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Asymmetric Electrostatic and
Hydrophobic�Hydrophilic Interaction
Forces between Mica Surfaces and
Silicone Polymer Thin Films
Stephen H. Donaldson, Jr.,† Saurabh Das,† MatthewA. Gebbie,‡ Michael Rapp,† Louis C. Jones,† Yuri Roiter,§

Peter H. Koenig,^ Yonas Gizaw,§ and Jacob N. Israelachvili†,‡,*

†Department of Chemical Engineering, University of California, Santa Barbara (UCSB), Santa Barbara, California 93106-5080, United States, ‡Materials Department,
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6210 Center Hill Avenue, Cincinnati, Ohio 45224, United States, and ^The Procter & Gamble Co., Modeling and Simulation/Computational Chemistry, 8611 Beckett Road,
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T
he physical and chemical properties
of silicones (high thermal stability,
low conductivity, low toxicity, bio-

compatibility, hydrophobicity, low chemical
reactivity) have led to widespread use in
many materials, including in lubricants,1,2 mi-
crofluidic devices,3�6 biomedical devices and
implants,6�8 and emulsions.9�11 In many of
theseapplications, the interfacial properties of
silicone (e.g., surface energy, hydrophobicity)
and the physical interactions of silicone with
other materials (e.g., adhesion, adsorption,
hydrophobic interactions, steric interactions,
electrostatic interactions) are keydetermining

factors for obtaining the desired behavior and
functionality.
For example, interactions between bio-

films and silicone interfaces determine the
biocompatibility of medical and cosmetic
implants.8 The wetting behavior and che-
mical structure of silicones can be modified
by chemical treatments,12 making the sili-
cone more suitable for microfluidic electro-
phoresis and allowing for covalent attach-
ment of DNA molecules in microfluidic
biosensors.13 Hydrophobicity and other in-
terfacial properties of silicone also influence
the adsorption of surfactants and other
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ABSTRACT We have synthesized model hydrophobic silicone thin

films on gold surfaces by a two-step covalent grafting procedure. An

amino-functionalized gold surface reacts with monoepoxy-terminated

polydimethylsiloxane (PDMS) via a click reaction, resulting in a

covalently attached nanoscale thin film of PDMS, and the click

chemistry synthesis route provides great selectivity, reproducibility,

and stability in the resulting model hydrophobic silicone thin films. The

asymmetric interaction forces between the PDMS thin films and mica

surfaces were measured with the surface forces apparatus in aqueous

sodium chloride solutions. At an acidic pH of 3, attractive interactions

are measured, resulting in instabilities during both approach (jump-in)

and separation (jump-out from adhesive contact). Quantitative analysis of the results indicates that the Derjaguin�Landau�Verwey�Overbeek theory

alone, i.e., the combination of electrostatic repulsion and van der Waals attraction, cannot fully describe the measured forces and that the additional

measured adhesion is likely due to hydrophobic interactions. The surface interactions are highly pH-dependent, and a basic pH of 10 results in fully

repulsive interactions at all distances, due to repulsive electrostatic and steric-hydration interactions, indicating that the PDMS is negatively charged at

high pH. We describe an interaction potential with a parameter, known as the Hydra parameter, that can account for the extra attraction (low pH) due to

hydrophobicity as well as the extra repulsion (high pH) due to hydrophilic (steric-hydration) interactions. The interaction potential is general and provides a

quantitative measure of interfacial hydrophobicity/hydrophilicity for any set of interacting surfaces in aqueous solution.

KEYWORDS: hydrophobic . hydrophilic . click reaction . PDMS monolayer . mica . thin film
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small molecules, which in turn determines the phase
behavior of emulsions,9,10 and can impact the mea-
surement of tiny chemical concentrations in microflui-
dics experiments.14

In this work, we have synthesized covalently grafted
thin films of polydimethylsiloxane (PDMS) on molecu-
larly smooth gold surfaces to design a model silicone
surface. The wetting properties were examined by
contact angle measurements, while the surface chem-
istry at the PDMS surface was determined using X-ray
photoelectron spectroscopy (XPS). The main goal of
this study was to determine the magnitude and range
of the interaction forces (i.e., van der Waals, electro-
static, hydrophobic, steric, polymeric) between PDMS
and a mineral surface. The asymmetric interaction
forces were directly measured between the PDMS
surface and an apposing mica surface with the surface
forces apparatus (SFA). The surface properties of mica
are well-known, so the silicone�mica model system
allows for complete determination of the interfacial
properties and interactions of silicone surfaces.
The PDMS surfaces were synthesized using a two-

step grafting procedure by thiol and click chemistry, as
summarized in Figure 1. A molecularly smooth gold
surface was functionalized with an amine-terminated
thiol self-assembled monolayer (Figure 1a, NH2-SAM).
Monoglycidyl ether terminated PDMS (Figure 1b) was
reacted with the NH2-SAM, a typical example of a click
reaction,15,16 to give the amino-alcohol chemical struc-
ture shown in Figure 1c. This synthesis procedure
forms a stable, smooth, hydrophobic, covalently at-
tached nanothin film of PDMS (Figure 1d). Similar graft-
to strategies have been used for forming functional
monolayers by click chemistry for antibiofouling,17

stem-cell adhesion,18 and biocatalysis studies.19

The silicone monolayers provide a model system for
determining the asymmetric interactions between hy-
drophobic and hydrophilic surfaces, which remains an

open issue both experimentally and theoretically.
Many of the previous force measurements between
hydrophobic and hydrophilic surfaces were done with
AFM,20,21 which lacks the absolute distance measure-
ment of the SFA, or involved physically adsorbed
surfactants that exhibit subtle electrostatic effects.22

While polystyrene films were prepared by a similar
graft-to procedure,23,24 force measurements between
the PS films andmica surfaceswere not reported. Studies
between liquid silicone films and mica surfaces have
been done with AFM,25,26 but the liquid film adds addi-
tional complexity due to hydrodynamic interactions.
The silicone�mica system described here utilizes

two inherently stable surfaces and allows for unambig-
uous insights into the interaction potential and speci-
fically the separate electrostatic, hydrophobic, and
steric contributions between silicone and mica sur-
faces. We have measured the interactions between
silicone and mica surfaces as a function of solution pH
and electrolyte concentration, allowing for insights
into hydrophobic and hydrophilic interactions, as well
as ion adsorption at PDMS interfaces that can modify
both the adhesive and long-range interactions be-
tween silicone and mica surfaces.

RESULTS AND DISCUSSION

Preparation and Characterization of Silicone Thin Films on
Extended Gold Surfaces. Stable, hydrophobic PDMS sur-
faces were prepared using the two-step grafting pro-
cedure shown in Figure 1. As described in more detail
in the Methods section, a molecularly smooth gold
surface was immersed in a 1 mM ethanolic solution of
11-amino-1-undecanethiol (chemical structure shown
in Figure 1a) for 2 h. As shown in Figure 1c, this initial
functionalization results in the NH2-SAM. Following the
NH2-SAM formation, the surface was immersed inmono-
glycidyl ether terminated PDMS liquid (monomer struc-
ture shown in Figure 1b) andheated to 130 �C for 1 h. The

Figure 1. Chemical structures of the materials and films used in this study. The raw materials include (a) 11-amino-1-
undecanethiol hydrochloride (SAM) and (b) monoglycidyl ether-terminated poly(dimethylsiloxane) (PDMS), where the
number of monomer units (N) = 64. The initial functionalization utilizes thiol chemistry to form the NH2-SAM shown in (c).
Immersing theNH2-SAM into the pure PDMS liquid andheating at 130 �C for 1 h results in the covalently attached thin silicone
film shown in (d).

A
RTIC

LE



DONALDSON ET AL . VOL. 7 ’ NO. 11 ’ 10094–10104 ’ 2013

www.acsnano.org

10096

terminal glycidyl ether group undergoes a nucleophilic
ring-opening by the terminal amine on the pregrafted
monolayer, resulting in the amino�alcohol linkage be-
tween the NH2-SAM and PDMS shown in Figure 1d.

We performed several measurements to confirm
the successful attachment of PDMS at the NH2-SAM
surface. First, the advancing and receding contact
angle of water droplets on these PDMS surfaces were
measured, which show a very high contact angle on
advancing (θa = 113� ( 2�) and only a small degree of
hysteresis upon receding (θr = 103� ( 2�). The slightly
lower contact angle during receding is likely due to
small rearrangements of interdigitated PDMS chains
and interfacial water. This small degree of hysteresis
indicates that molecular detachment of grafted PDMS
does not occur, and no contact line pinning was
observed, indicative of a very smooth film with few
underlying microscopic defects.

The proposed surface chemistry between gold,
NH2-SAM, and PDMS was established using XPS. Thiol
samples were prepared using the standard 2 h pre-
paration (thiol 2), as well as an overnight preparation
for 17 h (thiol 17). The PDMS film was prepared as
described in the Methods section. A summary of the
XPS results for these three samples is shown in Figure 2.
The N 1s region shows three distinct peaks, all of which
correspond to distinct chemical species. For the 2 h
thiol (black curve), two peaks are observed near 399.6
and 401.7 eV, corresponding to the primary amine
peak for the SAM, as well as a protonated amine peak,
respectively. The protonated peak becomes much
larger than the primary amine peak for the 17 h
preparation (red curve), indicating that the quality of
the NH2-SAM decreases for longer preparation times.
After PDMS attachment (confirmed also via the Si 2s
signal shown in the inset) to the NH2-SAM, a new
prominent N 1s peak at 400.4 eV is observed (green
curve) that corresponds to a secondary amine formed
upon reaction of the primary aminewith the terminally
functionalized PDMS. The N 1s peak shift to higher
binding energy after reaction confirms that a covalent
bond is formed, likely between the terminal amine on
the NH2-SAM and the terminal glycidyl ether on the
PDMS. The Si 2s signal shown in the Figure 2 inset
shows no signal before the PDMS treatment, indicating
that there is a negligible amount of silicon present in
the two thiol monolayers (thiol 2 and thiol 17, red and
black curves, Figure 2 inset). After PDMS treatment, a
large peak is observed in the Si 2s region, providing
further confirmation of the silicone attachment.

Measurement of the wetting properties and surface
chemistry of the PDMS surface indicates that the
grafting procedure results in a very hydrophobic,
stable thin film of PDMS on extended gold surfaces.
As described below, the exact thickness of the film,
along with interaction force profiles, was measured
with the SFA to fully characterize the interaction forces

betweenPDMSandmica surface. Toexamine theeffects
of salt concentration andpHon the electrostatic double-
layer forces, force measurements were performed in
sodium chloride aqueous solutions of varying salt con-
centration (1, 5, and 10mMNaCl) at pH∼3 and pH∼10.

Thickness Measurements of Silicone Thin Films by FECO.
Measurements of the wetting properties showed very
hydrophobic contact angles for the silicone films,
indicating that the PDMS polymer chains fully cover
the underlying surface. The conformation of polymeric
chains grafted to surfaces is largely determined by the
solvent quality and the grafting density.27 As the
measurements here are concerned with behavior of
silicones in aqueous solutions, we focus on polymeric
behavior in poor solvents. In a poor solvent at low
grafting density, the polymer chains collapse and
aggregate, resulting in surface “micelles” of polymer
chains.28 Conversely, at moderate to high grafting
density, the chains' excluded volume prevents full
collapse and only weak collapse occurs, in which the
chains are still somewhat extended and the layer thick-
ness depends only on the polymer length (number of
monomer units,N, per polymer chain).28,29 As indicated
byanAFM topography scanof the silicone film inair (see
Supporting Information for more details), the surface

Figure 2. High-resolution N 1s and Si 2s X-ray photoelec-
tron spectra of amine-terminated thiol self-assembled
monolayers on gold and as-synthesized PDMS thin films
on gold (see text for details) in the N 1s and Si 2s regions.
The peaks labeled “1”, “2”, and “3” correspond to the amine
structures drawn in the top left, i.e., protonated amine,
primary amine, and secondary amine. Two thiol preparation
times were examined, by immersing the gold surface in
thiol solution for 2 h (black curve, “thiol 2”) and 17 h (red
curve, “thiol 17”). Deactivation (protonation) of the amine
terminal group is observed for longer thiol preparations. A
distinct shift in the N 1s spectrum is observed after PDMS
attachment (green curve), indicating successful covalent
linkage of the PDMSmolecule to the terminal amine group.
As shown in the inset, a large peak in the Si 2s region is
observed after PDMS attachment, while no signal is ob-
served in the Si 2s region for the thiol 2 and thiol 17 samples
because the amount of silicon present in those samples is
negligible.
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topography is flat with a roughness of (4 Å, indicating
that the chains have not phase separated or aggregated
and that the PDMS chains are within the moderate-to-
high grafting density regime. To gain quantitative in-
formation about the film structure and polymer chain
conformation within the PDMS film, we measured the
film thickness of the silicone by the fringes of equal
chromatic order (FECO) optical technique.

In air, the PDMS chains collapse due to van der
Waals interactions, and the film thickness, TPDMS, can be
measured in order to determine the grafting density by
eq 1, where Mn = 5000 g/mol is the number average
molecularweight,NA isAvogadro's number,F=0.965g/mL
is the bulk PDMS density, andΓ is the grafting density. This
calculation assumes a uniformdensity throughout the film.

Γ ¼ FNATPDMS=Mn (1)

We measured the film thickness in air for several inde-
pendently prepared samples and several different con-
tact points oneach sample. Themeasurement by FECO in
air gave a thickness T = 3 ( 1 nm, giving an average
grafting density Γ = 3.5� 1017 molecules/m2. Assuming
an area per molecule of about 28 Å2 for the NH2-SAM
indicates that about 10%of the sites on the NH2-SAM are
occupiedby a PDMSmolecule. Furthermore, thedistance
between grafting sites, s = 1.7 nm where Γ = 1/s2, is less
than the radius of gyration of the polymer (Rg ≈ 2.6 nm,
calculated for a theta solvent by Rg = aN1/2, where
a=0.364 nm is themonomer segment length andN= 64
is thenumberofmonomerunits), providing confirmation
that the grafting density is high and the interfacial
polymers are in the brush regime. We also estimated
the grafting density by fitting the XPS peaks, as shown in
the Supporting Information, which indicates that about
30%of NH2-SAM sites are occupied.We consider the SFA
thicknessmeasurement tobemorequantitative, but 30%
is within the observed range of values from the SFA
measurements and provides an upper bound.

Although water is a poor solvent for PDMS, the film
swells in aqueous solution to a measured value of
TPDMS = 6 ( 2 nm. Water is relatively insoluble in bulk
PDMS, so this is likely a surface effect where some
water and/or ions can penetrate into the interfacial
region. The van der Waals interactions between the
chains are weaker in water than in air, and the PDMS
interface has a relatively low grafting density, possibly
allowingmore space for water or ion penetration upon
introduction to water. As shown below, ion adsorption
plays a big role at PDMS interfaces, so ion penetration
into the layer is possible. These combined factors lead
to a slightly swelled film in aqueous solution.

Interaction Forces between PDMS and Mica Surfaces: Acidic
pH. To determine the surface properties and interac-
tion forces of the PDMS surface, the interactions
between PDMS and a mica surface were directly
measured by SFA. The experimental setup is shown
in Figure 3, in which a freshly prepared PDMS surface

on gold faces an apposing mica surface in the SFA. In
these experiments, the force, F, was measured as a
function of distance, D, where D = 0 is defined at flat
molecular contact between the mica surface and a
clean gold surface in air. The absolute thickness of the
PDMS was determined in each experiment by com-
pressing the PDMS to very high load (F/R > 500 mN/m)
against the mica surface. A flat, smooth contact was
established in every case, resulting in a thickness TPDMS

= 6( 2 nm. The error represents variation over at least
10 separate experiments; the thickness of a single
freshly prepared surface, as determined by measuring
at least three independent contact positions, varies
only by (0.5 nm, corresponding well with the rough-
ness of the PDMS as measured by AFM (root mean
squared roughness ∼0.4 nm).

The interaction forces between the PDMS and a
mica surface at low pH are shown in Figure 4. Adhesive
forces aremeasured during both approach and separa-
tion, with a small jump-in on approach and jump-out
on separation. The average adhesion force decreases
slightly from 5.5 ( 2 mN/m to 1.7 ( 0.6 mN/m as the
salt concentration increases from 1mM to 10mMNaCl.
According to previous work, and our own experiments
with mica surfaces shown in the Supporting Information,
the mica is weakly charged at this pH,30,31 resulting in an
electrostaticdouble layer interaction.However, as shown in
detail below, the Derjaguin�Landau�Verwey�Overbeek
(DLVO) theory alone does not account for the measured
adhesion, and it is likely that the adhesion is due to weak
hydrophobic attraction between the very hydrophobic
PDMS and the low charge density mica.

We previously derived an interaction potential for
the hydrophobic interaction between stressed surfac-
tant bilayers,32 which we found depends on the
amount of stressed area per molecule a, over and
above the equilibrium area per molecule a0, as shown
in eq 2a, where WH is the hydrophobic interaction
energy per unit area between flat surfaces, γ is the
hydrophobic�water interfacial tension, and DH is the
decay length of the hydrophobic interaction (DH ≈
1 nm for extended surfaces). In eq 2a, when a = a0,

Figure 3. Experimental setup in the surface forces appara-
tus (SFA) measurements performed in this study. Force
measurements were performed between a PDMS thin film,
prepared as described above, and a clean mica surface in
sodium chloride solutions (1, 5, and 10mMNaCl at pH 3 and
pH 10).
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there is no contribution from the hydrophobic interac-
tion. However, as the bilayers are stressed, a becomes
greater than a0 and the hydrophobic interaction pro-
gressively contributes a stronger attractive interaction.
When a . a0, the bilayers are fully stressed and the
maximum hydrophobic interaction is obtained.

WH ¼ �2γ(1 � a0=a)e
�D=DH (2a)

WH ¼ �2γ(1 � f )e�D=DH (2b)

WH ¼ �2γHy e�D=DH (2c)

We generalized eq 2a further, to the form shown in
eq 2b, in order to account for polystyrene-coated
nanoparticle aggregation as a function of changing

solvent quality,33 where f � a0/a and can be thought
of as the area ratio of hydrophilic to hydrophobic area at
an interface. When f = 1, there is no additional contribu-
tion fromhydrophobic or hydrophilic interactions, while
0 < f < 1 corresponds to progressively increasing
hydrophobic interactions, and f > 1 corresponds to a
repulsive hydrophilic contribution to the overall force,
otherwise known as a steric-hydration force34 and with
the identical decay length DH ≈ 1 nm.

We now introduce a more intuitive general form of
the interaction potential, as shown in eq 2c, where
Hy � (1 � a0/a) is termed the Hydra parameter and
more intuitively corresponds to the fraction of hydro-
phobic area at an interface. Thus, Hy = 0 indicates zero
contribution from hydrophobicity, while Hy = 1 indi-
cates the maximum hydrophobic interaction. Hy < 0
results in an overall repulsive steric-hydration interac-
tion generally due to adsorbed ions or hydrated spe-
cies. In this way, Hy in eq 2c can empirically describe
the gamut of hydration-based interactions, from hy-
drophobic surfaces that completely dewet water to a
fully hydrated surface with a contact angle of 0�.
Including the hydrophobic interaction along with the
van derWaals interaction and constant potential asym-
metric electrostatic interaction results in the following
overall interaction potential, eq 3:

F(D)
R

¼ � 1
6

AmPg

D2 þ AmwP

(D � TTot)
2

� �
þ 2πεε0K

� 2ψmψPe
�K(D � TTot) � (ψm

2 þψ2
P)e

�2K(D � TTot)

1 � e�2K(D � TTot)

" #

� 4πγHye�(D � TTot)=DH (3)

where WH was converted to F/R by the Derjaguin
approximation, i.e., F/R = 2πW, D is the absolute
separation distance between mica and gold, TTot =
TPDMS þ TSAM = 7 ( 2 nm is the total hard-wall
thickness, AmPg = 3.4� 10�20 J is the Hamaker constant
for mica interacting with gold across PDMS, AmwP =
7.1 � 10�21 J is the Hamaker constant for mica inter-
acting with PDMS across water, ε is the dielectric
constant of water, ε0 is the vacuum permittivity, κ is
the inverse of the Debye length, andψm andψP are the
surface potentials of the mica and PDMS, respectively.
TheHamaker constantswere calculated as described in
the Supporting Information (see eqs S2 and S3), while κ
was calculated from the sodium chloride molarity,
[NaCl], by eq 4:

K ¼ (2NA[NaCl]e
2=εε0kT )

1=2 (4)

where NA is Avogadro's number, e is the fundamental
charge, k is Boltzmann's constant, and T is temperature.
In these measurements, all of the parameters in eq 3
are fixed except for ψm, ψP, and Hy. The PDMS�water
interfacial tension, γ, is 44 mJ/m2, while the mica
surface potentials were measured in a separate experi-
ment at pH∼3 over the same range of salt concentrations

Figure 4. (a) Force runs measured by SFA between grafted
PDMS and mica surfaces. Experiments performed in aqu-
eous salt solution at pH∼3 and sodium chloride concentra-
tions of 1, 5, and 10mM. A jump-in is observed for each salt
concentration, at which point the gradient of the force
profile is larger than the spring constant. The jump-in point
is indicated by a black arrow on the curves. (b) Same data as
above for 1 mM NaCl only, displaying the separate contribu-
tions to the overall force curve (green curve), as calculated by
eq 3. This example shows the necessity of including a con-
tribution from the hydrophobic interaction to account for the
measured adhesion. The dotted line demarcates a critical
distance: at larger distances the forces are dominated by
long-range electrostatic interactions (indicated by the “DLVO”
label), while at smaller distances the forces are dominated by
short-range hydrophobic forces (indicated by the “Hy” label).
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(see Supporting Information). Thus, for these low-pH force
runs only two fitting parameters were used. The long-
range forces were fitted by adjusting ψP, while the short-
range adhesive forces were fitted by adjusting Hy.

The mica and PDMS surface potentials for the low-
pH measurements are shown in Table 1, along with the
fitted Hy values. The mica surface potential stays roughly
constant between �40 and �60 mV as the salt concen-
tration is increased from 1 mM to 10 mM NaCl. Mica is
well known to be a constant potential surface.35 The
surface potential,ψ0, can be used to calculate the surface
charge density, σ, from the Grahame equation, as shown
in eq 5, where all parameters are as described for eq 4.

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ε0εkT

p
sinh(eψ0=2kT)[NaCl]

1=2 (5)

Even though the surface potential stays relatively con-
stant at the mica surface, the surface charge density
increases with increasing salt concentration according to
eq 5, from�0.0032 C/m2 at 1 mM NaCl to 0.015 C/m2 at
10 mM NaCl. As might be expected for a hydrophobic
surface, the PDMS surface potentials and surface charge
densities are zerowithin the experimental error for all salt
concentrations.Hy decreases from about 0.2 to about 0.1
as the salt concentration increases from1 to 10mMNaCl.

The attractive interactions, measured during both
approach and separation as jumps into or out of
adhesive contact, are likely due to hydrophobic inter-
actions. The jumps are mechanical instabilities that
occur when the gradient of the force�distance profile
is greater than the spring constant, and thus the highly
sloped regions of the force curves are impossible to
access by this measuring technique.36 However, both
the jump-in and jump-out points are well described by
the theoretical curves, and it is clear that the van der
Waals forces are not strong enough to result in jumps-
in at the measured distances (Figure 4b). Thus, a longer
ranged and stronger interactionmust be invoked, and the
hydrophobic interaction is themost likelymechanism. This
is potentially a general effect between hydrophobic films
and mica surfaces at low pH: as shown in the Supporting
Information, a weak hydrophobic attraction must be
included also for the interactions between a covalently
attached alkanethiol monolayer and a mica surface.

While Hy decreases slightly with increasing salt
concentration, the effect is minor and the measured
Hy values are roughly the same within experimental
error. The decreasing Hy does not necessarily indicate
that hydrophobic interactions are weaker at higher
salt concentration. Rather, the effective hydrophobic
interaction is slightly decreased due to increased
hydrophilicity (increased charge density) at the mica
interface. At this point, our theory is not yet equipped
for asymmetric surface interactions, as in this case,
where the PDMS surface likely contributes to the over-
all hydrophobic interaction to a greater degree than
the mica surface. We expect that the interaction

potential for asymmetric surface interactions would
depend on the interfacial tension of each surface with
water, along with an effective Hy for each surface, i.e.,
WH,12 = WH,12(γ1, γ2, Hy1, Hy2), and should of course
reduce to eq 2c when γ = γ1 = γ2 and Hy = Hy1 = Hy2.

Interaction Forces between Silicone Thin Films and Mica
Surfaces: Basic pH. The measured interaction forces be-
tween the PDMS and a clean mica surface at varying
sodium chloride concentrations and pH ∼10 are
shown in Figure 5. The interaction is fully repulsive
and reversible at all distances during both approach
and separation. The long-range repulsive force shows an
exponential decay that is strongly modulated by the salt
concentration, a signature behavior of electric double
layer interactions. The repulsive forces can be quantita-
tively described at all distances by eq 3, where now a
negative Hy value is used to describe the short-range
hydration repulsion. Similar to the above analysis, the
forces are dominated by electrostatics at large distances
and a hydrophilic repulsion at short-range, allowing for
independent fitting of the PDMS surface potential (ψP)
and Hy. We note that these measured forces can also be
described by a DLVO model using constant charge
boundary conditions, and the simple constant charge
DLVO model fits nearly as well as the model described
here. However, we determined that the constant poten-
tial DLVO plus hydration model is more likely for the
following reasons. Previous work indicates that mica
tends to followconstant potential boundary conditions.35

Furthermore, most colloidal systems are closer to con-
stant potential, with the exception of very highly charged
interfaces that are fully ionized, which does not appear to
be the case for the PDMS surface.

Table 2 shows the Debye lengths and measured
surface potentials for all of the salt concentrations. As
expected from previous work,35 the mica surface po-
tential remains approximately constant for increasing
salt concentration at a value of about �100 mV (see
Supporting Information), while the mica surface
charge density becomes more negative, going from
�0.012 C/m2 to�0.044 C/m2 as theNaCl concentration
increases from 1 mM to 10 mM. The PDMS surface
potential decreases from ca.�100mV to ca.�40mV as
the NaCl concentration increases from 1mM to 10mM,
while the PDMS surface charge stays relatively constant

TABLE 1. Parameters for Modeling the Overall Interaction

between PDMS Thin Films and Mica Surfaces at pH ∼3a

[NaCl] (mM) κ
�1 (nm) ψm (mV) ψP (mV) Hy

1 9.7 �40 ( 10 �9 ( 13 0.18 ( 0.12
5 4.3 �60 ( 10 �6 ( 13 0.08 ( 0.05
10 3.1 �55 ( 10 �3 ( 5 0.07 ( 0.04

a The mica surface potential ψm was measured in a separate experiment, and the
Debye length (κ�1) was calculated from the salt concentration, eq 4. The only
fitting parameters were the PDMS surface potential (ψP) and Hy, which dominate
at different length scales (Figure 4).
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at �0.013 ( 0.003 C/m2 for all three salt concentrations.
We have not observed any effects on the electrostatic
forces due to the underlying NH2-SAM layer. More than
likely, that layer is uncharged, and water/ion penetration
does not extend down to that interface, so there is no
observed effect of changing pH and salt concentration
on the surface potential of the NH2-SAM. As discussed
below, the differences in the surface potential with
changing solution condition are due to the charging
behavior at the PDMS�water interface. Hy is identical
within error for all three salt concentrations (Hy =�0.20).

The analysis of the electrostatic forces indicates that
the charging behavior of the PDMS interface is drama-
tically affected by the bulk pH. At pH ∼10, the PDMS
interface holds a large negative charge, resulting in an
electrostatic repulsion with an opposing mica surface.
The large negative charge at high pH is possibly due to
adsorption of hydroxide (OH�) and chloride (Cl�) ions
at the PDMS interface, which have recently been
shown to adsorb at hydrophobic interfaces bymultiple

techniques.37�41 While hydroxide ion adsorption
seems to be the most likely explanation for the large
negative charge measured here, no consensus has been
reached and the issue remains controversial, from both
experimental and theoretical perspectives.42 Several
experimental38,39,43�47 and theoretical39,48 studies have
indeed foundOH� adsorption at hydrophobic interfaces,
while other experimental49�51 and theoretical52�54 pa-
pers determine that OH� is not surface active. We do not
wish to stake a claim on either side of this argument. The
experimental results unequivocally establish that the
PDMS surface is negatively charged at high pH, although
the identity and origin of ionic species at the interface are
not directly measured in these experiments.

Alternate mechanisms for the negative charge at
hydrophobic interfaces include (i) impurities that be-
have as surfactants resulting in the observed charge
behavior,50 although impurities seem unlikely in these
experiments, or (ii) hydrogen-bonding asymmetry at
hydrophobic interfaces.55 Regardless, a large negative
charge is clearly observed, especially at high pH, even
as the nature of the charging remains unclear. At pH∼3,
our SFAmeasurements indicate that the PDMS interface
is effectively uncharged, a finding that further confirms
literature reports that indicate that the isoelectric point
of hydrophobic surfaces occurs at pH 3.37�41

It is interesting to note that themeasured adhesion,
corresponding to Hy values between 0.1 and 0.2,
indicates that the mica is also behaving in a slightly
hydrophobic manner at low pH. While still slightly
charged, the charge has dramatically decreased, and
an uncharged mica surface consists mainly of siloxane
(Si�O�Si) linkages, which might be expected to be
somewhat hydrophobic. Indeed, the control measure-
ment between two mica surfaces (shown in Support-
ing Information) reveals an adhesion that appears to be
larger than vanderWaals forces betweenmica surfaces
at low pH. This measurement confirms that mica is
slightly hydrophobic at low pH, as was hinted in the
earliest direct measurements between mica surfaces.35

Our assertion that mica is slightly hydrophobic at pH∼3
is supported by recent pH-dependent contact angle
measurements on mica surfaces, which showed a max-
imum contact angle of about 30� for a pH ∼3 water

TABLE 2. Parameters forModeling the Overall Interaction

between PDMS Thin Films and Mica Surfaces at pH ∼10a

[NaCl] (mM) κ
�1 (nm) κfit

�1 (nm) ψm (mV) ψP (mV) Hy

1 9.7 7 ( 0.5 �80 ( 10 �99 ( 21 �0.20 ( 0.06
5 4.3 4.3 ( 0.5 �100 ( 10 �64 ( 15 �0.20 ( 0.09
10 3.1 3.1 ( 0.5 �105 ( 10 �39 ( 6 �0.20 ( 0.06

a The mica surface potential ψm was measured in a separate experiment, and the
Debye length (κ�1) was calculated from the salt concentration, eq 4, except in the
1 mM case, which differed slightly from the expected theoretical value as indicated.
The only fitting parameters were the PDMS surface potential (ψP) and Hy, which
dominate at different length scales (Figure 5).

Figure 5. (a) Force runs measured by SFA between grafted
PDMS and mica surfaces for salt concentrations of 1, 5, and
10 mM NaCl at pH ∼10. (b) Same data for 1 mM NaCl only,
showing the separate contributions fromelectrostatic inter-
actions and hydrophilic (steric-hydration) interactions. The
dotted line demarcates a critical distance: at larger dis-
tances the forces are dominated by long-range electrostatic
interactions (indicated by the “DLVO” label), while at smal-
ler distances the forces are dominated by short-range
hydrophilic forces (indicated by the “Hy” label).
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droplet, which progressively decreases to about 5� for pH
∼12 water.56 In fact, the large adhesion between mica
surfaces at low pH, resulting in an adhesion energy over
and above that expectedby the vdW force,was observed
already in 1973 (J. Israelachvili, unpublished data).

The observed PDMS surface potentials are in quanti-
tative agreementwith streamingpotentialmeasurements
of PDMS37,57 and AFM force measurements between
silicone-oil-coatedAFMtips andmica surfaces.25,26 Further
previous AFM work between hydrophobic and hydrophi-
lic surfaces also captures similar trends: decreasing adhe-
sion as one surface becomes more hydrophilic (or less
hydrophobic),21 and the observation that electrostatic
models describe asymmetric hydrophobic�hydrophilic
interactions remarkably well.20

Our results are also in qualitative agreement with
several recent simulation studies. Wang et al.58 exam-
ined competition between electrostatic and hydropho-
bic interactions by measuring binding affinity between a
hydrophobic particle and hydrophobic plates of varying
charge densities. They showed that for high charge
densities the plate behaves as would be expected for a
hydrophilic surface. As the charge density on the plate
decreases, so does the apparent hydrophilicity, and
hydrophobic behavior is recovered. Similarly, Patel et
al.59 studieddewetting transitions inbiologicalmolecules
and showed that a drying transition can be triggered
between two protein domains by turning the protein's
partial charges off. When the partial charges are present,
the protein interdomain regions remain wet. In principle,
our results are analogous to both simulation studies: at
high pH, the PDMS surface, while hydrophobic, displays
no hydrophobic character because of the high charge
density at the PDMS interface (Figure 5). At pH ∼3,
however, the PDMS interface is not charged and a weak
hydrophobic attraction induces adhesion between the
PDMS and mica interfaces.

CONCLUSIONS

Click chemistry was used to devise the model sili-
cone surface, which provides several advantages for
designing model hydrophobic surfaces. The reaction

selectively occurs at the interface, allowing for reliable
and stable monolayer formation. No special reagents,
techniques, or pieces of equipment are required, mak-
ing the synthesis easy, adaptable, and consistent,
resulting in smooth and hydrophobic surfaces. The
ease of synthesis is especially advantageous for surface
force measurements that require many square micro-
meters of clean and smooth surface area, and the
stability of the surface allows for many measurements
over the course of many hours or even multiple days.
We have shown that formation of functional mono-
layers is easier andmore reliable through selective and
simple chemistry, leading to improved quality and
functionality of the synthesized monolayers.
We postulate that Hy in general provides some

continuous measure of the interfacial hydrophobicity/
philicity and, by extension, the interfacial water struc-
ture, which has until now been lacking. Different
hydrophobic and hydrophilic systems can now be
classified based on Hy, thus providing a magnitude of
the relative hydrophobic/philic interaction for a given
system, and results can be compared to other techni-
ques that more directly or locally measure the actual
structuring of water. Molecular dynamics simulations
have provided a fluctuating, vapor-like picture of
hydrophobic interfaces. Focus now turns to examining
if a relationship exists between the equilibrium hydro-
phobic surface force (measured by Hy) and the dy-
namic water structure near hydrophobic interfaces.
The quantitativemeaning of themeasuredHy values

is somewhat unclear, because, as mentioned above,
we have yet to derive a form for asymmetric hydro-
phobic�hydrophilic interactions. However, from a
qualitative standpoint, the Hy values indicate a weak
hydrophobic attraction between uncharged silicone
and mica surfaces at low pH and a hydration repulsion
due to adsorbed ions on both surfaces between
charged silicone and mica surfaces at high pH. Thus,
we have shown that simple pH adjustment leads to
dramatically different ion adsorption behavior at hy-
drophobic surfaces and that Hy is correlated with this
ion adsorption.

METHODS
Surface forces measurements were performed at 21 �C with

the SFA 2000 model, which has been described in detail
elsewhere.60 Briefly, the force (F) is measured as a function of
distance (D) between the mica and gold surfaces. The distance
between the surfaces and the contact mechanics are measured
simultaneously by imaging the fringes of equal chromatic order.
The asymmetric gold vs mica setup creates a two-layer inter-
ferometer, rather than the standard three-layer interferometer
in usual mica vs mica SFA measurements.61 The equations for
the two-layer interferometer have been reported previously.61

Molecularly smooth gold was prepared by templating with
mica,62 in which gold is evaporated onto freshly cleaved
molecularly smooth mica. The gold is then glued onto a
cylindrical silica disk with radius R ≈ 2 cm, and immediately

before each experiment, the mica was peeled off in ethanol,
leaving behind a clean, molecularly smooth gold surface. Thin
mica sheets were also glued onto disks, and gold and mica
surfaces weremounted in the SFA in a cross-cylinder geometery
for force and film thickness measurements. Before surface
functionalization, clean gold and mica surfaces were brought
into contact in the SFA to determine the reference mica�gold
contact, i.e., D = 0. During each force run, the distance was
determined by capturing and analyzing the FECO fringes at a
rate of 2 frames/second. The surfaces were approached and
separated at a slow (quasi-static) rate (e.g., 2 nm/s) in the
noninteracting regime, and variation from this rate within the
interacting regime is due to deflection of a cantilevered spring,
allowing for determination of the interaction force. As men-
tioned previously, a jump (mechanical instability) occurs when
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the gradient of the force profile is larger than the spring
constant; these dynamic jumps into or out of contact are shown
by displaying arrows on the force curves.
Silicone thin films were prepared by the following grafting

procedure. After cleaving the mica away, the clean gold surface
was rinsed with ethanol and immediately immersed in a 1 mM
ethanolic solution of 11-amino-1-undecanethiol hydrochloride
(Sigma-Aldrich) for 2 h. Two drops of triethylamine were added
to this solution to prevent oxidation of the amine groups. The
reaction was done in a dark room (to avoid photo-oxidation of
the monolayer) at 21 �C. Following the 2 h period, the surface
was rinsed extensively with ethanol and blown dry with nitro-
gen gas, leaving behind a single monolayer of amino-termi-
nated thiol on gold. After drying, the surface was immediately
immersed in pure monoglycidyl ether-terminated PDMS liquid
(Mn = 5000 g/mol, Sigma-Aldrich) and placed in the oven at
130 �C for 1 h. The reaction proceeds as described above and
results in a monolayer of covalently attached PDMS molecules.
An extensive cleaning procedure was employed to remove

physically bound PDMS molecules. The surface is first rinsed
with ethanol, followed by extensive rinsing in toluene. PDMS is
soluble in toluene, so any physisorbed molecules should be
removed in the toluene rinses. After rinsing in toluene, the
surface is immersed in toluene and sonicated. A total of three
rinse/sonication cycles were done. Care must be taken during
sonication, because excessive sonication can damage the gold
surface and render it useless for the surface forces measure-
ments. Thus, the sonication time was progressively decreased;
that is, the first sonication was for 15 s, followed by 10 s, and
finally 5 s for the third and final sonication step. Longer
sonication times result in a greater amount of small asperities,
as observed by FECO, which are induced by the sonication.
Several early experiments were ruined by the presence of
asperities before the cleaning/sonication procedure was re-
fined. All reported SFA force runs and film thickness measure-
ments were performed at clean, smooth, asperity-free contact
zones. After the sonication/rinse cycles, the surface was rinsed
again with toluene and finally with ethanol and immersed in
ethanol for a short time (generally less than 20 min) before
installing into the SFA and starting the force measurements.
After rinsing with ethanol and blow-dryingwith nitrogen gas,

the PDMS-on-gold surface was installed into the SFA along with
a clean mica surface in cross-cylinder geometry. The apparatus
was filled with the NaCl solution, and all solutions were
degassed by stirring with Teflon chips and pulling a weak
vacuum for at least 1 h before transferring to the SFA. The pH
was adjusted by addingHCl or NaOH and not buffered, resulting
in some pH variability. The actual pH varied up to (0.3 pH
units. Thus, references to pH ∼3 here correspond to actual
pH = 3 ( 0.1, while references to pH ∼10 correspond to actual
pH = 10 ( 0.3.
The SFA results are representative for at least 10 different

experimental setups. In a single experimental setup, the dis-
tance accuracy is about (2.5 Å and the F/R resolution is about
0.1 mN/m. However, variability in the synthesized monolayers
and mica surfaces results in significant uncertainty in the
measured potentials and parameters shown in Tables 1 and 2.
The error bars in those cases are the standard deviation over the
entire data set and represent variability due to natural variability
of the mica surfaces, as well as the synthetic variability due to
quality of reagents (which can change over time, especially for
thiols) and environmental factors.
Contact angle measurements were performed with a home-

built goniometer, equipped with a camera and a syringe pump.
The results presented are representative of five independent
monolayer preparations and at least three separate contact
positions on each surface. Measurements were done by advan-
cing and receding a 5 μL droplet of pure water on the silicone
layer at a rate of 1 μL/min. The angles were analyzed with the
ImageJ contact angle plugin using the ellipsoid fitting routine.
X-ray photoelectron spectra were measured using a Kratos

Axis Ultra systemwith amonochromated Al KR source (1486.6 eV,
225 W). An electron flood gun was used for charge neutralization
to compensate for the nonconducting samples. All spectra were
referenced to the Au 4f signal for bulk gold (84 eV). For all spectra,

a linear baseline correction was used for all three samples in a
given energy range in order to subtract the background intensity.
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