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Raman microspectroscopy and vibrational sum
frequency generation spectroscopy as probes of the
bulk and surface compositions of size-resolved sea
spray aerosol particles†

Andrew P. Ault,za Defeng Zhao,zyb Carlena J. Ebben,c Michael J. Tauber,b

Franz M. Geiger,*c Kimberly A. Prather*bd and Vicki H. Grassian*a

Sea spray aerosol (SSA) represents one of the largest aerosol components in our atmosphere. SSA plays a

major role in influencing climate; however the overall impacts remain poorly understood due to the overall

chemical complexity. SSA is comprised of a mixture of inorganic and organic components in varying

proportions that change as a function of particle size and seawater composition. In this study, nascent SSA

particles were produced using breaking waves, resulting in compositions and sizes representative of the open

ocean. The composition of individual SSA particles ranging in size from ca. 0.15 to 10 mm is measured using

Raman microspectroscopy, while the interfacial composition of collections of size-resolved particles is probed

by sum frequency generation (SFG). Raman spectra of single particles have bands in the 980 to 1030 cm�1

region associated with the symmetric stretch of the sulfate anion, the 2800 to 3000 cm�1 region associated

with carbon–hydrogen stretches, and from 3200–3700 cm�1 associated with the oxygen–hydrogen stretches

of water. The relative intensities of these features showed a strong dependence on particle size. In particular,

submicrometer particles exhibited a larger amount of organic matter compared to supermicrometer particles.

However, for external surfaces of homogeneous SSA particles (i.e. particles without a solid inclusion), and also

the interfaces of mixed-phase particles, there was a strong SFG response in the aliphatic C–H stretching region

for both sub- and supermicrometer particles. This finding suggests that organic material present in

supermicrometer particles primarily resides at the interface. The presence of methylene contributions in the

SFG spectra indicated disordered alkyl chains, in contrast to what one might expect for a surfactant layer on a

sea salt particle. Changes in peak frequencies and relative intensities in the C–H stretching region are seen for

some particles after the addition of bacteria, phytoplankton, and growth medium to the seawater. This study

provides new insights into the bulk and surface composition of SSA particles and represents a step forward in

our understanding of this globally abundant aerosol. It also provides insights into the development of model

systems for SSA that may more accurately represent the organic layer at the surface.

1. Introduction

Oceans cover 71% of the earth’s surface, and the flux of sea
spray aerosol (SSA) is the largest source of aerosol particles in
the atmosphere.1–3 SSA particles influence the earth’s climate
by absorption and scattering of solar radiation and through
their propensity to act as cloud condensation nuclei (CCN) and
ice nuclei (IN).4–6 Climate-relevant physicochemical properties
of aerosols, including CCN/IN activity and optical properties,
depend on particle size and chemical composition, which, in
turn, are controlled by chemical and physical interactions that
occur at the interface between the particle and gas phase, a
region that is notoriously difficult to access experimentally.
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SSA particles have been historically regarded as being
mainly composed of sea salt, i.e. NaCl, as well as other
inorganic salts.2,7 However, organic matter in the ocean, which
can originate from exopolymeric secretions or marine organisms,
includes complex mixtures of polysaccharides, lipids, and proteins
in dissolved and particulate forms.8–12 It has long been known
that SSA particles contain organic carbon species.13,14 Only
recently have measurements provided detailed insight regarding
the organic species present in SSA.3,4,15 From H-NMR analysis,
water-soluble organic material in SSA was reported to be comprised
of aliphatic moieties along with oxidized functional groups,
including hydroxylated moieties.15,16 The water-insoluble portion
of the major fraction of primary organic matter in SSA particles
has recently been shown to be structurally similar to lipids,
which are mainly aliphatic chains with terminal methyl groups.17

Measurements investigating the size-resolved chemistry of SSA
particles from pristine marine conditions have shown that organic
species are prevalent in the submicrometer size range, especially in
particles smaller than 500 nm, while sea salt was found to dominate
the chemical composition in the supermicrometer size range.4,15,16

Not surprisingly, it has also been reported that during periods of
high biological activity, the average mass fraction of organic species
increases for particles of all sizes.4 A similar increase in the mass
fraction of organic matter was observed for particles generated from
artificial seawater enriched with marine microorganism exudates.18

In general, the composition of aerosols can be determined
by measurement of many particles15–17 or by analysis of single
particles.19,20 The analysis of single particles can reveal not only
their chemical constituents, but also their phase and mixing state
(how species are mixed in different populations of particles).5,21–23

Experimental probes of single aerosol particles include scanning
electron microscopy (SEM) or transmission electron microscopy
(TEM)21,22 coupled to energy-dispersive X-ray analysis (EDX),24–26

scanning transmission X-ray microscopy with near-edge X-ray
absorption fine structure microspectroscopy (STXM-NEXAFS),27

attenuated total reflection Fourier transform infrared imaging
(ATR-FTIR),28 particle analysis by laser mass spectrometry
(PALMS),5 and aerosol time of flight mass spectrometry
(ATOFMS).23,29 Raman microspectroscopy provides a great deal
of information regarding the chemical composition and speciation
of individual SSA particles. Vibrational sum frequency generation
(SFG), although not a single-particle approach, provides surface-
specific insights that are complementary to Raman microspectro-
scopy. These spectroscopic techniques operate at ambient relative
humidity and atmospheric pressure, avoiding artifacts introduced
by exposure to vacuum during the measurement, such as loss of
semi-volatile organic species. Raman microspectroscopy has
been used for investigating heterogeneous chemistry,30 phase
separation,31 hygroscopicity,32 and ice nucleation activity of
model aerosol particles.33–38 However, only a few studies exist of
Raman measurements on particles collected in the field,30,39–43 and
Raman microspectroscopy studies on nascent SSA have been
limited.40,42 Vibrational SFG has been recently used to identify
C–H oscillators for a variety of environmentally relevant particle
samples, including size-resolved secondary organic aerosol par-
ticles from tropical and boreal forests.44

In this study, data are presented and analyzed for size-
segregated SSA particles generated from seawater using real
breaking waves in the wave flume of the Scripps Institution of
Oceanography (SIO) Hydraulics Laboratory before and after the
addition of bacteria and phytoplankton. Raman microspectro-
scopy and vibrational SFG spectroscopy reveal the presence of
organic matter in the sub- and supermicrometer sized particles.
As discussed here, insights at the molecular level, including
identification of functional groups are critical to assessing the
impact of SSA particles on atmospheric chemistry and climate.

2. Experimental section
2.1 Aerosol generation and collection

All SSA particle samples were collected in November 2011
during an intensive campaign of the Center for Aerosol Impacts
on Climate and the Environment (CAICE), the details of which
are provided elsewhere.45,46 Briefly, the flume was filled with
fresh seawater pumped from the end of the SIO pier that was
coarsely filtered by two 3 � 7 m beds comprised of 30 cm of
No. 12 crystal sand (B1.7 mm diameter), 20 cm of pea gravel, and
45 cm of rock. The filters removed large biological and organic
material and reduced bacteria concentrations by 75%.45 Waves
were produced by a hydraulic paddle at the end of the wave
flume and broke over an artificial beach sloped at a 301 angle
relative to the bottom of the flume. Prior work has established
that the physics of the breaking waves and the distribution of
bubble sizes are comparable to those of waves in the open
ocean.45,47 This method produced consistent particle concentrations
of 100–150 particles per cm3.45 Given the low concentrations, a
small contribution from background aerosol particles was
unavoidable. However, the background count was kept to the
lowest possible percentage (7–18%, or 10–18 particles per cm3)
via an air filtration system and flushing flow rate of approximately
570 L min�1.45 For Raman analysis, an 8-stage micro-orifice
uniform deposition impactor (MOUDI) (MSP Corp., Model 100)
was used to collect size-resolved particles on a variety of substrates,
including Ti (ESPI Metals, Inc., Model Knd1716) or Al (MSP Corp.,
Part 0100-96-0573A-X) foil and fused quartz windows (Ted Pella,
Inc., Part 26016). For SFG measurements, particles were collected
using a second MOUDI (MSP Corp., Model 100), as well as a PM1

sampler. Particles were collected on Teflon filters (Pall Life
Sciences, Part 28139-125), which were stored at �121 C until just
prior to analysis.48

2.2 Particle characterization

Particles in the supermicrometer and submicrometer size
ranges were analyzed using two different micro-Raman spectro-
meters. The first (inVia, Renishaw) was equipped with Leica
50� and Olympus 100� objectives having numerical apertures
of 0.5 and 0.8, respectively. A diode-pumped solid-state (DPSS)
laser operating at 532 nm was focused on individual particles
with incident power B2.5 mW. Backscattered light was
collected at 1801 with the same objective and passed through
a notch filter to reject Rayleigh scattered light. The signal was
dispersed in a single spectrograph equipped with an 1800 grooves
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per mm grating, and detected with a CCD. The second Raman
spectrometer was a Nicolet Almega XR Raman spectrometer
with a 532 nm DPSS laser and a 100� objective with a 0.9 numerical
aperture. Raman spectra in the range of 500 to 4000 cm�1 were
obtained with typical exposure times in the range of 10–60 s and a
spectral resolution of 2–3 cm�1. All Raman spectra were analyzed
following multi-line baseline correction. Both spectrometers
were used for this study. The first spectrometer was used in
San Diego during the CAICE intensive experiment for initial
measurements of particle composition. The second spectro-
meter, located at the University of Iowa, was used to optimize
instrument parameters for spectral quality, provide measure-
ments of many more particles, and to further analyze particles
from specific time periods during the course of the intensive
experiment. Nearly all of the data reported herein were collected
at the University of Iowa but were compared to the data collected
during the CAICE intensive to ensure samples had not changed.

Selected particles were characterized using an SEM (Phillips
XL30 ESEM) equipped with Oxford EDX attachment and Inca
software to obtain the particle images and elemental composition.
A subset of these particles, whose positions on the substrate
were carefully labeled, was first characterized using Raman
microspectroscopy and then characterized using SEM-EDX to
obtain the chemical speciation and elemental composition from
the same particle. An accelerating voltage of 5 kV was used to
show the light elements, especially carbon, while reducing the
damage of the electron beam to the particle, and a higher
accelerating voltage of 7.5 kV was used to obtain a better signal
for the heavier elements, including K and Ca.

The details of the SFG setup are published in the litera-
ture.49,50 Briefly, a regeneratively amplified Ti:Sapphire laser
system (Spectra Physics Spitfire Pro) operating at a 1 kHz
repetition rate, which produced B120 fs pulses of 800 nm light
was used. The beam passed through a 50 : 50 beam splitter, and
half was used to pump an optical parametric amplifier (Spectra
Physics OPA 800C) which generated broadband IR pulses
centered at B3.4 mm. SFG spectra were collected using a hybrid
scanning/broadband method pioneered by Esenturk and
Walker.51 Using this method, the IR light field was incident
on the sample at several center wavelengths so that the full
frequency range of interest was subjected to approximately the
same incident IR power. This method allowed us to cover the
CH stretching frequency region between 2700 and 3200 cm�1.
To prevent optical damage to the samples, the incident
pulse energies were limited to 1 mJ for the 800 nm beam and
B1.5 mJ for the IR beam. The beam diameters at the foci were
approximately 50 mm. The SFG spectra were normalized using
the SFG response from a layer of gold on fused silica to account
for the distribution of IR energy. The spectra were then calibrated
to the methyl C–H stretches of a polystyrene spectroscopic
standard and then averaged over two to four laser spots taken
on the same sample.52 The SFG spectra were collected from
particle filter samples that were pressed with a fused silica
window under conditions approaching total internal reflection.
In this work, we utilized the ssp polarization combination. In this
polarization combination, the upconverter and infrared light

fields are plane-polarized parallel (s) and perpendicular (p) to the
surface, respectively, and the SFG light field is plane-polarized
parallel (s) to the surface, to probe vibrations perpendicular to
the surface.

3. Results and discussion
3.1 Morphology and elemental analysis of sea spray aerosol
particles

Fig. 1 shows a typical optical microscope image of SSA particles
in the supermicrometer size range, collected on a substrate
under ambient conditions. Several particles contain a cube-shaped
NaCl crystal that can be seen when the tops of the particles are in
focus (Fig. 1a). The particles were likely aqueous when they were
collected, because the 60% relative humidity (RH) in the wave
flume exceeded the efflorescence RH of NaCl at room temperature.
The crystal is present because the location of the laboratory
microscope and storage had an RH of o35%, lower than the
efflorescence RH of NaCl (40%).53 When the microscope focus was
set at the substrate instead of the top of the particle, coatings
surrounding these NaCl crystallites were easily seen (Fig. 1b). Prior
work shows this coating consists of organic species,4,5,16,22 sulfates
(i.e. CaSO4 and Na2SO4),43 carbonates (i.e. CaCO3),54 and other
hygroscopic salts, e.g. MgCl2, CaCl2, or KMgCl3�6H2O.43,55

In order to gain additional insights into the morphology and
elemental composition of the SSA particles studied here, particles
were characterized with SEM-EDX (Fig. 2) under vacuum conditions.
As observed with the optical image in Fig. 1, the particles are nearly
cubic in morphology, with a coating that has a diffuse appearance
in some locations and rod-like character in others. EDX spectra
of different regions of the particle within the cube show NaCl as
the major component. When the electron beam was focused on
the peripheral portion of the particle, the relative intensities
of the following elements, Mg, Ca, C, O, and S, increased signifi-
cantly compared to the levels of Na and Cl in the cubic portion.
These findings are consistent with the previously identified
major inorganic elemental components of SSA particles and
seawater.2 For example, rod-shaped crystals attached to sea salt
particles have been reported in other studies and are assigned to
crystalline CaSO4.56,57 Moreover, the detected carbon must be
attributed to organic species, because Raman microspectroscopy
reveals that carbonates are rarely present in the particles (vide infra).

Fig. 1 Optical microscope images of particles in the supermicrometer range,
showing the NaCl crystallite and the coatings that surround these sea spray
particles; (a) the microscope is focused on the top of the particles; (b) the
microscope is focused on the bottom of the particles where coatings can be
more easily seen.
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The Raman spectrum associated with the same particle shown
in Fig. 2 is included in the ESI† as Fig. S1, which also shows no
carbonate present, as does the more extensive Raman micro-
spectroscopy data presented in the next section.

3.2 Raman microspectroscopy of individual substrate-
deposited sea spray particles

Fig. 3 shows a typical Raman spectrum of an individual SSA
particle (2 mm diameter), the expanded C–H stretching region,
and a Raman spectrum of the fused quartz substrate. The
substrate contributes only minimally to the spectrum of the
SSA, and its contribution is simple. Based on Raman spectra of
reference compounds (Fig. S2, ESI†), as well as reports in the
literature,58–60 the peak at 1010 cm�1 is assigned as the sym-
metric stretch of sulfate, n1(SO4

2�), likely gypsum (CaSO4�2H2O),
though the specific form of calcium sulfate will depend on
the conditions of the efflorescence process and can exist as
bassanite (CaSO4�0.5H2O).55,61,62 The peak observed at 1050 cm�1

is due to the n1(HSO4
�) mode, specifically the symmetric stretch of

the SO3 subgroup.60,63–65 A weaker sulfate signal at 1140 cm�1 is
also observed for samples with a strong n1(SO4

2�) mode, resulting

from the n3(SO4
2�) mode, which also matches the frequency for

the n3(SO4
2�) mode of gypsum.43,61,62 While other studies have

suggested that CaCO3 should be prevalent in the SSA, the
symmetric stretch of n1(CO3

2�) at 1090 cm�1 was only observed
in a low percentage of SSA particles.66,67

Another pronounced feature in the Raman spectrum shown
in Fig. 3 is a broad peak(s) between 3200 and 3700 cm�1, which
may be primarily assigned to O–H stretches of water, with
minor contributions from organic hydroxyl groups, including
alcohol groups. Fig. 4 shows six different particles in the C–H
stretching and O–H stretching regions. There is variability
across particles. For example, in Fig. 4b, e and f, the broad
band in the O–H stretching region has more structure and
narrower, more well-defined peaks due to crystalline water.
This is most likely due to water in divalent salts including
MgCl2/CaCl2.53,68 For particles with high sulfate signal, struc-
ture is observed in the O–H stretching region with peaks in
different particles attributable, according to literature values, to
CaSO4�2H2O (3405 and 3495 cm�1), CaSO4�0.5H2O (3510 cm�1),
MgSO4 (3440 cm�1), along with MgCl2 and CaCl2 in H2O
(3233 cm�1),69 and KMgCl3�6H2O (3259 and 3430 cm�1).43,55,70

Raman peaks in the aliphatic C–H stretching region are also
prominent. The breadth and featureless nature of some of the
Raman spectra suggest there are several organic species contributing
to this spectral region. Peaks at 2850 cm�1 and 2930 cm�1 can be
assigned to the symmetric and asymmetric stretches of C–H in
methylene groups, respectively,71 whereas peaks at 2870 cm�1

Fig. 2 SEM image (upper right) of a sea spray aerosol particle composed mainly
of salts. EDX spectra for two areas of the particle (indicated by rectangles) are
shown in the upper and lower panels. The accelerating voltage was 5 kV. The
inset in the bottom panel shows a magnified spectrum obtained with 7.5 kV
accelerating voltage to amplify signals from potassium and calcium. Al is due to
the substrate and not present in the sample.

Fig. 3 Typical Raman spectra of the quartz substrate and of a 2 mm sea spray
aerosol particle (with inset of C–H stretching region). Bands associated with
various functional groups are labeled (see text for details). *These bands are due
to graphitic carbon that forms due to laser burning of the sample.

Fig. 4 Raman spectra of six different sea spray aerosol particles in the C–H and
O–H stretching regions. Particles (a–c) were collected before addition of biologi-
cal and organic material, while particles (d–f) were collected after addition.
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and 2960 cm�1 can be assigned to the symmetric and asymmetric
stretches of C–H in methyl groups, respectively.71 These spectral
signatures are consistent with the Raman spectra of various
functionalized organic reference compounds for organic surfac-
tants and known oceanic species, including sodium dodecyl sulfate
(SDS), CH3(CH2)11OSO3Na; palmitic acid, CH3(CH2)14COOH;
glycine, NH2CH2COOH; and lipopolysaccharides (LPS) from
Escherichia Coli, presented and discussed in the ESI† (Fig. S3).71

Additionally, the peak at 1440 cm�1 is associated with the bending
mode of CH2/CH3 groups (labeled as d(CH2)/d(CH3)). Broad peaks
at 1350 and 1590 cm�1 are consistent with damage from the laser
beam and the formation of graphitic carbon.72

The variability of different spectral features seen in the C–H
stretching region is shown in Fig. 4. The frequencies of the C–H
stretching modes are below 3000 cm�1, consistent with their
assignment to saturated aliphatic hydrocarbons. In general, the
spectral variability observed in the Raman spectra of individual
SSA particles is attributed to the presence of several organic
components in and on the particles. Linear combinations of
some of the organic reference compounds, all of which are
highly aliphatic in nature, have similar characteristics of the
peak frequencies and intensities observed for SSA particles,
suggesting a mixed organic layer of several compounds. Fig. 5
shows simulated spectra of linear combinations for selected
organic standards that have been associated with organics in
seawater73–75 and contain qualitative similarities to the C–H
stretching region shown in Fig. 3 (and Fig. 4a, d and f), which
shows the most commonly observed C–H region for SSA
particles analyzed here with Raman microspectroscopy. The
residual was minimized between the spectrum in Fig. 3 and
different linear combinations: LPS and SDS (Fig. 5a); SDS and
glycine (Fig. 5b); LPS and glycine (Fig. 5c); and LPS, SDS,
and glycine (Fig. 5d). Residual values were higher with the
fourth organic standard (palmitic acid) and are not shown. The
lowest residual was for a combination of 20% LPS, 50% SDS, and
30% glycine. Thus, these measurements suggest the most abundant
organic species contain aliphatic moieties and are multicomponent
in nature comprised of previously detected oceanic organic species.71

For samples measured before the addition of bacteria and
phytoplankton to the sea water in the wave flume, a small
fraction of particles exhibit higher intensity in the peaks at 2850
and 2880 cm�1 (Fig. 4c). After bacteria and phytoplankton were
added, a small fraction of particles exhibit increased C–H
stretching modes in the range from 2920 to 2940 cm�1, with
new peaks in the range of 2985 to 3000 cm�1, as in Fig. 4e.
These new peaks may indicate the presence of species due to
the bacteria and/or phytoplankton added to the sea water.45

The particles observed here can be organized into two
groups, and following Prather et al., we categorize them as
Type 1 (designated SS for sea salt) and Type 2 (designated SS-OC
for sea salt with organic compounds).45 It is clear that there is a
transition from Type 1 to Type 2 particles as a function of
decreasing particle size. To better view the transition from
particles dominated by inorganic ions (in this case as measured
by the presence of sulfate ion) with little organic matter to
particles that contained significant amounts of organic matter,

the integrated area of the Raman peaks were determined for
B20 particles on each MOUDI stage probed by Raman micro-
spectroscopy (97 total). Raman spectra of individual particles
across the size range measured are shown in Fig. S4 of the ESI.†
The average areas were then determined for the n(C–H) (2800 to
3000 cm�1) mode and the n1(SO4

2�) (980 to 1030 cm�1) mode,
normalized to the highest value, and plotted as a function of
particle size in Fig. 6a. The relative intensity of the signals for
Raman peaks associated with organic matter is clearly seen to
increase with decreasing size, despite lower overall spectral
intensity with smaller particles. A corresponding decrease in
sulfate intensity is observed with decreasing size.

To further relate the three vibrational regions for particles
across the size range analyzed, a ternary plot of integrated peak
areas for individual particles, along with averages by stage, is
shown in Fig. 6b for the n(C–H), the n(SO4

2�), and the n(O–H)

Fig. 5 Simulated Raman spectra are shown in the C–H stretching region. These
simulated spectra represent different combinations of spectral weighting of three
different select organic standards (sodium dodecyl sulfate (SDS) – CH3(CH2)11O-
SO3Na, lipopolysaccharides from Escherichia Coli (LPS) and Glycine (–NH2CH2COOH).
The spectral weighting of each component is given in the inset for the four different
simulated Raman spectra. The four combinations shown are a result of minimizing
the residual when compared to the SSA Raman spectrum shown in Fig. 3 for: (a) SDS
and LPS, (b) SDS and Glycine, (c) LPS and Glycine, and (d) LPS, SDS, and Glycine.
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modes with color indicating the stage on which the particles
were collected. The n(O–H) modes include both crystalline and
aqueous water associated with the particles as well as any other
species with an O–H group. A clear shift is observed from
Raman spectra dominated by the n1(SO4

2�) and the n(O–H)
modes at larger particle sizes to spectra dominated by n(C–H)
modes at smaller particle sizes. The high organic matter content
demonstrated in Fig. 6 for the submicrometer-sized particles has
important implications for the water uptake properties and
heterogeneous reactivity of these particles, which is further
explored with SFG in the following section.

3.3 Organic species detected at the surfaces and interfaces of
SSA particles

The interface between the particle surface and gas phase is
where many of the chemical and physical interactions occur
that ultimately determine the climate properties of SSA particles.
Given the substantial role that ocean biological activity can play in
affecting the bulk chemical composition of SSA particles, SSA
particles were investigated using vibrational SFG in the C–H
stretching region. SFG signals can only be produced by C–H
oscillators located in non-centrosymmetric environments, such
as at the external surface of a homogeneous aerosol particle. An
oscillator located at the internal interface separating two
immiscible centrosymmetric phases within an aerosol particle

can also contribute to the SFG response. This requirement
distinguishes the method from other vibrational spectroscopic
methods used for aerosol particle analysis, in which the
oscillators of all species present contribute. Of those many
species, only the oscillators located at the surface of a given
particle and interfaces within it, that are also part of a non-zero
average net orientation distribution on that particle surface can
produce the ssp-polarized SFG responses discussed here. The
collective SFG response from the multiple particles present in
the laser spot scales quadratically with the number of oscillators
on each particle surface but linearly with the number of particles
in the laser spot.76

All particle-containing samples that were investigated by
SFG show signal intensity at approximately 2850 and 2920 cm�1,
consistent with the presence of methylene symmetric and asym-
metric stretching modes, respectively, and 2880 and 2950 cm�1,
consistent with the presence of methyl symmetric and asymmetric
stretching modes, respectively.77–83 The mode near 2950 cm�1 may
also have contributions from methyl Fermi resonances. While
significant signal intensity exists around 2900 cm�1, spectral
features are not particularly well resolved for these samples in
that frequency region. The samples also show weak and broad
SFG responses in the 3100 cm�1 to 3200 cm�1 region, typically
associated with the presence of O–H stretches. Control studies
(not shown) indicate that signal contributions from adventitious
carbon material that might be present on aerosol particle
surfaces are minor.84

The SFG responses of the particles in the supermicrometer
size range are dominated by vibrational resonances at 2880 cm�1

and 2950 cm�1 (Fig. 7a). In addition to these two spectral features,
the SFG responses of the particles also exhibit vibrational reso-
nances at 2850 cm�1 and 2920 cm�1 (Fig. 7a), which begin to be
resolved to some degree with decreasing size as shown in spectra of
particles having aerodynamic diameters of 150 nm. For seawater
containing added bacteria and phytoplankton (Fig. 7b), the ratio of
the SFG intensities of the vibrational modes at 2880 and 2950 cm�1

decreases from 1 : 2 to 1 : 1 for particles having diameters greater

Fig. 6 (a) Normalized integrated area of Raman bands for n(SO4
2�) and n(C–H)

modes, as a function of particle size. (b) Ternary plot showing the relative areas of
the n(SO4

2�), n(C–H), n(O–H) modes. For the ternary plot, color represents the
particle stage, the diamonds represent the average values for a stage, while the
smaller circles represent individual particles.

Fig. 7 Vibrational SFG spectra (ssp polarization) of sea spray aerosol particles (a)
before addition of bacteria and phytoplankton; (b) after addition of bacteria and
phytoplankton. The diameters of the particles are indicated in each panel,
and spectra are offset for clarity. Vertical dashed lines indicate symmetric and
asymmetric stretches, labeled ss and as, respectively, of methyl and methylene
groups typically observed for long-chain hydrocarbon systems. Please see text for
details. The lowest spectrum in (a) is that of a bare Teflon filter. All of the spectra
were recorded under identical spectral acquisition conditions.
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than 1 mm. By contrast, the relative intensities of these bands do not
change significantly for the 150 nm particles. As noted above,
spectral features at 2880 and 2950 cm�1 are commonly attributed
to methyl symmetric and asymmetric stretching modes, respec-
tively. The relative ratio of SFG response at these two frequencies is
commonly understood to be related to the molecular orientation of
the methyl groups sampled.84 A change in the ratio of the SFG
responses at these two frequencies has been interpreted, for systems
ranging from ordered alkyl chains to polymeric materials at inter-
faces, to indicate molecular reorientation of the methyl groups
towards or away from the surface normal.84 A similar explanation
could explain the series of SFG spectra presented here, although a
definitive conclusion is not possible given that spectral congestion
also affects the appearance of the bands. Without knowing the
chemical composition of the particle surfaces sampled here by SFG
spectroscopy, it is difficult to go beyond a descriptive level in the
discussion rationalizing the changes in the spectral line shapes.

While it is not possible at this time to determine (i) the
absolute number of C–H oscillators that give rise to the vibra-
tional SFG signals or (ii) the exact chemical composition of
organic species producing SFG intensity, the spectra shown in
Fig. 7a and b clearly show that C–H oscillators are present at the
surfaces of 0.15–2.5 mm aerosol particles collected at the wave
flume (and the internal interfaces in the case of mixed-phase
particles), even before bacteria and phytoplankton were added
to it. We also find that the SFG intensities obtained from the
particles collected before and days after addition of bacteria
and phytoplankton to the wave flume are comparable within a
factor of two, indicating that C–H oscillators are present at the
particle surfaces under both conditions.

For each of the samples studied here, the vibrational SFG
responses do not indicate the presence of well-ordered alkyl chains.
Those well-ordered systems, such as octadecyltrichlorosilane on
silica,85 exhibit just two vibrational SFG peaks at 2880 cm�1 and
2950 cm�1, attributable to the methyl symmetric and asymmetric
stretches, respectively. Due to local inversion symmetry, those well-
ordered systems show only negligible contributions from the
symmetric or asymmetric stretching modes of the trans-configured
methylene groups and their Fermi resonances, which typically
occur at 2850 and 2920 or 2900 cm�1, respectively.77,80 Thus, the
SFG spectra reported here are consistent with the hypothesis that
the surfaces and internal interfaces of the submicrometer-sized
SSA particles contain a significant number of cis-configured
methylene oscillators that are somewhat resolved in the SFG
spectra, which is in contrast to the SFG spectra obtained from
the supermicrometer-sized particles. Ongoing work focuses on
developing a molecular level understanding of the SFG
responses obtained from the SSA particles through a combi-
nation of molecular dynamics simulations, spectroscopy, and
climate property measurements.

4. Conclusion and implications

SSA particles formed through wave breaking across the earth’s
oceans represent the largest flux of aerosol particles generated
globally and one of the highest mass concentrations in the

atmosphere.3 As SSA particles are complex mixtures consisting
of inorganic and organic components that vary as a function of
size and seawater composition, simple sizing and elemental
analysis is not sufficient to describe SSA particle properties and
how they impact climate. Rather, integration of detailed
chemical characterization with standard aerosol characteriza-
tion methods is needed to describe the properties of SSA
particles. This study presents the integration of electron micro-
scopy with individual particle (Raman microspectroscopy) and
surface-sensitive (SFG) vibrational spectroscopy techniques.
These complementary methods provide details on the chemical
nature of the organic matter present, in particular for the C–H
stretching region. Raman and SFG spectroscopy show C–H
stretching modes consistent with aliphatic hydrocarbons.
Comparison of SSA across the size range shows that organic
matter in individual submicrometer particles exhibited a
greater enrichment compared to supermicrometer particles.
On the surface of the particles, and at the interfaces within
them, organic matter is always present in both submicrometer
and supermicrometer particles. Comparison of SSA from sea-
water prior to and after additions of bacteria and phytoplank-
ton shows changes to the organic matter in the particle phase.
SFG spectra of SSA particles after addition are consistent with
the notion that the methyl groups reorient. SFG signal for all
particles both prior to and after the addition of bacteria and
phytoplankton did not indicate a well ordered alkyl chain layer,
which has important implications for how these particles take
up water and undergo heterogeneous reactivity with trace
atmospheric gases, such as N2O5 (g) and HNO3 (g). Taken
together, these results show the importance of increasing our
understanding of the organic matter portion of SSA particles in
the bulk and at particle surfaces under a variety of seawater
conditions. This is particularly important as the changes
observed in the organic concentration and chemical properties
will likely directly impact water uptake, freezing, and light
scattering by SSA particles. Further investigations using Raman
and SFG are needed to deconvolute the surface coverage of
organic matter and the degree to which it is ordered, to assess
the contribution from internal interfaces versus the external
surface of a mixed-phase particle, as well as to directly study
different mixtures of biological species to correlate with specific
spectroscopic signatures. These results set the stage for future
efforts to describe SSA particles in a manner that can be linked
with reactivity and climate relevant properties.
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