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underwater at different cetyltrimethyl-ammonium bromide (CTAB)
concentrations. For all concentrations studied here, the sliding force
is linearly proportional to the normal force (text S1). The magnitude
of the changes in the COF is qualitatively similar to that reported by
Richards and Roberts (29), who studied friction between two rubber
surfaces in the presence of anionic surfactant. We categorize this be-
havior into three different regions. In region 1, the COF is high (1.55 ±
0.08) and insensitive to the CTAB concentration. In region 2, the COF
decreases rapidly with increasing CTAB concentration. In region 3,
the COF continues to decrease until 5 mM, before reaching a second
plateau (m = 0.25 ± 0.05). We define this concentration as C*COF. We
define the onset of region 3 as the critical micelle concentration (cmc)
of CTAB, the concentration needed for forming a monolayer at the
air-water interface. Note that C*COF > cmc. To understand the friction
results, it is first necessary to understand the structure of interfacial
water and how surfactants adsorb onto hydrophobic surfaces.

We have determined the adsorption isotherm for CTAB on both
PETS and PDMS by calculating the interfacial energy (gs,l) on the basis
of the contact angle measurements of different CTAB solutions on
PETS or PDMS substrates. To calculate the interfacial energy, we in-
dependently measured the surface tension (gl,v) of the CTAB solu-
tions at the liquid-vapor interface using a Wilhelmy plate balance, and
we assumed that the surface energy of the solid (gs,v) was constant (text
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S2) (30). Figure 1B shows the changes in gs,l with CTAB concentration,
which are defined by the three regions described in the frictionmeasure-
ments. In region 1, the values of gs,l for both PETS and PDMS are in-
sensitive to the CTAB concentration, suggesting that, perhaps, CTAB
adsorbsminimally in this concentration range. In region 2, gs,l decreases
until 0.9 mM CTAB. We identify this point as C*, the surfactant con-
centration needed to saturate the surface.C* is identified to be the same
as the cmc, and thus,C*COF >C*. An observation thatC*PETS =C*PDMS

indicates the similarity in the adsorbed CTAB monolayers on both hy-
drophobic surfaces. In region 3, the values of gs,l are again independent
of surfactant concentration. Using Gibbs surface excess, we estimate the
surface coverage (GCA) for the surfaces to beGCA,PDMS = 116 ± 18 ng/cm

2

and GCA,PETS = 123 ± 15 ng/cm2 (text S2). These values of surface cov-
erage match the values expected for an adsorbed CTAB monolayer
oriented approximately parallel to the surface normal, G⊥ = 135 ng/cm2

(31, 32). Formolecules lying flat or parallel to the surface plane,we expect
a coverage of G∥ = 88 ng/cm2 (31). These results suggest that a mono-
layer coverage of surfactant is complete atC* on both PETS and PDMS
substrates with similar surface coverage.

To directly quantify the mass of CTAB adsorbed on PETS and
PDMS, we used quartz crystal microbalance with dissipation (QCM-D),
as shown in Fig. 1C. The data show that in region 1, CTAB adsorbs onto
PETS andPDMS, even though theCOF is similar to the values observed
Fig. 1. Contact mechanics measurements. (A) Comparison of the underwater COF on the left axis and the work of adhesion (Wad) obtained using zero-
load JKR (33) on the right axis. With zero-load JKR, the values were not measurable after 0.005 mM CTAB. The lens did not make adhesive contact past
0.005 mM. (B and C) The amount of adsorbed CTAB was measured by interfacial energy calculated from contact angle measurements (B) and QCM-D
measurements (C), both as a function of surfactant concentration. QCM-Dmeasurements of themass adsorbedwere analyzed using the Sauerbrey equation,
assuming a rigid adsorbed film. At a CTAB concentration of 0.4mM, the surface coverage of CTAB is 125 ± 15 ng/cm2 on PDMS and 199 ± 45 ng/cm2 on PETS
(text S3). The SDs were determined using a sample size of n = 3 for COF and adhesion and n = 2 for the QCM-Dmeasurements. Propagated error for gs,l was
determined from contact angle measurements of multiple samples and contact spots. The roughness measured by atomic force microscopy is within good
agreement for the silanization of glass with PETS (0.7 nm). The root mean square roughness of glass and a PETS self-assembled monolayer (PETS-SAM) on
glasswas 2.8 and3.6 nm, respectively. Thedashed lines denote the three regions described in themain text, highlighting thedifferences between friction and
surface coverage. C* is the concentration at which themonolayer formation is complete, and C* ≠ C*COF. (D) The COF in air and underwater in the absence of
CTAB serves as control experiments. (E) The schematic of a PDMS lens sliding on a PETS substrate is shown to measure the COF (not to scale). The flattened
contact under the compressive load is accentuated for clear visualization.
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underwater without anyCTAB.Adsorbedmass continues to increase in
region 2. The use of the Sauerbrey equation to calculate the adsorbed
amount is not valid beyond 0.9mMCTAB concentration because of the
increase in dissipation harmonics (text S3). This concentration, 0.9mM,
coincides with the cmc of purified CTAB and C*, calculated using the
interfacial energymeasurements. The increased dissipation suggests that
loosely attached micelles are close to the CTAB monolayer in region 3.
QCM-D accounts for both adsorbed surfactants and boundwater; hence,
the surface coverage values measured by QCM-D are higher than those
determined from interfacial energy measurements.

To further elucidate the orientation of the adsorbed CTAB mono-
layer and the structure of interfacial water, we used surface-sensitive
infrared-visible SFG spectroscopy in total internal reflection geometry.
SFG is a second-order nonlinear optical technique that provides informa-
tion on chemical composition and orientation of interfacial molecules
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(40). The selection rules of SFG spectroscopy prohibit signals from a
centrosymmetric bulk, making it possible to selectively interrogate only
the adsorption of CTABmolecules at a PETS interface. In this exper-
iment, a PETSmonolayer was deposited on a sapphire prism, and the
changes in the SFG spectra are monitored as a function of CTAB con-
centration underwater. The spectral features in the hydrocarbon region
(2750 to 3150 cm−1) with increasing CTAB concentration are shown in
Fig. 2 (A and B). These measurements are done using D2O, instead of
H2O, to avoid the overlapping of the narrow features of hydrocarbon
signals by the broad spectral signature ofH2O.We collected SFG spectra
for selected concentrations in region 1 (0.005 mM), region 2 (0.1 and
0.9mM), and region 3 (5mM). For PETS-air and PETS-D2O interfaces,
the strong peaks observed at 3040 and 3070 cm−1 are associated with
phenyl n7a and n2 stretchingmode vibrations, respectively (41).Weaker
peaks observed at 2910 and 2970 cm−1 are assigned to Si-CH2 and the
 on A
pril 18, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

Fig. 2. SFG spectra for CTAB adsorption on PETS. (A and B) SFG spectra collected using SSP (A) and SPS (B) polarization as a function of CTAB concen-
tration, in which we expect hydrocarbon signatures. Measuring both polarizations provides complementary data for the spectral interpretation of CTAB on
PETS. (C) The presence of D2O was observed by scanning the region where we expected only D2O spectral features. The characteristic regions (1 to 3) are
indicatedby the vertical bars. Theweakly coordinated−ODpeak (represented by dashed linewith 2) and the strongly coordinated−OD (represented by dashed
line with 1) peak evolvewith increasing surfactant concentration. (D) The spectra were fitted using the Lorentzian function, and the changes in amplitude
CH2,asym (Aq,2935) are shown as a function of surfactant concentration. SPS is more sensitive to the orientational changes of CTAB than SSP. a.u., arbitrary unit.
(E)Model of theCTAB interface in contactwithwater. For simplicity, thismodel assumes 100%dissociationof CTABheadgroups, although it hasbeen reported
that the dissociation can be as low as 21% (34). The surface density of−OHgroups on sapphire surface (35), molecular dimensions for CTAB (11, 36), water (37),
and PETS (38, 39) were estimated on the basis of published literature. The orthogonal packing represented is consistent with the area per molecule based
on the interfacial energy measurement, 52 Å2 per molecule, which is similar to the theoretical area calculated for orthogonal packing (text S2).
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