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Ion-Induced Reorientation and Distribution of Pentanone in the Air−
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ABSTRACT: Organic material at the surface of atmospheric aerosols is ubiquitous and
plays an important role in Earth’s atmosphere. Small ketones, such as 3-pentanone, are
found in aerosols and as surface-active species on aerosols. This study uses 3-pentanone
as a model ketone to understand how such molecules adsorb at the vapor−water interface
on aqueous solutions containing sulfate, carbonate, or chloride ions. By combining
surface spectroscopic experiments with computational methods, very detailed information
about the molecular bonding, geometries, and surface orientation of 3-pentanone as a
function of depth has been obtained. The results show that, for pure water, 3-pentanone
resides at the topmost surface of water with the carbonyl pointing into the aqueous phase
where it is weakly solvated. For Na2SO4-containing solutions, we found that sulfate ions in the boundary layer provoke changes in
the geometry and interfacial position of 3-pentanone that are not seen in solutions containing sodium chloride or sodium
carbonate. The results provide important insight into the behavior of ketones in the presence of salts at the surface of aerosols in
the atmosphere.
acetone.14−17 The more complex 3-pentanone is presented here
as a representative compound of longer-chain ketones, which
strike a diﬀerent balance between hydrophilic and hydrophobic
properties, for study at the air−water interface.
Inorganic salts in atmospheric aerosols aﬀect bulk properties,
such as growth and reactivity.5 The air−water interface of
aerosols is inﬂuenced by the presence of inorganic salts, which
are ubiquitous in these aerosols. Studies of the air−water
interface have explored the impact of ions in solution on the
behavior of organic compounds, such as carboxylic acids.18−21
The ions explored in this study (NaCl, Na2SO4, and Na2CO3)
are of particular interest because of their high concentrations in
atmospheric waters.5,22−25
Along with its importance to atmospheric aerosols, ion
behavior at the air−water interface is of general scientiﬁc
interest. The role of ions at the air−water interface has been the
subject of many studies and much discussion. In recent years,
experiments have demonstrated that ions are likely present in
the interfacial layer.26−30 Using VSF spectroscopy, many studies
have been undertaken to elucidate the behavior of ions at the
air−water interface. The eﬀect on the water structure of anions
has been widely studied using VSF spectroscopy, and the
sulfate ion’s vibrational stretching modes recently have been
probed as well.21,24,31−39 Recent advances in phase-sensitive
sum frequency spectroscopy have further elucidated the
behavior of ions at the air−water interface and described the
magnitude and direction of the electric ﬁeld produced by the
ions near the surface.40,41 Hua et al. noted that the direction of
the electric ﬁeld is opposite for sulfate and carbonate solutions
compared to chloride solutions. They further asserted that

1. INTRODUCTION
Organic compounds comprise a signiﬁcant fraction of tropospheric aerosols, and their presence aﬀects the climate-forcing
ability of these aerosols.1 However, the extent of the aerosols’
ability to force climate is very uncertain.2 It has been suggested
that this uncertainty results from the absence of molecular-level
information with respect to aerosol composition, structure, and
chemistry,3,4 prompting interest in the eﬀects of organic matter
on aerosol surfaces, aerosol bulk properties, and the mass
accommodation of organic matter in aerosols.5 Aldehydes and
ketones are a particularly interesting class of compounds with a
complicated and inadequately understood role in the environment.6,7
Ketones enter the atmosphere both from direct emissions
and from the oxidation of volatile organic compounds (VOCs)
as a part of secondary organic aerosols (SOAs). They undergo a
wide variety of chemical reactions with other atmospheric
constituents: They can be oxidized to form carboxylic acids;
they react with ammonium sulfate, sulfuric acid, amines, and
other NOx compounds; they are known to react with OH and
other radicals; and they undergo oligomerization and aldol
condensation in the aqueous phase. Although considered to be
a volatile species, small aldehydes and ketones have been
measured in cloudwater and rainwater.8−13 The lack of
agreement between ﬁeld measurements and computer simulations based on volatility suggest that small aldehydes and
ketones partition to the aerosol phase to a greater degree than
models suggest.6,7 This study examines the nature of this
surface partitioning in response to speciﬁc ion eﬀects using a
combination of vibrational sum frequency spectroscopy and
computational methods. Previous vibrational sum frequency
(VSF) spectroscopy studies of aldehydes and ketones at the
air−water interface have been limited to the small, atmospherically abundant molecules formaldehyde, acetaldehyde, and
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The ﬁrst term in eq 2, χ(2)
NR, is the nonresonant second-order
susceptibility, and the second term is the sum of the individual
resonant second-order susceptibilities. The resonant secondorder susceptibility is ﬁt as a convolution of the homogeneous
line widths of the individual vibrational modes, ΓL, and the
inhomogeneous broadening, Γv. The Av term describes the
transition strength and is proportional to the product of the
number of contributing molecules and the orientationally
averaged IR and Raman transition probabilities. The
frequencies of the Lorentzian, IR, and resonant vibrational
mode are given by ωL, ωIR, and ωv, respectively, and ϕv is the
phase of each resonant mode. Changes in the sum frequency
signal and the resultant spectral ﬁts can be attributed to changes
in the number of contributing molecules, the orientation of the
molecules, and changes in the bond energies of the resonant
modes.
The speciﬁcation of incoming and outgoing polarization
schemes in sum frequency generation can be used to extract
information on the orientation of the resonant modes
contributing to the signal. Of the 27 elements of χ(2), only
four are both nonzero and unique. Using speciﬁc known
polarizations of the incoming visible and IR beams and the
outgoing sum frequency light, it is possible to probe these
unique elements. The polarization schemes are described in the
order sum frequency beam, visible beam, and IR beam, with Spolarized light perpendicular to the plane of incidence and Ppolarized light parallel to the plane of incidence. Thus, in these
experiments, the SSP scheme is used to probe dipole transition
moment components perpendicular to the plane of the
interface.

Na2SO4 produces a stronger electric ﬁeld than Na2CO3 or
NaCl.40
VSF spectroscopy probes surface-speciﬁc vibrational modes
and can be tuned to study the particular vibrational modes of
species in the interfacial layer. VSF is a powerful technique
because it reﬂects both composition and molecular orientation
in the interfacial region. Theoretical calculation of VSF spectra
provides further insight into the speciﬁc source of VSF spectral
features and can directly connect experimental measurements
and results of molecular dynamics calculations. VSF spectra can
be calculated in a variety of ways.17,42−47 Here, a combination
of separate classical molecular dynamics and gas-phase density
functional theory calculations were used to compose theoretical
spectra of 3-pentanone. A similar approach has achieved
reasonable results in various works for water17,48−52 and
succinic acid.53
In this study, VSF experiments were utilized to detect
changes in the CH, CO, and OH vibrational stretching
responses from 3-pentanone and water as they were aﬀected by
the presence of inorganic ions. The ions chosen for this study
(NaCl, Na2SO4, and Na2CO3) all contain the sodium cation,
which is not expected to strongly aﬀect the interfacial structure,
in order to focus on the varying impact of the anion.
Theoretical calculations of the dynamics and VSF spectra of
3-pentanone were used to reveal further molecular-level details.
The VSF spectroscopic data were analyzed together with
computational results to provide a complete molecular-level
picture of 3-pentanone at the air−water interface in the
presence of inorganic salts.

2. BACKGROUND
Vibrational sum frequency (VSF) spectroscopy is a surfacespeciﬁc technique that provides insight into the aqueous
interface. The VSF signal results from the spatial and temporal
overlap of, in this work, a ﬁxed-energy 800-nm beam and a
tunable IR beam at a noncentrosymmetric interface. The signal
is further dependent on the number density, orientation, and IR
and Raman transition strengths of vibrational modes resonant
with the IR frequency. This signal can describe the
intermolecular interactions, bond strengths, and orientations
of molecules at the interface. Several excellent references on the
technique are available.54−73
The intensity of the generated sum-frequency signal is
proportional to the squared second-order susceptibility, χ(2),
and the intensities of the incoming visible and IR beams. The
second-order susceptibility has contributions from both
resonant and nonresonant components. The individual
resonant components of the second-order susceptibility are
proportional to the number of contributing molecules, N, and
the orientationally averaged molecular hyperpolarizability, ⟨βi⟩
χR,(2)i =

N
⟨β ⟩
ε0 i

3. EXPERIMENTAL DETAILS
3.1. Laser Systems. The VSF spectra were collected on
two separate laser systems. The ﬁrst system is a broad
bandwidth sum frequency system and was used to collect
spectra in the mid-IR region between 1600 and 1900 cm−1.
This is a newly built system based on a design similar to that of
systems that have been previously described.21,75,76 Brieﬂy, a
Libra Ultrafast laser system (Coherent) produces spectral
output centered at ∼800 nm with a pulse length of ∼100 fs and
an average power of 3 W. The output beam is split, with ∼1.5
W used for the visible line and ∼1.5 W going to an optical
parametric ampliﬁer (OPerA Solo, Light Conversion) for the
IR line. The visible beam is sent through a 4f optical slicer to
produce pulses in the picosecond range. Both the IR and visible
beams are propagated to the air−water interface in a
copropagating geometry. The IR and visible beams are angled
to the interface at 45° and 60°, respectively, and overlapped in
time and space to generate sum frequency pulses. The resulting
sum frequency signal is collected, ﬁltered to remove stray 800nm light, dispersed with a holographic 1800 groove/mm
spectrograph (Shamrock 303iB, Andor), and detected with a
thermoelectrically cooled charge-coupled device (CCD, Newton 920, Andor). To minimize IR light loss by absorption of
water vapor in the ambient air, the IR line, the air−water
interface, and the sum frequency signal were all contained
within a purged air volume. The purged air was generated using
a Pneudri MiDAS air dryer (Parker Domnick Hunter).
A second experimental setup was used to collect data over
the region from 2700 to 4000 cm−1 and has been described
elsewhere.77−79 Brieﬂy, the sum frequency signal is generated
using 800-nm light from a Spectra Physics Spitﬁre Pro XP lased
and tunable IR light produced from a home-built optical

(1)

VSF spectra are ﬁt to deconvolve the nonresonant signal and
the individual resonant vibrational modes. The method follows
a ﬁtting routine proposed by Bain and accounts for the
homogeneous and inhomogeneous line widths of the individual
vibrational modes.74
χ

(2)

=

(2) iψ
e
χNR

+

∑∫
ν

∞

−∞

2

A v e iϕve−[(ωL − ωv)/ Γv]
dω L
ωL − ωIR + iΓL

(2)
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Figure 1. VSF spectra of 3-pentanone (a) in H2O, (b) in D2O, and (c) as neat liquid. The data are represented by symbols, whereas the solid lines
are the spectral ﬁts. Spectra were obtained in the SSP polarization scheme. In panel a, the gray trace is the VSF spectrum of neat water for
comparison. In panel b, the gray trace is the VSF spectrum of neat D2O.

two surfaces was created by expansion of one of the box
dimensions to 120 Å and application of periodic boundary
conditions.
Energy minimization of the initial system was performed
using a combination of steepest-descent and conjugate-gradient
methods. Minimized structures were equilibrated by evolution
through 2 ns of MD simulation. Each system was further
evolved for 50 ns, with atomic coordinates recorded every 100
fs for a total of 500000 data points. The simulations were
performed using a time step of 1 fs. Fully polarizable models
were used. Water was simulated using the POL3 model,82 the
model for 3-pentanone was constructed using a fully atomistic
model based on the Amber FF02EP force ﬁeld,83 and the
model for the ions was that developed by Jungwirth et al.84 The
system temperature was set at 298 K, and Langevin dynamics
was used to propagate dynamics with a leapfrog integrator. The
particle mesh Ewald technique was used for calculating longrange electrostatic interactions, with a force cutoﬀ set to 12 Å.
Water molecules were held rigid by means of the SHAKE
algorithm to increase computational throughput and speed of
data collection.
Distances from the water surface were calculated using the
Gibbs dividing surface determined from a hyperbolic tangent ﬁt
to the water density proﬁle. To correct for possible drift of the
water surface over the length of the simulation, the coordinates
of each data point were shifted so that the center of mass of the
water system remained constant. Data were collected using
both water−vacuum interfaces, and angles relative to the
surface were measured from the surface normal pointing into
the vacuum phase.
3.4. Quantum Mechanical Methods. The calculations
presented in this work were performed using the NWChem
program package.85 Full geometry optimization and harmonic
vibrational frequency calculations for isolated 3-pentanone
molecules were performed using the B3LYP exchangecorrelation functional and a 6-311++G(2d,2p) basis set.
Polarizabilities and dipole moments at displaced geometries
were calculated using the same level of theory.
Vibrational sum frequency intensities were calculated by
inspecting the second-order linear susceptibility tensor. The
tensor was constructed using polarizability and dipole moment
derivatives with respect to the vibrational normal coordinates
combined according to the expression

parametric ampliﬁer. The IR and visible beams copropagate to
the air−water interface at 67° and 56°, respectively, from the
surface normal. The resultant sum frequency signal is measured
using a thermoelectrically cooled CCD (Princeton Instruments). The spectra were collected at 3 cm−1 increments over
the tunable range. All of the spectra, from both experiments,
were normalized to the nonresonant sum frequency response of
a bare gold surface. The spectra presented in this work were all
collected using the SSP polarization scheme. SPS polarization
for similar ketones resulted in insuﬃcient signal, and so, was
not investigated for 3-pentanone. Spectra of all 3-pentanone
solutions used concentrations of 0.1 M 3-pentanone, as lower
concentrations resulted in inconsistent signal and higher
concentrations resulted in excessive scattering of the 800-nm
light. Wavelengths were calibrated based on a polystyrene
standard. All measurements were made at ambient temperature,
∼20 °C. Experimental peak positions are reported with
uncertainties in the ﬁt. Peak positions are also subject to
error from the resolution of the instrumentation, which is on
the order of 12−15 cm−1. The total error in reported peak
positions is therefore expected to be on the order of 20 cm−1.
3.2. Sample Preparation. 3-Pentanone (Reagent Plus,
≥99.5%), NaCl (Reagent Plus, >99.5%), Na2SO4 (BioXtra,
≥99.0%), and Na2CO3 (ACS reagent, anhydrous) were
purchased from Sigma-Aldrich. 3-Pentanone-2,2,4,4-d4 was
purchased from C/D/N Isotopes. All solutions were prepared
fresh with >18 MΩ·cm water. The NaCl and Na2CO3 salts
were baked in an oven at 220 °C for at least 72 h before use to
eliminate contaminants. All other chemicals were used as
received. All glassware was cleaned using concentrated H2SO4
and NOCHROMIX and thoroughly rinsed with >18 MΩ·cm
water.
3.3. Classical Molecular Dynamics Methods. Classical
molecular dynamics (MD) calculations were performed using
the Amber 12 suite of programs.80 Starting conﬁgurations were
created using PACKMOL.81 Starting conﬁgurations consisted
of 900 water molecules and 2 or 16 3-pentanone molecules in a
cube with sides of 30 Å, corresponding to an overall
concentration of approximately 0.12 or 1 M, respectively.
The higher concentration provided a bulk concentration more
in line with the experimental bulk concentration, but resulted in
negligible diﬀerences in the conformational populations,
orientations, and calculated spectra. Simulations with sodium
sulfate were performed by adding 8 sodium ions and 4 sulfate
ions to make a salt concentration of 0.25 M. A water slab with
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Figure 2. VSF spectra of 3-pentanone in (a) 1 M NaCl solution, (b) 0.275 M Na2SO4 solution, and (c) 0.275 M Na2CO3 solution. In each panel, the
gray trace is the neat-water spectrum; the blue trace is the VSF spectrum of 0.1 M 3-pentanone in water, for reference. All data were recorded in the
SSP polarization scheme.

χijk(2) ∝

∑ Cabc

a,b,c

∂αab ∂μc
∂Q q ∂Q q

2910 ± 2, 2942 ± 1, and 2982 ± 3 cm−1. Assignments of the
vibrational modes will be discussed later. One peak at 3632
cm−1, which can be assigned to the topmost water molecules
interacting with the organic species, is also observed in the
spectrum of 3-pentanone in H2O.88 The continuing presence of
the “free-OH” vibrational mode suggests that, at this
concentration of 3-pentanone, there is incomplete surface
coverage.
As a part of this study, we monitored the general changes in
the water spectrum in the presence of 3-pentanone and salt
species. A more thorough description of the ﬁtting of the neatwater spectrum can be found in the literature.49,52,86,89−93 The
free-OH vibrational mode resides at ∼3700 cm−1 and is
assigned to uncoupled OH oscillators pointing away from the
bulk water. Three peaks are found in the neat-water VSF
spectrum between 3200 and 3500 cm−1 that arise from the
various OH vibrational stretching modes associated with water
molecules in a hydrogen-bonded network. The mode at ∼3460
cm−1 gives rise to broad spectral intensity and corresponds to
OH groups near the surface and pointing toward the bulk. Two
modes associated with more coordinated water molecules that
reside deeper in the interface are at ∼3200 and ∼3300 cm−1. All
spectra also include a nonresonant background signal.
Addition of inorganic salts to the neat-water spectrum has
been discussed previously.24,28,39,84,94,95 In these studies, the
cation remained constant to focus on the impact of the anion
on the orientation and distribution of 3-pentanone at the air−
water interface. Previous work on NaCl solutions has shown
that the water structure is not signiﬁcantly altered by the ions
and that no additional peaks appear.39 In Na2SO4 and Na2CO3
solutions, the impact of the ions on the water structure is more
pronounced, and an additional peak at ∼3150 cm−1 is added, as
discussed elsewhere.24 In Figure 2, each panel has a gray trace
of the spectrum of the corresponding salt solution and a blue
trace of 3-pentanone in water for comparison. The VSF
spectrum with 3-pentanone in the presence of 1 M NaCl is
similar to the spectrum without ions present, as is seen in
Figure 2a. However, there is an increase in the intensity of the
peaks between 2800 and 3000 cm−1. We suggest that the small
intensity increase is due to the weak salting-out of 3-pentanone
by NaCl. The peak positions of the four CH vibrational modes
of 3-pentanone are relatively unchanged compared to those of
the solutions without salt. Spectral ﬁtting places these four CH
vibrational modes at 2885 ± 3, 2895 ± 1, 2946 ± 1, and 2980

(3)

where α is the molecular polarizability, μ is the dipole moment,
∂Qq is the displacement of normal mode q, and C is a
geometrical factor relating the molecular and laboratory
reference frames. Derivatives were calculated using threepoint ﬁnite diﬀerentiation.

4. RESULTS AND DISCUSSION
4.1. Water and CH Vibrational Stretching Modes. The
spectrum of 3-pentanone in D2O is shown in Figure 1b. The
gray trace in Figure 1b is the neat-D2O VSF spectrum for
comparison. The energy of O−D vibrational modes is redshifted from the O−H analogues in Figure 1a. There are two
modes associated with OD vibrational stretching modes: the
“free-OD” vibrational stretching modes at 2715 cm−1 and the
more coordinated OD vibrational stretching mode at 2578
cm−1.86 Figure 1b shows the spectrum ﬁt with four peaks that
are assigned as CH vibrational stretching modes. These peaks
are centered at 2884 ± 1, 2913 ± 1, 2944 ± 1, and 2979 ± 4
cm−1. Note that the instrument resolution is ∼12−15 cm−1,
which will contribute additional uncertainty to all reported peak
locations. These CH vibrational modes are the same as those
seen in the VSF spectrum of neat 3-pentanone (Figure 1c).
To rule out the presence of the other forms of ketones
known to exist in equilibrium in water solutions, which are the
enol and geminal diol, the spectra of 3-pentanone in D2O and
as a neat liquid were compared. In the VSF spectrum, the
alcohol vibrational stretching mode of either the enol or diol
would appear between 2800 and 3100 cm−1 and is expected to
be low in intensity and broad.87 In the solution with D2O, the
OD vibrational mode is red-shifted to <2500 cm−1 and is not
observable in this experiment. Thereby, the presence of the
enol or diol species would be evident in the 3-pentanone
spectrum in H2O and D2O through diﬀerences in this region.
The observed lack of changes provides conﬁdence that nonnegligible quantities of the enol or diol species are not present.
The presence of 3-pentanone clearly causes a change in the
H2O spectrum, as seen in Figure 1a. Several prominent peaks
associated with CH vibrational stretching modes are located
between 2700 and 3000 cm−1. Spectral ﬁtting identiﬁed four
separate modes that were necessary to reproduce the
experimental line shape. These peaks occur at 2896 ± 1,
11517
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Figure 3. VSF spectra of 0.1 M 3-pentanone-d4 in (a) D2O and (b) 0.275 M Na2SO4 solution in D2O. The data are represented by symbols, and the
solid lines are the results of spectral ﬁtting. In each panel, the gray trace is the neat-D2O spectrum for comparison.

Figure 4. VSF spectra of the carbonyl vibrational stretching mode of 0.1 M 3-pentanone in (a) H2O, (b) 1 M NaCl solution, (c) 0.275 M Na2SO4
solution, and (d) 0.275 M Na2CO3 solution. The data are presented as symbols, and the solid lines represent the spectral ﬁts. All data were recorded
in the SSP polarization scheme.

± 5 cm−1. Based on the lack of signiﬁcant change upon the
addition of NaCl to the solution, we conclude that the behavior
of 3-pentanone in the interfacial region is not substantially
altered by the presence of the salt.
In contrast, Na2SO4 in solution has a marked eﬀect on 3pentanone at the surface, as shown in Figure 2b. These changes
occur in both the intensity and the line shape in the region of
the CH vibrational stretching modes. The peaks in the CH
stretching mode region, between 2800 and 3000 cm−1, are
more intense than those in the spectrum of 3-pentanone in
NaCl solutions. Sodium sulfate has a stronger salting-out
potential than sodium chloride,96 which might be partially

responsible for the increase in intensity of the CH mode signal.
Also, there is an additional peak at lower energy. To reproduce
the line shape of 3-pentanone in Na2SO4 solutions, an
additional peak was added at 2858 ± 1 cm−1, whereas the
four peaks at 2879 ± 1, 2910 ± 2, 2948 ±1, and 2970 ± 20
cm−1 are similar to the CH vibrational modes of 3-pentanone in
H2O. This new peak at ∼2860 cm−1 is not explained by the
salting-out phenomenon. The origins of this peak will be
discussed later.
The coordinated OH vibrational modes that are present in
the spectrum of Na2SO4 solutions and in the spectrum of 3pentanone in H2O are less intense in the spectrum of 311518
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range of 15−30 cm−1. The lack of change in the spectra of the
carbonyl vibrational stretching mode of 3-pentanone in the
presence of various ions in solution, in contrast to the CH
stretching region, shows no evidence of changes in population,
bonding environment, and orientation at the interface,
regardless of the identity of the ions.
Sodium sulfate provokes unique changes in the 3-pentanone
spectrum that are not seen in solutions of sodium chloride or
sodium carbonate. Of the four CH vibrational modes observed
in the 3-pentanone spectrum, three modes are attributed to
methyl vibrational stretches, and one mode appears to be due
to methylene vibrational stretching. Furthermore, the CH
stretching peak that appears in Na2SO4 solution is due to a
methylene vibrational stretching mode. We used theoretical
methods to more fully explore the underlying cause for these
changes in the VSF spectra. Given the spectral changes of 3pentanone in sodium sulfate solutions, we focused on
understanding this behavior, whereas the spectral intensity
changes of 3-pentanone in sodium chloride and sodium
carbonate salts might simply be indicative of salting-out
behavior.
4.3. Calculated Structures and Spectra of 3-Pentanone. To further understand the experimental results,
computational modeling of 3-pentanone was performed using
DFT and classical MD. MD analysis of 3-pentanone at the air−
water interface provides insight into the conformers present
and the orientation of the molecules relative to the surface.
Because of the volatility of 3-pentanone, experimental surface
tension measurements were unreliable, and a surface
concentration could not be determined. Although negligible
change was observed in the calculated properties reported here
for the two surface concentrations simulated, it cannot be
conﬁrmed that the simulated surface concentrations are
representative of the exact experimental conditions. Complementing this, DFT provides mode assignments and spectral
intensities for the various observed peaks in the VSF spectra.
Results of the molecular dynamics calculations of 3-pentanone
in water show that the organic molecules mainly reside in the
topmost portion of the interfacial layer. The molecules orient
with the oxygen of the carbonyl pointing slightly into the bulk
(distribution centered around 20−30° into the bulk). This
orientation keeps the hydrophobic hydrocarbons in the vapor
phase and away from bulk water.
Gas-phase DFT calculations of 3-pentanone revealed that
there are several unique types of conformers. The main
conformers of 3-pentanone arise from minima present in the
OCCC dihedral angles, one at 0° (the A formation) and one or
two between 60° and 110° (the G formation). The 3pentanone molecule has two organic chains that can each
adopt either the A or G formation relative to the carbonyl
bond. The two chains, which can independently be in either of
the two formations, leads to a total of four unique combinations
of A and G formations presented in Figure 5. Each conformer is
named by a two letter designation for the formation each chain
adopts and, in the case of GG conformers, an additional a or s
to signify that the two chains are antarafacial (opposite faces of
the molecule) or suprafacial (same side of the molecule). In the
gas-phase DFT calculations, based on a Boltzman distribution
and considering degeneracy, the dominant structure (50.4%) is
the conformer with both OCCC dihedral angles in the A
formation (AA). This is followed by the AG conformation
comprising the majority of the remaining gas-phase structures
at 41.5%.

pentanone in Na2SO4 solutions. As with previous studies of
Na2SO4 solution and the Na2SO4−3-pentanone solution, an
additional mode is observed at 3190 cm−1. We attribute this
mode to OH vibrational modes of water interacting with ions in
solution.24
The eﬀect of sodium carbonate solutions on 3-pentanone
behavior at the air−water interface was also probed. Sodium
carbonate is known to cause a stronger salting-out eﬀect than
either sodium chloride or sodium sulfate. We expect this to
cause a more intense signal of 3-pentanone modes in the VSF
spectrum. As can be seen in Figure 2c, the spectrum of 3pentanone in 0.275 M Na2CO3 solution shows increased
intensity in the CH vibrational modes compared to the
spectrum of 3-pentanone in H2O or 3-pentanone in NaCl or
Na2SO4 solutions. Although there is an increase in the intensity,
the spectral ﬁts of the CH vibrational modes do not display
signiﬁcant shifts in the peak positions. The peaks of 3pentanone in sodium carbonate solutions are observed at 2890
± 10, 2897 ± 2, 2945 ± 1, and 2985 ± 4 cm−1.
The coordinated water vibrational modes in the spectrum of
3-pentanone in Na2CO3 solution are less intense compared to
those in Na2CO3 solution or aqueous 3-pentanone solution. As
in the sulfate solutions, an additional mode for water molecules
interacting with ions in solution at ∼3200 cm−1 is apparent.
The intensity changes observed in the spectra of 3-pentanone
in NaCl and Na2CO3 solutions do not show inconsistencies
with predicted “salting-out” behavior; however, the spectral
changes of 3-pentanone in Na2SO4 solutions are indicative of
behavior that cannot be explained without additional eﬀects.
The origins of the new CH vibrational mode, at ∼2860 cm−1,
in the 3-pentanone in Na2SO4 solution were investigated
further. To accomplish this, the spectrum of 3-pentanone-d4
[CH3CD2C(O)CD2CH3] was collected. The spectrum in
Figure 3a is that of 0.1 M 3-pentanone-d4 in D2O, and the gray
trace is that of neat D2O for comparison. The 3-pentanone-d4
spectrum is ﬁt with three CH vibrational modes, the peak
positions of which are 2891 ± 2, 2941 ± 1, and 2982 ± 4 cm−1.
All of the CH peaks must be due to methyl vibrational
stretching modes, as the CD2 vibrational stretching modes are
shifted to ∼2200 cm−1.
The spectrum of 3-pentanone-d4 in 0.275 M Na2SO4 in D2O
is shown in Figure 3b. The VSF spectrum of 3-pentanone-d4
does not change appreciably in the Na2SO4 solution as
compared to the aqueous solution. By comparing the spectrum
of 3-pentanone-d4 in Na2SO4 solution (Figure 3b) to that of 3pentanone in Na2SO4 solution (Figure 2a), we conclude that
the intensity of the additional peak at 2857 cm−1 for 3pentanone in Na2SO4 solution requires the presence of the
methylene moieties.
4.2. CO Vibrational Stretching Mode. The orientation
of the carbonyl moiety of 3-pentanone at the air−water
interface can also be probed to elucidate the eﬀect of the sulfate
ions on the 3-pentanone molecules. The spectra of 3pentanone in H2O, 1 M NaCl, 0.275 M Na2SO4, and 0.275
M Na2CO3 solutions are presented in Figure 4. Each of these
spectra shows a single peak. Additional peaks did not improve
the ﬁts. Furthermore, there are no signiﬁcant changes in the
peak position, intensity, or line width in the presence of any of
the inorganic salts. The 3-pentanone carbonyl stretching mode
lies at 1700 ± 11 cm−1 in H2O, at 1698 ± 1 cm−1 in NaCl, at
1696 ± 4 cm−1 in Na2SO4, and at 1701 ± 1 cm−1 in Na2CO3.
All of these values are within the resolution of the experiment.
The Gaussian line widths from the spectral ﬁtting are all in the
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theoretical spectra were computed. The complex nature of VSF
spectroscopy combined with the speciﬁc computational
approach used, in certain cases, can lead to unreliable peak
intensities and positions. Assignments made using calculated
spectra are tentative, but consistent with experimental spectral
data presented here, as well as assignments made for similar
molecules elsewhere.87,97 Surface spectra were calculated for
both 3-pentanone and 3-pentanone-d4. The CH vibrational
stretching region is shown for both plain (Figure 6a) and
partially deuterated (Figure 6b) forms. In both cases, there are
two major groupings of peaks. Beneath the composite spectra,
the spectral contributions of the various conformers of 3pentanone are shown and provide a more detailed view of the
sources of the peaks in the experimental spectrum. Care has
been taken to properly account for enantiomers of chiral
structures.
In 3-pentanone, one of the major groupings is centered at
∼2890 cm−1 and includes modes with both methyl and
methylene symmetric stretch contributions from various
conformers. The second grouping, ∼2955 cm−1, is due to
methyl asymmetric stretching modes. Overall, there is strong
agreement with experiment (Figure 1) in the number and
spacing of peaks observed. In comparison with the experimental
spectrum, the relative intensity of the 2890 cm−1 peak is
overestimated in the theoretical spectrum. This might be due to
a number of factors; however, a likely cause is the
representation of the orientational and conformational
distributions by a ﬁnite set of static structures and orientations.
The agreement between the theoretical and experimental
spectra of 3-pentanone allows mode assignments to be made
for the experimental spectral ﬁts and veriﬁes the accuracy of
classical MD for further analysis and calculations including
sodium sulfate. The experimental peak at 2896 cm−1 mainly
corresponds with the methylene symmetric vibrational
stretching mode of the GGs conformer in the theoretical
results. At 2910 cm−1, the major contributor is the methyl
symmetric vibrational stretching mode of the AG conformer.
The experimentally observed prominent peak at 2942 cm−1 has
contributions from several conformers, according to the
calculation results; however, the largest contribution is the
methyl asymmetric vibrational stretching mode of the AG
conformer. The experimentally observed weak peak at 2982
cm−1 is not predicted by the theoretical spectrum. This peak is

Figure 5. Representations of the conformers of 3-pentanone found by
DFT calculations. The bold number below each structure is the
percentage of structures with this conformation in the MD simulations
of 3-pentanone in water. The number in italics is the percentage of
structures with this conformation based on a Boltzmann distribution
using DFT energies, approximating gas-phase contributions.

Structures of the 3-pentanone molecules in the MD
calculations were then matched with the DFT conformers by
interrogation of the OCCC dihedral angles. To determine the
eﬀects of solvation, MD calculations were performed on a
periodic water box. In water, the AG conformer was found to
be most common (49.8%), followed by the AA conformation
(27.0%). Structures with both dihedrals in the G formation,
GGa (13.4%) and GGs (9.5%), also became more favorable. As
opposed to the gas-phase results, the vast majority of structures
had at least one dihedral in the G formation. In the MD
trajectories, which modeled 3-pentanone at the air−water
interface, the conformational distribution continued to show
changes compared to the gas-phase DFT results and bulk MD
calculations. At the air−water interface, the AG conformer
remained most common (42.3%), and structures in which both
dihedrals were in the G formation, GGs (27.9%) and GGa
(20.9%), became much more favorable at the expense of the
AA conformation (8.2%). This change in the conformational
contributions is attributed to the greater ability of the G
formation to concurrently allow solvation of the carbonyl
oxygen while keeping the hydrophobic tails from disrupting the
water structure. In the geometry of the A formation, the
carbonyl and hydrophobic groups point in roughly the same
direction, preventing the molecule from adopting as favorable
arrangements as the G formation.
Using orientational and conformational information from the
MD calculations and VSF intensities calculated using DFT,

Figure 6. Comparison of the modeled spectrum (lower black trace) with the observed VSF spectrum (red top trace) for (a) 3-pentanone and (b) 3pentanone-d4. The black solid trace represents the composite spectrum of all observed conformers and their relative populations. The spectra
resulting from the individual conformers are presented underneath the black trace.
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for 3-pentanone-d4. The single feature in the calculated
spectrum is consistent with what is seen experimentally.
4.4. Computational Analysis of 3-Pentanone in Water
and Na2SO4 Solution. Although the experiments provide
information on the identity of the new methylene peak that
appears upon addition of sodium sulfate to the solution, the
cause underlying the appearance of the new peak is left
unanswered. There are many scenarios one could use to explain
the appearance of an additional peak in the CH region.
Changes to the molecular species might occur in the presence
of salts (i.e., changes to the enol/keto or diol/keto
equilibrium). There could be mode shifting due to a direct
interaction between the molecule and an ionic species or the
electric ﬁeld created by the layering of oppositely charged ions
near the air−water interface. Finally, indirect changes induced
by the electric ﬁeld or changes in solvent structure at the
surface could occur. These changes would aﬀect the conformational and/or orientational distribution of the organic species at
the air−water interface through coupling of the ﬁeld with the
molecular dipole or through changes in the water structure at
the surface (induced by interactions with the electric ﬁeld or
other mechanisms).
Both changes to the molecular species and direct interaction
with the molecule are inconsistent with the experimental results
presented here. Increases in either the enol or diol forms of 3pentanone would cause a decrease in the carbonyl stretching
intensity, which was not observed. Barring that possibility,
additional intensity due to the alcohol stretching modes would
be expected. This was not observed and excludes changes to the
molecular species present as a possible mechanism. Direct
interaction was investigated using DFT calculations. Although
VSF-active CH modes were shifted when 3-pentanone was
calculated interacting with a sodium ion or a strong electric
ﬁeld, the shifting of the carbonyl stretching mode was always
much stronger. No such shift was observed in the experimental
spectra upon addition of sodium sulfate, also eliminating direct
interaction mechanisms.
This leaves an indirect mechanism due to changes in
orientation or conformation of the 3-pentanone molecules as
the cause of the new peak in the 3-pentanone spectrum in the
presence of Na2SO4. To investigate the validity of this
hypothesis, the MD calculations involving 3-pentanone in
water were compared to those of 3-pentanone in Na2SO4
solution with regard to orientation and conformation.
The conformational distribution of 3-pentanone in H2O at
the surface is negligibly diﬀerent from the overall distribution
because 3-pentanone rarely enters the bulk. At the surface, the
AG conformer represents 42.3% of structures; GGs, 27.9%;
GGa, 20.9%; and the AA conformation, 8.2%. With addition of
Na2SO4, minor changes were observed. The largest of these
changes was less than 0.5% of all structures. Such a small
change led to insigniﬁcant changes in the overall spectrum.
Further comparison of MD calculations of 3-pentanone in
water or in Na2SO4 solution revealed other seemingly minor
changes in the behavior of 3-pentanone. Yet, there are two
notable changes: First, the distribution of 3-pentanone
molecules with respect to depth at the surface changes.
Without the ions in solution, the 3-pentanone molecules exist
in the topmost layers of water and slightly above the surface;
when sulfate ions are present the 3-pentanone molecules adopt
a more narrow distribution that does not extend as far above
the water surface. The second change in the presence of
Na2SO4 occurs in the distribution of angles that the carbonyl

tentatively assigned to a Fermi resonance involving symmetric
methyl vibrational stretching modes and overtones of the
methyl bending modes, as has been assigned in several other
sum frequency spectra of small organic molecules.87,97 The
level of theory employed here does not include the interactions
necessary to predict the existence of Fermi resonances.
The theoretical spectrum of 3-pentanone-d4, presented in
Figure 6b, also shows strong agreement with the experimental
spectrum. The theoretical spectrum can again be described as
two major peaks, and each of these peaks has contributions
from several conformers of the molecule. The theoretical work
accurately re-creates the line shape behavior of the experimental
spectrum, with both large peak features narrowing slightly in
comparison to the 3-pentanone results. This narrowing occurs
because the methyl stretches no longer couple to the methylene
modes. As a result, the methyl stretches of the diﬀerent
conformers appear at nearly the same frequency, decreasing the
width of the composite peak. The peak centered at ∼2890 cm−1
is the methyl symmetric vibrational stretching mode. The
second peak at ∼2955 cm−1 is the methyl asymmetric
stretching mode. Again, there is a small peak in the
experimental spectrum, tentatively assigned as a Fermi
resonance, at 2982 cm−1, which is not observed (or expected,
as explained previously) in the theoretical spectrum.
The calculated and experimental spectra of 3-pentanone-d4 in
aqueous solution conﬁrm that three of the peaks in the CH
vibrational stretching region of 3-pentanone are due to modes
with strong methyl vibration contributions, whereas one peak is
dependent on the presence of the methylene vibrational
stretching modes. Furthermore, the experimental spectrum of
3-pentanone-d4 in an aqueous 0.275 M Na2SO4 solution reveals
that the new peak observed at 2860 cm−1 in the spectrum of 3pentanone in sulfate solution can be attributed to a methylene
vibrational stretching mode.
The calculated spectrum of 3-pentanone in the carbonyl
stretching region is shown in Figure 7. The carbonyl stretching
modes of the various conformers all fall within 7 cm−1 of each
other in energy, and their contributions to the spectral intensity
per molecule are nearly equal. This results in a single feature in
the composite spectrum. Nearly identical results were obtained

Figure 7. Calculated VSF spectrum in the carbonyl vibrational
stretching region for 0.1 M 3-pentanone in water. The black trace
represents the composite of the various conformers and their relative
populations. The contributions from the individual conformers are
also presented.
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shifted. For example, the methylene symmetric stretching mode
of the AA conformation appears at approximately 2880 cm−1.
The reorientation observed in the MD results and the
additional peak that appears in the DFT spectra when such a
reorientation is taken into account agree with the experimental
results, conﬁrming that reorientation is the likely cause of the
changes in the CH stretching region of the spectrum.
4.5. Evidence That Na2SO4 Induces Reorientation of 3Pentanone at the Interface. Reorientation of 3-pentanone
provides an explanation for the appearance of the CH peak that
appears with the addition of Na2SO4 to the solution. Still, it is
unclear how the reorientation is large enough to give rise to the
new CH peak while leaving the CO stretching peak relatively
unchanged. To investigate how the spectrum is expected to
change in both the CH and CO stretching regions with the
proposed reorientation, the YYZ second-order susceptibility
tensor element was calculated as a function of orientational
angle. This was done for the carbonyl stretching mode and the
methylene symmetric stretching mode of the AG conformer.
The resulting behavior is shown in Figure 10. Also shown is an
approximate representation of the change in the number
density (3-pentanone number density in Na2SO4 solution
minus that in water) as a function of orientational angle. To
calculate the SSP VSF intensity, one ﬁrst forms the product of
the number density and the YYZ second-order tensor element.
This product is integrated over all angles, and the result is
squared to give the VSF intensity. For the tensor element of the
carbonyl stretching mode, minima appear at 0° and 180°
relative to the surface normal. Maxima occur near 55° and 125°
with zero crossing at 90°. The YYZ second-order susceptibility
tensor element component of the methylene stretching mode
has a maximum near 55° and passes through zero near 130°.
Considering the changes in the distribution of carbonyl
pointing angles obtained from the MD calculations, we can
predict how the intensities of the VSF spectrum will be aﬀected.
First, we focused on the methylene stretching mode of the AG
conformer. The distribution of carbonyl angles of 3-pentanone
in water (not shown) is at a maximum near where the
susceptibility tensor element of the methylene stretching mode
switches signs. Assuming a nearly symmetric distribution of the
carbonyl angles, positive contributions to the integrand
(mentioned above) at angles less than 130° and negative
contributions at angles greater than 130° nearly cancel out. The
integrand and its square are both approximately zero; hence,
the VSF intensity is very weak. This leads to little or no
measurable signal of the methylene symmetric vibrational
stretching mode in the VSF spectrum in solutions without
Na2SO4. However, the MD results for 3-pentanone in Na2SO4
solution show a change in the number-density-versus-bondangle distribution (i.e., the green curve in Figure 10 is not
zero). With Na2SO4, more molecules are in the 90° range, and
fewer are in the 150° range. The consequence of this change is
that the contributions to the integrand used to calculate the
VSF intensity no longer cancel. This can be visualized by taking
the product of the change in the number density and the YYZ
component of the methylene stretching mode susceptibility
tensor. Over nearly the entire range of angles, this product
retains the same sign. When integrated and squared, the result
will be large considering the number density change involved.
With positive contributions of the susceptibility tensor element
getting a boost (positive change in number density) and
negative contributions being depleted (negative change in

adopts relative to the surface. The carbonyl angle distribution
shifts slightly toward more shallow angles (more pointed
toward the plane of the surface, less pointed toward bulk
water). The number of 3-pentanone molecules with carbonyl
angles between 120° and 160° is depleted, whereas the number
of 3-pentanone molecules with carbonyl angles between 60°
and 110° is enhanced in Na2SO4 solutions.
In fact, the depth relative to the surface and the orientation of
the carbonyl group are strongly correlated at the air−water
interface. The orientational distribution of the carbonyl bond as
a function of depth is shown in Figure 8. When far above the

Figure 8. Calculated distribution of the carbonyl angle relative to the
surface normal at various depths. An angle of 90° relative to the surface
normal corresponds to the CO in plane with the water surface.

surface (4−5 Å), the angular distribution is centered near 135°,
corresponding to strongly pointing toward the bulk. As the
molecules approach the water surface, the distribution shifts to
shallower angles, eventually being centered around 90° (in the
surface plane) when 2−3 Å below the surface. Below this depth,
the majority of 3-pentanone molecules orient with the carbonyl
pointing out of the bulk. Although this shows a strong
connection between depth and orientation and the addition of
Na2SO4 shows changes in the orientation and density proﬁle of
3-pentanone, it is unclear whether the reorientation is due to
the 3-pentanone molecules being held more tightly to the
surface or whether the 3-pentanone moves closer to the surface
as a result of being reoriented. It also remains to be seen if the
reorientation can explain the spectral changes observed
experimentally.
To investigate the impact of the reorientation of 3-pentanone
on the VSF spectrum, the spectrum was calculated with the
carbonyl oriented at several angles. This involves rotation of the
structures used to calculate the spectrum in Figure 6 about the
axis parallel to the plane of the water surface and perpendicular
to the carbonyl bond to reach the desired angle. In Figure 9, the
VSF spectra were calculated for the carbonyl at angles of 90°,
105°, 120°, and 135°. An angle of 90° corresponds to the
carbonyl in the plane of the interface, whereas 135°
corresponds to the carbonyl pointing 45° into the bulk. As
the angle decreases, a new peak arises at ∼2865 cm−1, unique to
the AG conformer. The 2865 cm−1 peak is the symmetric
stretching mode of the methylene moiety in the A formation.
This mode is unique to the AG conformer, as the other
conformers lack the methylene group in the A formation (GGa,
GGs) or the methylene symmetric stretching mode is coupled
to other CH vibrational modes and the resulting mode is blue11522
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Figure 9. Calculated spectra of 3-pentanone in the CH vibrational mode region at various angles of the carbonyl group: (a) 90° (carbonyl in plane
with the surface), (b) 105°, (c) 120°, and (d) 135°. The black trace is a composite of the individual conformers, and the contributions from each
conformer are also presented.

number density), a peak at 2860 cm−1 is expected to appear in
the VSF spectrum.
For the carbonyl stretching mode, the observed experimental
peak changes minimally with the addition of sodium sulfate.
Using the same analysis as for the methylene peak at 2860
cm−1, we expect both depletion and enhancement of the signal
due to orientation changes. The integrated product of the CO
stretching mode YYZ susceptibility with the number density of
aqueous 3-pentanone is strongly positive. Analysis of the
product using the number density change allows the eﬀect of
addition of Na2SO4 to be predicted. Depletion of the signal is
caused by a reduction of orientations with CO angles greater
than 125° and a further decrease in signal resulting from
orientations less than 90°. Enhancement of VSF signal is
expected from increasing contributions of the YYZ susceptibility tensor element between 90° and 125°. These competing
factors can lead to the intensity of the carbonyl stretching mode
remaining nearly constant over small changes in orientation
while the methylene stretching mode undergoes very large
changes in intensity with the same relatively minor changes in
the orientational distribution.
Although the behavior of 3-pentanone at the interface is
diﬀerent in the presence of sulfate ions, the interaction between
the ions and the other molecules is more diﬃcult to elucidate.

Figure 10. Second-order susceptibility tensor YYZ components for the
methylene symmetric stretch (red squares) and carbonyl stretch (blue
circles) of the AG conformer as a function of the angle between the
carbonyl bond and the z axis. Also shown is the approximate change in
the number density of molecules at the bond angle indicated in the
distribution of carbonyls at the surface when sodium sulfate is added to
molecular dynamics calculations (green triangles).
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The role of ions at the interface has been widely studied and
debated.21,28−30,35,36,38,39,41,68,86,93,95,98−107 Initially, it was
believed that the ions were excluded from the interface;
however, it has been shown that some ions do permeate the
interface and that ions impact the structure of water molecules
at the interface. Larger more polarizable ions, such as sulfate,
are forced deeper into the bulk water for solvation. The
separation of ions at the interface creates an electric ﬁeld, which
has been studied previously.20,57,101,108−110 New advances in
the realm of phase-sensitive sum frequency generation have
provided new insight into the electric ﬁeld and orientation of
salts at the air−water interface. These studies have shown that
the orientation of Na2SO4 is opposite that of NaCl or
Na2CO3.40 Furthermore, studies have suggested that the
electric ﬁeld produced by Na2SO4 is stronger than that
produced by other salts.41 The lack of change in the VSF
spectra of 3-pentanone in NaCl or Na2CO3 solutions indicates
that the presence of these ions does not cause signiﬁcant
reorientation, whereas the Na2SO4 solution does cause
reorientation of 3-pentanone molecules. These ions also
produce a salting-out eﬀect, which cannot be ignored, but
does not explain the observed spectral diﬀerences of 3pentanone in Na2SO4, Na2CO3, and NaCl solutions. The
most consistent explanation of the diﬀerent behavior in Na2SO4
solutions is that the dipole of the carbonyl group on the 3pentanone molecules reorients in the presence of an electric
ﬁeld. Both the direction of the Na2SO4 ﬁeld and its larger
magnitude are necessary to cause the changes in the 3pentanone VSF spectrum.

3-pentanone only because of its unique properties, we expect
this to be a general phenomenon.
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