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Adsorption of small molecular solutes in an aqueous solution to a soft
hydrophobic surface is a topic relevant to many fields. In biological and
industrial systems, the interfacial environment is often complex,
containing an array of salts and organic compounds in the solution
phase. Additionally, the surface itself can have a complex structure that
can interact in unpredictable ways with small solutes in its vicinity. In this
work, we studied model adsorption processes on hydrocarbon and
fluorocarbon self-assembled monolayers by using vibrational sum
frequency spectroscopy, with methanol and butylammonium chloride as
adsorbates. The results indicate that differences in surface functionality
have a significant impact on the organization of adsorbed organic species
at hydrophobic surfaces.
Index Headings: Interface; Water; Methanol; Amine; Sum frequency;
Surfactant.

INTRODUCTION
Understanding molecular-scale interactions of adsorbates
with fluorocarbon and hydrocarbon surfaces is of great
importance for biological and industrial applications seeking
to leverage the unique properties of fluorocarbons relative to
their hydrocarbon counterparts. Biologically, fluorocarbon and
hydrocarbon coatings are used for applications in drug-eluting
stents and as coatings for hardening microelectronics against
the harsh environment of the body.1–5 Industrially, fluorocarbons and hydrocarbons are used in a wide array of wet- and
dry-lubrication technologies.6–8 In any of these systems, the
coatings of interest are exposed to an array of chemical agents
of varying functionality. Two of particular note are molecules
with hydroxy and/or amine functionalities. Alcohols and
similar small organic molecules are known to cause degradation of lubricant films in microelectromechanical applications.7,8 Amines and amine chlorides are present in biological
molecules and are commonly used in applications where
cationic surfactants are required. In this study, we employed
vibrational sum frequency spectroscopy (VSFS) to examine the
adsorption of methanol and amines in aqueous solution to
hydrocarbon (HC) and fluorocarbon (FC) surfaces. The studies
were aimed at understanding the similarities and differences in
how small polar and charged solutes interact with these two
types of hydrophobic surfaces immersed in an aqueous
solution.
Methanol (MeOH) is an ideal molecule to spectroscopically
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probe adsorption behavior on both FC and HC surfaces. First,
the primary vibrational mode of the MeOH, which is the
fundamental CH3(ss) (symmetric stretching), occurs at 2830
cm1 in the bulk liquid. This energy is approximately 40 cm1
lower than a typical CH3(ss). The frequency difference eases
spectral analysis, because this mode does not overlap with
vibrational modes of the HC and FC surfaces. Second, MeOH
is electrically neutral. Previous reports showed that interfacial
charge has a large effect on the VSFS spectra of interfacial
water molecules at solid–liquid interfaces,9–15 notably at both
FC and HC surfaces,10,16 due to differences in interfacial
electrostatic fields. Adsorption of uncharged MeOH will be less
affected by the interfacial electrostatic field than that of a
charged species, which can be strongly enhanced or inhibited,
depending on the sign of the charge. Finally, MeOH lacks a
long carbon chain that causes self-ordering at the hydrophobic
interface, as has been seen for dodecanol at octadecane thiol
monolayers.17 Freed from these strong interchain interactions
that can drive adsorption, the degree to which lipophobicity
versus hydrophobicity plays a role in adsorption at the FC
surface can be more clearly determined.
Adsorption of a charged amine provides good contrast with
the neutral MeOH. The majority of VSFS studies concerning
charged species adsorption on hydrophobic surfaces has
focused on relatively large molecules such as surfactants18–24
and proteins25–32 adsorbing at polymer surfaces. Long-chain
alkylammonium salts are used in flotation of silica33–38 and
adsorption of long-chain amines has been studied by zeta
potential, 33,37,38 infrared (IR) spectroscopy, 39–41 and
VSFS.42,43 These molecules exhibit complex aggregation and
adsorption behavior because of van der Waals and/or
electrostatic intermolecular interactions and, in the case of
proteins, structural rearrangement as a function of pH and
adsorbed state.21,27,28,30,37 Small molecules simplify these
difficulties, allowing investigation of the direct, molecularlevel interactions between adsorbates and hydrophobic phases.
Butylammonium chloride (BuNH3Cl) has been chosen as a test
molecule for this analysis for two principal reasons. First, this
molecule exhibits properties between those of simple salts and
neutral, polar organics. This salt is highly water soluble, and
the carbon chain is not long enough to drive adsorption.
However, at four carbons, it is sufficient to cause some
molecular ordering.41 Second, because the dissociation constant is very small, it has a nearly negligible effect on the
solution pH and remains ionized even at low pH, meaning that
the NH2 species is not significantly present.
We previously conducted a comparative study of the
structure of water at FC and HC self-assembled monolayers
(SAMs) by using VSFS.16 We found critical differences in the
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FIG. 1. Monomers used to make the SAMs described in this paper are (a)
1H,1H,2H,2H-perfluorodecylsilane (FDS) and (b) octadecylsilane (ODS).

molecular interaction between water and these two types of
monolayers, most notably that water has more of a tendency to
penetrate the HC coating, due in part to the slightly stronger
interaction between water HC chains relative to FC chains. In
this report, we show that differences in adsorption of two small
organic molecules, MeOH and butylamine HCl (BuNH3Cl),
are driven by the unique interactions with both the FC and HC
SAMs.

EXPERIMENTAL
VSFS was used in these studies to measure the vibrational
spectrum of interfacial molecules. Over the past two decades, it
has developed into a useful tool for characterizing, spectroscopically, a variety of complex interfaces.17,21,45–49 VSFS
response is generated by coupling two high-intensity laser
sources in space and time at an interface between two
immiscible phases. One of the laser sources is a fixedfrequency visible beam, and the other is a tunable IR beam.
When the frequency of IR beam overlaps with that of a
vibrational transition that is both IR and Raman active, a small
amount of the incident light mixes and is coherently emitted at
the sum of the incident frequencies. The principle advantage of
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VSFS is its ability to investigate buried interfaces without the
production of large signal from the bulk media. By using the
electric dipole approximation, this coherent emission is
generated only by molecules in a noncentrosymmetric
environment such as that at the solid–liquid interface. No
contribution to the VSFS beam originates from molecules in
the bulk liquid or solid environments; thus, the signal is limited
to the few molecular layers experiencing net orientation at the
interface. The frequency dependence of the VSFS response is
unique to those molecules in the interfacial region, which
allows for the characterization of interfacial structure and
bonding. Furthermore, because VSFS is a coherent molecular
process, the signal is polarization encoded and can be used to
obtain molecular-orientation information. Within this report,
three polarization combinations are used to better understand
molecular orientation: SSP, SPS, and PPP; the letters denote
the polarization of the sum frequency, visible beams, and IR
beams, respectively. The SSP polarization exclusively probes
components of the interfacial nonlinear susceptibility, v(2),
containing information on the molecular transition dipole
moment normal to the interfacial plane; SPS primarily probes
the components parallel to the interfacial plane; and PPP
polarized data contain all elements of the transition dipole
moment. By comparing the vibrational modes in different
polarization schemes, information about relative molecular
orientation can be obtained. Extensive discussions of the
principles and analysis of VSFS is found elsewhere in the
literature.50–55
The VSFS system and sample setup used in this report were
previously described.16,56 In brief, a Spectra-Physics Lab 110
Nd:YAG, operating at 10 Hz, with a wavelength of 1064 nm,
was used to pump an IR generation stage consisting of a
potassium titanyl phosphate optical parametric oscillator
coupled to a potassium titanyl arsenate optical parametric
amplifier. The output of this stage ranges from 1 to 4 mJ across
the usable wavelength range of 2600–4000 cm1, with a
bandwidth of ’2 cm1. The IR pulses are overlapped in space
and time at the interface between the SAM and the liquid
phase, with approximately 500 lJ of 532nm visible light
generated by the frequency-doubled output of the master
oscillator. The resulting VSFS photons are spatially and
optically separated from the incident light before being
collected by a photomultiplier tube. The raw VSFS spectrum
is then normalized for variations in IR intensity and the
absorption of IR by the silicone dioxide (SiO2) prism and
substrate. These processed spectra are then fit with an
analytical global-fitting routine in IgorPro (Wavemetrics,
Beaverton, OR), developed in our laboratory and modeled
after the procedure introduced by Bain et al.57,58 to attain more
insight into the behavior of the systems investigated.
Hydrocarbon monolayers (octadecylsilane [ODS]) were
prepared from octadecyltrichlorosilane (95%) and fluorocarbon
SAMs were formed from 1H,1H,2H,2H-perfluorodecyltriethoxysilane (DFS; 95%) precursor molecules; the general form
of these molecules is shown in Fig. 1. Both materials were
purchased from Gelest (Tullytown, PA) and used after filtration
through a 0.1 lm Teflon membrane to remove any large
polymerization products and the copper stabilizer. The selfassembled monolayers of FDS and ODS were prepared with
different methods due to differences in reactivity of the
precusor molecules. We recently detailed the methods used.16
FDS samples were deposited via the Langmuir–Blodgett

method at a surface pressure of 15 mN/m, with a maximum
upward draw rate of 5 mm/min. Precursor molecules were
spread on the surface of pH 2 HCl at a starting density of 1
molecule per 45Å2 and equilibrated for 30 min to ensure that
all the ethoxy groups were hydrolyzed. ODS samples were
prepared from a dilute (2.3 mM) solution of octadecyltrichlorosilane in 4 : 1 (vol : vol) hexadecane–CCl4 under nearanhydrous conditions. Samples were allowed to react for 6 h
before being removed from the reaction matrix and rinsed
copiously with hexadecane, acetone, and MeOH. All samples,
ODS, and FDS, were cured at 110 8C for 1 h after initial
formation and then stored in a vacuum desiccator cabinet until
used.
Samples were initially characterized with atomic force
microscopy (Nanoscope IIIa, Digital Instruments) and static
water contact-angle measurements (KSV Theta). The samples
were found uniformly hydrophobic by contact-angle measurement and free from large defects or silane aggregation products
on the surface.
Three different MeOHs were used in the MeOH adsorption
experiments: CH3OH (Burdick and Jackson), CH3OD (SigmaAldrich), and CD3OD (Cambridge Isotopes). Solutions of
CH3OH–H2O were used for VSFS studies including the O–H
stretching region. CH3OD–D2O solutions were used for C–H
stretching region experiments, because substituting OD for OH
reduces the interferences with coordinated water-stretching
vibrations. Both types of solutions were made by mass to
account for changes in volume due to the mixing of the two
liquids. The solution concentrations are measured in mole
fraction (v) of MeOH.
Several isotopomers of BuNH3Cl were used to study
charged species adsorption. BuNH3Cl can be purchased from
a number of suppliers; we found it in all cases contaminated
with small amounts of other organic compounds, most likely
butanol. As a result, we prepared the compound from liquid
butylamine (Sigma-Aldrich) by reacting it stoichiometrically in
a closed glass vessel, with slowly added concentrated
hydrochloric acid. The reaction products were then dissolved
in water to produce a ’1 M solution. The solution pH was
measured with a three-point calibrated pH meter and adjusted
to the desired level by using small amounts of sodium
hydroxide or HCl. This stock solution was then diluted to the
desired amount by using pH 2 HCl or Nanopure water to make
lower concentration solutions at pH 1.9 6 0.1 and 5.7 6 0.1.
Deuterium-substituted butylammonium chloride salts were
acquired from CDN Isotopes and used without further
purification. Solutions of d9–BuNH3Cl were prepared by
dissolving the salt in aqueous pH 2 HCl and diluting to the
desired concentration. BuND3Cl and d9–BuND3Cl solutions
were made by dissolving the molecules in pD 2 solutions of
DCl (CDN Isotopes) dissolved in D2O (Cambridge Isotopes).

RESULTS AND DISCUSSION
Methanol. Spectra of the neat FDS–H2O and FDS–CH3OH
interfaces are shown in Fig. 2. The FDS monolayer is a coating
of a 10-carbon-long molecule, as shown in Fig. 1a, with the top
8 carbons fluorinated and the bottom two serving as a
hydrogenated spacer between the fluorocarbon and the silane
group. The narrow feature in the FDS–H2O spectrum near
2930 cm1 is due to these CH2 groups in the FDS monolayer.
This feature is actually two distinct vibrational CH2(as)
(asymmetric stretching) modes at 2917 and 2954 cm1, as

FIG. 2. VSFS spectra of the neat CH3OH–FDS and H2O–FDS interfaces.

determined by curve fitting. These modes are split due to the
different bonding environments of the two CH2 moieties; the
latter is blue shifted from its native location by its bond with
silicon. Shifts of similar magnitude were reported for
methylsilane.59 The broad features that dominate in the region
from 3000 to 3600 cm1 in this spectrum originate from water
molecules with different degrees of coordination, from
tetrahedrally bonded (lower-energy region) to progressively
weaker bonding, up to 3600 cm1. The signal from water is
enhanced due to the electrostatic field present at the surface and
extending through the monolayer to orient the interfacial water.
The electrostatic orientation arises primarily from penetration
of water through defects in the SAM to the SiO2 substrate,
where it deprotonates nonbonded silanol groups, creating
negative charge at the SiO2 surface.16 There is also a narrow
mode in the FDS–H2O spectrum at 3694 cm1, arising from the
free-OH modes of the vibrationally decoupled OH oscillators
of water molecules at the terminus of the FDS monolayer. For
these water molecules, one OH bond is oriented toward the
FDS surface (free OH), with which it weakly interacts, and the
companion OH protrudes into the aqueous phase and is red
shifted from the free OH due to its bonding interactions with
other interfacial water molecules. Such sharp peaks were
previously reported at the air–water46,60, organic liquid–
water,61–64 and solid–water interfaces.10,65,66 The frequency
of this peak is a measure of the strength of the interaction
between water and the hydrophobic phase.16
The FDS–CH3OH spectrum in Fig. 2 appears to have three
narrow peaks below 3000 cm1; however, careful analysis
shows that there are actually five vibrational peaks present,
which correspond to the two C–H stretching modes of the FDS
monolayer and three CH peaks from CH3OH. The methyl
symmetric stretch of CH3OH is spectrally distinct from the
other CH vibrational modes of the SAM and is located near
2838 cm1. There is also a low, broad feature centered around
3050 cm1, which we attribute to the hydrogen bonding
between CH3OH molecules. From these OH modes and the
lack of an uncoupled OH oscillator in the 3600 cm1 region, it
is clear that the CH3 moiety, not the OH, is oriented toward the
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FIG. 4. Peak location of the CH3(ss) at the FDS interface as a function of
solution composition from spectral fitting.

FIG. 3. (a) SSP- and (b) PPP-polarized VSFS spectra of CH3OD:D2O–FDS
interface at several mole fractions of CH3OD (v). The spectra are fit to five
resonances, three pure CH3 peaks from CH3OD and two CH2 stretches from the
monolayer. The spectra are offset for clarity.

monolayer. This is in agreement with previous observations of
MeOH on octadecylsilane SAMs.67
Building on the above results, we examined how MeOH
adsorption differs in the presence of water. To do this, the C–H
stretching region was analyzed with solutions of partially
deuterated MeOH, CH3OD in D2O. This shifted the broad
resonance of the coordinated hydrogen bonding (seen in Fig. 2)
out of the spectral window, largely freeing the data from this
interference.
Selected VSFS spectra of the FDS–CH3OD: D2O system are
shown in Fig. 3 in the SSP and PPP polarization schemes. The
monolayer–D2O spectrum, which is in the absence of CH3OD,
shows the distinct CH features of the FDS monolayer at 2917
and 2954 cm1 in both polarizations. Adding a small amount of
MeOH (v = 0.005) had almost no effect on the SSP spectrum
in Fig. 3a, but increasing the concentration to v = 0.010
resulted in a small peak near 2840 cm1 due to the MeOH.
Increasing the concentration further increased the amplitude of
this feature. The first CH2(as) monolayer peak at 2917 cm1
appeared to increase in strength with added MeOH. The second
monolayer CH2(as) peak at 2954 cm1 seemed to decrease with
the addition of CH3OD through v = 0.020; after this, when the
mole fraction was reached, the peak reappeared.
The PPP spectra in Fig. 3b have an additional peak that is not
present in the SSP data from the free-OD vibrations near 2730
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cm1. This peak is visible here because of the inclusion of
vibrational modes from multiple elements of v(2). As CH3OD was
added to the interface, the amplitude of the free-OD peak decreased due to the displacement of the OD molecules. Otherwise,
the PPP spectra followed the same trends as the SSP data.
The apparent complicated behavior of the monolayer
stretching peaks observed in Fig. 3 is due to vibrational modes
of MeOH overlapping with the monolayer CH modes. Spectral
deconvolution can clarify this behavior. Liquid MeOH is
known to have three peaks in the C–H stretching region near
2830, 2915, and 2940 cm1 due to Fermi resonance interaction
of the CH3(ss) with two bending overtones;68–70 our analysis
found these peaks to be shifted by 5–15 cm1 from these
reported values. This shift is likely due to a combination of
isotopic substitution and interfacial interaction effects. The
primary peak with the most CH3(ss) character is located at
2830 cm1, while the other two resonances are principally
overtones that interfere with CH2(as) stretches of the FDS
monolayer and therefore require spectral fitting analysis for
proper interpretation.
In a previous analysis, we determined that the CH2(as)
stretching vibrations from the FDS monolayer have opposite
relative phases, to which we assigned values of 0 (2917 cm1)
and p (2954 cm1).16 Phases are determined from the spectral
fitting analysis and indicate the relative orientation of the
transition dipole moments in a spectrum. Meanwhile, the three
MeOH modes all have relative phases of 0. As MeOH adsorbs to
the interface, the higher-energy CH3 Fermi resonance mode of
CH3OD, which we find occurs at 2953 cm1, interferes
destructively with the 2954 cm1 peak of FDS, causing the
initial intensity decrease in this region of the low-concentration
spectra in Fig. 3. As MeOH continues to accrue at the surface, the
Fermi resonance of CH3OD begins to dominate the FDS mode,
which results in the reappearance of the peak near 2954 cm1.
The other CH3OD Fermi resonance peak is at 2923 cm1 and has
the same phase as the 2917 cm1 mode from FDS. Thus, as the
MeOH concentration is increased, the intensity in this region
increases. The CH3(ss) of CH3OD is spectrally distinct and
unambiguously grows in with increasing MeOH concentration.
Close examination of the spectra and the fitting results shows
that the center frequency of the CH3(ss) is not constant, but
shifts to lower frequencies with increasing MeOH concentration until about 40 mole percent. Figure 4 shows this trend; the

error bars are the errors from the spectral deconvolution.
Similar frequency shifts as MeOH concentration was increased
were observed in bulk CH3OH:H2O solutions and at the
solution–vapor and solution–ODS interface.67,71–74 Density
functional theory calculations suggest that when MeOH
accepts hydrogen bonds, the CH3(ss) vibrational frequency
blue shifts by as much as 30 cm1.71 Thus, changes in the
hydrogen-bonding environment of interfacial MeOH can be
used to explain the frequency shifting behavior. MeOH
molecules are able to accept two hydrogen bonds and donate
one. However, in pure MeOH, an interfacial molecule will on
average accept only one hydrogen bond due to a lack of donor
hydrogens. As the composition at the interface begins to
include more water, each interfacial MeOH can accept more
hydrogen bonds, because each H2O molecule can donate two
hydrogens. This increases the number of hydrogen bonds
accepted by MeOH, which shifts the CH3(ss) to a higher
frequency, from 2837 to 2845 cm1 in the case of the FDS
interface.
With pure MeOH at the interface, the frequency of the
CH3(ss) is at 2837 cm1, not the 2830 cm1 measured in liquid
MeOH.75–77 We attribute this frequency difference to the
weaker interaction between the CH3 moiety of MeOH and the
fluorocarbon monolayer compared with MeOH–MeOH interactions. Additional support for this comes from the PPP spectra
in Fig. 3b; the principle CH3(ss) vibration of MeOH has the
same relative phase as the free OD, which is known to protrude
into the interfacial plane. The low-energy fluorocarbon–methyl
group van der Waals interactions are weaker than those
between methyl groups, which are the only neighbors in bulk
MeOH. This interaction strength differential results in a blue
shift of the CH3(ss) frequency relative to bulk MeOH. In fact,
the interfacial MeOH CH3(ss) frequency at the FDS monolayer
surface is the same as that measured for the MeOH–air
interface,73 where van der Waals interactions are also reduced
relative to bulk CH3OH.
To investigate orientational effects as CH3OH adsorbs, the
ratio of the fit amplitudes of the CH3(ss) peak in PPP and SSP
polarizations was examined. Figure 5a shows that this ratio is
constant across the entire range of concentrations examined
and indicates that MeOH adsorbs to the FDS interface with a
constant orientation. Unlike long-chain alcohols or surfactants
that change structure with solution concentration when
adsorbing on hydrophobic solids,17–19,78 the small MeOH
molecules do not experience the strong interchain attractions
that cause reorientation with changing concentration. Because
the orientation of MeOH does not change with concentration,
the number of MeOH molecules at the interface is directly
proportional to the amplitude of the CH3(ss) peak; thus, the
amplitude is a measure of the effective surface number density.
This surface-adsorption isotherm is plotted in Fig. 5b.
MeOH readily adsorbs to the surface of FDS, and the number
density increases rapidly to a maximum near v = 0.400. The
apparent surface number density decreases above this concentration. One possibility for this decrease is that as the
concentration of MeOH exceeds 40 mole percent; MeOH
absorbs in a second layer of opposite, albeit weaker, polar
orientation, as has been suggested by Chen et al. In their
analysis of the CH3OH:H2O–air interface.74 For such a case,
the VSFS signal from this second layer could partially cancel
out the signal from the first layer, leading to a drop in the
signal. This cancelation has been seen to occur at the interfaces

FIG. 5. (a) Fit amplitude ratio of the CH3(ss) peak in the PPP (APPP) and SSP
(ASSP) polarizations at the FDS surface. (b) MeOH surface adsorption isotherm,
from (ASSP). The line is a fit to a standard Langmuir adsorption isotherm.

of several small alcohols with SiO2.44 A second possibility is
that as the concentration of MeOH increases in the bulk, there
is less driving force for CH3OH to be at the interface and the
actual MeOH number density decreases.
The results for MeOH at FC surfaces are different from what
we measure at HC surfaces, where we found that the overall
interaction strength of MeOH with FDS was lower than with
ODS. This can be seen by both changes in the monolayer and
the interfacial MeOH vibrational frequency. First, we compared the VSFS spectra of ODS with D2O and CD3OD; the
resulting spectra are shown in Fig. 6. The D2O–ODS spectrum
shows two narrow peaks at 2874 6 1 and 2938 6 1 cm1,
arising from the CH3(ss) Fermi resonance pair of the chain
terminus, as well as small contributions at 2912 6 1 and 2960
6 1 cm1 due to the CH2(as) of the alkyl chain and CH3(as)
vibrational modes, respectively. When the same ODS layer was
exposed to CD3OD, there was a small conformational change
in the ODS layer, indicated by increased intensity near 2855
and 2912 cm1. This change indicates the formation of gauche
defects in the monolayer,79 brought about by the favorable
attractive interaction between MeOH and ODS.
We employed the same strategy of using D2O and CH3OD
to measure the spectra of ODS with MeOH (Fig. 7) so that the
data would be free of interference from signals arising from O–
H stretching modes. The addition of CH3OD to the interface
results in two obvious changes, (i) the appearance of a new
peak below 2850 cm1 and (ii) the disappearance of the ODS
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FIG. 6. VSFS spectra of an ODS–D2O and ODS–CD3OD interface. The
spectra are scaled to the same value at 2874 cm1.

mode near 2938 cm1. The signals arising near 2938 cm1
decreased with the addition of CH3OH, because the CH3 Fermi
resonances of MeOH were out of phase with the 2938 cm1
peak of the ODS layer. The new peak arising in the spectra
below 2850 cm1 originated from the principle CH3(ss) mode
of MeOH, which has a bulk frequency of 2830 cm1. Due to
the previously shown differences in the monolayer structure
when the liquid phase is water or MeOH, a full spectral
deconvolution of the data was not undertaken. Thus, we here
limit analysis to two spectra for which the CH3(ss) of MeOH is
clearly visible, v = 0.1 and v = 1.
At v = 0.1 of MeOH, the MeOH peak has a frequency of
2838 6 4 cm1; with pure MeOH on the surface, this
frequency is shifted to 2831 6 4 cm1. Though the
uncertainties in the peak locations are larger than for FDS,
the same trend of decreasing CH3(ss) frequency with increasing
MeOH concentration is present at both the ODS and FDS
interfaces. Peak shifting of a similar magnitude was observed
for this interfacial system by Liu et al.67 However, the
frequency of the CH3(ss) vibration at ODS is several
wavenumbers lower than at FDS. The lower frequency further
shows that the molecular scale interactions between HC and
HC are stronger than those between FC and HC. There is one
other apparent similarity between the FDS and ODS systems.
The amplitude of the MeOH CH3(ss) peak increases to a
maximum value near v = 0.6. This suggests that the same
general behavior is occurring at both interfaces, and coverage–
orientation is maximized near v = 0.5 and then decreases due
to density changes and/or the organized adsorption of

FIG. 7. SSP polarized VSF spectra of CH3OD:D2O–ODS interface at several
mole fractions of CH3OD (v). The lines (1) and (2) indicate the CH3OD peak
location at v = 0.1 and v = 1, respectively. The spectra are offset for clarity.

additional layers of oriented MeOH. We summarize our
findings and those of the literature for interfacial MeOH in
Table I.
To summarize, the overall interaction strengths of FC and
HC monolayers with water and MeOH found different,
primarily as measured by changes in the interfacial frequencies
of directly interacting solvent molecules. For the FC coatings,
the greater lipophobicity of the fluorinated surfaces leads to
less interaction between MeOH and the FC monolayer relative
to the HC monolayer; this effect is evidenced by the higher
frequency of the MeOH CH3(ss) at the FDS interface. This is
consistent with the weaker water–SAM interaction for
fluorinated SAMs versus hydrocarbon SAMs, evidenced
spectroscopically in a blue-shifting, free-OH oscillator.16
Having both established these frequency shifts as a measure
of interaction strength and examined a neutral polar molecule,
the next step is to understand the differences between the
adsorption of charged species at FDS and ODS interfaces.
Butylamine HCl. A simple amine salt, BuNH3Cl, was
selected for comparative studies at both FC and HC
monolayers via VSFS and contact-angle measurements. The
use of this molecule allowed us to probe the effects of surface
charge on the adsorption of such a highly soluble species and to
look for possible specific interactions between BuNH3Cl and
FC or HC monolayers. To study these effects, we used a
strategy of isotopically substituted amine chlorides and
adsorption at different bulk pH values.
The fused silica substrate on which the ODS and FDS SAMs

TABLE I. Comparison of CH3OH and H2O figures of merit at FDS, ODS, and air interfaces. Vibrational frequencies of CH3OH and H2O, DG8 of
CH3OH, and bulk concentration with maximum effective surface density. The free energy of adsorption on FDS is calculated from the MeOH adsorption
isotherm.
Figure of merit
CH3OH (location)
Free OH (cm1)
CH3OH–DG8
vCH3OH at Ns,max

FDS
2838 6 2 cm1
3694 6 2 cm1
1.7 6 0.1 kcal/mol
0.4

a

Datum from Ma and Allen.73
Datum from Raymond et al.80
c
Datum from Liu et al.67
d
Datum from Chen et al.81
b
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ODS
2831 6 4 cm1
3674 6 2 cm1
1.6 6 0.2 kcal/mol
0.5

Air

c

2836 6 2 cm–1a
3704 6 2 cm–1b
1.6–2.1 kcal/mol
0.5d

d

are deposited is known to have a charged surface in aqueous
solutions, the charge of which depends on the bulk pH.82–84
Such a surface charge creates an electrostatic field that orients
water molecules in the interfacial region, causing their dipoles
to align with the field. This orientation gives rise to the VSFS
signal seen in the 3200 cm1 region; we previously showed
that both FDS and ODS SAMs exhibit similar charging
behaviors, but that these behaviors are modified by the
monolayer defect states and likely the substrate to substrate
variations of silica plates.16 To examine the effects of
interfacial charge on BuNH3Cl adsorption, we first look at
the aqueous structure at our ODS and FDS surfaces at pH 2 and
5.7. Fused silica is thought to have a net zero charge at pH 2
and be negatively charged at higher pH.82 These different
charge states could well have an effect on the amine adsorption
process. To establish the charging behavior at the interface, we
first examine the spectra of interfacial water at different bulk
pHs by using BuNH3Cl.
Figure 8 shows VSFS spectra of the water–monolayer
interface at pH 5.7 with different concentrations of butylammonium chloride. In our previous work, we showed that there
is a negative electrostatic field present at both water–FDS and
water–ODS interfaces at this bulk pH.16 This field gives rise to
the oriented water signals seen in the 3200 cm1 region of the
spectra in Fig. 8. The narrow, isolated feature near 3700 cm1
is from those water molecules straddling the interface that have
one OH oscillator pointed into the hydrophobic monolayer and
is commonly seen at hydrophobic interfaces.10,60,61 The
principle difference between the water signal being relatively
strong in the neat water–FDS spectrum in Fig. 8a and the neat
water–ODS spectrum in Fig. 8b, which is relatively weak, was
proposed to be the screening of interfacial charge.16 However,
given the variations between individual substrates and coatings,
one cannot explicitly assume identical charge in the systems.
They might or might not have the same number of accessible
SiOH sites for water to interact with once equilibrium is
reached, as this will be affected by the detailed surface
structure of the silane cross-linkages and the number of defects
in the coating. If the substrate charges are the same, then the
effective surface charge that is felt at the SAM–solution
interface will be different for the two surfaces, with the FDS
surface having a stronger field at the chain terminus. If the
substrate charge for the SiO2–FDS system is greater than for
the ODS system, due to a greater number or molecular scale
defects caused by the shorter, fatter FDS chains, then the field
at the solution–FDS interface will be even stronger. Because
the BuNH3 ion is positively charged, we expect it will be more
attracted to the clear negative electrostatic potential at the
FDS–solution interface and have a larger effect on the
interfacial water spectra; this is what occurs.
In Fig. 8a, the water signal decreases dramatically with the
addition of 1 mM BuNH3Cl, as the interfacial charge from the
FDS–water interface is neutralized and screened by the
presence of the ions. At 10 mM, signal originating from
coordinated water molecules is nearly zero, indicating that
there is no net interfacial charge. Increasing the solute
concentration to 100 mM results in an increase in the intensity
of the coordinated water signal and a reversal of the relative
phase of these water modes. This is a clear indication that the
interfacial charge has reversed due to the presence of BuNHþ
3
ions at the interface. This effect increases with additional
BuNHþ
3 . The same general trends hold true for BuNH3Cl

FIG. 8. VSFS spectra of BuNH3Cl adsorbing onto a (a) FDS or (b) ODS
monolayer in at pH 5.7. The spectra were offset and truncated for clarity.

added to the ODS interface, as seen in Fig. 8b; the addition of
the amine salt results in an eventual increase in the intensity of
the coordinated water signals in the 3200 cm1 region of the
spectrum. Were there no adsorption of BuNH3Cl to the
interface, the charge reversal would not occur, because the ions
would merely screen in accordance with the principles of the
double-layer model, not unlike what is seen with aqueous NaCl
at these interfaces.16
At pH 2, the monolayer surface is neutral to slightly
positively charged, based on earlier VSFS results.16 Even with
this differently charged starting point, the interfacial water
behavior is virtually identical to that of water at pH 5.7 with the
addition of BuNH3Cl. Figure 9a shows SSP-polarized VSF
spectra of aqueous solutions of d9–BuNH3Cl at the FDS
surface. With no amine salt present, there is little or no
coordinated water signal present; only the CH2 modes at 2917
and 2954 cm1 and the free OH at 3693 cm1 are present. At 1
mM amine, a small signal originating from coordinated water
molecules is present. Increasing the concentration of amine
results in further increases in the 3000 to 3600 cm1 region. It
is possible that some of this signal arises from NHþ
3 , but we are
unable to distinguish those contributions from water. By the
time the concentration is 100 mM, the signal is much greater.
This increase in signal is indicative of interfacial charge
reversal.
Comparing the ODS and FDS interface at this pH, we see
similar trends in the water behavior. Water-stretching-region
spectra of ODS at pH 2 are shown in Fig. 9b. Initially, at pH 2
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FIG. 9. VSFS spectra of d9–BuNH3Cl adsorbing onto a (a) FDS or (b) ODS
monolayer in pH 2 HCl. The spectra were offset and truncated for clarity.

with no amine present, there is no signal present from
coordinated water molecules. The spectrum shows the C–H
stretches of the ODS monolayer, the free-OH near 3670 cm1
and the small, broad peak due to solvating water molecules
near 3600 cm1.16 Addition of d9–BuNH3Cl to the interface
increases the water signal in the 3000 to 3600 cm1 range, as
the positively charged adsorbate populates the interface,
introducing charge that electrostatically orients water molecules in the interfacial region. Based on this, amine adsorption
begins at the same concentration at the pH 2 ODS interface as
at FDS.
At both pH 2 and 5.7, adsorption of BuNH3Cl, as measured
by changes in the coordinated water region of the spectra,
begins at the same concentration, ’1 mM. Furthermore,
adsorption appears to begin at ’1 mM regardless of the
chemical makeup of the SAM, be it hydrocarbon or
fluorocarbon. From this set of observations, we can draw two
conclusions. First, the amine is preferred to a similar extent
over water at both of these interfaces, i.e., the difference in the
chemical potential of the ODS–BuNH3Cl–H2O and ODS–H2O
interfaces is nearly identical to that of the FDS systems.
Second, adsorption of BuNH3Cl occurs regardless of the
interfacial charge state, which means adsorption of these
molecules is driven by hydrophobic interactions and bulk
solubility effects.
To verify these findings from VSFS, we performed contactangle measurements of BuNH3Cl on both FDS and ODS at pH
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2 and 5.7. These measurements are detailed in the supplemental
material available online. There is no change in the contact
angles at low concentrations; in fact, the contact angles do not
begin to decrease until the BuNH3Cl concentration is 0.1 M.
This supports the observations in our lab that surface
tensiometry is less sensitive to interfacial behavior than VSFS.
Furthermore, the contact-angle results support the findings that
BuNH3Cl adsorbs identically at both bulk pHs. The calculated
free energy of adsorption is the same for FDS at both pH
values, 1.9 kcal/mol. This value is slightly smaller than that of
ODS, which is calculated to be 2.3 kcal/mol. Finally, the
mean molecular areas of the adsorbate at the FDS and ODS
interfaces are different, with the area of BuNH3Cl at FDS being
approximately half that at ODS. These results suggest that there
are differences in the behavior of BuNH3Cl at these interfaces
at high concentrations.
To gain more detailed insight into the behavior of BuNH3Cl
at these two interfaces, we measured several concentrations of
amine chloride with VSFS at both FDS and ODS at pH 2. Our
findings show that there is a difference in the adsorbed
structure of BuNH3Cl at these two interfaces due to the
differences in interaction strengths between hydrocarbons and
fluorocarbons. For simplicity, we began with adsorption at an
ODS monolayer by using BuND3Cl–D2O solutions to remove
N–H and O–H stretching contributions from the collected
spectra. Attaining a high level of detail regarding adsorption at
this surface was not possible in this study because of the
overlap of all of the adsorbate vibrational modes with those of
ODS. Thus, for this discussion, we limit analysis to 1 M
solutions. VSF spectra of this interface with and without
BuND3Cl are shown in both SSP and SPS polarizations in Fig.
10. in the SSP data, shown in Fig. 10a, the 1 M spectrum has
much more intensity in the CH3(ss) near 2870 cm1.
Additionally, in this figure, a small change near 2850 cm1
is evident, which indicates changes in the CH2(ss) stretching
signal with adsorption. SPS spectra in Fig. 10b show a clear
increase in intensity of the CH3(as) vibration in the spectrum
with increasing concentration, and a decrease in the intensity
below 2900 cm1.
These changes are not immediately interpretable, because
the peaks of the monolayer and the amine have the same
frequencies. However, examination of the interface by using
fully deuterated d9–BuND3Cl at the same concentration found
that there were no changes in the ODS spectra. Thus, the
differences between the spectra in Fig. 10 are caused by added
BuND3Cl, not effects of the adsorbate on monolayer structure.
This yields a powerful qualitative observation for this
interfacial system—the CH3 group of the amine is oriented in
the same direction as the ODS methyl group. We are able to
make this determination, because the increased amplitude of
the CH3(ss) and CH3(as) vibrational peaks in the spectra
indicates that the vibrational resonances of the amine methyl
group are in phase with those of the monolayer.
The FDS monolayer, with its simpler CH spectrum, provides
an opportunity for a more nuanced examination of amine
adsorption. We initially examined the monolayer with D2O and
the fully deuterated d9–BuND3Cl at 1 M concentration and
found no changes in the intensities of the CH2; given the
proximity of the FDS CH2 groups to the substrate, these
moieties are expected to be unaffected by the addition of
amine. VSF spectra, in both SSP and SPS polarizations, of
BuND3Cl at the FDS–D2O interface are pictured in Fig. 11. At

FIG. 10. (a) SSP and (b) SPS spectra of the C–H stretching region of an ODS
monolayer with BuND3Cl in pD 2 D2O.

pD 2, the spectrum contains resonances due to the monolayer
alone; there is no amine present, and the OD and ND stretching
vibrations were shifted out of the spectral window by isotopic
substitution. Addition of BuND3Cl causes major changes in the
VSFS data; new peaks appear between 2850 and 2900 cm1,
and the monolayer CH2 resonances appear to grow thanks to
their interferences with modes from the added amine.
We restricted detailed analysis to the region below 2900
cm1, where two peaks are present. The lower-frequency peak
that is the smaller component arises from the CH2(ss)
vibrations of the butyl chain. The fact that this peak is
observed could indicate the presence of gauche conformations
in the chain, as is known for long-chain molecules18,45,85 and
could be expected for the amine because of weak cooperative
interactions between the chains. However, with only three CH2
groups present in the amine, each one can be expected to have
a unique molecular environment, which would both cause
slight frequency differences between them and cause their
transition dipole moments to not cancel out. This is consistent
with the broadness of the measured peak width relative to the
CH3(ss) (11 versus 6 cm1), and with the results of Chow et al.,
who found that CH2 groups in well ordered chains can have
different frequencies.86 For simplicity’s sake, we treat this as a
single peak centered around 2952 cm1.
The CH3(ss) is the largest peak present below 2900 cm1 in
Fig. 11a. Spectral fitting analysis places this peak at 2882 6 1
cm1, which is blue shifted by ’10 cm1 from the normal
location of an alkyl chain CH(ss) at 2873 cm1. This frequency

FIG. 11. VSFS spectra of BuND3Cl on the FDS surface in pD 2 D2O in (a)
SSP and (b) SPS polarizations. Spectra are offset for clarity.

shift is similar to that seen in the previous section for MeOH at
FDS versus ODS (2838 versus 2830 cm1) and shows that the
methyl group of BuND3Cl is pointed toward the FDS
monolayer, directly interacting with it. The presence of this
peak and the absence of a distinct peak above 2960 cm1 from
a CH3(as) indicate that the methyl groups are, on average,
oriented with their transition dipole moments normal to the
interfacial plane. The CH3(as) transition dipole moment is 1808
out of phase with the symmetric stretch and appears in the SPS
spectra in Fig. 11b as a sharp resonance at 2968 cm1. The
small feature near 2925 cm1 in the neat pD 2 SPS spectrum
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FIG. 12. SSP fit amplitudes of the CH2(ss) and CH3(ss) peaks at 2952 and
2882 cm1, respectively, as a function of BuND3Cl concentration at pD 2 on
FDS.

arises from the CH2 stretching vibrations of the FDS layer and
disappears at higher concentrations due to interference with
CH2 signals from BuND3Cl.
Careful examination of spectra collected between 0.01 M
and 1 M reveals some interesting trends. First, the ratio of
CH3(ss)–SSP to CH3(as)–SPS is nearly constant from 0.6 to 1
M, indicating that the methyl group does not change orientation
once this bulk concentration is reached. More information can
be gleaned from the CH2(ss) and CH3(ss) peaks of the SSP
data. As shown in Fig. 12, the amplitudes of both peaks
increase with concentration, but at different rates. The
amplitude of the CH3(ss) increases more rapidly than that of
the CH2(ss), indicating that the orientation of the butyl chain
changes as it adsorbs to the surface, possibly becoming more
ordered. This general behavior has been seen for surfactant
adsorption at several interfaces, including hydrophobic
ones.18,19,43,87,88
Based on these VSFS and contact–angle analyses, a picture
of the adsorbate at the two interfaces can be drawn. By using
the peak location of the CH3(ss) and the phase relations
between the methyl symmetric and asymmetric stretches, it is
clear that the CH3 group of BuNH3Cl interacts directly with the
FDS layer and juts into the interfacial plane. Based on these
results, we suggest that BuNH3Cl adopts an orientation similar
to that in Fig. 13a. In the case of adsorption at ODS, the
addition of BuNH3Cl increases the intensity of the methyl
stretching modes, indicating that this group is oriented in the
same direction as the monolayer chains. To reconcile this
conclusion with the greater molecular area determined from the
contact-angle results, the most likely configuration of
BuNH3Cl at the ODS interface is an extended, more lamellar
conformation, such as that shown in Fig. 13b. The extended
conformation at ODS maximizes the molecular interaction
between ODS and the butyl chain, while the more perpendicular orientation at FDS minimizes the FC–HC interactions.
The overall results of this analysis of BuNH3Cl can be
summarized as follows: At pH 2, there is no apparent
electrostatic attraction between the SAM–SiO2 system and
the adsorbate. As BuNH3Cl is added to the solution, its
adsorption is first observed in the growth of coordinated water
VSFS response near 0.01 M bulk concentration. This is caused
by the excess of positively charged adsorbate at the SAM–
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FIG. 13. Two possible confirmations of BuNH3Cl: (a) CH–CF interactions
minimized at FDS and (b) CH–CH interactions maximized at ODS.

water interface. This stage of adsorption occurs before there is
any change in the macroscopic measure of adsorption, the
water contact angle. The randomly oriented amines begin to
adopt a more organized interfacial structure near 0.1 M. This
organization is very clear at the FDS interface; with
concentrations between 0.1 and 0.6 M, the BuNH3Cl
orientation, as measured by the peak amplitudes, changes to
a steady-state value at 0.6 M. At the ODS interface, BuNH3Cl
molecules begin to adopt a net orientation in this same
concentration range. It is in this high-concentration region that
the contact angle begins to decrease.
The structure of BuNH3Cl is clearly different at the two
interfaces, with the methyl groups adopting different orientations. The thermodynamics of adsorption are energetically less
favorable at the FDS interface, and the frequency of the methyl
vibrations are blue shifted by ’10 cm1 from their typical
frequencies. At ODS, adsorption is slightly more favorable,
and the methyl vibrations of BuNH3Cl are not shifted. This
provides experimental verification of the lipophobicity of the
fluorocarbon surface and explains the differences in adsorbate
conformation. The unfavorable interaction between BuNH3Cl
and FDS results in the minimization of contact area, while this
driving force does not exist at the ODS surface. Since the
chain–chain interactions of BuNH3Cl are weak, this unfavorable interaction helps orient them in a more upright
conformation. At the ODS surface, this is not the case, and

the molecules are not driven to become well-ordered, but
maximize their interactions with the hydrocarbon layer by
adopting a more horizontal orientation.

CONCLUSION
To better understand the molecular-scale interactions of
adsorbates at fluorocarbon and hydrocarbon surfaces, we
analyzed the equilibrium interfacial configurations of two
small molecules at FDS and ODS monolayers. The two test
molecules are the simplest alcohol and MeOH, and a simple
organic salt, butylammonium chloride. These molecules are
vibrationally simple and are highly soluble in water, such that
they will have minimal van der Waals attractions to each other,
allowing us to understand their interfacial behavior in the
context of their interactions with the FDS or ODS surface
alone.
MeOH adsorbs to the FDS interface at very low concentration due to the great hydrophobicity of the monolayer. As
CH3OH adsorbs, it does so with a constant molecular
orientation, displacing interfacial water molecules. This
displacement alters the hydrogen-bonding network of interfacial water molecules and thus the coordination of the MeOH
OH group. Changes in intermolecular coordination shift the
vibrational frequency of the CH3 group until the coordination
number of the interfacial molecules ceases to change near v =
0.5. On ODS, we see nearly identical behavior. However, due
to the favorable interactions between the hydrocarbon SAM
and MeOH, MeOH perturbs the monolayer structure slightly
and has a different interfacial frequency than at FDS.
For both FC and HC interfaces, BuNHþ
3 begins to populate
the interface and displace water at relatively low bulk
concentrations, behaving as a soluble salt. However, at high
concentrations, the amine adsorbs to the monolayer surface and
gives the interfacial region a net positive charge, such as a
surfactant. At pH 2, this results in electrostatically induced
water coordination before there is any ordered adsorption at the
interface. Similarly, for both FC and HC SAMs at pH 5.7,
BuNH3Cl first acts mostly as an ion and screens the interfacial
charge before reversing it at high concentrations. This charge
reversal is not seen with simple salts, such as NaCl and arises
from the nonpolar interactions of the carbon chain with the
organic coating.
In the high-concentration regime, key differences in the
behavior of BuNH3Cl at FC and HC interfaces become
apparent. On the hydrocarbon surface, BuNH3Cl adopts a
relatively horizontal orientation, which maximizes its interactions with the ODS chains. At the fluorinated interface, the
terminal methyl group of BuNH3Cl is oriented toward the
fluorocarbon layer, which minimizes the interactions between
the adsorbate and the lipophobic monolayer. These observed
differences in adsorbate molecular orientation at fluorocarbon
and hydrocarbon surfaces show that lipophobic interactions
between fluorocarbon and hydrocarbons can affect adsorption
processes. These results help explain differences in biomolecule adsorption at fluorocarbon and hydrocarbon surfaces and
could lead to different lubricant designs for fluorinated and
hydrogenated surfaces.
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