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Vapor adsorption is an important process influencing the
migration and the fates of many organic pollutants in the
environment. In this study, adsorption of ethylene glycol (EG)
vapor onto single crystal R-Al2O3 (0001) and fused SiO2
(amorphous) surfaces was studied with sum frequency
generation spectroscopy, a well-suited surface specific
technique for probing interfacial phenomena at the molecular
scale. Air-aqueous EG solutions were also investigated
to compare to the adsorption at the air-solid interface in
the presence of water vapor. The gauche conformer of
EG molecules dominates the air-aqueous EG solution
interface, and EG molecules act as hydrogen acceptors
at the air-liquid interface. Water and surface hydrophilic/
hydrophobic properties play important roles for the
adsorption of EG onto silica and alumina surfaces. The
adsorbed EG molecules interact in different ways at the two
different oxide surfaces. EG molecules weakly physisorb
onto the R-Al2O3 (0001) surface by forming relatively weak
hydrogen bonds with surface water molecules. On the
silica surface, the suppression of the silanol OH stretching
peak indicates that EG molecules form hydrogen bonds
with silanol OH groups.

Introduction
Vapor adsorption onto oxide surfaces occurs in unsaturated
soils and on mineral aerosols in the atmosphere. Vapor
adsorption influences the contaminant migration and fate
in the environment and can modify surface properties of the
mineral particles, such as reactivity, hydrophobicity/hydro-
philicity, and surface charge (1, 2). In the troposphere, mineral
aerosols can act as reactive surfaces with trace organic or
inorganic atmospheric gases. The heterogeneous reactions
between mineral aerosol and organic gases are critical for
governing the trace atmospheric gas budget (such as O3) (3,
4). Among the metal oxides studied, silica and alumina are
the most extensively studied because of their ubiquitous
presence in soil and mineral aerosols (3-5).

It is well-known that the reactivity of silica and alumina
surfaces is strongly influenced by the degree of surface
hydroxylation. For example, small quantities of H2O in
chromatographic columns are known to have a large effect
on the specificity of silica powders and surfaces to polar
chemicals (6, 7). Both silica and alumina surfaces are quickly

hydroxylated after contact with water vapor, and hydration
also modifies oxide surface structures. The hydrated oxide
surface structure is not the perfect termination of the oxide
bulk structure. The clean R-alumina (0001) surface is Al-
terminated and is significantly relaxed relative to the bulk
structure under ultrahigh vacuum (UHV) conditions, whereas
the fully hydrated surface is oxygen terminated, and the
surface structure is an intermediate between R-Al2O3 and
γ-Al(OH) (8). Ab initio molecular dynamic calculations reveal
that during the hydration, the coordinated unsaturated
surface Al ions provide strong Lewis acid sites for H2O
adsorption, and dissociation of adsorbed H2O generates two
types of surface hydroxyl groups: OadsH and OsH (Oads, water
oxygen; Os, surface oxygen) (9). Numerous studies have been
completed on the thermal stability of various types of hydroxyl
groups on silica surfaces (10-16). Theoretical studies have
found that the formation of a Si-OH group on quartz surfaces
due to dissociative adsorption of water is preferred and causes
a significant lowering of the surface energy (17). Under
ambient conditions, many researchers have demonstrated
that silica and alumina surfaces are covered with several
monolayers of water molecules by forming hydrogen bonds
either between surface hydroxyl and water molecules or
between individual water molecules (4, 14, 15, 18, 19).

For adsorption of nonionic organic vapor on hydroxylated
metal oxide surfaces, there are two main types of interaction
forces: van der Waals (dispersion force) interaction being
universal for many compounds and the interaction with
formation of hydrogen bonds between the surface hydroxyl
group and adsorbed molecules (15, 20). Many IR studies have
been dedicated to the investigation of hydrogen bonds of
silanol groups upon adsorption. In addition, IR spectroscopy
under various temperature conditions has been utilized to
investigate the adsorption properties of organic compounds
on oxide surfaces for various applications (11, 14, 15, 20-
26), where experiments were typically carried out in con-
trolled environmental conditions such as vacuum, absence
of water vapor after hydroxylation or hydration, etc. Based
on hundreds of studies of organic adsorption on the silica
surface, it has been concluded that hydrogen bond formation
between electronegative atoms or π electrons of adsorbate
molecules and the hydrogen atoms of the silanol groups plays
a major role in adsorption of molecules from the vapor state
(15, 20).

The sorption of organic vapor to mineral oxide surfaces
under ambient environmental conditions has been shown
to follow these mechanisms (27, 28): (1) Organic vapor
adsorbed to the mineral oxide surface. The organic vapor
can be physically adsorbed and/or reacted with the surface
aluminol or silanol group. (2) Organic vapor adsorbed within/
on the surface water film that is adsorbed on the mineral
surface. (3) Organic vapors are solvated into the adsorbed
water layers (a quasi-liquid water layer). Using gas chro-
matographic methods, Goss et al. (27-31) measured surface-
air adsorption constants of a diverse set of 50 organic vapors
on silica and alumina surfaces at different relative humidities
(RH) and found that, comparing with the adsorption
constants at different relative humidities, adsorbed water on
the oxide surface plays a crucial role on the organic adsorption
behavior. Mechanism 1 only occurs on surfaces that were
not completely covered with water (28). With complete water
layer coverage, mechanism 2 dominates for all the organics
studied except for polar molecules such as methanol or small
organic acids (28, 29). At very high water relative humidities
(90-100%), an increase of adsorption was observed, and it
was speculated that this is due to a change in the orientation* Corresponding author e-mail: allen@chemistry.ohio-state.edu.
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of the water molecules that form the surface water layer to
which the organic adsorbs (27). When the quantity of water
on the mineral oxide surface reaches a value between 4 and
5 monolayers, Henry’s law can be applied to quantify the
organic vapor retention (32, 33). While these studies provide
useful information by quantifying the vapor surface adsorp-
tion at different relative humidities, additional research is
needed to fully understand the adsorption mechanisms at
the air-solid interface. A surface-selective technique with
the capability of molecular level resolution would be useful
to provide support for the theories postulated from the
macroscopic experimental results. In this study, a surface-
selective spectroscopic technique, sum frequency generation
(SFG) vibrational spectroscopy, was used to investigate
ethylene glycol vapor adsorption on single crystal R-alumina
(0001) and fused silica surfaces. SFG spectra can provide
molecular-level information of adsorption at the air-solid
interface.

Surface Specific Probing Techniques. For the introduc-
tion of surface specific probing techniques, there are several
excellent detailed reviews by Al-Abadleh and Grassian (4),
Brown and Sturchio (34), and Brown et al. (35). These reviews
not only summarize surface sensitive techniques but also
provide both introductory and the latest research updates
on the metal oxide surface. The theory of SFG can be found
in other publications (36-40). Here, a brief introduction of
sum frequency generation spectroscopy is provided since it
is the focus of this study.

SFG is a second-order nonlinear process that occurs in
noncentrosymmetric environments such as at interfaces
including the air-solid interface under the electric-dipole
approximation. The SFG intensity, ISFG, as shown in eq 1

is proportional to the absolute square of the macroscopic
second-order nonlinear susceptibility, ø(2), which consists of
resonant terms (øv

(2)) and a nonresonant term (øNR
(2) ). When

the frequency of an incident infrared beam, ωIR, is resonant
with a vibrational mode of an interfacial molecule, v, the
resonant susceptibility term øv

(2) dominates ø(2) and a SFG
intensity enhancement is observed. øv

(2) is shown in eq 2

where Av is the amplitude of the transition moment, ωv is the
frequency of the transition moment, and Γv describes the
line-width of the transition. The amplitude, Av, is nonzero
when the Raman and the infrared transitions are spectro-
scopically allowed.

Experiment and Chemicals
Sum Frequency Generation. In the Allen Lab, two types of
SFG systems are available. One is a broad bandwidth SFG
(BBSFG) system, and the other is a scanning SFG system. In
this study, the scanning SFG system was used to investigate
both the C-H stretching region and the broad hydrogen
bonding region at the oxide surfaces. A brief description of
the scanning SFG system is given below.

The scanning SFG system utilizes a visible beam at 532
nm and an infrared beam tunable from 2500 to 4000 cm-1

with a bandwidth of ∼4-8 cm-1 depending on the spectral
region. The 532 nm beam is generated by doubling the
frequency (second harmonic) of the 1064 nm pump source
from an EKSPLA PL 2143A/SS Nd:YAG laser (29 ps pulse
duration and 10 Hz repetition rate). The infrared beam is
generated from a KTP-KTA based optical parametric gen-

erator/amplifier (OPG/OPA) system (LaserVision). The input
532 nm intensity is focused using a plano-convex lens (CVI
Laser, 500 mm focal length) and is placed ∼490 mm before
the sample surface to provide a ∼1 mm beam diameter and
400 µJ per pulse of 532 nm light on the sample surface. The
infrared is focused at the sample surface using a BaF2 lens
(200 mm focal length), where it has < 0.5 mm beam diameter,
and is ∼300-650 µJ per pulse depending on the spectral
region. This IR profile is shown in Figure 1. The input angles
are ∼45° and ∼53° from the surface normal for the 532 nm
and infrared beams, respectively. The detection angle is set
to 45.6° from the surface normal for sum frequency detection.
Several spatial, Schott glass and notch filters are used to
block the 532 nm beam from entering the detection system.
A 512 × 512 pixel array, 12.3 mm × 12.3 mm active area,
24-micron square pixel size, back illuminated CCD (DV412,
Andor Technology) is used to detect the sum frequency signal.
The CCD is thermoelectrically cooled, and the CCD tem-
perature was set at -45 °C during the experiments. A home-
written program in Labview and C+ languages was used for
data acquisition. The scanning SFG spectra presented in this
paper were acquired using a 10 or 30 s exposure time for
each data point, and spectra were acquired anywhere from
20 to 50 min (from 2700 to 4000 cm-1). The spectra presented
here are the average to at least two replicate spectra. The
polarization combination used for the scanning SFG experi-
ments presented here is S, S, and P for the SFG, 532 nm, and
infrared beams, respectively. The nonresonant response from
the GaAs surface is shown in Figure 1 and can be used for
normalization; however, in the experiments presented here,
spectra were normalized to the incident IR energy also shown
in Figure 1 since we obtain these data in real time. The spectra
were acquired at the ambient condition of 23 °C and ∼50%
RH.

Materials and Chemicals
The R-Al2O3 single crystal (c-cut, (0001) plane) parallel plates
were purchased from Marketech International with a purity
of >99.995%. The crystal was highly polished with a surface
quality of 20-10 (alumina crystals without a highly polished
surface can generate white-light in the bulk more efficiently
and also produce lower signal intensities). The infrared grade
fused silica plates were purchased from Quartz Plus Inc.
According to the manufacturer data, the surface quality is
60-40, flatness = 5 waves, parallelism < 15′, surface
roughness ) 1.5-3 nm, and bulk hydroxyl content e 8 ppm.
The alumina crystals were investigated by XPS after being
received from the supplier to make certain that there was no
inorganic contamination (especially silica) at the alumina
surface. Before the SFG experiments, the oxides were
annealed in a muffle oven (Fisher Scientific, Isotemp Muffle
Furnace) at 900 °C for more than 12 h in order to remove
possible organic contamination. After the crystal was cooled

ISFG ∝ |ø(2)|2 ) |øNR
(2) + ∑

v

øv
(2)|2 (1)

øv
(2) ∝

Av

ωv - ωIR - iΓv
(2)

FIGURE 1. The infrared energy profile and the nonresonant sum
frequency generation response from a GaAs surface.

VOL. 39, NO. 1, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 207



to room temperature, the crystal was kept under ambient
conditions for more than 30 min to allow equilibrium with
the water vapor in the air. Then, the SFG experiments were
performed on the alumina surface before and after the
ethylene glycol adsorption.

The adsorption experiments were completed by placing
the oxide into a sealed glass container with ∼0.1 Torr partial
pressure of ethylene glycol vapor under ambient conditions
(1 atm pressure at 23 ( 1 °C). After 2 h exposure, oxide plates
were purged with organic free air for 30 min. The oxide plates
were then placed back onto the sample stage to investigate
the air-solid interface by SFG spectroscopy.

Anhydrous ethylene glycol (99.8%) was purchased from
Aldrich Chemicals and used as received. Deionized water
was obtained from a Millipore Nanopure system (18.3 MΩ‚
cm). The relative humidity measurement was carried out by
using a digital hygrometer/thermometer (Traceable, Control
Company) with an accuracy of (2% for relative humidity
and (1 °C for temperature.

Curve-Fitting of the SFG Spectra. Since an SFG-active
vibrational mode must be both IR-active and Raman-active,
an IR spectrum and a Raman spectrum of the chemicals of
interest were obtained and analyzed before performing the
SFG spectrum curve-fit. By performing curve-fits on the IR
and Raman spectra, the number of peaks, peak position,
and bandwidth of the both Raman- and IR-active modes
can be obtained. These peak parameters are used as
references when setting the initial guess and the confinement
parameters in the SFG curve-fitting process as well as
determining the possible numbers of the peaks that can exist
in the SFG spectrum. In the Raman and IR fitting, the intensity
is the summation of each vibration’s intensity, whereas in
SFG the intensity is the absolute square of the summation

of each vibration’s øv
(2)and øNR

(2) as shown in eq 1. This leads
to different spectral character for SFG spectra relative to
Raman and IR spectra because the relative phase of the SFG
response for each overlapping vibrational mode can have a
profound effect on the shape of the resultant SFG spectra.
Therefore, SFG spectra interpretation must occur after
deconvolution into the component peaks since direct
comparison of SFG spectra to Raman and IR spectra may be
misleading. In addition to the inclusion of phase, different
nonresonant parameters were used to fit the SFG spectra.
This parameter varied substantially for the air-liquid versus
the different air-solid interfaces.

Results and Discussion
Ethylene Glycol at Air-Liquid Interfaces. Sum frequency
generation spectra of aqueous ethylene glycol solutions are
shown in Figure 2. The spectra cover both the CH (2700-
3000 cm-1) and OH (3000-3900 cm-1) stretching regions
and were collected using the SSFGSVisPIR polarization con-
figuration (the electric field vector for the S polarization is
perpendicular to the incident plane, and for P polarization,
it is parallel to the incident plane). In the CH stretching region,
the peak around 2875 cm-1 is attributed to the CH2 symmetric
stretching (SS) modes. There is some controversy on the
assignment of the smaller peak observed at ∼2940 cm-1,
some follow general IR and Raman assignments by assigning
it to the CH2 asymmetric stretching (AS) modes (41), and
recent SFG work assigns it to the Fermi resonance of the
overtone of the CH2 bending mode with the fundamental of
SS modes by comparing the SFG intensity of EG at different
polarization configurations (42). We assign the peak at ∼2940
cm-1 to CH2-AS modes as discussed below.

FIGURE 2. Sum frequency generation spectra of aqueous ethylene glycol solutions. Red lines are spectroscopic fits, and dark green lines
are component peaks. Each spectrum shown is the average of at least 2 replicates except for neat ethylene glycol, and error bars are
the standard deviations of the replicates.
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The SFG intensity in the CH stretching region of aqueous
ethylene glycol solutions increases with the concentration
of the ethylene glycol in the solution, as one would expect.
However, the CH2-SS peak is split into two prominent peaks
at concentrations e 0.1 mole fraction EG, suggesting that
there are at least two components to the CH2-SS. The splitting
is not observed in Raman and IR spectra of the bulk solutions
confirming that the distribution of bulk and surface EG-
water complexes are different. The splitting observed in our
SFG surface spectra suggests that there is a critical H2O
concentration needed to organize the EG molecules into
fewer, but more highly probable, EG conformers at the
solution surface. One can view this as a surface solvation
effect since the addition of solvent water molecules gives
rise to the stabilization of fewer EG conformers at the solution
surface. Hydrogen bonding between water and EG molecules
plays a key role in the stabilization of fewer conformers at
the surface, whereas in the bulk, solvation is 3-dimensional
and therefore different. (Gas-phase cluster data on EG-water
complexes is helpful to explain the EG-water interactions
(41).) The splitting of the CH2-SS peak also indicates that
the peak at ∼2940 cm-1 can be attributed to CH2-AS modes,
otherwise a similar splitting feature would have been observed
if this peak is due to Fermi resonance modes.

Various ab initio calculations in gas and condensed phases
reveal that the gauche conformer dominates the EG popula-
tions (41, 43-45). Since the trans conformer is internally
centrosymmetric, one would expect minimal if any SFG
intensity according to the spectroscopic rules for SFG (46).
However, a strong methylene SFG response is observed as
shown in Figure 2 indicating that at the air-liquid interface
EG gauche conformers are also dominant, consistent with
these previous calculations.

The hydrogen bonded OH stretches are clearly observed
in the 3000-3600 cm-1 region; however, free OH stretches
of EG (3600-3800 cm-1 region (47, 48)) are not observed for
the neat EG-air spectrum. This indicates that, unlike water
molecules with about 20% of OH dangling freely at the air-
liquid interface (49), the diols of the EG molecules are
hydrogen bonded at the interface. This leaves hydrophobic
alkyl groups pointing from the liquid surface into the air
phase and indicates that EG at its air-liquid interface behaves
orientationally similar to methanol and ethanol (50, 51).

The free OH stretching (3700 cm-1) of water molecules
nearly disappears at concentrations g 0.1x EG, and only
shows a weak response in the 0.05x EG solution as shown
in Figure 2. This indicates that the EG molecules at the air-
liquid interface are hydrogen acceptors (in addition to being
hydrogen donors) in the EG-water binary system. That is,
the oxygens of the EG diols are hydrogen bonding to the
hydrogens of the dangling (free) OH of surface water. Figure
3 summarizes the peak intensities for both the CH2-SS for

EG and the free OH for water (relative ratios to neat EG for
CH2-SS and to neat water for free OH). The free OH intensity
decreases substantially from 0.001x to 0.05x EG solution (1
EG:19 H2O: ∼4 dangling OH). There are two factors that need
to be considered when the SFG intensity is used for the
quantitative spectral analysis. The first factor is the increased
surface number density of EG molecules relative to the bulk
concentration (41) since EG slightly partitions to the surface
of its aqueous solution (decreasing surface tension with
increasing EG concentrations). The second factor is the nature
of SFG (SFG intensity depends on both the interfacial number
density and the orientation of these molecules). However,
the steep drop of the free OH intensity at such a low EG
concentration strongly suggests that EG has a propensity for
forming hydrogen bonds with the dangling OH (H-donor) of
water at the interface. These findings are consistent with
previous studies on aqueous methanol solutions, also an
alcohol, which indicated that methanol is a more efficient
hydrogen-bonding acceptor when it resides in the interfacial
region (51).

Ethylene Glycol at Air-Solid Interfaces. The SFG spectra
of R-Al2O3 (0001) at 54% relative humidity before (clean) and
after exposure to EG vapor are shown in Figure 4. A neat
water spectrum acquired using the same parameters (IR and
532 nm energy, exposure time etc.) is also plotted for
comparison. The spectrum of clean R-alumina (0001) shows
intensity in the hydrogen bonded OH stretching region
(3000-3600 cm-1), consistent with infrared studies of water
adsorption at the R-Al2O3 (0001) surface (9, 18). Recently,
Al-Abadleh and Grassian studied surfaces of both single
crystal and particles of R-alumina under 1 to 95% RH
conditions using FT-IR spectroscopy (18). They found that
water adsorbs on the surface in an ordered fashion with the
formation of a stable hydroxide layer below ∼10% RH, and
water molecules form a structured overlayer between 10 and
70% RH. A quasi-liquid layer was also indicated to form on
the surface above 70% RH. According to Al-Abadleh and
Grassian, there are ∼3 monolayers of water molecules formed
on the R-alumina (0001) surface at 54% RH. At 296 K and
54% RH, our SFG spectra suggest that the R-alumina (0001)
surface is hydrated with the possibility of several monolayers
of water molecules, generally consistent with previous IR
studies (9, 18). Yet, in the free OH region of Figure 4, a

FIGURE 3. Peak area ratios of CH2-SS and free OH stretching of
surface water change with the concentration of ethylene glycol in
aqueous solutions. The peak areas of the CH2-SS are the total area
for two fitted component bands. One fitted free OH peak centered
at ∼3700 cm-1 accounts for the area of the water free OH peak. The
ratios are relative to neat ethylene glycol for the CH2-SS and to
neat water for the free OH.

FIGURE 4. Sum frequency generation spectra of (a) the r-Al2O3

(0001) surface before and (b) after exposure to ethylene glycol vapor
at 54% RH. The neat water sum frequency spectrum acquired using
the same setup is plotted for comparison.
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relatively sharp peak is observed at ∼3710 cm-1. In this region,
both the free OH stretching of adsorbed water molecules
and the free aluminol OH stretching can contribute to the
SFG response. (The vibrational frequency of the aluminol
OH stretch with the oxygen coordinated by three aluminum
atoms has been previously observed at ∼3710 cm-1 by using
infrared absorption spectrocopy (52, 53).) At relatively high
RHs, there is still a possibility of isolated aluminol hydroxyl
groups existing on the alumina surface (18, 54) even though
most of the hydroxyl groups have formed hydrogen bonds
with adsorbed water molecules.

Since the refraction index of R-Al2O3 (ns ≈ 1.77) is larger
than that of neat water (ns ≈ 1.33) and SiO2 (ns ≈ 1.46), there
should be less SFG signal reflected from the alumina surface
according to nonlinear Fresnel coefficient calculations, and
yet an enhanced SFG signal intensity is observed in this
spectral region for the alumina surface relative to the neat
water surface. Compared to the neat water SFG intensity in
the hydrogen bonding region, the higher SFG response from
the R-alumina (0001) surface may occur according to 2
possible scenarios (a nonresonant response scenario was
tested and did not contribute to the increased ‘effective’
response). One is that the orientations of the structured water
molecules are more ordered at the alumina surface than those
of the air-water interface. Enhancement is observed in both
the 3250 and 3450 cm-1 regions. However, the 3450 cm-1

region is more intense, not necessarily consistent with
ordering of the surface water; however, interactions with the
alumina surface hydroxyls may weaken the water-water
hydrogen bonds, increasing the vibrational energy (frequency
(cm-1)) of the molecules in the H-bonding network. There-
fore, the water molecules could still be more highly aligned.
This is consistent with an increase in the OH stretching region
of H-bonded water. A second scenario is that the higher SFG
intensity from the hydrated alumina surfaces can have
contributions from the hydrogen bonded aluminol OH
stretching, consistent with reported frequencies for more
highly coordinated Al-O-H (52, 53). Additional studies using
D2O instead of H2O are needed to help distinguish between
the two scenarios. These studies are currently underway.

Unlike the R-Al2O3 (0001) surface, a weaker SFG response
in the hydrogen bonding region from the fused silica
(amorphous) surface reveals the relatively hydrophobic
nature of this surface as shown in Figure 5a. (Nonlinear
Fresnel factors have been calculated for the alumina and
silica surfaces and reveal that the silica surface gives a higher
Fresnel factor.) There are numerous studies of water adsorp-
tion on silica surfaces using infrared adsorption in addition
to many other methods (14, 15, 20). These results are not
consistent with each other, especially in terms of the water
coverage (19, 55, 56). The inconsistent data may be the result
of differences in the materials used, sample pretreatment
methods, experimental conditions (vacuum or ambient), and
analytical methods.

In Figure 5a, at ambient conditions with 54% RH, the SFG
spectrum of the air-silica interface reveals a weak hydrogen
bonded OH stretch band, whereas a strong silanol OH
stretching peak is observed around 3750 cm-1. To ensure
that the 3750 cm-1 peak was due to the free silianol OH
stretch instead of other free OH stretches from adsorbed
water molecules, an SFG spectrum was obtained at 0% RH
as shown in Figure 5a. The SFG intensity of the 3750 cm-1

peak at 0% RH increases slightly compared to that of the 54%
RH SFG spectrum. This indicates that the 3750 cm-1 peak is
indeed due to the free silianol OH stretch. At 54% RH, the
SFG spectrum suggests that water molecules may only cover
a limited portion of the hydrated silica surface and that
isolated silanol OH groups are present as the major surface
species. While numerous infrared studies have observed the
isolated silanol OH stretching frequency in the same spectral
region (10-16), to our knowledge, this is the first published

SFG spectra revealing the silanol OH from the air-silica
interface, although solid-liquid SFG spectra of silica-water
have been published by other groups (38, 57).

The SFG spectra of ethylene glycol adsorbed on hydrated
alumina and silica surfaces are shown in Figures 4 and 5b.
The presence of the methylene CH stretching modes of EG
molecules indicates the adsorption of EG molecules on both
oxide surfaces. The slight decrease of the SFG intensity in
the hydrogen bonded OH region on the R-Al2O3 surface
(Figure 4) may suggest to a small extent, perturbation of the
hydrogen bonding structures after adsorption of EG. (How-
ever, destructive interference with the CH modes may be the
cause of this as fitting parameters can be forced to provide
this change in spectral shape of the OH region.) The peak at
∼3710 cm-1 remains unchanged, which suggests that this
peak may indeed be the hydroxyl group (Al-O-H) on the
R-Al2O3 surface as opposed to the free dangling OH of
adsorbed water since the presence of EG molecules at the
air-aqueous solution surface reduces the intensity of the
free OH stretching as discussed above. Molecular dynamics
calculations of water adsorption on the boehmite (010)
surface indicate that water molecules do not cover the entire
surface, moreover, adsorbed water forms island type multi-
layers, leaving a fraction of the aluminol OH groups exposed
(personal communication with L. Criscenti, Sandia National
Lab). One might expect the same results from the R-Al2O3

surface since both the hydroxylated R-Al2O3 surface and the
boehmite surface are quite similar (boehmite is only slightly
more hydrophilic than R-Al2O3). Therefore, it is possible that
isolated R-Al2O3 hydroxyl groups will still exist without
forming hydrogen bonds with surface water molecules under
54% RH at 296 K. If this is true, then EG is preferentially
hydrogen bonding with the surface adsorbed water and not
the isolated R-Al2O3 hydroxyl groups. This is further elucidated
following the continuing discussions on the SFG spectrum
changes in the CH stretching region.

As shown in Figure 5b, after adsorption of EG molecules
on the SiO2 surface, the isolated silanol OH stretching peak
is suppressed to a great extent relative to this peak observed
from the SiO2 surface at 54% RH (Figure 5a). In addition,
there are no EG free OH peaks observed. These observations
suggest that EG molecules form hydrogen bonds with the

FIGURE 5. Sum frequency generation spectra of the silica surface
(a) before and (b) after exposure to ethylene glycol vapor at 54%
RH.

210 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 39, NO. 1, 2005



surface silanol groups, and EG can act as a hydrogen acceptor
and a hydrogen donor to the other acceptors (surface silanol
groups, water molecules, or other EG molecules). These
results are in agreement with the FT-IR studies which
concluded that hydrogen bond formation between the
adsorbate molecules and the hydrogen atoms of the silanol
groups on the silica surface plays a major role in adsorption
of molecules from the vapor state (15, 20).

It is difficult to analyze the hydrogen bonding structure
based on the OH stretching region alone since there is a lack
of informative features in this region due to the broadness
of the hydrogen bonded OH stretching bands. In addition,
the oxide surface under ambient conditions with the presence
of water vapor and organic molecules containing hydroxyl
groups is complex. However, the spectroscopic features in
the CH stretching region can give key information about the
hydrogen bonding structure since changing the local hy-
drogen bonding environment will affect the frequencies of
the CH stretching modes. Figure 6(a-c) compares the SFG
spectra and relative CH stretching frequencies of the 0.1x EG
solution, the EG adsorbed on the alumina surface (EGAl),
and the SiO2 (EGSi) surface. The CH2-SS peaks of the SFG
spectrum of EGAl (Figure 6b) resembles that of the aqueous
EG solution at low concentration (e 0.1x in Figure 2) which
reveals a splitting feature at ∼2855 and ∼2880 cm-1. In
contrast, the CH2-SS peak of the SFG spectrum of EGSi (Figure
6c) is similar to that of the aqueous EG solution at higher
concentrations (> 0.1x in Figure 2). This is consistent with
the discussions above that suggest that the EG molecule

adsorbs on the relatively hydrophilic R-Al2O3 (0001) surface
(58) by forming hydrogen bonds with adsorbed water
molecules and that the EG molecule forms hydrogen bonds
with silanol OH groups on the relatively hydrophobic SiO2

surface. (At 54% RH, the SiO2 surface does not have as many
water molecules adsorbed to its surface as that of the R-Al2O3

surface as indicated by Figures 4a and 5a.) As shown in Figure
6(a-c), the CH2-SS peak positions of the SFG spectrum of
EGAl are shifted ∼15 cm-1 to lower frequency relative to that
of the aqueous EG solutions (Figure 2). The red shift of the
CH2-SS peaks suggests that hydrogen bonding between the
adsorbed water molecules and the EG molecules is relatively
weak compared to that at the aqueous EG-air interface,
consistent with cluster studies (51). This was further tested
by the complete desorption of EG (no CH stretching SFG
signal detected) after rinsing EG adsorbed R-Al2O3 (0001)
with organic free deionized water for 5 min. The hydrogen
bonding strength can therefore be described as weakly
physisorbed. There is a convolution of the ∼2855 cm-1 and
the ∼2880 cm-1 CH2-SS peaks in the EGSi spectrum,
suggesting one continuous distribution of EG comformers
and orientations as opposed to the bimodal distribution
(CH2-SS peak splitting) observed for the low EG mole
fractions at the liquid surface as well as at the surface of the
alumina. In addition, there is no SFG signal in the EG CH
stretching region after rinsing EG adsorbed SiO2 for 5 min
with water. This also suggests that the hydrogen bonds
between EG molecules and silanol OH group are also weak
relative to that at the aqueous EG-air interface (i.e. weakly
physisorbed). However, the observed shifts, splitting and lack
of splitting from the different interfaces clearly indicate that
the adsorbed EG molecules interact in different ways at the
two different oxide surfaces. Interestingly, the EG adsorption
on the alumina surface exhibits splitting similar to the low
concentration EG solution surface, yet the silica surface does
not allow the EG to preferentially reorient. In addition, the
surface hydrophilic versus hydrophobic properties seem to
strongly influence the ability of EG to reorient itself.
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