),(CF,),CF3, Cl38i(Ch,);,OCH;, ClsSi

TABLE 1 Advancing and receding contact angles (degrees) of water and
hexadecane on SAMs supported on various materials.

Muaterial

oy v e ew

PE[0x]/Si02/0381(CH,),10CHs
PE[OX]/5102/03SI(CH2)10CH = CH2
PDMS[OX]I’OgS](CHz)lUCH:g
PDMS|[0x)/O-8i(CH,),«CH = CH,
Si/8102/0481(CH, )10CH3
Si/Si04/0:Si(CH,),oCH = CH,
AWS(CHz)1oCH;

AUI’S(CHQ)QCH = CHZ

113 104 48 40
106 100 38 31
112 103 46 45
104 99 36 35
112 102 41 39
101 92 30 24
115 105 48 42
107 97 39 33

©, and O, are the advancing and receding contact angles of water (W) and

hexadecane (HD). See Ref. 6 for details.
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TABLE 2 Phase states of the hexadecylalkoxysilane monolayers adsorbed on oxidized
PDMS as a function of surface coverage.

Surface Phase state vo{CH) o o @D @Ip

coverage

100% Solid 2019 115 100 45 44
80% Solid-liquid 2022 114 97 40 40
70% Liquid 2924 110 103 38 35
60% Liquid 2924 101 92 18 16

(Ch;);;OCOCHs;, confirmed the presence of the
relevant terminal functionalities (i.e. ether, ester,
etc.) on the monolayer surfaces.

Contact angles of water*® showed that the
monolayer surfaces containing ether (@, = 80°)
and ester (&, = 76°) groups are more polar than
the corresponding surfaces constituted of methyl
(@, = 112°) and perfluoromethyl (@, = 113°)
groups.

CONTACT DEFORMATION
EXPERIMENTS

When a curved elastic solid is brought into
contact with another flat substrate, specific or
non-specific interactions acting between them
deform the solids mechanically. The magnitude
of the deformation depends on the elasticity of
the materials and the intermolecular interactions
acting between them. At zero external load, the
radius (a) of the contact deformation is related
to the radius (R) of the semisphere according'!
to the following equation:

a¥R2 = 67W/K (1)

where, W is the work of adhesion and K is the
bulk modulus.

For the four different monolayer coated PDMS
surfaces, the contact deformations were measured
by bringing small semispherical PDMS lenses in
contact with flat PDMS sheets under zero loads.
Table 3 shows the values of a*/R? as a function
of their surface chemical constitutions.

This observation provides a simple example of
the conversion of a chemical signal to a mechan-
ical tesponse. It is interesting to note that the
mechanical response is sensitive to the 3-4 A
level chemical changes of the monolayer surfaces.
The changes observed here are caused by van

TABLE 3 Contact deformation and surface compo-

sitions.
Svstem ot a¥R? (um)
-CF; 15-0 1-25
-CF, 206 1-51
-OCH; 30-8 1-89
-CO,CH, 36-0 2:34

der Waals forces alone. For stronger specific
interactions the magnitude of the response is still
higher. For example, for two hydrogen bonding
monolayers, the ratio a*/R? is found to be about
4.25.

SELF-ASSEMBLED MONOLAYERS
FORMED INSIDE POLYMER TUBES

In this section, we demonstrate that self-
assembled monolayers can also be formed on
objects that have complex geometries, for exam-
ple the internal lumens of PDMS tubes. Using
special plasma reactors,'? the internal surfaces
of polydimethylsiloxane tubes (1/8” ID) can be
oxidized to generate thin silicate fitms, which can
be reacted with the silanes in order to form self-
assemnbled monolayers. Various types of monolay-
ers have been prepared in this manaer including
one that has terminal olefins. The olefin groups
can be further reacted (Scheme 1) with various
mercaptans in order to introduce various polar
functionalities on the monolayer surfaces.

Scheme 1

Benzophenone + UV
PDMSOK“'O:J,SI(CHz)gCH = CHZ
+ HSR = PDMS*—0;8i(CH,);;,SR
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TABLE 4 Water in air contact angles (degrees) on
monolayers and their derivatives formed inside PDMS

tubes.
Material Contact
angle

PDMS[OX}/03SI(CH2)2(CF2)7CF3 114
PDMS[ox}/O04Si(CH,)oCH, 109
PDMS{OX]/O;;Si(CHz)[1C02CH3 66
PDMS[ox}/

0,8i(CH,)1,S(CIL)s(OCH,CH,);0H 59
PDMS[ox]/

05i(CHa)1:S(CH,)s(OCH,CH,),OH 53
PDMS[OX]/OgSl(CHz)] 1S(CH2)3803H 50

where, R represents various polar groups (see
Table 4).

Contact angles of water on some of these
derivatized monolayer surfaces are shown in
Table 4.

We will report elsewhere'? how these surface
functionalized PDMS tubes can be used to study
biological interactions at surfaces using an ex-
vivo canine shunt model.

SUMMARY

In this brief review, we have presented a method
of modifying the surfaces of polyethylene and
polydimethylsitoxane using the technology of self-
assembled alkylsitoxane monolayers. Depending
upon the chain lengths, the monolayers exhibit
crystalline or liquid-like phase states, which are
structurally similar to the monolayers formed on
silicon wafer. Using functional alkylsiloxanes or
chemical derivatization can lead to the formation
of monolayers of various hydrophobic, polar and
reactive functionalities. Furthermore, monolayers
can be formed in complex geometries, such as
the internal lumens of polymer tubes, which may
be suitable for studying certain types of biological
interactions at surfaces.

REFERENCES

1.Bigelow, W.C., Pickett, D.L. & Zisman, W.A.

788

10.

11.

12.

Biosensors & Bioelectronics

(1946). J. Colloid Sci., 1, 513; Zisman, W.A.
(1964). Adv. Chem. Ser., 43, 1; Haller, 1. (1978).
J. Am. Chem. Soc., 108, 8050; Sagiv, J. (1980). J.
Am. Chem. Soc., 102, 8050; Maoz, R. & Sagiv, J.
(1984). J. Colioid Interface Sci., 100, 465; Allara,
D.L. & Nuzzo, R.G. (1983). Langmuir, 1, 45;
Troughton, E.B., Bain, C.D., Whitesides, G.M.,
Nuzzo, R.G., Allara, D.L. & Porter, M.D. (1988).
Langmuir, 4, 365. For an excellent review on this
subject see: Ulman, A. (1991). An Introduction to
Ultrathin Organic Films: From Langmuir-Blodgett
to Self-Assembly. Academic Press: New York.

. Sagiv, I. (1979). Isr. J. Chem., 18, 339 and 346.
. Chaudhury, M.K. & Whitesides, G.M. (1991}.

Langmuir, 7, 1013.

. Chaudhury, M.K. & Whitesides, G.M. (1992).

Science, 255, 1230.

. Chaudhury, M.K. & Owen, M.J. (1993). J. Phys.

Chem., 97, 5722

. Ferguson, G.S., Chaudhury, M.K., Bicbuyck,

H.A. & Whitesides, G.M. (1993). Macromolecules,
26, 5870.

. Li, D., Ratner, M.A., Marks, T.J., Zhang, C.H.,

Yang, J. & Wong, G.K. (1990). J. Am. Chem.
Soc., 112, 7384; Kakkar, A.K., Yitzchaik, S.,
Roscoe, S.B., Kubota, F., Allan, D.S., Marks,
T.J., Lin, W. & Wong, G.K. (1993). Langmuir,
9, 388.

. The plasma-oxidized surface of PDMS is like that

of silica as evidenced from the infrared and X-ray
photoelectron spectroscopies. See also: Fakes,
D.W., Davies, M.C., Brown and Brown, A. &
Newton, J.M. (1988). Surf. Interface Anal., 13,
233: Fakes, D.W., Newton, J.M., Watts, JM. &
Edgell,, M.I. (1987). Surf. Interface Anal., 10,
416; Morra, M., Occhiello, E., Marola, R.,
Garbassi, R., Humphrey P and Johnson, D.
(1990). J. Colloid Interface Sci., 137, 11,

. Chaudhury, M.K. (1993). I. Adhesion Sci. Tech.,

7, 669,

Wasserman, S.R., Tao, Y.-T. & Whitesides, G.M.
(1989). Langmuir, 5, 1074; Tillman, N., Ulman,
A., Schildkraut, J.S. & Penner, T.C. (1988). J.
Am. Chem. Soc., 110, 6136.

Johnson, K.L., Kendall, K. & Roberts, A.D.
(1971). Proc. Roy. Soc. London, A324, 301
Silver, .H., Hergenrother, R.W., Lin, J.C,, Lim,
F., Lin, H.B., Okada, T., Chaudhury, MK. &
Cooper, S.L. (1995). The surface and blood-
contacting properties of surface-modified silicone
rubber, submitted to J. Biol. Mat. Res., 29, 535.




