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ABSTRACT: Sum frequency generation (SFG) spectra and free induction
decay (FID) measurements of the H2O/octadecylsilane (ODS)/silica interface
in the free OH spectral region (∼3700 cm−1) show spatially inhomogeneous
behavior. The SFG spectra and FIDs suggest an inhomogeneous response of the
free OH, consisting of at least two distinct species at the interface with short and
long coherence times. In most areas of the sample, an OH band at ∼3680 cm−1
with a short dephasing (<150 fs), assigned to the free OH of water interacting
with the hydrophobic methyl group of ODS, was observed in agreement with
previously reported SFG spectra of the H2O/ODS/silica interface. In a small
fraction (∼20%) of the sample areas, a more intense peak at ∼3700 cm−1 was observed in the SFG spectrum characterized by
signiﬁcantly longer dephasing (∼760 fs) in the SFG-FID. Based on the peak position, as well as control experiments on
octadecydimethylmethoxysilane (ODMS) monolayers and deuterium substitution experiments at the water/ODS/silica
interfaces, two possible assignments for the new feature are provided. The long dephasing can be due to the free OH of the Si−
OH of incompletely cross-linked/tethered ODS molecules. Alternatively, a contribution of water molecules trapped in nano
pores of silica surface and/or conﬁned between the ODS molecules can explain the long coherence. Either way, the long
coherence can be attributed to the OH species decoupled from bulk water.

■

INTRODUCTION
Interfacial water plays an important role in a variety of
disciplines including physics, chemistry, biology, geology, and
atmospheric sciences.1−3 At solid/liquid interfaces, the
structure and dynamics of water is inﬂuenced by the properties
of the solid surface such as hydrophobicity. Molecular level
elucidation of the interaction between water and hydrophobic
surfaces is particularly important to understand biological
phenomena such as protein folding, which is known to be
mediated by the ﬁrst layer of water next to apolar groups.4 One
of the fundamental questions regarding the interaction of water
with hydrophobic surfaces is whether or not there is a depleted
layer of water near the hydrophobic surface.5−7 MD simulations
predict a local density ﬂuctuation of water near the surface.8,9
These studies suggest cavity formation near hydrophobic
surfaces and that the cavity formation is suppressed near
hydrophilic surfaces.8,9 From an experimental point of view,
both neutron reﬂection10,11 and X-ray reﬂection measurements12−14 suggest the existence of a layer with reduced water
density near hydrophobic surfaces. The thickness of the
depleted layer depends on the dissolved gas and the nanoscale
properties of the surface.10,14 Nevertheless, the details of the
depleted water density and cavity formation near hydrophobic
surfaces are still elusive and remain under debate. Resolving this
issue as well as controlling and manipulating hydrophobic/
hydrophilic interactions, which are important in many technical
and biomedical applications, requires a molecular level
understanding of the structure and dynamics of water at
these surfaces.15
© 2012 American Chemical Society

Silicon dioxide (silica) is one of the most abundant natural
minerals on the planet. The silica surface is characterized, in
signiﬁcant part, by interfacial silanol groups (SiOH) that are
believed to be the origin of silica’s hydrophilic properties.
Modiﬁcation of silica surfaces with hydrophobic siloxane selfassembled monolayers (SAMs) has been a topic of interest in
many research groups since the ﬁrst report of an ordered
monolayer formation on silica.16,17 Octadecylsilane (ODS), a
prototypical SAM, has been extensively used to study water
structure at hydrophobic surfaces.12,13,18−20
Since the interfacial water molecules comprise only a few
molecular layers, probing the structure, orientation, and
changes in composition of the interfacial region calls for
sensitive interface-speciﬁc methods. Optical techniques based
on second-order nonlinear processes, namely second-harmonic
generation (SHG) and sum-frequency generation (SFG), have
become ideal probes of liquid interfaces.21−24 The interface
speciﬁcity of SHG and SFG lies in the fact that second-order
optical processes are forbidden in centrosymmetric media in
the dipole approximation but are allowed when the inversion
symmetry is broken, e.g., at liquid interfaces.
Vibrational SFG (VSFG) spectra of water at various
interfaces have been acquired by several research groups.21 In
the hydrogen-bonded OH stretch region, two distinct vibrational features at ∼3200 and 3400 cm−1 have been observed in
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the VSFG of almost all water interfaces.18,25−34 In the nonhydrogen-bonded region of water, a distinct sharp feature near
3700 cm−1 is observed for water/hydrophobic interfaces, e.g.,
air/water,29,32,35−38 air/ice,39 oil/water,40,41 and water in
contact with SAMs,18,25,42 and has been assigned to the free
or dangling OH bond, i.e., an OH bond that is not hydrogen
bonded to other water molecules and straddles the interface
between the bulk water and the hydrophobic phase.
The free OH band at the water/ODS/silica interface has
been reported in SFG spectra by several groups.18,20,25,42 In all
cases, a single free OH peak was observed near 3680 cm−1.23 In
the absence of water, i.e., ODS in dry air, strong peaks
attributed to free silanols were observed at ∼3708 and 3792
cm−1 in the SFG spectra of the air/ODS/silica interface.43
Because the frequencies of the distinct species are close to each
other, it is worth considering the possibility that the SFG
spectra (especially in the case of broad-band SFG where the
resolution of the spectra is determined by the bandwidth of the
visible pulse) cannot resolve two peaks and only one frequency
is observed in the SFG spectrum of the water/ODS/silica
interface. Time domain SFG is complementary to, and in some
cases more informative than, frequency domain SFG.44−47
Combining frequency domain SFG (SFG spectra) and time
domain SFG (SFG-free induction decay, FID) may then
provide insight into the properties, structure and the dephasing
dynamics, of each of these species at the water/OTS/silica
interface in the free OH region.
In this study, we report the SFG spectra (frequency domain)
and SFG-FID (time domain) of water in contact with ODS
SAMs on silica in the free OH region (∼3700 cm−1). Both the
SFG spectra and the SFG-FID in the free OH region show
spatially heterogeneous behavior across the interface. In
particular, a long coherence in the SFG-FID of free OH region
was observed in certain spatial regions of the sample. We
believe that this is due to a species that is distinct from the free
OH of water in contact with the hydrocarbon chains of ODS,
which has a short dephasing time. Although a unique
assignment for the species giving rise to the long coherence
is challenging, free OH species including the Si−OH groups of
ODS (alkyl-SiOH) or silica (silica-SiOH), and water trapped
underneath the ODS monolayer are plausible candidates for the
long dephasing free OH vibration at the H2O/ODS/silica
interface.

Details of the experimental setup for SFG measurements can
be found elsewhere.51 Brieﬂy, a commercial optical parametric
ampliﬁer (TOPAS, Light Conversion) provides femtosecond
IR pulses for frequency and time domain SFG measurements.
The TOPAS was pumped by 90% of the output of a
femtosecond regenerative ampliﬁer (Quantronix, Integra-E;
central wavelength 814 nm, repetition rate 1 kHz, pulse width
∼130 fs fwhm, pulse energy ∼3 mJ). The remaining 10% of the
ampliﬁer output was used as a visible pulse for the SFG
measurements. For the time domain SFG, the energy and the
polarization of the visible pulse were adjusted by a combination
of a half-wave plate and a prism polarizer. For the frequency
domain measurements, the bandwidth of the visible pulse was
reduced to ∼14 cm−1 by passing through two narrow band-pass
ﬁlters (CVI). The IR and visible beams, with energies of ∼8
and 2 μJ/pulse, incident at the surface with angles of 72° and
65°, were focused to beam waists of 250 and 200 μm,
respectively. The polarization of IR beam was p-polarized
whereas the visible and SFG beams were either s- or p-polarized
as described in the text. The SFG signal was separated from the
reﬂected visible light by short-pass ﬁlters (Melles Griot) and
was detected by a CCD detector (Princeton Instruments)
coupled with a spectrograph (300i, Acton Research Corp.). The
SFG spectral response was recorded from a gold-coated IR
fused silica prism for normalization purposes. The frequency
axes of the spectra were calibrated by correlating the IR
absorption in the C−H stretching region of a standard
polystyrene ﬁlm and the corresponding dips in the SFG
spectra when the ﬁlm was placed in the IR path for SFG
measurements. For the SFG-FID measurements, the SFG
intensity was integrated over a region of interest in the CCD
using a custom-written LABVIEW 8 program. Data analysis was
performed using Matlab 7 (MathWorks). In order to avoid IR
absorption in the free OH region, and also eliminate the
possibility that some peaks in the SFG spectra in the free OH
region are artifacts due to IR absorption by water vapor, all
experiments were done at low humidity (∼5%) achieved by
purging the beam path.

■

FITTING PROCEDURE
(a). Normalized SFG Spectra. For the SFG spectra only
(SFG spectra in the C−H stretching region), the normalized
spectra were ﬁt to the following equation35,52

■

EXPERIMENTAL SECTION
An IR-grade fused silica prism (IRFS, ISP optics) was cleaned
by piranha solution (3:1 (v/v), concentrated sulfuric acid and
30% hydrogen peroxide (Caution! Piranha solution is a very
strong oxidant and can be dangerous to work with; gloves, goggles,
and a face shield should be worn)), rinsed with copious amounts
of DI water, and dried by a stream of pure nitrogen prior to
SAM formation. The ODS SAM was prepared by immersing
the clean IR fused silica prism for 20 min into 2.5 mM
octadecyltrichlorosilane (OTS, Gelest Inc.) solution in (3:1)
hexadecane (Sigma, >99%) and CHCl3 (Sigma Aldrich,
99.8%).48−50 The ODS-coated prism was rinsed with CHCl3
and dried with a stream of pure nitrogen. The octadecyldimethylmethoxysilane (ODMS) SAM was prepared by immersing
the clean IR fused silica prism into 10 mM of ODMS (Gelest
Inc.) solution in hexane (Sigma, >99%) for 6 h. The ODMScoated prism was then rinsed with hexane at least three times
and dried with a stream of pure nitrogen. The pH of water was
∼6 for all of the measurements.
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)
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(1)

where ωIR is the center frequency of the IR pulse and An, ωn,
and Γn are the amplitude, frequency, and damping constant of
the nth surface vibrational mode, respectively. ANR and ε are the
amplitude of the nonresonant component and the phase
between the resonant and nonresonant contributions. Δωvis is
the bandwidth of the visible pulse and is added to Γn to account
for the spectral resolution of the broad-band SFG measurement, set by the ﬁnite visible bandwidth.
(b). Simultaneous Fit of SFG Spectra and FID without
Inhomogeneous Contribution. For the simultaneous ﬁt, unnormalized spectra and FID were used. A slightly modiﬁed
version of eq 1 was used for the ﬁt of SFG spectrum
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mode centered at ωn. Including the inhomogeneous broadening, the response function in the SFG-FID can then be
written as

2
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where the exponential term describes the Gaussian-shaped
spectrum of the incident IR pulse. ω0 and ΔωIR, which
represent the center frequency and spectral width of the IR
pulse, respectively, were estimated independently from the SFG
spectrum of a gold-coated silica prism under the same
experimental geometry.
The intensity of time domain SFG (SFG-FID) as a function
of delay time (td) between IR and visible pulses can be written
as

■

RESULTS AND DISCUSSION
The quality of the ODS SAMs was examined by measuring the
water contact angle and the SFG spectra in the C−H stretching
region. The contact angle of the ODS-coated prism was more
than 105°, which is an indication of a hydrophobic surface. The
SFG spectrum of an ODS-coated silica prism in contact with
H2O (pH ∼ 6) in the C−H stretching region for the ssp
polarization combination (Figure 1a) is dominated by two
major peaks at ∼2875 and ∼2936 cm−1, assigned to the
symmetric stretch and Fermi resonance of the terminal methyl

∞

ISFG − FID(td) ∝

∫−∞ dt |P(2)(t , td)|2

(3.1)

P(2)(t , td) ∝ Evis(t − td)P(1)(t )
P(1)(t ) =

(3.2)

∞

∫−∞ dt′ EIR(t − t′)S(t′)

(3.3)

where P , P , and S(t) are the ﬁrst-order polarization, the
second-order polarization, and the response function of the
system, respectively. Evis and EIR are the electric ﬁelds of the
visible and IR pulses characterized by Gaussian spectral and
temporal proﬁles. The response function of the system can be
written as
(1)

(2)

S(t ) = [δ(t )|ANR | exp(iε) − iθ(t ) ∑ AR , n
n

exp(2πc(−iωnt − Γnt ))] + cc

(3.4)

where δ(t) is the delta function, θ(t) is the Heaviside step
function, c is the speed of light and the inverse of 2πcΓn is the
total dephasing time of nth vibrational mode (T2,n).
(c). Simultaneous Fit of SFG Spectra and FID with
Inhomogeneous Contribution. The nonexponential decay
of the SFG-FID is usually an indication of the broadening of
the homogeneous line width by an inhomogeneous contribution.44 In this case an inhomogeneous line width (Γinh) is added
to the homogeneous line width. In order to account for the
inhomogeneous broadening in the SFG spectra ﬁt function, a
convolution of a Gaussian and a Lorentzian was assumed for
each individual peak:
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Figure 1. (a) SFG spectrum of ODS-coated silica interface in contact
with H2O in the C−H stretching region. (b) SFG spectrum and (c)
SFG-FID of ODS-coated silica interface in contact with H2O in the
free O−H stretching region (∼3700 cm−1). The polarization
combination for SFG, vis, and IR is S,S,P.

(4)

where conv is the convolution function and Γinh is associated
with the inhomogeneous broadening of the nth vibrational
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process. It should be noted that even with an all-trans ODS
SAM, there probably remain some unreacted Si−OH groups on
the silica surface or on the ODS molecules.43
While most of the sample area (∼80%, referred to as spot A)
showed the SFG spectrum and the associated short SFG-FID
displayed in Figure 1, we observed a diﬀerent SFG spectrum
(Figure 2b) and SFG-FID (Figure 2c) in the free OH region in

group, in agreement with the previously reported SFG spectra
of the same system.18,53
An accurate ﬁt (using eq 1) of the spectrum requires the
inclusion of additional modes (Table 1). The small amplitude
Table 1. Assignment, Amplitude, Line Width, and Frequency
of Modes from the Fit of the SFG Spectrum of H2O/ODS/
Silica (Figure 1a) in the C−H Stretching Region
assignments

Ai

Γi (cm−1)

ωi (cm−1)

CH2-sym (d+)
CH3-sym (r+)
t-CH2 (t-d−(0))
CH2-asym (d−(π))
CH3−FR (r+FR)
CH3-asym (r−)

0.5
0.8
−0.5
0.02
1
−0.3

17
3
7
3
8
14

2855
2875
2889
2915
2936
2950

of the bands at ∼2855 and ∼2915 cm−1, assigned to the
symmetric and asymmetric stretching of the methylene groups,
suggests that there are few gauche defects in the SAM.54 The
band at ∼2950 cm−1 is assigned to the asymmetric stretching of
the methyl group.55 The band at 2888 cm−1 is assigned to the
asymmetric stretching of the terminal methylene group next to
silicon or the methyl group.56 These spectroscopic features
agree well with those previously reported, conﬁrming the
formation of a SAM of reasonably good quality.18,53
The non-normalized SFG spectrum and the SFG-FID of the
ODS-coated silica prism in contact with H2O (pH ∼ 6) in the
free O−H stretching region (∼3700 cm−1) are shown in Figure
1, b and c. A major peak at ∼3681 cm−1, assigned to the free
OH (dangling OH) of water molecules in contact with the
methyl group of ODS, is observed in the SFG spectrum in
agreement with previous SFG spectra.18,20,25 The SFG-FID
shows a fast response which is indistinguishable from the
instrument function determined by the cross correlation of the
IR and visible pulses on a gold-coated silica prism. The SFG
spectrum and SFG-FID were ﬁt simultaneously as described
above and in detail elsewhere.56
The spectrum and FID could be ﬁt with three frequencies at
3600, 3681, and 3780 cm−1 (Table 2). The dephasing of the
Table 2. Amplitude, Line Width, Dephasing, Frequency, and
Inhomogeneous Broadening Line Width of the Modes from
the Simultaneous Fit of the SFG Spectrum and the SFG-FID
of H2O/ODS/Silica (Figure 1b,c) in the Free O−H
Stretching Region
Ai

Γi (cm−1)

(T2)i (fs)

ωi (cm−1)

(Γinh)i (cm−1)

0.1
−1.0
0.30

200
22
55

26
240
96

3600
3681
3780

7
1
5

Figure 2. (a) SFG spectrum of OTS-coated silica interface in contact
with H2O in the C−H stretching region at diﬀerent sample position
that is shown in Figure 1. (b) SFG spectrum and (c) SFG-FID of
OTS-coated silica interface in contact with H2O in the free O−H
stretching region (∼3700 cm−1) at a diﬀerent sample position than
that shown in Figure 1. The polarization combination for SFG, vis, and
IR is S,S,P.

vibrational mode centered at 3681 cm−1 was found to be ∼240
fs from the simultaneous ﬁt of SFG spectrum and SFG-FID.
The relatively fast dephasing of the mode at ∼3681 cm−1 for
the water/ODS-coated silica interface is similar to the previous
report of dephasing of this mode (∼300 fs)19 estimated from
the width of the free OH peak and not from an independent
time-resolved experiment. In contrast, the dephasing of the
interfacial free OH in this study is determined by a timeresolved vibrational spectroscopy. The observation of a
contribution at ∼3780 cm−1 is an indication of unreacted Si−
OH groups of the silica surface57 during the self-assembly

some sample areas (∼20%, referred to as spot B) when the
sample position was moved laterally along the axis of the prism,
perpendicular to the visible and IR beams. In particular, at spot
B, the SFG spectrum (Figure 2b) intensity is larger by more
than a factor of 3 and, more interestingly, the peak position is
slightly blue-shifted and the coherence time observed in the
SFG-FID is much longer than observed at spot A (Figure 1).
The diﬀerent coherence time in the FID and slightly diﬀerent
shape in the spectrum clearly indicate the presence of diﬀerent
free OH species at diﬀerent spots and hence spatial
inhomogeneity. Despite the smaller probability of ﬁnding
21737
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observed long/short dephasing of the free OH cannot be
attributed to the structure of the alkyl chains of the SAM.
One explanation for the long dephasing of the free OH
vibrational mode is the contribution of free OH of H2O
molecules that do not interact with the methyl group of ODS
but rather interact with the air trapped between the water and
ODS SAMs (Scheme 1). Numerous experiments and theories

spot B (∼20%), this observation was reproduced with at least
three diﬀerent ODS samples when more than 30 measurements
were performed over the period of 1 year.
It is noted that changing the sample position along the axis of
the prism does not change the overlap of the IR and visible
beams in time or space. This is veriﬁed by repeating the same
measurements on the gold-coated silica prism where no change
in the SFG intensity (or the crosscorrelation trace) was
observed after translating the sample position laterally. The
separation between two diﬀerent spots (∼0.7 mm) was more
than the beam size.
To simultaneously ﬁt both the SFG spectrum and the FID in
the free OH region (Figure 2b,c), at least four frequencies,
3570, 3689, 3709, and 3770 cm−1, were required (Table 4). It is
noted that the spectrum and FID could not be ﬁt
simultaneously without including the components at 3689 or
3709 cm−1 (see Supporting Information). In addition, it was
found that the two peaks at 3689 and 3709 cm−1 have opposite
sign. Attempt to ﬁt the spectrum and FID by restricting the
amplitudes to have the same sign results in a poorer ﬁt
compared to a ﬁt without this restriction (see Supporting
Information). The dephasing times of the peaks at 3689 and
3709 cm−1 are 760 and 480 fs, respectively, which are
signiﬁcantly longer than the dephasing observed in Figure 1c.
The dephasing of the peaks at ∼3570 and 3770 cm−1 are short
(∼100 fs). It is clear that the long coherence of the SFG-FID is
related to the peaks at 3689 and 3709 cm−1.
In the C−H stretching region (Figure 2a), the amplitudes of
the methyl peaks (∼2875 and 2936 cm−1) as well as methylene
peaks (∼2855 and 2915 cm−1) are the same (within the error
bars) for the spectra taken in sample positions where the SFGFID in the free OH region shows short and long coherence
(Table 3). This indicates that the conformation and hence the

Scheme 1. Schematic of Water Interacting with a Siloxane
SAM Coated Silica Interfacea

a

The assumption is that during the self-assembly of OTS, there remain
unreacted Si−OH groups either from the silica surface or from the
OTS molecules. In this scheme, some water can be trapped between
the ODS molecules since the monolayer can have some defects. In
addition, there is a gap (2−6 Å) between the water and ODS
molecules. The observed free OH in the SFG spectrum could come
from the O−H of H2O facing the hydrocarbon chain of ODS, the O−
H of H2O facing the air gap (not hydrogen bonded to other water nor
interacting with the hydrocarbon chain of ODS), and the O−H of Si−
OH groups of either silica or OTS and the free OH of water trapped in
between the ODS molecules.

Table 3. Assignment, Amplitude, Line Width, and Frequency
of Modes from the Fit of the SFG Spectrum of H2O/ODS/
Silica (Figure 2a) in the C−H Stretching Region
assignments
+

CH2-sym (d )
CH3-sym (r+)
t-CH2 (t-d−(0))
CH2-asym (d−(π))
CH3−FR (r+FR)
CH3-asym (r−)

Ai

Γi (cm−1)

ωi (cm−1)

0.4
0.9
−0.5
0.02
1
−0.14

18
3
7
3
7
8

2857
2875
2890
2914
2936
2956

have proposed the presence of such a gap and/or nanobubbles
between a hydrophobic layer and the water molecules.10,12−15,58
The free OH peak position in the SFG spectrum of H2O in
contact with ODS-coated silica surface is ∼20 cm−1 red-shifted
from that of the air/H2O interface, due to the interaction of
water with methyl groups.20 Therefore, the observation of the
peak at 3700 cm−1 in the SFG spectrum at spot B, where the
SFG-FID shows long coherence (Figure 2c), may be taken as
an indication that this free OH does not interact with the
methyl group of ODS but instead interacts with air.
The blue shift of the free OH peak in the SFG spectrum
(Figure 2c) may also be explained by including the contribution
of Si−OH groups of ODS molecules, i.e., alkyl-SiOH groups
that are not cross-linked during the SAM formation and/or
unreacted silanol groups at the silica surface (silica-SiOH) that
are not bound to ODS molecules. The small amplitude of the
symmetric and asymmetric methylene peaks in the SFG
spectrum (Figures 1a and 2a) suggests that the ODS alkyl
chain is in a nearly all-trans conformation with a high packing

Table 4. Amplitude, Line Width, Dephasing, Frequency, and
Inhomogeneous Broadening Line Width of the Modes from
the Simultaneous Fit of the SFG Spectrum and the SFG-FID
of H2O/ODS/Silica (Figure 2b,c) in the Free O−H
Stretching Region
Ai

Γi (cm−1)

T2 (fs)

ωi (cm−1)

Γinh (cm−1)

0.25
1.0
−0.50
1.0

130
7
11
41

40
760
480
130

3570
3689
3709
3770

9
1
30
15

density of the alkyl chain appear to be the same in the spots A
and B, and is perhaps not the source of the diﬀerence in free
OH dephasing times. SFG measurements in the CH region at
multiple positions and diﬀerent ODS samples did not ﬁnd
distinct SAM structure (data are not shown). Therefore, the
21738
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density.54,59,60 At full coverage, the ODS molecules are not
completely cross-linked because of the geometry restriction
imposed by the distance between O atoms of O−Si−O (a
maximum of 3.2 Å)61,62 and the van der Waals radius of the
aliphatic chain groups (3.5 Å). As a result, some Si−OH groups
of the ODS molecules must be intact.61,62 It is known from
SFG spectra of ODS SAMs on glass that the frequency of Si−
OH of ODS molecules lies at ∼3708 cm−1.43 We hypothesize
that the blue shift of the SFG spectrum (in Figure 2b compared
to Figure 1b) and the long coherence of SFG-FID of water in
contact with ODS-coated silica surface (Figure 2c) can also be
interpreted as the contribution of Si−OH of ODS molecules.
A third possible explanation for the observation of a long
coherence in the free OH region can be due to the contribution
of water molecules that are trapped within the ODS monolayer,
between the ODS and silica and/or inside silica pores (Scheme
1). If there are such contributions, the conﬁnement geometry
(short distance between two ODS molecules or small pores)
imposed on these water molecules will decouple them from
other water molecules. As a result, the presence of distinct
water molecules (those that are in direct contact with the ODS,
and those that are trapped between the ODS layers and/or the
ODS-silica gap) can lead to the observation of long coherences,
in the SFG-FID and multiple free OH features in the SFG.
To test these hypotheses, the SFG spectrum of D2O/ODS/
silica was measured in the free OH region on spot B
immediately after that of H2O/ODS/silica. This was achieved
by replacing H2O with D2O in the sample well under the IR
fused silica prism. If the exchange between OH/OD is as fast as
is in the bulk, there would not be any signal from D2O/ODS/
silica in the free OH region. However, if the exchange rate is
slow, it would suggest OH species disconnected from the bulk
D2O. Interestingly, while the SFG intensity vanished almost
instantaneously in spot A, we observed the persistence of SFG
signal of the free OH species in spot B even after 100 min when
H2O was replaced by D2O (Figure 3). It appears that, because

coated silica prism, and the SFG spectra of D2O/ODS/silica
were recorded within 5 min and continued for up to 100 min
without changing the sample position. It should be noted that
this procedure did not destroy the overlap as the same
experiment with H2O resulted in the same SFG signal before
and after ﬂushing with H2O as conﬁrmed by the spectra in the
CH stretching region which show negligible signal change.
It is clear that after a sharp decrease of the SFG signal right
after exchanging with D2O, the SFG intensity slowly decreases
to an asymptotic value that is interpreted to correspond to the
remaining OH groups (either from silanol or trapped water)
that are isolated from the bulk D2O and therefore cannot
exchange with D2O. The corresponding SFG-FID of the D2O/
ODS/silica in the free OH region shows a long coherence,
similar to that observed in Figure 2 (see Supporting
Information). The observation of the long dephasing conﬁrms
that the signal is due to the OH resonance and not just the
nonresonant background. These observations suggest that the
OH species that shows the long dephasing in the SFG-FID is
related to the species which are isolated from the bulk, most
likely Si−OH of incompletely cross-linked ODS and/or water
conﬁned in the silica pores or between the monolayers. The
possibility of the long dephasing due to the topmost water
molecules separated by an air gap from the SAMs is excluded
because the exchange of OH/OD occurs in microsecond time
scale63,64 in bulk water (nonconﬁned system). Hence, the H2O
molecules at the gap between the bulk water and the CH3
groups ODS should be easily replaced by D2O.
Evidence for the existence of water molecules under the SAM
on silica surfaces has been reported by other groups.18,42 It was
concluded that water molecules can penetrate through defects
in the SAM and experience the electric ﬁeld of the silica
surface.18,42 Water molecules under the SAM presumably form
hydrogen bonds to silanol groups of silica or to other water
molecules. However, no isolated OH species under the SAM
(signature of free OH) was either observed or hypothesized in
those studies.
Another control experiment was performed with ODMS
instead of ODS to make a SAM at the silica surface. The use of
ODMS, which has only one linker group (the methoxy group),
eliminates the possibility of cross-linking between molecules
and formation of rafts of cross-linked ODS molecules anchored
at a few points in the ODS SAM.65 Compared to ODS SAMs,
the amplitude of C−H stretching modes in the SFG spectrum
of the ODMS-coated silica in contact with H 2 O is
approximately an order of magnitude smaller (Figure 4a). In
addition, the presence of methylene peaks (∼2850 and 2920
cm−1) with large amplitudes (Table 5) is an indication of a
signiﬁcant number of gauche defects in the ODMS SAM,
suggesting a lower density of alkyl chains compared to the ODS
SAM. The smaller coverage of the monolayer of ODMS
compared to the ODS was also consistent with the observation
of the lower contact angle for ODMS (80° or smaller)
compared to the ODS (105° or larger) SAMs.
The SFG spectrum and SFG-FID of ODMS in contact with
H2O (pH ∼ 6) in the free OH region (Figure 4b,c and Table 6)
are essentially similar to those of ODS observed at spot A. The
SFG-FID of ODMS in the free OH region shows a short
coherence and changing the sample position does not alter the
SFG-FID or SFG spectrum. In no case was a long free OH
SFG-FID observed from ODMS SAMs. Although the hydrophobicity of the ODMS SAM is less than the ODS SAM, which
might aﬀect the ability to sustain an air gap between the ODMS

Figure 3. SFG intensity of D2O/ODS/silica interface in the free OH
region as a function of time. Time zero is when H2O was replaced by
D2O. The SFG spectrum of the H2O/ODS/silica interface which was
measured before addition of D2O is also shown at time zero.

of the conﬁnement geometry of the isolated OH groups, the
exchange rate with OD becomes slow, allowing nonzero SFG
response to remain in the free OH region. The SFG intensity at
time zero represents the silica/ODS in contact with H2O. Right
after taking the SFG spectrum of silica/ODS in contact with
H2O, the ODS/silica prism and the sample holder were
removed from the setup and ﬂushed with D2O at least three
times to exclude H2O from the cell. The sample holder
containing D2O was then placed in contact with the ODS21739
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Table 6. Amplitude, Line Width, Dephasing, Frequency, and
Inhomogeneous Broadening Line Width of the Modes from
the Simultaneous Fit of the SFG Spectrum and the SFG-FID
of H2O/ODMS/Silica (Figure 4b,c) in the Free O−H
Stretching Region
Ai

Γi (cm−1)

(T2)i (fs)

ωi (cm−1)

(Γinh)i (cm−1)

1.0
1.0
−0.25

68
24
43

78
220
123

3550
3678
3777

19
7
2

limited by the bandwidth of the visible pulse, this approach
alone is not capable of resolving bands that are separated by few
wavenumbers. Time domain measurements therefore complement frequency domain experiments especially for systems that
display large inhomogeneity and nonresonant contribution.

■

CONCLUSION
The combination of frequency and time domain SFG was used
to study the non-hydrogen-bonded spectral region of water at
hydrophobic surfaces of ODS-coated silica. In contrast to
previous studies of this system, where only one free OH peak
(∼3680 cm−1) with short dephasing was observed, an
additional peak whose frequency is blue-shifted by ∼20 cm−1
was observed. The dephasing of this new peak is signiﬁcantly
slower (∼760 fs) than the free OH of water in contact with
ODS. Although it is challenging to make a unique assignment
for the nature of the oscillator responsible for the observation
of the peak at ∼3700 cm−1 characterized by the long dephasing,
isotopic exchange experiments as well as the behavior of H2O
in contact with ODMS-coated silica suggest that the OH
species responsible are possibly Si−OH groups of ODS, water
trapped in silica pores, water in between ODS molecules, and/
or water conﬁned between the ODS and the silica surface.

■

Figure 4. (a) SFG spectrum of ODMS-coated silica interface in
contact with H2O in the C−H stretching region. (b) SFG spectrum
and (c) SFG-FID of ODMS-coated silica interface in contact with
H2O in the free O−H stretching region (∼3700 cm−1). The
polarization combination for SFG, vis, and IR is S,S,P.

* Supporting Information
Details of the importance of inhomogeneous broadening in
simultaneous ﬁtting, justiﬁcation of the number of distinct
oscillators in the simultaneous ﬁt of FID and spectrum, the
Fourier transform (FT) of the SFG spectra, and the SFG-FID
of D2O/ODS-coated silica in the free OH region (3700 cm−1).
This material is available free of charge via the Internet at
http://pubs.acs.org.

Table 5. Assignment, Amplitude, Line Width, and the
Frequency of Modes from the Fit of the SFG Spectrum of
H2O/ODMS/Silica (Figure 4a) in the C−H Stretching
Region
assignments

Ai

Γi (cm−1)

ωi (cm−1)

CH2-sym
CH3-sym
t-CH2
CH2-asym
CH3−FR
CH3-asym

0.26
0.20
−0.33
0.33
1.0
−0.33

4
4
7
8
15
20

2850
2873
2890
2914
2936
2956
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and water, the absence of the long coherence in the case of
ODMS SAMs in contact with water is consistent with our
hypothesis that the long coherence at the ODS/water are due
to the contribution of unreacted Si−OH of ODS or the water
trapped in between SAM and silica surface or pores.
It is clear that much more information can be obtained from
combining the time and frequency domain SFG measurements.
Because the resolution of the spectra in broad-band SFG is
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