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This work presents a study of carboxylate adsorption at the fluorite/water interface by vibrational sum frequency
spectroscopy. A homologous series of monocarboxylic ions including formate, acetate, propionate, hexanoate,
and dodecanoate was studied in frequency regions corresponding to theνCH andνCO/δCH response. Previously
reported vibrational and Raman modes were investigated for their sum frequency activity. For a more reliable
band assignment, sum frequency measurements on systematically deuterated compounds were completed
and compared with calculated band positions and intensities. Different polarization configurations were utilized,
together with symmetry properties of bands derived from a normal-mode analysis, to classify the observed
fundamentals and overtones. Differences in chain length led to striking changes in the spectral signatures of
the compounds studied and were related to the molecular structure of the adsorbates and interfacial water
molecules.

1. Introduction

Adsorption processes at liquid/solid interfaces play an
important role in geochemical processes and a variety of
technological applications.1-3 Here, the interaction of mineral
surfaces with low molecular weight carboxylates, which are
ubiquitous in soils4,5 and large-scale industrial production, is
of particular interest. Carboxylate ions can govern dissolution
processes, regulate the biological availability of nutrients, and
are a determining factor for the environmental transport cycle
of various metals,4 including the bioretention of chromium and
other toxic pollutants. In industry, the adsorption of carboxylate
ions onto particles is a common mechanism for growth inhibition
and impurity inclusion during product crystallization (e.g., in
the Bayer process,6 a key step in the production of aluminum).
Carboxylates have also found a variety of applications from
surface modifying agents to the size-controlled synthesis of
nanoparticles7 and can act as an intermediate layer for the
interaction of surfaces with other organic materials,8 which is
crucial for promising innovations like dye-sensitized solar cells.9

Naturally, carboxylate interactions with solid substrates have
been studied by a variety of techniques with IR and Raman
spectroscopy being most common for in situ investigations.
While such studies are certainly useful and can reveal a fair
amount of detail, they are not surface specific on a molecular
scale. Even specialized methods (Fourier transform infrared-
internal reflection spectroscopy, diffuse reflectance Fourier
transform spectroscopy) are usually limited to substrates with
rather high surface areas such as finely divided powders,
suspensions, or colloids10-12 and often require a difficult spectral
separation of the adsorbate contributions from bulk background
signals.

More recently, vibrational sum frequency spectroscopy
(VSFS) has been employed to develop a molecular picture of
adsorption processes at the solid/liquid interface. On the basis
of an inherently surface specific nonlinear optical process, the

coherent nature of the sum frequency generation can reveal more
detailed information compared to linear techniques, especially
when coupled with polarization-resolved measurements. Until
now, most studies were limited to the frequency regions ofνCH
and νOH bands, as suitable laser sources were more readily
available in the corresponding wavelength region (2800-4000
cm-1). For carboxylates, the relevant bands (νC-O, νCdO)
are located at larger wavelengths, typically on the order of
1300-1700 cm-1, and technological advances only recently
opened up this spectral region for VSFS studies.13

In IR and Raman investigations of carboxylates, both in
solutions and adsorbed on substrates, the signature of the
carboxylate group is often obscured by other bands, namely,
C-H bending modes.14 Furthermore, efforts at performing
simplified group moment analysis of the experimentally resolved
bands, along with the presence of overtones and the often low-
resolution spectra have caused considerable disagreement and
ambiguity in mode assignments.15,16 With the additional infor-
mation revealed by VSFS, combined with an ab inito calculation
approach and the investigation of systematically deuterated
compounds, we can resolve many of these problems.

The solid/liquid interface selected for this study, the fluorite-
(CaF2)/water interface, serves as a model system for a variety
of ionic crystalline solids. Fluorite is characterized by a positive
surface charge in many natural environments, especially at
slightly acidic pH.17 The sum frequency response of the neat
fluorite/water interface has already been investigated,17 and these
results, together with the favorable optical properties of CaF2

(transparent from∼120 to 7800 nm), facilitate the experiment
and the interpretation of VSFS data in related systems.

The investigation of the principal spectral features of car-
boxylate head groups and the clarification of peak assignments
are prerequisite for any orientational analysis and also are
relevant for adsorption studies with other molecules of interest
(e.g., amino acids and similar biological molecules). Addition-
ally, the frequency coverage of this study, which includes the
water region of the VSF spectrum, provides a more detailed
picture of the adsorption processes and the water structure near
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the adsorbates, which is of fundamental importance for further
VSFS studies in this field.

2. Background

2.1. VSFS.VSFS is a technique particularly suited for the
study of interfaces. It exploits the symmetry breaking at the
boundary of two isotropic media, which gives rise to a nonlinear
susceptibilityø(2). As these effects have been extensively treated
in the literature,18,19only an overview of the essential concepts
is given here.

For the experiment, two short laser pulses, one with fixed
frequencyωvis in the visible and the other tunable in the IR
range (ωIR), are spatially and temporally overlapped at the
interface. The local fieldsE(ωIR) andE(ωvis) are then coupled
by ø(2) (eq 1) and induce a nonlinear polarization at the sum
frequencyωSF ) ωIR + ωvis

Generally, the wavelength of the visible beam is chosen to
be off resonance, thusø(2) only depends on the IR frequency,
and measured sum frequency spectra are of the form

HereIvis andIIR denote the intensities of the incident beams,
and theL terms are the Fresnel factors. Note that for a small
frequency band, the Fresnel factors can be considered constant.

Phenomenologically,ø(2) is treated as a coherent superposition
of a nonresonant partøNR

(2) and resonant components of the
susceptibility,øR,i

(2) (eq 3).

While øNR
(2) is assumed to be real for the CaF2/water interface

like for most common dielectric surfaces,20 øR,i
(2) is complex and

related to the orientationally averaged hyperpolarizabilities
< â(2) > of the interfacial molecules. From< â(2) >, the average
orientation of adsorbates can be derived, when the molecular
hyperpolarizabilities are known in the molecular frame.21

Given that the interface layer is isotropic (i.e., it hasC∞v

symmetry), only 7 of the 27 tensor elements ofø(2) are nonzero
and of these only 4 are unique. With the lab coordinates chosen
so thatz lies along the interface normal and thexz-plane is the
plane of incidence, they areøxxz

(2) ) øyyz
(2), øxzx

(2) ) øyzy
(2), øzxx

(2) ) øzyy
(2)

andøzzz
(2). In addition, forωvis far from resonance,øxzx

(2) ) øyzy
(2) )

øzxx
(2) ) øzyy

(2). These four elements can be probed using combina-
tions of incident and outgoing linearly polarized light, namely:
ssp, sps (or pss), and ppp, where the letters represent light
polarized parallel to the plane of incidence (p) or perpendicular
to the plane of incidence (s). All polarization notations are given
in the order sum frequency, visible, IR.

2.2. Fitting Procedures. VSF spectra, normalized by the
intensities of the incident beams and the nonresonant response
of a highly polished gold surface (to account for variations in
pulse duration and beam overlap), were deconvoluted by a
method developed earlier in our laboratory.22 The line shape of
the ith resonance was modeled by an expression

that accounts for homogeneous line broadeningΓL (Lorentzian
width, fixed at 5 cm-1) and inhomogeneous broadening,Γi

(Gaussian width). The Gaussian width combines the effect of
the multitude of environments experienced by the adsorbate and
the IR beam bandwidth, while the Lorentzian profile describes
the inherent line width of the transition.

For overlapping bands, the phase relationship of the responses,
γi has to be considered. For all bands observed here, phases of
either 0 orπ were used, as variable phases-π < γν e π did
not significantly improve the quality of the fits.

The effective sum frequency transition strength of a bandAi

depends on the product of the number of adsorbed molecules,
the orientational average of the electric transition dipole moment,
and the Raman polarizability of the underlaying mode. Modes
are therefore only sum frequency active if they are both Raman
and IR active. Additionally, the adsorbed molecules must show
a net orientation with respect to the interface.

2.3. Electronic Structure Calculations. All electronic
structure modeling and normal-mode analysis have been per-
formed using the Gaussian03 program23 with the 6-311+g(d,p)
basis set used throughout. For every carboxylate ion studied, a
geometry optimization was performed followed by a normal-
mode analysis and frequency calculation using the RHF and
RB3LYP methods. Systematic errors in calculated frequencies
were accounted for by scale factors. Values of 0.893 and 0.961
were chosen for the RHF and RB3LYP calculations,24 respec-
tively.

3. Experimental Methods

3.1. Vibrational Sum Frequency Spectrometer.The ex-
perimental instrumentation is based on a commercially available
VSF spectrometer (Ekspla, Vilnius, Lithuania). The visible (532
nm) and IR (1000-4300 cm-1, bandwidth<6 cm-1) beams
(30 ps pulse duration, 10 Hz repetition rate) reach the solid/
liquid interface in a copropagating configuration. A CaF2 prism
(68°) was used and the beam geometry adjusted to near-critical
incidence (17° IR, 20.5° vis). It has been noted before that this
total internal reflection geometry greatly enhances the sum
frequency (SF) signal.25 For detection, residual vis and IR energy
was blocked by a high-efficiency notch filter, and the SF signal
was detected by a photomultiplier tube (PMT) attached to a
monochromator.

Prior to each measurement, the prism surface was equilibrated
with the sample until a stable sum-frequency response was
reached, except for experiments at partial coverage.

Spectra were usually recorded at 1 cm-1 resolution in the
1400/2800-3000 cm-1 region and at 4 cm-1 for higher
wavenumbers. The actual intensities of the IR and vis beams
(typically 300 and 100µJ, respectively) were recorded during
acquisition, and raw data were normalized for the fluctuations
in beam power as well as the dark current of the PMT. The
resulting spectra were calibrated against the nonresonant SF
response of a thin gold layer measured under similar conditions
to correct for frequency dependent variations of the SF genera-
tion efficiency. The alignment of the spectrometer was fre-
quently checked against neat water.

Around 1410 and 1525 cm-1, a small resonant background
was observed, which did not seem to arise from the solid/liquid
interface but rather from the prism sides exposed to air.
Carboxylate spectra were thus corrected for any water back-
ground signal.

3.2. Materials.All salts used were at least of analytical purity
and obtained from commercial sources. The deuterated materials
were purchased from CDN Isotopes (Quebec, Canada) or
Cambridge Isotope Laboratories (Andover, MA) and had a high

PSF(ωSF) ) ø(2):E(ωvis)E(ωIR) (1)

ISF(ωIR) ∝ |PSF|2 ∝ |ø(2)|2IvisIIRLSFG
2Lvis

2LIR
2 (2)

ø(2) ) øNR
(2) + ∑

i

øR,i
(2) (3)

øR,i
(2) )

Aie
iγi ∫0

∞ 1
ωIR - ωL + iΓL

exp[-
(ωL - ωi)

2

Γi
2 ] dωL (4)
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degree of enrichment (>98%). Solutions were prepared volu-
metrically with the pH controlled (5.5-6) by the addition of
NaOH solution (pH meter, calibrated glass electrode) or trace
amounts of hydrochloric acid.

All water used for the preparation of solutions and rinsing
of glassware was purified by a Barnstead NANOpure II system
(resistivity > 18 MΩcm).

The fluorite prism was regularly cleaned by soaking in 0.1
mol/L hydrochloric acid and subsequent polishing with 0.05
micron Al2O3 powder to avoid any buildup of carbonation
layers26,27and to remove other impurities. At intervals, the prism
was more extensively cleaned by soaking in concentrated
sulfuric acid with added ammonium peroxodisulfate as an
oxidizer to remove any trace organic contaminants, followed
by soaking in 0.1 mol/L hydrochloric acid and methanol (HPLC
grade).

4. Results and Discussion

4.1. Formate.Surface speciation of formate is of importance
for many catalytic processes used in industry, and some VSFS
studies have been reported but were limited to ultrahigh vacuum
(UHV) conditions and Ni28-30 or MgO31,32 substrates. These
investigations mainly focused on the 2700 to 3100 cm-1 spectral
region where two bands were observed, located at∼2860 and
∼2950 cm-1.28,29,31Some investigators ascribe these bands to
different formate species29,32or observe only one band (at 2948
cm-1) and assign it to theνCH symmetric stretch,28 while
claiming that combination bands known from IR studies would
not be detectable in the VSF spectra due to their presumably
vanishing Raman moment.28 On MgO(001), only a single band
at 2870 cm-1 was reported31 and assigned to theνCH symmetric
stretch. Using (linear) infrared reflection-adsorption spectros-
copy (IRRAS), the same investigators observe peaks at 2854
cm-1 (δCH + νasCO) and 2943 cm-1 (νCH),33 arguing that the
stronger band (2943 cm-1) should be the fundamental.

These findings are at odds with reports (IRRAS) by others,34,35

which provide data of higher resolution and spectral coverage.
These latter reports document three bands at 1365, 2895, and
2950 cm-1 on Cu(110)34 or 1365, 2840, and 2942 cm-1 on Ni-
(110),35 which were assigned to theνCO symmetric stretch,
the νCH symmetric stretch, and aδCH + νasCO combination
mode, respectively.

From our work, Figure 1 shows the VSF spectra of formate-
(aq) at the CaF2 interface as a function of formate concentration

in the 1300 to 1450 cm-1 wavenumber region. It clearly reveals
the presence of two bands, centered around 1359 and 1386 cm-1

(Table 1).
To interpret these bands, one needs an appreciation of the

symmetry of the system. For surface-adsorbed formate, four
different symmetries can be distinguished and are characterized
by the alignment of the C-H bond with respect to the surface
normal (Figure 2). For perpendicular alignment (R ) 0, â )
0), the symmetry is C2v, which is lowered to CS (R * 0, â ) 0;
R ) 0, â * 0)) or C1 (R * 0, â * 0) depending on the tilt
anglesR andâ.

From our normal-mode analysis, two bands can be expected
in the 1300 cm-1 region. These correspond to the A1 and B2

irreducible representations (C2v). Note that for all symmetries
with R ) 0, the B2 mode is VSF inactive undersspconditions
due to its negligible dipole moment component perpendicular
to the surface (equivalent to the surface selection rule of IR
spectroscopy).36

However, the experimental peak frequencies are too closely
spaced to allow for a direct assignment by comparison with
calculations (Table 1) or Fourier transform IR (FT-IR) and
Raman spectra, where the bands are well separated with a
significantly lower amplitude of the band at 1386 cm-1.37,38The
observed results could be a single resonance split by vibrational
coupling phenomena or different formate species, which were
often held responsible for the appearance of multiple
peaks,29,32,35,39and not two distinct bands.

To clarify the situation, VSFS experiments were carried out
at relatively low adsorbate concentrations and deuterated formate
was used, for which theδCD mode is shifted to far lower
energies than the corresponding mode (Table 1) of nondeuterated
formate.40 The VSF spectra of both compounds at two different
concentrations are compared in Figure 3. Because the deuteration
removed the 1386 cm-1 band, only the VSF signal at∼1350
cm-1 is caused by theνCO symmetric stretch of adsorbed
formate, while the higher frequency peak can now be assigned
to theδCH in-plane bending mode. The high intensity of the
latter is quite surprising, as these two modes have perpendicular
dipole moment vectors and thusR * 0 (Figure 2). While UHV
studies on metal or metal oxide-adsorbed formate often dis-
cussed perpendicular alignment in a bidentate configura-
tion,29,31,33at the liquid/CaF2 interface the alignment cannot be
perpendicular in the symmetry plane. This indicates an inequality
of the formate oxygen sites in the bonding geometry at ionic
mineral surfaces.

In the 2800-3800 cm-1 range, the VSF spectra of aqueous
solutions are dominated by the response of water molecules in
different states of order,17 which give rise to spectral intensity
typically described by two broad bands at∼3200 and∼3450
cm-1 (∼ pH 5.5; ssppolarization). Spectra of our study are
shown in Figure 4. A notable decrease of the water amplitudes
was observed with increasing formate concentration. The
intensity of the band at∼3200 cm-1, which is usually ascribed
to tetrahedrally coordinated water, decreases more rapidly than
that of the band at∼3450 cm-1 (weaker-bonded water molecules
with either asymmetric or bifurcated hydrogen bonds),17 and
two new bands appear below 3000 cm-1. A careful analysis of
the VSF response for the 333 mM sample using different
polarization schemes (Figure 5) reveals the existence of a total
of three bands, located at 2730, 2872, and 2984 cm-1 (Table
1). The higher two bands seem to share the same symmetry as
indicated by the ratios of thesspandspsamplitudes, respec-
tively. As there is only one fundamental band to be expected
in this region from the normal-mode analysis of formate (Table

Figure 1. VSF spectra (ssp) of the sodium formate (aq)/CaF2 interface
as a function of formate concentration (from bottom to top): 15.3, 46.0,
182, 333, 462 mM. Some data (15.3, 46.0 mM) omitted for clarity.
Curve fits shown as solid lines.
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1; νCH at 284041 or 2870 cm-1 37 in solid sodium formate),
two of the peaks can be assigned to combination tones, 2νsCO
(2‚1359) ) 2718 cm-1 ≈ 2730 cm-1) and δCH + νasCO.
Another possible overtoneδCH + νsCO (2745 cm-1) cannot
gain intensity from Fermi resonance with theνCH symmetric
stretch, because it does not share the same symmetry (A1) in
contrast toδCH + νasCO (B2‚B2 ) A1), which has a shared
symmetry withνCH and thus fulfills the requirements for band
enhancement by Fermi resonance. Note that the antisymmetric
νasCO stretch itself is not Raman active37 and could not be
detected in the VSF spectrum. Its position, known from IR
spectra of formate either adsorbed onto TiO2,38 in solution,38

or in the solid state,37 falls within the range of 1540-1620 cm-1,
corresponding to∼2925-3005 cm-1 for the δCH + νasCO
combination band. Keeping in mind that the separation of the
component modes is usually increased by a Fermi resonance,42

the band found at 2984 cm-1 in the VSF spectra can be clearly
attributed to the overtone, while the fundamental (νCH) for
formate at the liquid/CaF2 interface is found at 2872 cm-1. A
detailed analysis of formate orientation using the intensity of
the identified modes under different polarization schemes is
beyond the scope of this paper and will be reported elsewhere.43

4.2. Acetate.To our knowledge, no VSFS study of acetate
at solid/liquid interfaces has been reported. As with formate,
the few studies of any sort44 are limited to vacuum conditions
and the 2800-3000 cm-1 region where a single band at∼2950
cm-1 was identified. The IR spectra of the acetate ion have
been subject to a number of investigations.15,37,45,46Only with
the help of13C/2H isotope substitution were disagreements in
band assignments rectified (bulk measurements).47 These dis-
agreements arose because investigators often did not recognize
the strong mixing ofδCH3 (methyl deformation) andνsCO
modes,48 which are both located in the 1330-1500 cm-1 spectral
region. Consequently, there is no one normal mode confined to
the carboxylate group; rather there is a strong interaction

TABLE 1: Fit Parameters of Sodium Formate and Sodium Acetate (aq) Derived from VSF Spectra at the Liquid/CaF2
Interface (sspPolarization)a

experimental calculated

cb νc φ Γc mode ν1
c,d IR1

e RA1
f ν2

c,g IR2
e RA2

f

HCOONa (aq)/CaF2
15.3 1358 φ0 19.1 νsCO 1323 204 14 1285 149 32
46.0 1359 φ0 19.8 νsCO
15.4 1385 φ0 8.6 δCH 1353 45.7 5.7 1321 11.6 5.6
46.0 1387 φ0 7.4 δCH
333 2730 φ1 27.2 2νsCO
333 2872 φ1 32.7 νCH 2498 534 280 2468 611 400
333 2984 φ1 31.5 δCH + νasCO

DCOONa (aq)/CaF2
δCD 995 6.8 3.2 969 1.8 2.9

15.3 1352 φ0 12.9 νsCO 1308 152 11 1273 111 22
46.0 1351 φ0 7.9 νsCO

CH3COONa (aq)/CaF2
19.8-333h 1444 φ0 19.2 νa 1358 385 24.4 1293 337 86.5
46 1451 φ0 20.3 νa

19.8-333h 1467 φ0 12.4 νb (δCH3) 1412 22.1 7.1 1407 22.3 8.4
46 1464 φ0 10.2 νb (δCH3)
182 2939 φ1 12.2 νsCH 2801 43.6 145 2880 48.6 138
333 2950 φ1 12.2 νsCH

CH3COONa (D2O)/CaF2

46 2949 φ1 12.9 νsCH

CD3COONa (aq)/CaF2
46 1440 φ0 12.9 νsCO 1347 421 21.9 1291 330 76.9
46 1474 φ0 8.1 νsCO + 34

a Also listed are calculated frequencies, together with estimated IR and Raman activities (IR and RA, respectively), along with relative phases
(φ) of the bands.b In mM. c In cm-1. d RHF method.e In km mole-1. f In Å4 u-1. g RB3LYP method.h Global fit.

Figure 2. Tilting of the formate ion relative to the surface normal.

Figure 3. VSF spectra of the sodium formate (aq)/CaF2 interface.
Effect of H/D substitution on theνCO andδCH regions (triangles,
15.3 mM; circles, 46.0 mM). Curve fits shown as solid lines.
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between various local motions of the molecule.47 A potential
energy distribution calculation performed by others47 reveals
the presence of two rather broad bands at∼1407 and 1423 cm-1,
which are attributed to a combination ofδasCH3 (74%) + νs-
CO andνsCO (66%)+ δasCH3 (18%) + δOCO + νCC (both
A′ representation of CS) and another CH3 deformation band
(δCH3) at ∼1440 cm-1 (A′′).

Our sum frequency spectra obtained for various concentra-
tions of acetate(aq) at the liquid/CaF2 interface (Figure 6) only
show one band at∼1460 cm-1 in the frequency range under
consideration as displayed in Figure 6a. While the peak is almost
symmetrical at higher concentrations, significant broadening
toward lower energies occurs when the concentration is
decreased. Furthermore, a sum of two spectral terms was found
necessary to accurately model the spectra over a larger
concentration range. To get more reliable results, the whole set
of concentration-dependent spectra was fit simultaneously to
two bands with their Gaussian width and peak position kept
constant throughout the series (Table 1, Figure 6b).

Interestingly, the values of 1444 and 1467 cm-1 (νa andνb

in Table 1) measured here differ by 23 cm-1 compared to the
17 cm-1 separation and red shift of the two bands of solid
sodium acetate (1423, 1440 cm-1),47 which are resolvable at

low temperatures (80 K). The shift toward higher energies for
the CaF2 surface follows the expected trend caused by the
stronger electrostatic forces acting upon the molecule when close
to a divalent ion (Ca2+) as opposed to Na+ in the salt used for
the IR study.47,48 Thus, we can initially assign theνa band to a
νsCO mode, with appreciable contributions of other modes, and
the 1467 cm-1 band (νb) to δCH3. By analogy with solid sodium
acetate, a third band would be expected at∼1430 cm-1, which
could not be identified in the VSF spectra. This is consistent
with our calculations showing weaker IR and Raman intensities
for this mode than for the other modes.

To further corroborate the present band assignment, experi-
ments were performed with hydrogenated and deuterated sodium
acetate at 46 mM (Figure 7). From the normal-mode analysis
(Table 1) and from the potential energy distribution,47 only one
band is expected with the predominant local modes beingνCO
(89%, 21%νCC, and 20%δOCO). Even though theδasCH3

contribution is missing compared to the nondeuterated acetate,
only a small frequency shift was observed for the mixedνCO

Figure 4. VSF spectra (ssp) of the sodium formate (aq)/CaF2 interface
as a function of formate concentration (from bottom to top): 462, 333,
182, 39.2, 0 mM. Some data (0 mM, 333 mM) omitted for clarity.
Curve fits shown as solid lines.

Figure 5. VSF spectra of the sodium formate (aq)/CaF2 interface in
different polarization schemes (333 mM). Curve fits shown as solid
lines.

Figure 6. VSF spectra (ssp) of the sodium acetate (aq)/CaF2 interface
as a function of acetate concentration (from bottom to top): (a) 19.8,
39.2, 76.9, 182, 333 mM. Solid lines are fits. Decompositions of the
fit spectra at selected concentrations shown as solid lines (b): 19.8,
76.9, 333 mM.

Figure 7. VSF spectra (ssp) of the (a) sodium acetate(aq)/CaF2 and
(b) sodium acetate-d3/CaF2 interface at 46 mM. Solid lines represent
fits of the data. Contributing spectral peaks are shown in (a).
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mode in the IR spectra of the sodium salts.47 Correspondingly,
in the VSF spectrum of deuterated acetate, theνCO band was
found at∼1440 cm-1, only slightly lower than the value ofνa

in the nondeuterated compound (Figure 7a). Considering the
uncertainties involved in fitting two overlapping bands, the
agreement of the band positions is good and thus confirms the
initial assignment. An additional low-amplitude band observed
at ∼1474 cm-1 might be due to coupling with a low-energy
transition of the adsorbed acetate similar to a lattice mode. Note
that the antisymmetric CO stretch (νasCO), which has a strong
band in the IR spectrum at∼1555-1585 cm-1,37,46,47could not
be observed in the VSF spectra, because it is virtually Raman
inactive37 and therefore not detectable by VSFS. The spurious
signals visible at∼1530 cm-1 in some of the spectra are artifacts
not associated with carboxylate adsorption.

Figure 8 shows VSF spectra in the 2800-3800 cm-1 region
and decompositions of fit spectra at selected concentrations
(Figure 8b). Only one peak from sodium acetate is observed in
addition to the bands already present in neat water for all
concentrations. It is located at∼2945 cm-1 and can be attributed
to the CH3 symmetric stretch of the adsorbed acetate (νsCH,
Table 1), corresponding to 2936 cm-1 in solid sodium acetate.37

The antisymmetric stretch (∼2990 cm-137) could not be
observed in VSF spectra. As it is expected to have a lower VSF
amplitude than the symmetric mode due to its low Raman
activity,37 further experiments were performed with different
polarization schemes (ppp and sps) and with sodium acetate
dissolved in D2O, to exclude obscuring of signals by the strong
bands of H2O present in this spectral region. No additional
bands, however, were found. Note that the phase of the acetate
νsCH band at 2945 cm-1 is shifted byπ with respect to the
water modes.

Figure 8b shows further details of the spectral features,
including those arising from water, represented by solid and
dotted lines. Apart from the bands at∼3200 and∼3450 cm-1

already considered for the formate(aq) solutions, a small
additional band at∼3710 cm-1, accounting for about∼5% of
the total amplitude, was found to be necessary for a good
description of the data. Its physical origin might be similar to
a process (∼3660 cm-1) observed as a sharp peak at higher pH

values17 at the neat water/CaF2 interface or near hydrophobic
surfaces and could be associated with an OH mode of only partly
hydrogen-bonded water molecules. With the focus on the main
water modes characterized by amplitudesA2 (3200 cm-1) and
A3 (3450 cm-1), a noticeable decrease of the total water response
upon addition of acetate was found (Figure 9a). At the neat
water/CaF2 interface, preferential orientation of water molecules
arises from the alignment of the water dipoles parallel to the
interfacial electric field caused by a positive surface charge at
the fluoride deficient CaF2 surface.17 When acetate is adsorbed,
screening of this charge occurs, and (neutral) water dipoles have
to compete with the negatively charged carboxylate ions close
to the liquid/solid interface. This will first disturb the highly
structured band at∼3200 cm-1, attributed to tetrahedrally
bonded water, and it will to a lesser extent perturb the signature
of more disordered water molecules at∼3450 cm-1 (Figure 9b).
It has been postulated that water molecules close to a liquid/
solid interface can be oriented well beyond the first molecular
layer,49 and this seems to be the case here. Notably, even with
a significant (333 mM) concentration of acetate present more
than half of the original response remains (Figure 9a). Longer-
chain carboxylates (e.g., hexanoate, decanoate, stearate22) are
observed to disturb the water structure in both the tetrahedrally
coordinated and weakly bonded states much more efficiently
and at far lower concentrations.

4.3. Propionate.As the next member in the homologous
series of aliphatic carboxylates, propionate incorporates a
methylene group between the carboxylate headgroup and the
CH3 terminus. This molecular structure limits the flexibility of
the molecule and fixes the orientation of the dipoles of these
groups at an angle of∼60°. Thus, significant changes especially
in the headgroup region of the VSF spectrum can be expected
and are found. Over a broad concentration range (Figure 10),
two prominent features were identified and are located at∼1447
and 1477 cm-1 (Table 2). The peak positions are almost
invariant with propionate concentration in the liquid phase in
equilibrium with adsorbed carboxylate at the CaF2/liquid
interface. This indicates a constant mode of adsorption up to
quite high concentrations (333 mM). Conventionally, a band
∼1410-1430 cm-1 is attributed to aνCO symmetric stretch
vibration.14,16However, a more detailed vibrational analysis of
the propionate ion in the solid state16 revealed a number of
fundamental modes within the range from 1400 to 1500 cm-1,

Figure 8. VSF spectra (ssp) of the sodium acetate (aq)/CaF2 interface
as a function of acetate concentration (a) (from bottom to top): 333,
182, 77, 0 mM). Some data (0 mM, 182 mM) omitted for clarity. Curve
fits and decompositions of the fit spectra at selected concentrations
shown as lines (b): 0 dotted, 333 mM solid line.

Figure 9. Water amplitudesA2 and A3 as a function of acetate
concentration obtained from fits of the VSF spectra of sodium acetate
(aq) (a) total amplitude and (b) normalized values of individual
contributions. Solid lines are guides to the eye only.
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corresponding to coupled vibrations ofνCO, νCC, andδCH3

modes as well as a (rather pure) methyl deformation mode. To
elucidate the nature of the bands observed in the VSF spectrum,
experiments with systematically deuterated compounds were
carried out. Figure 11a-d shows a comparison of VSF spectra
of propionate in its nondeuterated form with methyl-deuterated,
methylene-deuterated, and perdeuterated propionate. Interest-
ingly, the band at∼1477 cm-1 is absent for all molecules with
a deuterated CH3 group. Therefore, it can be assigned to the
δCH3 (methyl deformation) mode, located at∼1465 cm-1 in
the IR and Raman spectra of propionate14 in both its solid state
and in aqueous solution.

The ∼1447 cm-1 band can be observed for all deuteration
patterns, however its width and position change notably. As
virtually identical adsorption characteristics can be expected for

molecules only differing in their isotopic composition, these
changes have to be attributed to varying coupling of theνCO
motion with other group vibrations and strong coupling of the
νsCO, especially with CH deformation modes. This is consistent
with findings in IR studies of the related monosubstituted acetate
ions.48

Usually, δCH3 bands are rather weak in the IR spectrum,14

but it is likely that energy transfer from the 1447 cm-1 mode
occurs, which increases the amplitude ofδCH3. Notably, the
δCH3 amplitude is smaller for methylene-deuterated propionate
(Figure 11c), because the missing contribution of the CH2 group
to the∼1445 cm-1 mode makes energy transfer along the chain
more difficult.

The only two published VSF studies of adsorbed propionate
were done on Ni/NiO surfaces under UHV conditions and are
limited to the 2800-3100 cm-1 region.29,50 Within this fre-
quency range, three bands were identified at 2885, 2948, and
2990 cm-1.50 In both reports the lower two peaks were assigned
to the CH2 and CH3 symmetric stretch, respectively. However,
the assignment for the 2990 cm-1 band was in question and
was either attributed to the CH2

50 or CH3
29 antisymmetric

stretch.
In our work at the CaF2/water interface, two prominent peaks

were found at 2890 and 2953 cm-1 (Figure 12, Table 2) in
addition to the broad water bands already discussed for acetate.
At the highest concentration, a further band is necessary for a
satisfactory fit of the experimental data and was located at 2992
cm-1. A phase shift ofπ was found relative to the bands at
2890 and 2953 cm-1. As a more detailed investigation in this
frequency range is made difficult by the underling strong water
response, measurements in D2O were conducted. The resulting
spectra are shown in Figure 13a. With the use of different
polarization schemes (ssp, ppp, andsps) more information about
the nature of a VSF active mode can be obtained from rather
general selection rules.51-53 In particular, symmetric stretch

Figure 10. VSF spectra (ssp) of the sodium propionate (aq)/CaF2

interface as a function of propionate concentration (from bottom to
top): 8.0, 15.9, 54.5, 162 mM. Some data (8.0 mM, 54.5 mM) omitted
for clarity. Solid lines are fits.

TABLE 2: Fit Parameters of Sodium Propionate (aq)
Derived from VSF Spectra at the Liquid/CaF2 Interface (ssp
Polarization, except Where Stated Otherwise)a

cb νc φ Γc mode

CH3CH2COONa (aq)/CaF2
8-162d 1447 φ0 11.5 νa

333 1450 φ0 8.9 νa

8-162d 1477 φ0 11.1 νb

333 1479 φ0 8.8 νb

333 2890 φ1 18.4 νsCH
333 2953 φ1 12.0 2νb

333 2992 φ1 + π 9.3 νasCH

CH3CH2COONa (D2O)/CaF2

46 2891 φ1 17.0 νsCH
46 2950 φ1 11.5 2νb

46 2990 φ1 + π 25.6 νasCH
46e 2895 φ1 6.7 νsCH
46e 2955 φ1 8.9 2νb

46e 2993 φ1 16.3 νasCH
46f 2987 φ1 16.1 νasCH

CD3CH2COONa (aq)/CaF2
333 1454 φ0 17.2 νa

333 2933 φ1 29.5 νsCH

CH3CD2COONa (aq)/CaF2
333 1445 φ0 14.9 νa

333 1476 φ0 10.8 νb

333 2894 φ1 7.8 νsCH
333 2948 φ1 7.0 2νb

333 2979 φ1 + π 18.2 νasCH

CD3CD2COONa (aq)/CaF2
333 1449 φ0 16.1 νa

a Also given are the relative phases (φ) of the bands.b In mM. c In
cm-1. d Global fit. e ppp polarization.f spspolarization.

Figure 11. Comparison of VSF spectra of sodium propionate (aq) (333
mM) at the CaF2 solid/liquid interface (a) CH3CH2COONa, (b) CD3-
CH2COONa, (c) CH3CD2COONa, and (d) CD3CD2COONa. Polariza-
tion schemes aressp(circles) andppp (triangles), respectively.
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modes of methyl and methylene groups should be virtually
absent in thesps spectra and negatively interfere with any
asymmetric stretch modes inssppolarization.52,53Note that the
phase relation between bands in theppp spectrum is more
variable, as several susceptibility tensor elements contribute.25

It thus follows that the bands at∼2890 and∼2950 cm-1 belong
to symmetric modes (Figure 13a,b, Table 2), whereas the∼2990
cm-1 band originates from an antisymmetric mode. Following
the same methodology employed for the 1400-1500 cm-1

region, deuterated propionates were studied (Figure 14a-d,
Table 2). All three bands were observed for both the nondeu-
terated propionate and CH3CD2COONa and can therefore be
considered CH3 bands, while the CH2 band (symmetric stretch
at 2933 cm-1) is weaker and largely obscured for CH3CH2-
COONa (Figure 14a,b). Consequently, of the 2890 and 2950
cm-1 bands (which share the same symmetry) one must be an
overtone, enhanced by Fermi resonance, although Yuzawa et
al. argue that such bands can be excluded in the case of
propionate.50 In agreement with assignments of related com-

pounds51 and the close match of the calculated frequency for
the methyl deformation overtone (2× δCH3: 2 × 1477 cm-1

) 2954 cm-1; Table 2), the peak at∼2890 cm-1 represents the
fundamental.

4.4. Higher Carboxylates.In situ VSF spectroscopic mea-
surements in the 2800-3800 cm-1 region for a series of long-
chain carboxylates, namely hexanoate, decanoate, and stearate,
have been reported before.22 It was shown that the chain length
has a strong effect on the adsorption onto CaF2 surfaces from
aqueous solutions. Long-chain ions were found to adsorb at far
lower concentrations (in the micromolar regime) and form
hydrophobic monolayers of sufficient thickness and coverage
to suppress almost totally the response of interfacial water.22

These results were reproduced for this study and provide insights
into the orientation of the CH3 terminus and water structure.
Additionally, we report here the first results in the spectral region
of the headgroup (1400-1500 cm-1).

Measurements revealed a single band, located at 1461 and
1452/1458 cm-1 for hexanoate and dodecanoate, respectively
(Figure 15a,b, Table 3), which are typical representatives of
intermediate and long-chain carboxylates. Compared to the
corresponding band of adsorbed propionate, a shift toward higher
energies is observed, and the frequency is more similar to CD3-
CH2COONa. This indicates an extent of coupling of localνCO/
νCC and δCH2 modes similar to acetate and propionate.
Obviously, in the hexanoate and dodecanoate ion the terminal
CH3 group is too remote for a significant contribution to the
headgroup mode. Notably, there is also no evidence for a CH3

deformation mode. Although the monolayer/water interfaces of
these compounds are known to be rather rough,22 peaks
corresponding to the CH3 symmetric and antisymmetric mode
could be found in the 2800-3000 cm-1 region, and thus the
orientational average of the molecular hyperpolarizability tensor
should be nonvanishing also for a deformation mode. However,
it was already concluded from the intensity of theδCH3 band

Figure 12. VSF spectra (ssp) of the sodium propionate (aq)/CaF2

interface as a function of propionate concentration (a) (from bottom to
top): 182, 77, 39 mM. Solid lines are fits. (b) Decompositions of the
fit spectra are shown for 39 mM, dotted line, and 182 mM, solid line.
Note that contributions below 3100 cm-1 are shown with 5 times their
actual amplitude.

Figure 13. VSF spectra of the of the sodium propionate (D2O)/CaF2

interface using different polarization schemes (a) (46 mM). Decomposi-
tions of fit spectra (b) are also shown (see text). Spectra are offset for
clarity by the given values.

Figure 14. Comparison of VSF spectra of deuterated sodium propi-
onate (aq) (333 mM) at the CaF2 solid/liquid interface (a) CH3CH2-
COONa, (b) CD3CH2COONa, (c) CH3CD2COONa, and (d) CD3CD2-
COONa. All spectra (circles) were recorded using thessppolarization
scheme. Solid lines are fits.
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in methylene-deuterated propionate ion that this band may be
greatly enhanced by resonance with the headgroup mode in the
case of nondeuterated propionate. Such an energy transfer is
not possible between the carboxylate group and the distant
terminal CH3 in any long-chain homologue.

Another interesting feature is the coverage-dependent fre-
quency shift of the headgroup band for dodecanoate (6 cm-1,
Table 3). This presumably arises from intermolecular interac-
tions with increasing coverage,34 which is expected to be
stronger for the better aligned adsorbate layers of long-chain
carboxylates. Note that even for dodecanoate, the surface
adsorption remains a fully reversible process (i.e., all adsorbate-
related bands vanished when water was substituted for the
sample solution in contact with the fluorite prism). Additionally,
the concentrations were far below the critical micellar concen-
tration for dodecanoate.54 Therefore, the observed shifts cannot
be caused by surface-precipitated surfactant aggregates, but arise
from a monomolecular layer.

5. Conclusions

This investigation presents the first VSF spectra of the
carboxylate headgroup of various aliphatic carboxylates at the
liquid/solid interface. The carboxylate bands are located in close
proximity to CH deformation bands and could be identified by
isotopic substitution. From experiment and calculation, it is now
apparent that the simplifying concept of group modes is not
generally applicable here because of significant contributions
of various group motions to the fundamentals. For some bands,
which are prominent in the IR spectrum but SF inactive,
combination bands were used to gain further insights. The
importance of intensity enhancement, often by Fermi resonance,
was also demonstrated.

Furthermore, a number of conflicting assignments reported
for adsorbed carboxylates (mainly under UHV conditions) in
the CH2/CH3 stretch region (2700-3100 cm-1) were resolved
using deuterated compounds and selection rules for polarization-
dependent VSF spectra. Naturally, accurate assignments are
essential for any further analysis of VSF spectra in terms of
orientational distributions of organic adsorbates at interfaces.

Adsorption onto fluorite results in significant spectral shifts,
caused by the high electrical field at the interface. These effects
were particularly strong for headgroup bands. However, the
internal modes of vibration of the carboxylate molecules retain
their essential character. The reversibility of the adsorption
indicates that all studied compounds are linked to the substrate
by ionic interactions (i.e., no permanent chemical bonds are
formed between the adsorbate and the fluorite crystal). From
this perspective, strong effects of pH and ionic strength on the
adsorption equilibria can be inferred. A more detailed assessment
of this is forthcoming in another paper.55

An intensity analysis of the two main bands arising from the
orientation of water dipoles at the interface revealed that the
effect of the positively charged solid surface extends well into
the liquid phase, even at relatively high carboxylate concentra-
tions. With a decreasing number of oriented water molecules,
the more well-ordered interfacial states are diminished first.
Long-chain surfactant-like carboxylates have a higher affinity
to the interface and form layers that more effectively shield the
fluorite surface.

Intermolecular interactions of adsorbed carboxylate head-
groups are rather small, as evidenced by the almost negligible
shift of the corresponding bands. Only for dodecanoate are
somewhat larger effects observed.

Using surface selection rules, we were able to ascertain
notable differences of VSF studies at the solid/liquid interface
compared to measurements performed under UHV conditions.
In particular, we observed an inequality in oxygen sites for
formate molecules that are tipped.
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