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Self-assembled monolayers (SAMs) of alkylsiloxanes on elastomeric PDMS (polydi-
methylsiloxane) were used as model systems to study interactions between surfaces.
Surface free energies (ygy) of these chemically modified surfaces were estimated by
measuring the deformations that resulted from the contact between small semispheri-
cal lenses and flat sheets of the elastomer under controlled loads. The measured surface
free energies correlated with the surface chemical compositions of the SAMs and were
commensurate with the values estimated from the measurements of contact angles.
This study provides direct experimental evidence for the validity of estimates of the
surface free energies of low-energy solids obtained from contact angles.

EASUREMENT OF CONTACT AN-
gles is a technique that is highly
sensitive to the composition and

properties of surfaces (7). The measured
quantities are related to the surface and
interfacial free energies through Young’s
equation (2) (Eq. 1).

Ysv = yLv cos® + s ()

Here the system is assumed to be at thermo-
dynamic equilibrium, and -y, v, Ysv, and yg;.
stand for the surface and interfacial free
energies of the liquid-vapor, solid-vapor,
and solid-liquid interfaces, respectively. One
use of Eq. 1 is to estimate yg,—a funda-
mental thermodynamic state parameter
characterizing the surface of materials. Al-
though v, y can be determined directly, yg;.
cannot, in general. Thus there have been
several efforts to express yg; in terms of ygy
and v, y, in order to reduce the number of
unknowns in Young’s equation.

This objective has been best achieved (3)
by treatments that assume specific forms for
the intermolecular forces that operate across
condensed phase boundaries. For systems
where the London dispersion interactions
are prominent, the most commonly used
generalization of Young’s equation is (3):

vsy = yLv (1 + cos8)?/4 (2)

Equation 2 occupies a central position in
estimating the surface free energies of low-
energy solids. Because the values of yg, of
solids cannot, in general, be measured di-
rectly (4), no rigorous comparison between
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predicted and experimental values validates
this equation. In this report. we present an
experimental system based on a methodolo-
gv developed by Johnson, Kendall, and
Roberts (JKR) (5) that allowed direct esti-
mation of the surface free energies of several
model low-energy surfaces. This system pro-
vides a suitable experimental basis for sys-
tematic evaluation of Eq. 2.

The basic protocol of these measurements
is to study spreading occurring at the inter-
face between two elastomeric solids. Solids,
like liquids, have a tendency to spread on
other solids. The driving force for this
spreading, like that on solid-liquid intertac-
es, is the minimization of the interfacial tree
energies. Thus when a curved solid is
brought into contact with a flat substrate, a
deformation occurs at the zone of contact.
The magnitude of this deformation is deter-
mined by the balance of the interfacial and
elastic energies. If the elastic constants of the
materials are known, the interfacial energies
can be estimated directly from contact defor-

Fig. 1. Contact between a
semispherical lens and flat
sheet of PDMS results in the
formation of a circular re-
gion of radius a. For clarity,
the area of contact is exag-
gerated. The surfaces of
both the lens and flat sheets
were modified by using
alkylsiloxane self-assembled
monolayers (SAMs). In a
typical load-deformation ex-
periment, the radius of the
lens was ~1 mm and the
thickness of the flat sheet
was ~1.5 mm.

,
'
=
N

mations (5-12). The materials used in these
experiments must be compliant and have very
smooth surfaces. We have shown that elasto-
meric PDMS meets these requirements well
(12, 13), and we chose this polymer for our
contact deformation experiments.

The basic experimental system (12) com-
prises a semispherical lens and a flat sheet
of elastomeric PDMS (Dow Corning Syl-
gard 170). The surfaces of both lens and
sheet were modified chemically using the
technology of self-assembled organic mono-
lavers (12-14). In a typical experiment (Fig.
1), the lens was slowly brought into contact
with the flat sheet, and an external load was
then applied. A spontaneous deformation
occurred at the contact zone as soon as the
lens touched the flat sheet (Fig. 2). This
deformation increased in response to the
external loads. Deformation was measured
as a function of applied load. At the end of
the compressive cvele, the load was de-
creased stepwise and contact deformations
were measured again untl the lens com-
pletely separated from the flar sheet. All of
the measurements were made under ambient
conditions with the temperature of the lab-
oratory ~23°C and the relative humidity
~50%. The data obtained from these load-
deformation studies were analyzed (15) by
using Eq. 3 to estimate v, for the surface of
the elastomer.

a® = (RIK}{P + 6mRysy +
[127RPysy + (6nRysy) ™%} (3)

In Eq. 3. a (cm) is the radius of the contact
detormation, R (e¢m) is the radius of curva-
ture of the lens, P (dvnes) is the external
load, and K (dvnes/cm?) is the composite
modulus. In our studies, values of K clus-
tered around 5 X 10° dynes/cm?.

We controlled the chemical composition
of the surface of PDMS using a procedure
described previously (12, 16). Exposure of
PDMS to an oxygen plasma generated a thin
[<50 A by x-ray photoelectron spectroscopy
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Fig. 2. Photomicrograph showing the contact
area (innermost circle) resulting from the contact
between a lens (R = 0.72 mm) and a flat sheet of
PDMS**-0;S1(CH,),,CHj under zero load. The
radius of contact deformation was ~92 pm.

(XPS)] silica-like layer (17) on its surface. We
denote this surface as PDMS®*. Chemisorp-
tion of alkyltrichlorosilanes [Cl;Si(CH,), R
onto PDMS®* produced monolayers of the
corresponding alkylsiloxanes. By varving the
head-group functionalities (R) of these silanes,
the chemical compositions of the surface of the
PDMS lens and sheet could be controlled.
Silanes used to modify PDMS®™  were
ClsSi(CH,),oCHs, ClySi(CH, ), (CF,),CEs,
Cl;Si(CH,),,0CH;, Cl;3Si(CH,),,Br, and
Cl;S81(CH,5),,OCOCHj;. We denote the ma-
terial produced by reaction of PDMS°* and a
chlorosilane as PDMS**-0;S51(CH,),R. We
used XPS to venifv the presence of the rele-
vant functional groups on the monolaver-
coated PDMS surfaces. One remarkable fea-
ture of these surfaces was that thev all
exhibited negligible hysteresis (18) in contact
angles, except for the fluorocarbon surface,
which exhibited large hysteresis with di-
iodomethane (Table 1). The observation of
low hysteresis was particularly important in
our studies because it suggested that the
measured contact angles are close to equilib-
rium values and that Young’s equation should
be valid.

The result of a typical load-deformation
study (19) is shown in Fig. 3. There was
generally finite but small hysteresis in con-

Table 1. Contact angles of several liquids on functionalized PDMS and
surface free energies of these systems. 8, and 6, represent advancing and
receding contact angles, respectively; HD, PFD, and DM stand for hexa-
decane, perfluorodecalin, and diiodomethane, respectively. The surface
tensions of these three liquids are: 27.7 dynes/em (HD); 18.2 dynes/cm

tact deformations as obtained from the com-
pression and decompression cycles. This
hysteresis resulted in two different values of
vsv for a specific surface. In Table 1, we
present these values and compare them with
the values obtained from the contact angles
of hexadecane and diiodomethane. For the
methyl and perfluoromethyl surfaces, we
also report the surface free energies obtained
from the contact angles of perfluorodecalin.
In all cases, we used the average of the
advancing and receding contact angles to
estimate ygy.

The data tabulated in Table 1 show that
small variations in the chemical composi-
tions of the alkylsiloxane monolayers have a
profound effect on adhesion of these surfac-
es and that the values of g, measured by
using Eq. 3 agree remarkably well with
those estimated using contact angles (3).
There are, however, several details about
these data that deserve comment. First, we
note that the surface free energies of the
methvl surface as estimated from the contact
angles of hexadecane and diilodomethane are
higher than those obtained with the contact
angle of perfluorodecalin. Converselv. the
surface free energy (20) of the fluorocarbon
surface as obtained from the contact angles
of hexadecane is lower than that obtained bv
using perfluorodecalin (21). The values of
vsv measured directly off the methyl surface
certainly agree well with those obtained
from the contact angle of hexadecane and
diiodomethane but not with that obtained
using a fluorocarbon liquid. The situation
becomes reversed for the fluorocarbon sur-
tace (see Table 1).

For PDMS™-0,Si(CH,),;OCH,;, the
surface free energy as obtained from the
contact angle of hexadecance 15 somewhat
lower than that obtained from the contact
angle of dilodomethane. Although the rea-
son for this discrepancy is not clear, it is
plausible that diiodomethane has a greater
ability to interact with underlying functional
groups (that is, ether groups) than does
hexadecane (22). This observation is similar
to that reported for the SAMs of w-mercap-

less than 1 ergfcm?.

(PFD); and 49.3 dynes/cm (DM). vy5,°™ and vy
energy values obtained from compression and decompression experiments,
respectively. yq' indicates the surface energy value as obtained from contact
angle measurements using liquid 1. The errors in estimating vy, values were
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Fig. 3. Plots of «® against P showing weak
hysteresis for the surface PDMS*-

0;Si(CH,),oCHj. The radius of the lens was
0.97 mm. The open circles represent the data
obtained from compressive loads and the closed
circles represent the data obtained from decom-
pressive loads. The solid lines in both plots are
predicted from Eq. 3.

tocthers [HS(CH,),,0O(CH,),,CH3; n = 0
to 5] on gold, where hexadecane was in-
terred to be a more surface-sensitive probe
liquid than water and glycerol (23). The
agreement between the values of g, for the
methyl ether surface (R = OCH3;) obtained
from the contact angle of hexadecane and
direct measurement indicates that adhesion
between solids is very surface sensitive (24).
The methyl ester surface (R = CO,CHj)
was wettable by hexadecane, indicating the
head group region of this surface is signifi-
cantly disordered and populated with the
carbonyl groups. The measured surface free
energy of this surface is consequently higher
than that of the methyl ether surface and is
in reasonable agreement with the estimate
based on the contact angle of diiodo-
methane. A similar high wettability (and
thus high surface energy) is also observed
tor the surface containing bromide groups
(R = Br).

These studies demonstrate that self-as-
sembled alkylsiloxane monolayers on PDMS
are excellent model systems for studying

decom

indicate the surface

Contact angles (degrees)

Surface free energies (ergs/cm?)

Surface

g HD g HD g.TED g DED g PM g DM - ygydesom ysuHP vy TED T
PDMS™-0;8i(CH,),(CF,),CF4 71 68 35 35 98 67 15.5 16.5 12.7 15.0
PDMS™-0;S81(CH,),0CH; 41 40 37 37 73 73 195 22.0 21.5 14.7 20.6
PDMS**-Q;Si(CH, )”OCH; 24 20 55 54 26.5 27.0 25.7 30.8
PDMS*-0,38i(CH,),,OCOCH; 0 0 45 45 325 335 36.0
PDMS™*-O;8i(CH,),,Br 0 0 42 40 36.0 37.5 37.9
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adhesion between surfaces. The method de-
scribed here;, which is based on deforma-
tions in a compliant polymeric lens and
sheet, 1s sensitive to small variations in the
compositions of the surface. In terms of
analyzing surface energetics, it is comple-
mentary to measuring contact angles. Al-
though we have so far studied systems that
interact primarily through London-van der
Waals forces, the method can also be used to
investigate more complex intertacial interac-
tions (for example, hydrogen bonding) by
incorporating relevant functional groups on
the surface of the PDMS (25).

REFERENCES AND NOTES

. W. AL Zisman, Adv. Chem. Ser. 43,1 (1964).

2. T. Young, Miscellaneous Works, G. Peacock, Ed.

6.

10.
11
12.

13.

15.

(Murray, London, 1855), p. 1.

. L A. Girtfalco and R. J. Good, J. Phys. Chem. 61,

904 (1957); R. J. Good and L. A. Girifalco, ibid.
64,561 (1960); F. M. Fowkes, Ind. Eng. Chem. 56,
40 (1964). The theories of intermolecular forces for
dispersive systems only predict that the energy of
intermolecular interaction between dissimilar phases
is given by the geometric mean of their cohesive
cenergies of interaction. Stretching this conclusion to
surtace free energics (as has been done with Eq. 2)
has never been justified theoretically. Theretore Eq.
2 ts semiempirical.

. In his classic paper (1), Zisman wrote: “Unfortu-

natcly, the cffeet of constitution on cither yg* or
Ys1. 1s still unknown, and neither quantity can be
studied until a satistactory experimental method for
measuring it has been found .. ." (Note that the
symbol y¢ in this statement has, basically, the
same physical meaning as that of yqy; the super-
script “0” implied that the measurements are made
under saturated vapor pressure.) One major experi-
mental difficulty in analvzing the energetics of solid
surfaces arises because most real systems exhibit
hysteresis of some sort, indicating that they are not
at thermodynamic equilibrium. Young’s equation
strictly applies only at equilibrium.

. K. L. Johnson, K. Kendall, A. D. Roberts, Proc. R.

Soc. London Ser. A 324, 301 (1971). Significant
contributions to our understanding of the deforma-
tions between elastic solids were also made by the
school of Derjaguin et al. [B. V. Derjaguin, Kolloid
Z. 69, 155 (1934); . V. M. Muller, Yu. P.
Toporov, J. Colloid Interface Sci. 53, 314 (1975)}].
However, JKR theory is more applicable for our
present purpose (12). Sce (6) tor the details describ-
ing the differences between various theories dealing
with contact deformations.

R. G. Horn, J. N. Israclachvili, F. Pribac, J. Colloid
Interface Sci. 115, 480 (1987).

. K. Kendall, J. Phys. D 4, 1186 (1971); J. Adhesion

5,77 (1973).

. D. Maugis and M. Barquins, Adhesion and Adsorp-

tion of Polymers: Polymer Science and Technology, L.
H. Lee, Ed. (Plenum, New York, 1980), vol. 12A,
p. 203; M. Barquins and R. Courtel, Wear 32, 133
(1975).

. A. D. Roberts and A. B. Othman, Wear 42, 119

(1977).

D. Tabor, J. Colloid Interface Sci. 58, 2 (1977).

A. E. Lee, ibid. 64, 577 (1978).

M. K. Chaudhury and G. M. Whitesides, Langmuir
7, 1013 (1991).

G. §. Ferguson, M. K. Chaudhury, G. B. Sigal, G.
M. Whitesides, Science 253, 776 (1991).

). Sagiv, . Am. Chem. Soc. 102, 92 (1980); R.

Maoz and J. Sagiv, J. Colloid Interface Sci. 100, 465
(1984); S. R. Wasserman, Y.-T. Tao, G. M. White-
sides, Langmuir 5, 1074 (1989); N. Tillman, A.
Ulman, J. 8. Schildkraut, T. C. Penner, J. Am.
Chem. Soc. 110, 6136 (1988).

The original JKR equation was expressed in terms of
W, the work of adhesion. For two similar surfaces,
W s cqual to 2vygy, and thus we have expressed the

1232

16.

19.

20.

JKR cquation in terms of ygy.

The conditions used for silanization of PDMS™
were slightly different from those reported in (12).
Under new conditions, desiccators containing par-
athin oil solutions of silanes were evacuated to about
0.001 torr for 30 min. Oxidized PDMS samples
were usually placed ar about 1.5 ¢cm from the oil
level. The concentrations of silanes were 60 pl of
silane per 3 g of parafhin oil, except for the fluoro-
alkylsilane tor which the concentration was 5 pl
silane per 3 g of paraffin oil. We could consistently
obtain surfaces exhibiting low hysteresis using these
conditions.

. The exact nature of the plasma-oxidized surface of

PDMS 15 unclear. Most reports, however, agree that
it contains stlanol groups. For examples, sce: . W
Fakes, M. C. Davies, A. Brown, J. M. Newton, Surf.
Interface Anal. 13, 233 (1988); D. W. Fakes, J. M.
Newton, J. M. Watts, M. . Edgell, ibid. 10, 416
(1987); M. Morra et al., J. Colloid Interface Sci.
137, 11 (1990). The findings of Fakes et al. indi-
cated that the structure of the surface resembles that
of norganic silica. Morra er al. believe thar the
structure is more complex. The formation of surface
sifanols is, however, widely accepted. The surface
propertics of the silanc-treated PDMS™ are, howey

er, determined by the composition and structure ot
the silane, not by the underlving oxide layer (72, 141
The wettability properties of the  silane-treated
PDMS surtaces are similar to those ot the corre-
sponding monolavers formed on silicon water

. The methyl ether surtace, when treshly tormed,

exhibited significant hystereses in both contact an-
gles and contact detormations (not reported herey. Tt
was necessary 1o rinse this surface in decalin, cetha-
nol, and water in order to minimize hysteresis.
The load-deformation and contact-angle measure-
ments were performed on different samples taken
from the same batch.

The origin of the large hysteresis of ditodomethane
on the fluorocarbon surface is not clear. Because of

21

22.

25,
26.

the high hysteresis, we did not use this liquid to
calculate gy of the fluorocarbon surface.

Similar anomalies in the values of gy for the
fluorocarbon and hydrocarbon surfaces (as estimat-
ed using contact angles) have also been observed by
Fowkes [F. M. Fowkes, Adyv. Chem. Ser. 43, 99
(1964)]. Non-ideal interaction between fluorocar-
bons and hydrocarbons is also well known in their
solubility properties [see J. H. Hilderbrand and R.
L. Scott, Solubility of Non-Electrolytes (Reinhold,
New York, ed. 3, 1950)].

These differences cannot be explained on the basis of
the surtace swelling because neither hexadecane nor
diiodomethane swells monolayer-coated PDMS.

. C. D. Bain and G. M. Whitesides, J. Am. Chem.

Soc. 110, 334 (1988). The term “high surface
sensitivity™ is used here looselv. Whether the liquids
{water, glveerol, or ditodomethane) sense the under-
Iving functional groups by long-range forces or by
perturbing the structure of the surface is not clear.
High surface sensitivity of adhesion has also been
demonstrated recently by Burnham er al. [N, A
Burnham, D. D. Dominguez, R. I.. Mowery, R. J.
Colton, Phys. Rev. Len. 64, 1931 (1990)], who
used an atomic force microscope to measure the
torce between rungsten and different surfaces, in-
cluding Langmuir-Blodgett films of stearic acid and
w,.o-trifluorostearic acid deposited on Al/ALO;.
In these studies the adhesion foree between tungsten
and monolayer-coated alumina changed remarkably
when the surface composition varied from ~CHj to
~CF;.

M. K. Chaudhury, unpublished results.

M.K.C. acknowledges support from Dow Corning.
The ininial stages of this work at Harvard University
were supported tn part by the Office of Naval
Rescarch and the Defense Advanced Research
Projects Agency. We thank M. J. Owen (Dow
Corning) for many valuable discussions.

3 October 1991 accepted 9 January 1992

SCIENCE, VOL.. 255



	339(1).PDF
	339(2).PDF
	339(3).PDF
	339(4).PDF

