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ABSTRACT: The behavior of complex interfacial systems is
central to an ever-increasing number of applications. Vibrational sum frequency (VSF) spectroscopy is a powerful
technique for obtaining surface speciﬁc structural information.
The coherent nature of VSF that provides surface speciﬁcity,
however, also creates diﬃculty in spectral interpretation
especially as the system complexity increases. Computations
of VSF spectra shed light on the molecular level source of the
experimental VSF signal, allowing for the analysis of more
complicated systems. Unfortunately, the majority of calculations of VSF spectra look at the response of the solvent or of
rigid molecules and therefore often poorly reﬂect the
experimental environment of most VSF spectroscopic measurements. In this work, ﬂexible solute molecules at interfaces are
investigated by doubling down, obtaining and comparing experimental and theoretical spectra, to determine a more accurate
computational treatment. The surface behavior and VSF spectra of glutaric acid and adipic acid at the air/water interface are
determined experimentally and calculated using a combination of classical molecular dynamics and density functional theory.
Both diacids are found to be surface active. At high concentrations, glutaric acid forms dimers altering its VSF response and acidic
properties. Calculated VSF spectra are found to be sensitive to vibrational mode frequencies, with ordering and spacing aﬀecting
relative intensities, as well as molecular conformation. A proper description requires consideration of multiple conformers and
anharmonic eﬀects on the molecular vibrational energies.

1. INTRODUCTION

(must be both IR and Raman active), and coherence eﬀects that
may greatly aﬀect the spectral shape.
It is this complexity that both necessitates and complicates
the use of computational techniques to enhance the
interpretation of VSF spectra. Many groups have sought
approaches for calculating a sum frequency response.6−8
Through much eﬀort this has led to a proper match between
experimental and computational spectra in the OH stretching
region of water from ∼3000−3800 cm−1.6,9 Calculated water
spectra in the presence of interfacial ions and acids and at
diﬀerent liquid/liquid interfaces10 agree well with experiment.
However, as the focus of VSF spectroscopy shifts to more
complicated interfacial phenomenon, surface reactions, organic/inorganic phase behavior, macromolecular organization, the
need for better computational methodology is imperative.
Recent work toward this goal has probed neat organic
interfaces of simple molecules like methanol, benzene, and
limonene.11−14 However, few studies have explored the
behavior of nonrigid, solute species,8,15 and even fewer have
calculated these complicated solvated systems at reasonable

Vibrational sum frequency (VSF) spectroscopy has been used
over recent decades to understand surface phenomena. From
interfacial water structure1,2 to organization of surfactants3 to
folding of proteins,4 VSF spectroscopy has sought to clarify the
chemistry that occurs in interfacial regions. VSF is a secondorder nonlinear optical process that requires two incoming laser
beams (one visible and one IR) to overlap in a region of broken
symmetry to generate a third beam (the VSF signal) that
oscillates at the sum of the two incoming laser frequencies.5
The intensity of the VSF signal is dependent upon the
intensities of the incoming visible and IR beams, but may also
be enhanced if the incoming IR frequency is on resonance with
vibrational transitions of the sample. Additionally, VSF
spectroscopy is a coherent technique leading to a convolution
of interferences, including resonant modes with the nonresonant background, resonant modes with other resonant
modes, and resonant modes with themselves depending on the
molecular orientational distribution. While VSF spectra appear
in many ways similar to traditional IR spectra, the selection
rules of VSF make its spectrum much more complex. Signal is
dependent on coordinated orientation of molecules (such as
occurs at interfaces), the symmetry of vibrational resonances
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Received: February 11, 2014
Revised: June 5, 2014
Published: June 6, 2014
4778

dx.doi.org/10.1021/jp501498h | J. Phys. Chem. A 2014, 118, 4778−4789

The Journal of Physical Chemistry A

Article

experimental concentrations.16 In light of these eﬀorts, an
approach to calculate a VSF spectral response from solvated,
nonrigid organics, glutaric and adipic acid, at an aqueous
interface was undertaken.
Glutaric and adipic acid are ﬂexible straight chain
dicarboxylic acids (diacids) where the two carboxylic acid
functionalities terminate each end of the aliphatic chain. These
two diacids are related to the shorter chain diacids, malonic and
succinic acid, which have been previously explored spectroscopically17,18 due to their presence in aqueous forms
throughout the atmosphere.19−25 Glutaric (HOOC−(CH2)3−
COOH) and adipic acid (HOOC−(CH2)4−COOH) diﬀer
only by a single CH2 unit; however, they diﬀer substantially in
many bulk thermodynamic properties26−37 including their
aqueous solubilities; glutaric acid is soluble up to almost 9 M,
whereas adipic acid is soluble only to 0.17 M.38 The surface
properties of these acids remain poorly characterized.39−45
With traditional surfactants, addition of a methylene unit has
little to no eﬀect on the overall spatial structure of the
molecules; however, with diacids, changes in the methylene
backbone greatly aﬀect the three-dimensional structure and
relative orientation of the headgroups.46,47 It is unclear if the
changes in three-dimensional structure that lead to the
diﬀerences in bulk properties will also lead to divergent surface
behavior.
Using experimental spectroscopic and surface tension studies
of the adsorption behavior of these two diacids as guides, a
thorough computational approach to calculating the diacid VSF
response was undertaken. The details of the spectroscopic and
surface tension responses are ﬁrst described with strong
evidence of head to head dimer formation at high
concentrations. Next, the combined molecular dynamics−
density functional theory approach is detailed, with emphasis
on the conformations and orientations of the diacids at the
surface. Computed VSF spectra in the CH region from 2700−
3000 cm−1 are shown to have excellent agreement with
experimental spectra. The studies presented here highlight the
surface behavior of these ﬂexible organic molecules, but more
importantly showcase a valuable approach toward calculating
the VSF response for more complicated interfacial systems.

over all VSF active resonant modes that arise when the IR beam
frequency is coincident with the energy of a vibrational
transition. The line shape is a convolution of Lorentzian and
Gaussian functions, generating a Voigt-like proﬁle, and
accounts for both homogeneous (ΓL) and inhomogeneous
broadening (Γν). The transition strength, or amplitude, is given
by Aν. The frequencies of the Lorentzian, resonant modes, and
IR are ωL, ων, and ωIR, respectively. Each resonant mode also
has a phase value, φν, set to either 0 or π corresponding to a
positive or negative phase.
Two polarization schemes are used to more fully investigate
molecular orientation. Polarization is either perpendicular (S)
or parallel (P) to the plane of incidence and is speciﬁed for the
sum frequency, visible, and IR beams in order. SSP polarization
probes dipole components perpendicular to the plane of the
interface, while SPS polarization probes dipole components
parallel to the plane of the interface.
Carboxylic CO modes are probed with a broadband sum
frequency system used to collect data between 1600 and 1900
cm−1.17 Sum frequency light is generated by overlapping 800
nm (∼2.5 ps, 1 kHz repetition rate) and broadband (∼100 fs, 1
kHz repetition rate) infrared light pulses in a copropagating
geometry at 60° and 45° from surface normal, respectively. The
sum frequency light is spectrally dispersed and collected with a
liquid nitrogen cooled CCD. Spectra are collected using 20 min
exposure times.
A picosecond system is used to collect data between 2600
and 4000 cm−1, probing the OH/CH stretching region. With
this picosecond system,51−54 sum frequency light is generated
by overlapping 800 nm (∼2.6 ps, 1 kHz repetition rate) and
tunable (2600−4000 cm−1) infrared light in a copropagating
geometry at 56° and 67° from the surface normal, respectively.
The resultant sum frequency light is collected with a
thermoelectrically cooled CCD camera in 3 cm−1 increments
over the tunable range. All measurements were performed at 20
°C. Spectra are ﬁt using the methodology of Bain et al., as
shown in eq 1.50 Data from multiple days are globally ﬁt by
ﬁxing number, positions, phases, and Lorentzian widths of
peaks while allowing the amplitude and Gaussian widths to
vary. Error in absolute peak positions due to the ﬁtting
procedure and instrument resolution is on the order of 10−20
cm−1.
Surface Tension. Surface tension measurements are
performed using the Wilhelmy plate method.55 A force balance
(KSV Instruments) is used to measure the surface tension. The
solutions are placed in a clean glass dish, and great care is taken
to ensure that the plate is oriented correctly to the interface.
The samples are allowed to equilibrate before the measurement
is taken. The Pt plate is rinsed repeatedly in >18 MΩ cm water
and cleaned by ﬂame until glowing orange between measurements.
Chemicals. Glutaric (99%) and adipic (puriss, p.a.) acid are
purchased from Sigma-Aldrich. NaOH is purchased from
Mallinckrodt Chemicals (AR). All solutions are prepared fresh
with >18 MΩ cm water and used within 72 h. All glassware is
cleaned with concentrated H2SO4 and NOCHROMIX and
thoroughly rinsed with >18 MΩ cm water. pH adjusted
solutions are calculated with a pH calculator56 and then
checked with litmus paper and pH meter (Oakton pH 110
series with Accumet probe). Glutaric and adipic acid
concentrations used in this study range from 25 mM to 3 M
with the lower limit necessary to observe spectroscopic signal.

2. METHODOLOGY
Surface Spectroscopy. For the VSF spectroscopic studies
presented here, a ﬁxed frequency visible beam (800 nm) and
either a broadband or a tunable IR beam are coherently
overlapped at the aqueous surface. The intensity of the
resulting sum frequency signal is proportional to the square
of the second-order susceptibility, χ(2), which in turn is
dependent on the number and average net orientation of
dipole moment components of molecules contributing to the
sum frequency response. More complete theoretical and
experimental details of VSF are described in depth elsewhere.2,48,49
Because the signal from resonant modes can interfere with
other modes as well as the nonresonant background, a spectral
ﬁtting procedure50 is employed to deconvolve individual peaks
using
χ

(2)

=

(2)
χNR

e

iψ

+

∑∫
ν

∞

−∞
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A ν eiϕν e−[ωL − ων / Γ ν]
dω L
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The ﬁrst term accounts for the nonresonant susceptibility,
with an associated amplitude and phase. The second term sums
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Figure 1. VSF spectra (SSP polarization scheme) of the OH/CH stretching region with ﬁts shown in black. (a) 1 M glutaric acid with gray trace of
pure water VSF spectrum for comparison, (b) 1 M glutaric acid in D2O, (c) 0.1 M adipic acid with gray trace of pure water VSF spectrum for
comparison, and (d) 0.1 M adipic acid in D2O.

Molecular Dynamics Methods. Classical molecular
dynamics (MD) calculations are performed using the Amber
12 suite of programs.57 Starting conﬁgurations are created using
the PACKMOL58 program. Glutaric acid conﬁgurations consist
of 900 water molecules and 2, 8, 16, or 48 glutaric acid
molecules in a 30 Å cube. These conﬁgurations for glutaric acid
correspond to total concentrations of 0.12, 0.5, 1, and 3 M,
respectively. Adipic acid conﬁgurations consist of 900 water
molecules and 1 or 2 adipic acid molecules in a 30 Å cube.
These conﬁgurations for adipic acid correspond to total
concentrations of 0.06 and 0.12 M, respectively. A water slab
with two surfaces is created by expansion of one of the box
dimensions to 120 Å and application of periodic boundary
conditions. Calculation parameters and force ﬁeld are the same
as those detailed in earlier studies.17,18 Distances from the water
surface are calculated using the Gibbs dividing surface
determined from a hyperbolic tangent ﬁt to the water density
proﬁle, and data are collected for both water/vacuum interfaces.
Angles relative to the surface are measured from the surface
normal pointing into the vacuum phase.
Quantum Mechanical Methods. Density functional
theory (DFT) calculations are performed using the
NWChem59 and Gaussian60 program packages. Full geometry
optimization and frequency calculations for isolated acid
molecules are performed using the B3LYP exchange-correlation
functional and a 6-311++G(2d,2p) basis set. Polarizabilities and
dipole moments at displaced geometries are calculated using
the same level of theory. Anharmonic corrections to vibrational
frequencies are aﬀorded by second-order vibrational perturbation theory.
Vibrational sum-frequency intensities are calculated by
inspecting the second-order linear susceptibility tensor. The
tensor is constructed using polarizability and dipole moment
derivatives with respect to the vibrational normal coordinates,
combined according to

χijk(2) ∝

∑ Cabc

a,b,c

∂αab ∂μc
∂Q q ∂Q q

(2)

where α is the molecular polarizability, μ is the dipole moment,
Qq is the normal coordinate of mode q, and C is a geometrical
factor relating the molecular and laboratory reference frames.
Derivatives are calculated using three-point ﬁnite diﬀerentiation, and the susceptibility tensor is corrected to account
for rotational averaging parallel to the interfacial plane.

3. RESULTS AND DISCUSSION
3.1. Experimental Results. VSF CH/OH Region Spectra.
Experimental spectra of 1 M glutaric acid and 0.1 M adipic acid
at the air/water interface are shown in Figure 1a and c,
respectively. The obtained spectra are in red, and the spectral
ﬁts are in black. The well-known2,61−63 VSF response from the
surface of neat water taken here in the SSP polarization scheme
is shown as gray traces. All solutions were prepared at native
pH: ∼2.2 for glutaric acid solutions and ∼2.7 for adipic acid
solutions. These bulk pH values correspond to nearly full
protonation of the diacid carboxylic acid groups. Studies of the
eﬀect of varying pH are detailed in the Supporting Information
and show the fully protonated species is the dominant surface
active species for both diacids. The VSF signal clearly tracks the
decrease of the fully protonated species predicted using bulk
pKa values.
Examining the spectra in Figure 1, it is evident that there are
dramatic changes to the water region with the addition of the
diacids. The sharp feature of the water spectrum at ∼3700
cm−1, that arises from the topmost water OH oscillators that
are vibrationally decoupled from the bulk (free OH), is greatly
diminished upon addition of the diacids. The fact that the free
OH peak does not completely disappear indicates that the
water surface is not completely covered by the diacids. The
presence of the diacids also disrupts the water structure deeper
in the interfacial region. This is seen in the diminishment of the
4780
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Figure 2. VSF spectra of the diacids in the CO region. (a) SSP spectra of glutaric acid (3 M, blue; 1 M, green; 0.5 M, red; 0.1 M, purple), (b) SPS
spectra of glutaric acid (3 M, blue; 1 M, green; 0.5 M, red), (c) SSP spectra of adipic acid (0.1 M, red; 0.05 M, green; 0.025 M, blue), and (d) SPS
spectrum of adipic acid (0.1 M). The pH of glutaric acid solutions is ∼2.2 and of adipic acid solutions is ∼2.7. Solid black lines are ﬁts to the data.

broader feature (∼3100−3500 cm−1) that corresponds to more
coordinated OH oscillators. Additionally, features arising from
the interaction of water and acidic species at ∼3600 and ∼3000
cm−1 are observed with the addition of the diacids, consistent
with other works.17,18
The principal focus of this work is on the diacids themselves.
The majority of intensity between 2800 and 3000 cm−1 results
from methylene stretching modes along the carbon backbone
of the diacids, and a broad response from the carboxylic OH.
Resonant and nonresonant contributions from water are also
present in this region. Overlap with the water contributions
creates interference with the methylene modes, making analysis
less reliable. To remedy this, VSF SSP spectra of glutaric and
adipic acid were measured in D2O, as seen in Figure 1b and d,
respectively. The isotopic substitution shifts the resonant
modes of water from ∼3000−3700 cm−1 to ∼2200−2700
cm−1 with the uncoupled OD stretch (analogous to the free
OH) appearing at ∼2750 cm−1. The CH peaks are globally ﬁt
using the spectra from the H2O and D2O solutions, providing
reliable peak positions regardless of other coherence eﬀects.18,64
In ﬁtting the spectra, it becomes clear that three distinct
spectral peaks arise for both acids. These peaks appear at 2877,
2925, and 2952 cm−1 for glutaric acid, and 2873, 2912, and
2940 cm−1 for adipic acid. A complete list of peaks obtained
from the spectral ﬁts as well as peak widths and ﬁtting
parameter errors are included in the Supporting Information.
Attempts to ﬁt with more peaks in the methylene stretching
region did not improve the quality of the ﬁts.
These methylene vibrational values are in general agreement
with the Raman values for bulk aqueous solutions of glutaric
acid65 and bulk aqueous adipic acid IR values.66 Using these
aqueous bulk spectroscopic assignments as a framework, the
highest (2952, 2940 cm−1) and lowest energy peaks (2877,
2873 cm−1) correspond to methylene symmetric stretches (ss
or d+) resulting from a Fermi resonance of the overtone state
of the methylene bending mode with the fundamental ss mode;
the other set (2925, 2912 cm−1) corresponds to antisymmetric

methylene stretches (as or d−). The clear presence of
methylene modes in the VSF SSP spectra conﬁrms the
adsorption of glutaric and adipic acid to the interface with
the methylene modes having an average net orientation normal
to the interfacial plane.
VSF CO Region Spectra. Signal due to the diacid
molecules at the interface also appears in the carbonyl
stretching region and is attributed to the carbonyl bond (C
O) of the carboxylic acid moieties. Spectra of aqueous solutions
of glutaric and adipic acid were measured in this region as a
function of diacid concentration using both the SSP and the
SPS polarization schemes. The glutaric acid spectra are shown
in Figure 2a (SSP) and b (SPS), and the adipic acid spectra are
shown in Figure 2c (SSP) and d (SPS). The ﬁtted curves are
shown as black traces. Again, all solutions were at native pH.
In all cases, a single resonant peak, corresponding to the C
O mode, was used to ﬁt the spectrum in this region. Although
visual inspection suggests a second peak may be present, no
improvement in the ﬁt was obtained by including two resonant
contributions. The VSF spectra also show a high background
on the high energy side of the CO peak. This is due to a
number of normally negligible nearby coherences interfering
with the relatively weak resonant CO mode, similar to
behavior seen in previous VSF experiments.67−73 Neither the
presence of a second peak so near to the ﬁrst nor the uneven
background substantially alter the interpretation of the data.
The presence of a CO peak in both the SSP and the SPS
spectra shows that the diacids adsorb to the air/water interface
with an average net orientation of CO dipole moment
components both normal and parallel to the interface. A global
ﬁt of the glutaric acid SSP VSF spectra (Figure 2a) provides a
central peak located at 1715 cm−1 for concentrations up to 1 M.
At 3 M, the peak shifts slightly to 1712 cm−1. For adipic acid, a
global ﬁt of the SSP spectra (Figure 2c) provides a central peak
located at 1707 cm−1. A global ﬁt of the glutaric acid SPS
spectra (Figure 2b) reveals a peak centrally located at 1718
cm−1. A peak centrally located at 1717 cm−1 is found in the
4781
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adipic acid SPS spectrum. The peak locations obtained from ﬁts
to the SPS spectra are shifted when compared to those
obtained from the ﬁts to the SSP spectra: negligibly for glutaric
acid (∼3 cm−1) and substantially (∼10 cm−1) for adipic acid.
The shift to higher frequencies seen for adipic acid suggests the
carbonyl experiences weaker H-bonding to water when
oriented parallel to the interface.65,66,74−78
The SSP spectra of both the glutaric and the adipic acid
solutions show similar concentration dependences at concentrations below 1 M. In both cases, the signal increases
monotonically as the bulk concentration increases. This is not
surprising as higher bulk concentrations generally lead to a
higher number of solute molecules at the interface and thus a
higher VSF intensity. The glutaric acid SPS spectra have a
similar trend when compared to the SSP spectra, although the
CO mode at low concentrations (below 0.5 M for glutaric
acid and below 0.1 M for adipic acid) was not detectable using
the SPS polarization scheme due to the low signal intensity.
Unexpectedly, with the much more soluble glutaric acid, the
VSF intensity decreases at very high concentrations. The
decrease occurs in both the SSP and the SPS spectra. The
decrease in CO peak intensity at 3 M can be attributed to
lower number density, a change in orientation, or a
combination of both. To determine the cause of the decrease
in VSF signal upon increasing glutaric acid concentration, the
number density and orientation information in the VSF spectra
are deconvolved using surface tension data.
Surface Tension and Comparison to VSF Spectra. Surface
tension is a macroscopic technique that measures the overall
surface concentration, whereas VSF spectroscopy measures a
convolution of the surface concentration and molecular
orientation. As discussed above, glutaric acid shows a decrease
in the CO peak intensity at high concentrations that could be
a result of lower number density, a change in orientation, or a
combination of both. Comparing the sum frequency spectra
with surface tension data at varying diacid concentrations
facilitates distinguishing whether changes in the VSF spectral
response with concentration are due to changes in the
molecular group orientations or the number density of surface
molecules.
The surface tensions of the glutaric and adipic acid solutions
were measured as a function of increasing bulk concentrations
and used to determine surface pressures. Surface pressure
values were calculated as the diﬀerence between the measured
neat air−water surface tension value (∼72 mN/m) and the
surface tension values of the dicarboxylic acid samples. Surface
pressure values are plotted as a function of bulk concentration
in Figure 3. As the bulk concentration of both diacids is
increased, there is an increase in the surface pressure. The
surface pressure results agree well with previous investigations
by other laboratories.39,79,80
The square roots of the VSF CO mode ﬁtted amplitudes
are also plotted in Figure 3. As illustrated in Figure 3, the
square roots of the ﬁtted CO amplitudes from both the SSP
and the SPS spectra increase as a function of bulk diacid
concentration and track the surface pressure fairly well. The
logarithmic relationships presented are diﬃcult to compare
directly, so the surface excess is calculated. Surface excess is
proportional to surface concentration, which is proportional to
the square root of the sum frequency signal intensity, if there
are equivalent contributions per molecule at all concentrations.81 When this is the case, plotting the square root of

Figure 3. Surface pressure (left axis, blue ●) and square root of ﬁtted
VSF CO amplitudes (right axis) versus concentration for (A)
glutaric acid (SSP, navy ■; SPS green ▲) and (B) adipic acid (SSP,
red ●). Solid lines serve to guide the eye.

the VSF amplitudes against the surface excess results in a linear
relationship.
The Gibbs adsorption equation is employed to ﬁnd the
maximum surface excess from the surface pressure, as shown in
eq 3:81,82
Γi = (1/RT )(δπ/δ ln ai)T

(3)

where Γi is the maximum (limiting) surface excess, π is the
surface pressure in mN/m, and ai is the activity. Activity
coeﬃcients (γi) for glutaric acid83 are used to calculate ai (ai =
γiCi) from the bulk concentration Ci. Concentrations not
corrected for activity are used for adipic acid (ai = Ci). From eq
3, it is clear that by plotting the surface pressure versus the
natural log of the activity, the maximum surface excess can be
calculated. Inverting the surface excess gives the minimum
average area per molecule. The minimum average area per
molecule81 was calculated to be 117 Å2/molecule for glutaric
acid, and 192 Å2/molecule for adipic acid. These comparatively
large molecular areas corroborate that these diacids do not pack
tightly at the air/water interface as was suggested by the
persistence of the free OH signal in the VSF spectra in the
water region.
To determine the surface coverage at any bulk concentration,
the Frumkin equation is employed.81
π2 = −RT Γi ln[1 − Γ2/Γi]
4782
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Here, π2 is the surface pressure in mN/m, Γ2 is the surface
excess at any bulk concentration, and Γi is the maximum surface
excess previously calculated. The square roots of the ﬁtted
amplitudes from the VSF spectroscopic experiments are plotted
against the calculated surface excesses in Figure 4. A linear

spectra and the concurrent increase in surface tension. MD
calculations also conﬁrm the presence of head to head dimers at
high surface concentrations.
Further support for dimer formation comes from analysis of
the pH dependent data (see the Supporting Information).
Brieﬂy, glutaric and adipic acid both show a decrease in surface
pressure as pH is increased. While the surface pressure at high
pH indicates adipic acid completely desorbs from the interface
into the bulk, the same is not seen for glutaric acid despite
having nearly identical bulk pKa’s (diﬀer by ∼0.1). Surface
pressure and methylene stretching VSF spectra show evidence
of a number of glutaric acid molecules persisting at the interface
at high pH. Beyond diminishing the CO VSF signal, a head
to head dimer would be expected to stabilize the acidic
hydrogen atoms, elevating the eﬀective pKa over that of isolated
glutaric acid molecules. Only head to head dimer formation can
consistently explain the VSF and surface tension results.
It has been shown that glutaric acid and adipic acid are
surface active species at the air/water interface that adsorb with
an overall ordering. The ordering gives rise to clear VSF
spectroscopic signal, with interesting behavior arising with high
bulk concentrations and as a function of pH. While the
spectroscopy has provided a description of these diacids at an
interface, computations provide a molecular view of these
interfacial diacids. Calculated spectra can now be compared to
the experimental results to develop an accurate approach for
modeling VSF spectra for these types of systems.
3.2. Induced Conformations and Calculated VSF
Spectra. Conformational Analysis. Calculation of VSF
spectra of solutions of the ﬂexible backbone diacids requires
knowledge of both the dominant orientations and the
conformations at the air/water interface. The overall molecular
conformation (the overall structure) is dependent on the
conﬁgurations (i.e., relative orientations of a subset of atomic
centers) of the unrestricted dihedral angles in the molecule.
MD trajectories are analyzed to identify the diﬀerent molecular
conformations of the diacids present at the interface.
Distributions of structures are assigned to a representative
DFT structure by comparison of corresponding dihedral angles.
The DFT structures are further grouped into families having
the same methylene backbone conﬁgurations and diﬀering only
by the conﬁguration of the carboxylic acid moieties.
Conformations that do not substantially contribute to the
average state of the molecule are ignored.
Figure 5 displays gas-phase DFT stationary point structures
of glutaric acid representing the families of conformations.
Structures for adipic acid are shown in Figure 6. In both acids,

Figure 4. Surface excess versus square root VSF ﬁtted amplitudes of
glutaric acid (blue ■, SSP; and green ▲, SPS) and adipic acid (red ●,
SSP). Solid lines serve to guide the eye.

relationship between the surface excess and the square root of
the VSF amplitudes suggests an increased signal in the VSF
response is due only to an increase in concentration, not a
change in orientation. A linear dependence is found for both
acids at 1 M and below, suggesting that there are negligible
changes in orientation of the diacid molecules at the air/water
interface in this concentration range.
At the highest concentration, results for glutaric acid do not
adhere to the linear relationship. As shown in Figures 3 and 4,
there is a noticeable decrease in the ﬁtted VSF peak amplitudes
for the SSP and SPS spectra at 3 M. The deviation from
linearity indicates that a change in orientation is responsible for
the observed VSF signal decrease, rather than a decrease in the
population of interfacial molecules. Generally, with a change in
orientation, an increase in one polarization combination would
be expected with a concurrent decrease in the other
polarization combination. For example, if the component of
the CO dipole moment changed orientation to be more in
the plane of the interface, a loss of signal from the SSP
polarization combination and an increase in the signal for the
SPS polarization combination would be observed. However, for
glutaric acid at a concentration of 3 M, there is a decrease in
both SSP and SPS VSF signals.
This concomitant loss of signal, attributed to loss of intensity
of the CO mode peak, in both the SSP and the SPS spectra
despite the increase in surface concentration implies there must
be increased destructive interference in the VSF signal.
Destructive interference has been observed for antiparallel
layers adsorbed beneath an interfacial layer 84 and in
dimerization events.67,85 Dimerization of carboxylic acid groups
in the gas phase and dilute aqueous media is well established.
At suﬃcient concentrations, two carboxylic groups can
hydrogen bond to each other forming a head to head dimer
with inversion symmetry, and the CO mode transitions
involved will become forbidden following VSF selection rules.67
This dimerization would explain the decrease in CO mode
signal intensity for glutaric acid in both the SSP and the SPS

Figure 5. Stationary point DFT structures of glutaric acid for
representation of MD geometries.
4783
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comparison with experiment by tracking the depth-speciﬁc
orientation of the CO moieties. Because of the number of
degrees of freedom in the diacid molecule, analysis of the
orientations presented here considers one conformer for each
diacid. In each case, the chosen conformer is one of the most
common noncentrosymmetric surface species, suggesting they
will contribute strongly to the VSF signal. Results for other
conformers show behavior similar to the examples presented,
albeit they are altered due to the geometrical restrictions
imposed by the conﬁgurations along the methylene backbone.
The orientations of the CO bonds for the AG2
conformation of glutaric acid are shown for diﬀerent depths
in Figure 7. A value of 0° corresponds to CO bonds normal
to the surface, pointing away from the bulk, while a value of
180° is normal to the surface but pointed toward the bulk. A
value of 90° is in the plane of the interface. Each axis
corresponds to the pointing angle of a single CO in a single
diacid molecule. The color scale conveys the percentage of
structures with CO pointing angles in the corresponding
angle ranges. The overall distribution relates the correlation
between the direction of the two CO moieties in each
molecule.
Away from the interface at bulk depths, there is no clear
preference for the glutaric CO orientation. As the acid
molecules approach the interface, the distribution of the
orientation becomes narrower until it is apparent that the C
O bonds are adopting a preferred orientation pointing into the
bulk on average, consistent with the interpretations of the
experimental spectra. Supporting Information Figure 3 shows
similar results for the sGG1 conformer, which in the interfacial
region has an even more pronounced preference for the
carbonyls to point toward the bulk.
The orientational distribution of CO pointing directions
for the AAG1 conformer of adipic acid is shown in Figure 8. At
depths near the bulk, the CO pointing angles for the AAG1
conformer of adipic acid are isotropic, with no preference for a
given direction. As this conformer approaches and resides at the
interface, the isotropy is lifted. Again, similar behavior is seen
for xGGA1 in Supporting Information Figure 4. The

Figure 6. Stationary point DFT structures of adipic acid for
representation of MD geometries.

there is an all anti structure (AA for glutaric acid, AAA for
adipic acid) in which all of the methylenes are positioned anti
to each other. Additionally, there are structures with one (AG)
or two (aGG, sGG) gauche rotations of the methylenes in the
backbone. In adipic acid, multiple structures have a single
gauche methylene either next to one of the carboxylic groups
(AAG) or in the center of the carbon backbone (AGA). More
highly strained adipic acid structures (aGAG, sGAG, and
xGGA) have multiple gauche defects along the carbon
backbone.
Again, each family contains multiple conformations; thus a
number denoting the population ordering is appended to the
family name (i.e., AA1 is the most common AA conformer,
AA2 is the second most common) when discussing an
individual conformer. Once the MD structures have been
assigned to the representative DFT families, the population of
these conformations is determined at diﬀerent depths relative
to the interface (Supporting Information Figures 1 and 2). For
both glutaric and adipic acid, as a molecule approaches and
resides at the interface, gauche conformations are more strongly
favored.
Depth-Speciﬁc CO Orientations. Although no attempt is
made here to calculate spectra in the CO region here due to
the strong dependence of the CO mode frequency on
solvation environment, useful information can be obtained for

Figure 7. Orientational distribution of CO pointing angles for glutaric acid conformer AG2 at 0.5 M. Color scale denotes percentage of all
structures.
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Figure 8. Orientational distribution of CO pointing angles for adipic acid conformer AAG at 0.1 M. Color scale denotes percentage of all
structures.

The MD and DFT calculations are combined by assigning
each structure in the MD trajectories to a DFT conformer
structure as discussed previously. The DFT conformer structure
is then rotated to match the orientation of the corresponding
MD structure relative to the water interface (aligning the
molecular and lab coordinate frames). The corresponding
calculated molecular second-order susceptibility (β) tensor is
concurrently rotated. The resulting β tensors are summed to
generate a total system second order susceptibility (χ(2)) tensor
for each vibrational mode of each conformer. The resulting χ(2)
tensors are interrogated for the tensor element that is
proportional to the VSF intensity considering the experimental
polarization conditions. Real and imaginary portions of each
tensor element are obtained by empirical Lorentzian (2 cm−1)
and Gaussian (8 cm−1) broadening. The ﬁnal spectrum is
obtained by taking the absolute square of the broadened result.
To reduce artifacts presumably caused by diﬀerent degrees of
orientational averaging, only the most common conformer of
each backbone family is considered as well as conformers that
account for at least 4% of all structures. Further work on
improving this approach to compute VSF spectra for this and
other related organic molecules will be addressed in a future
publication.
The calculated spectrum in the methylene stretching region
at the air/water interface is shown for glutaric acid in Figure 9
and for adipic acid in Figure 10. The composite spectra are in
good agreement with the experimental spectra in both position
and relative intensities of the main features. Such agreement
requires conformations and orientations in the MD calculations
that closely mirror those in the experimental system as well as
accurate absolute vibrational frequencies (as unlike IR or
Raman, positioning will aﬀect relative intensities). Minor
diﬀerences between the experimental and theoretical spectra
arise from shortcomings in the theoretical description. Prime
among these are (a) the use of a ﬁnite set of gas-phase DFT
structures to represent the ranges of MD structures; (b)
neglecting VSF intensity from overtone and combination
vibrational bands; and (c) disregarding nonresonant as well as
water mode contributions.

distribution of angles for adipic acid is slightly broader than that
of glutaric acid and reﬂects the greater backbone ﬂexibility that
exists for adipic acid, which allows the carboxylic end groups to
adopt a larger range of geometries.
Computed VSF Spectra. Accurate VSF spectra are
calculated, providing a direct connection with and further
conﬁrmation of interpretations of experimental spectra. This
represents a substantial challenge due to the uniqueness of the
VSF spectroscopic technique in which resonances will
constructively and destructively interfere. The spectrum
depends strongly on the molecular vibrational mode
frequencies as well as the orientational and conformational
distributions in the interfacial region. In the CH stretching
region, the challenge is compounded by the common presence
of Fermi resonances that greatly perturb the vibrational
frequencies and thus the pattern of interference.
A combination of MD and DFT calculations is able to
provide the necessary data at suﬃcient accuracy to obtain a
reasonable spectrum.8,14,16,18 MD calculations with a polarizable force ﬁeld provide reliable orientational and conformational distributions at the air/water interface. Gas-phase DFT
calculations are used to provide response properties and
vibrational frequencies. The current work looks only at the CH
stretching modes where the eﬀect of solvation on these
properties is minor.14 VSF intensity from overtone or
combination bands is also neglected. Including intensity from
overtones or combination bands that would appear in the
studied spectral region would be expected to produce minor
changes as even the calculated intensities of the corresponding
fundamental modes are relatively weak. Spectra calculated using
harmonic vibrational frequencies only loosely resembled the
experimental spectra, which is not surprising given the
likelihood of Fermi resonances and the strong dependence of
the spectrum on vibrational frequencies. Vibrational secondorder perturbation theory (VPT2) is applied in the DFT
calculations to obtain accurate vibrational frequencies that
account for anharmonic and Fermi resonance eﬀects. Replacing
the harmonic frequencies with the VPT2 calculated frequencies
results in strong agreement with experimental spectra.
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with similar molecules in the literature. The AG family of
conformers contributes the most intensity to the composite
spectrum. AA structures show minor contributions, while sGG
and aGG structures contribute negligibly. While the majority of
the spectral intensity in the composite spectrum is due to a
single conformer (AG2), it is only the combination of
contributions of conformers within the AG family that results
in the proper relative intensity of the two main peaks.
The computed VSF spectrum of adipic acid in Figure 10
shows three main modes in agreement with the experimental
spectra. The most intense mode appears at 2942 cm−1 in good
agreement with the experimental peak at 2940 cm−1.
Contributing vibrational modes are mostly symmetric methylene stretches arising from the two most common AAG
conformers (AAG1 and AAG2). In agreement with experiment,
there are two remaining major groupings of peaks that are
similar in intensity. The ﬁrst peak appears near 2918 cm−1 and
corresponds to the experimental peak at 2912 cm−1. Intensity
of this peak is mostly due to modes of the most common highly
torsioned xGGA structure (xGGA1) and the most common
singly gauche conformer (AAG1), which have asymmetric and
symmetric methylene stretching contributions. The second
appears at 2883 cm−1 and seems to correspond to the peak at
2873 cm−1 in the experimental analysis. Both the AAG2 and the
second most common AAA family conformer (AAA2)
contribute intensity arising from symmetric methylene
stretches.
The theoretical spectrum of adipic acid shows strong
agreement with experiment. All three experimental peaks are
reproduced, and the relative intensities are close to those
aﬀorded from the ﬁtting procedure. Again, the nature of the
vibrational modes associated with each peak is consistent with
the literature assignment. While most of the spectral intensity
arises from the high population AAA and AAG families of
conformers, contributions from more highly contorted
structures are non-negligible.

Figure 9. Computed VSF spectrum of glutaric acid at 1 M (black).
Contributions from conformers are shown scaled by a factor of 0.5:
AA (blue ■), AG (red ●), aGG (green ▲), sGG (orange ◆). The ﬁt
from the experimental VSF data is oﬀset and shown in green.

Figure 10. Computed VSF spectrum of adipic acid at 0.1 M (black).
Contributions from conformers are shown scaled by a factor of 0.5:
AAA (blue ■), AAG (red ●), AGA (orange ◆), aGAG (purple +),
sGAG (green ×), xGGA (light blue ▲). The ﬁt from the experimental
VSF data is oﬀset and shown in green.

4. CONCLUSIONS
Understanding complex interfacial systems is of great import to
an ever-increasing number of applications. While VSF spectroscopy is a powerful tool for studying interfacial structure,
interpretation can be greatly facilitated by computational
modeling. While there are many examples of calculated VSF
spectra,7−17 they generally do not consider how to proceed
with low concentration nonrigid molecules with vibrational
modes prone to Fermi resonances. To address this lack,
adsorption behavior and VSF spectra of two straight chain,
ﬂexible dicarboxylic acids at the air/water interface have been
elucidated by an evaluative combination of experimental and
computational techniques.
The overall picture that emerges is one where both the
glutaric and the adipic diacids are present at the interface and
are substantially ordered. It is not surprising that both acid
headgroups are solvated, pointing into the aqueous phase, but
unlike alkyl surfactants49,77,78,81 the hydrophobic backbone is
commonly parallel to the interface. The interface also aﬀects
the conformational distribution as compared to the bulk,
leading to an increase in structures with torsions along the
backbone. At low concentrations, in contrast with many bulk
properties (melting point, solubility, etc.),26−37 glutaric and
adipic acids have similar surface behavior. At high concentrations, well above the solubility limit of adipic acid, glutaric

In the calculated spectrum of glutaric acid, the most intense
peak appears at ∼2940 cm−1 and corresponds to the strongest
experimental glutaric acid peak at 2952 cm−1. Most of the
intensity at this frequency is due to a symmetric methylene
stretch of the second most common conformer (AG2) of the
AG family. The second most intense peak, at 2917 cm−1,
corresponds to the second most intense experimental peak at
2925 cm−1. The spectral intensity of this peak is due almost
completely to two vibrational modes of the AG2 conformer,
which both have substantial asymmetric character. A less
intense peak appears at ∼2968 cm−1, which is absent in the
experimental spectra, and corresponds to a symmetric
methylene stretch of the second most common AA structure
(AA2). This peak is believed to be erroneous due to the AA2
distribution of MD structures not being completely/properly
represented by the single AA2 DFT structure. The incomplete
representation, in this instance, leads to an improper
description of the susceptibility tensor allowing the peak to
appear. The third experimental peak at 2877 cm−1 appears in
the theoretical spectrum at 2875 cm−1 although at a much
weaker relative intensity and corresponds to a symmetric
methylene stretch.
The computed spectrum closely reproduces the experimental
measurements. The vibrational mode natures (symmetric,
asymmetric, etc.) also match assignments made by comparison
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acid shows deviant behavior, which is consistent with increased
formation of head to head dimers.
Using an approach combining classical MD and DFT,
accurate VSF spectra have been calculated. Vibrational
frequencies, mode symmetries, and relative intensities of
peaks in the experimental spectra are well reproduced even
without inclusion of solvation eﬀects or resonant and
nonresonant contributions from water. The range of molecular
conformations and anharmonic vibrational eﬀects prove critical
to being able to generate a spectrum that closely matches what
is seen experimentally. The strong agreement achieved between
theory and experiment for these systems provides a path for
generating predictive spectra for even more complex systems.
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(47) Thalladi, V. R.; Nüsse, M.; Boese, R. The Melting Point
Alternation in α,ω-Alkanedicarboxylic Acids. J. Am. Chem. Soc. 2000,
122, 9227−9236.
(48) Shen, Y. R. Exploring New Opportunities with Sum-Frequency
Nonlinear Optical Spectroscopy. Pure Appl. Chem. 2001, 73, 1589−
1598.
(49) Jubb, A. M.; Hua, W.; Allen, H. C. Environmental Chemistry at
Vapor/Water Interfaces: Insights from Vibrational Sum Frequency
Generation Spectroscopy. Annu. Rev. Phys. Chem. 2012, 63, 107−130.
(50) Bain, C. D.; Davies, P. B.; Ong, T. H.; Ward, R. N. Quantitative
Analysis of Monolayer Composition by Sum-Frequency Vibrational
Spectroscopy. Langmuir 1991, 7, 1563−1566.
(51) Ota, S. T.; Richmond, G. L. Chilling Out: A Cool Aqueous
Environment Promotes the Formation of Gas-Surface Complexes. J.
Am. Chem. Soc. 2011, 133, 7497−7508.
(52) Gragson, D. E.; Alavi, D. S.; Richmond, G. L. Tunable
Picosecond Infrared Laser System Based on Parametric Amplification
in KTP with a Ti:Sapphire Oscillator. Opt. Lett. 1995, 20, 1991−1993.
(53) Gragson, D. E.; McCarty, B. M.; Richmond, G. L.; Alavi, D. S.
High-Power Broadly Tunable Picosecond IR Laser System for use in
Nonlinear Spectroscopic Investigations. J. Opt. Soc. Am. B 1996, 13,
2075−2083.
(54) Allen, H. C.; Raymond, E. A.; Richmond, G. L. Surface
Structural Studies of Methanesulfonic Acid at Air/Aqueous Solution
Interfaces Using Vibrational Sum Frequency Spectroscopy. J. Phys.
Chem. A 2001, 105, 1649−1655.
(55) Davies, J. T.; Rideal, E. K. Interfacial Phenomena, 2nd ed.;
Academic Press: New York, 1963.
(56) Borkowski, M. Base Acid Titration and Equilibria (BATE) pH
Calculator 1.0.3.15, 2008.
(57) Case, D. A.; Darden, T.; Cheatham, T. E., III; Simmerling, C. L.;
Wang, J.; Duke, R. E.; Luo, R.; Walker, R. C.; Zhang, W.; Merz, K. M.;
Roberts, B.; et al. Amber12; University of California: San Francisco,
CA, 2012.
(58) Martinez, L.; Andrade, R.; Birgin, E.; Martinez, J. PACKMOL: A
Package for Building Initial Configurations for Molecular Dynamics
Simulations. J. Comput. Chem. 2009, 30, 2157−2164.
(59) Valiev, M.; Bylaska, E. J.; Govind, N.; Koawlski, K.; Straatsma,
T. P.; Dam, H. J. J. V.; Wang, D.; Nieplocha, J.; Apra, E.; Windus, T.
L.; et al. NWChem: A Comprehensive and Scalable Open-Source
Solution for Large Scale Molecular Simulations. Comput. Phys.
Commun. 2010, 181, 1477−1489.
(60) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; et al. Gaussian 09, revision C; Gaussian, Inc.:
Wallingford, CT, 2009.
(61) Feng, R.; Guo, Y.; Lu, R.; Velarde, L.; Wang, H. Consistency in
the Sum Frequency Generation Intensity and Phase Vibrational
Spectra of the Air/Neat Water Interface. J. Phys. Chem. A 2011, 115,
6015−6027.
(62) Raymond, E. A.; Tarbuck, T. L.; Brown, M. G.; Richmond, G. L.
Hydrogen-Bonding Interactions at the Vapor/Water Interface
Investigated by Vibrational Sum-Frequency Spectroscopy of HOD/
H2O/D2O Mixtures and Molecular Dynamics Simulations. J. Phys.
Chem. B 2003, 107, 546−556.
(63) Shen, Y. R.; Ostroverkhov, V. Sum-Frequency Vibrational
Spectroscopy on Water Interfaces: Polar Orientation of Water
Molecules at Interfaces. Chem. Rev. 2006, 106, 1140−1154.
(64) Tarbuck, T. L.; Richmond, G. L. Adsorption of Organosulfur
Species at Aqueous Surfaces: Molecular Bonding and Orientation. J.
Phys. Chem. B 2005, 109, 20868−20877.
(65) Ramsis, H.; Monmouton, P.; Delarbe, J. L.; Maury, L. Analyse
Vibrationelle et Structurale en Série Aliphatique Saturée X - Spectres
de Vibration de l’Acide Adipique et des ses Sels Alcalins de Potassium
en Solution Aqueuse. J. Raman Spectrosc. 1995, 26, 265−272.
(66) Gericke, A.; Huhnerfuss, H. In Situ Investigations of Saturated
Long-Chain Fatty Acids at the Air/Water Interface by External
Infrared Reflection-Absorption Spectroscopy. J. Phys. Chem. 1993, 97,
12899−12908.

Dicarbonyls in Central Himalayan Aerosols. Atmos. Chem. Phys. 2012,
12, 6645−6665.
(28) Bertilsson, S.; Travnik, L. J. Photochemical Transformation of
Dissolved Organic Matter in Lakes. Limnol. Oceanogr. 2000, 45, 753−
762.
(29) Parsons, M. T.; Mak, J.; Lipetz, S. R.; Bertram, A. K.
Deliquescence of Malonic, Succinic, Glutaric, and Adipic Acid
Particles. J. Geophys. Res.: Atmos. 2004, 109, D06212.
(30) Peng, C.; Chan, M. N.; Chan, C. K. The Hygroscopic Properties
of Dicarboxylic and Multifunctional Acids: Measurements and
UNIFAC Predictions. Environ. Sci. Technol. 2001, 35, 4495−4501.
(31) Zamora, I. R.; Tabazadeh, A.; Golden, D. M.; Jacobson, M. Z.
Hygroscopic Growth of Common Organic Aerosol Solutes, Including
Humic Substances, as Derived from Water Activity Measurements. J.
Geophys. Res.: Atmos. 2011, 116, D23207.
(32) Booth, A. M.; Monatgue, W. J.; Barley, M. H.; Topping, D. O.;
McFiggans, G.; Garforth, A.; Percival, C. J. Solid State and Sub-Cooled
Liquid Vapour Pressures of Cyclic Aliphatic Dicarboxylic Acids. Atmos.
Chem. Phys. 2011, 11, 655−665.
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