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ABSTRACT: The use of vibrational spectroscopy to probe
environmental samples is increasing with the development of
new methods, including microspectroscopic probes. In this study,
we compare different vibrational methods to interrogate lipids and
other compounds found in environmental samples. In particular,
we compare the vibrational spectra for different lipids that include
fatty acids (protonated and deprotonated forms), fatty alcohols,
and fatty esters by utilizing attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy, optical photo-
thermal infrared (O-PTIR) spectroscopy, micro-Raman spectros-
copy, and atomic force microscopy infrared (AFM-IR) spectros-
copy. We show the utility of infrared methods to clearly delineate
the structure of the lipid, i.e., whether it is an acid, alcohol, or ester.
In contrast, it is difficult to differentiate these from micro-Raman spectroscopy. Furthermore, in the case of fatty acids, the
protonation state can also be determined by infrared methods. In most cases, there is a high correlation between the three different
infrared techniques as seen for ATR-FTIR and O-PTIR spectroscopy; however, this is not always true with AFM-IR spectroscopy for
samples with low signal-to-noise or in a liquid phase state. Additionally, substrate-deposited aerosols were collected from the Scripps
Ocean-Atmosphere Research Simulator (SOARS) and examined with both the O-PTIR and micro-Raman spectroscopy to show
how these two vibrational probes together can provide essential chemical insights into environmental samples that are difficult to
achieve otherwise.
KEYWORDS: aerosols, lipids, environmental samples, microspectroscopy, hyperspectral mapping, vibrational spectroscopy

■ INTRODUCTION
Resolving the chemical composition of complex mixtures in
environmental samples is challenging due to many factors, such
as sample collection, sample preparation, sample destruction,
and length of time for analysis.1−4 Spectroscopy combined
with various imaging techniques has emerged as a valuable tool
to overcome some of these challenges. It has been used due to
its sensitivity and imaging capabilities, allowing for the
visualization of the chemical distribution within different
types of samples.1,5,6 In addition, many of these techniques do
not require extensive sample preparation and are non-
destructive.7

Aerosols are widely studied due to their impacts on
atmospheric chemistry, climate, and human health.8−10 Online
and offline spectroscopic techniques have been broadly
employed to measure the composition and properties of
aerosols. While online techniques provide in situ data without
the need for sample collection and storage, they may be limited

when a more detailed physicochemical analysis is required.11

Analyzing substrate-deposited ambient aerosols, such as sea
spray aerosols (SSA), presents several difficulties due to their
broad size distribution and different mixing states of diverse
chemicals. For substrate-deposited aerosols, various techniques
are utilized including atomic force microscopy, scanning
electron microscopy, and transmission electron microscopy.
These techniques are often coupled with other methods of
analysis including energy-dispersed X-rays, energy loss spec-
troscopy, near-edge X-ray absorption fine structure spectros-
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copy, proton-induced X-ray emission, fluorescence microscopy,
micro-Raman spectroscopy, and micro-Fourier transform
infrared (FTIR) spectrosocpy.12−16

Vibrational spectroscopy, in particular, can provide valuable
information related to molecular speciation, water content, and
phase state.14 Micro-Raman and infrared (IR) spectroscopy are
complementary techniques, as vibrational modes active in
Raman spectroscopy may not be active in IR spectroscopy and
vice versa.16 The use of vibrational microspectroscopic probes
of environmental samples has expanded in the past decade.
Micro-Raman spectroscopy has been particularly useful in
determining SSA’s chemical composition and heterogeneous
reactivity, although sample fluorescence can be a limiting
factor.11,17−24 Micro-Raman spectroscopy has a better spatial
resolution than micro-FTIR spectroscopy. However, in recent
years, the development of photothermal infrared spectroscopy
has introduced new methods for the infrared analysis of
individual particles at high spatial resolution. In particular,
AFM coupled with photothermal IR (AFM-IR) spectroscopy
and optical photothermal IR (O-PTIR) spectroscopy has been
utilized as nanoscale and microscale probes, respectively, for a
wide range of particles from sub-100 nm to above 10 μm or
larger in dimension.
AFM-IR spectroscopy is a powerful high-resolution imaging

technique that provides information about individual particles’
surface morphology, phase, and topography. It operates by
detecting the mechanical response of the samples induced by
photothermal effects through the deflection of the AFM
cantilever tip. Valuable information from the infrared spectrum
of the sample can be extracted from point spectra and spectral
maps.25−27 Like micro-Raman spectroscopy, AFM-IR spec-
troscopy allows for controlling environmental conditions,
including relative humidity and temperature, by using an
environmental cell. Both techniques have been utilized to
investigate ice nucleation and hygroscopicity of SSA.17,28 O-
PTIR spectroscopy combines the sensitivity of IR spectroscopy
with high spatial resolution on the order of 0.5 μm.29 Unlike
AFM-IR spectroscopy, O-PTIR spectroscopy does not involve
a mechanical probe. This allows for analyzing and mapping a
wider variety of heterogeneous samples with high surface
roughness or are more liquid-like, which are current limitations
of AFM-IR spectroscopy. In the case of O-PTIR spectroscopy,
an IR laser is used for local heating, while a visible laser (probe
laser) collects the scattered light and measures changes in the
refractive index due to heating from the absorption of infrared
light at resonant frequencies. This instrument can be coupled
with a monochromator and a CCD detector enabling the
simultaneous collection of micro-Raman spectra.30−34

Despite significant advancements in vibrational technologies,
identifying compounds in highly complex samples remains a
major challenge. Different approaches have been proposed to
address this challenge. One approach has been using spectral
libraries and databases of compounds to search for similar
patterns (often employed with chemometrics tools like
principal component analysis) and performing library matching
that relies on spectral similarities.35 However, one of the main
difficulties is that many compounds have not been previously
measured making them absent from spectral databases. Sample
preparation, matrix effects, instrument variability, and spectral
processing can additionally make compound identification
difficult.35,36 Moreover, most infrared spectral databases are
based on FTIR spectroscopy; however, for complex environ-
mental samples, especially for aerosol particles deposited on

substrates, other vibrational techniques with higher spatial
resolution can be more suitable to interrogate individual
deposited aerosol particles so as to better identify different
populations within specific aerosol types including sea spray
aerosols. Furthermore, light scattering, water uptake, hetero-
geneous reactivity, and cloud activation all occur at the single
particle level and depend very specifically on the chemical
composition and size of the aerosol particle. For single particle
analysis, it is important to utilize microspectroscopic probes
and preferably techniques that do not require a background
spectrum as is typically needed in any absorption method.
Therefore, vibrational techniques such as O-PTIR and AFM-
IR spectroscopy are useful methods to interrogate individual,
substrate-deposited aerosol particles. However, it is important
to compare these methods to more traditional methods of
infrared spectroscopy to determine similarities and differences.
To address some of these issues in a systematic way, we first

compare several vibrational techniques for analyzing thin films
of different lipids. Lipids are released by phytoplankton
metabolic processes and cell lysis and are significant
components of SSAs.37−40 Due to their hydrophobic character,
these molecules typically accumulate at the sea surface
microlayer.19,41,42 Thus, their presence is significant, as they
can influence surface activity, water−air exchange flux, and SSA
formation. Due to their stability and low degradation rates,
they also serve as tracers for SSA and living organisms.37

Specifically, we compare attenuated total reflection-Fourier
transform infrared (ATR-FTIR), Optical Photothermal Infra-
red (O-PTIR), micro-Raman, and Atomic Force Microscopy-
Infrared (AFM-IR) spectroscopy. Each technique operates
based on different principles and, in some cases, different
selection rules. We show that the infrared methods can easily
differentiate between the different lipids and the fatty acids and
their protonation states, whereas micro-Raman spectroscopy
showed a limited ability to differentiate. Additionally, we
utilized O-PTIR and micro-Raman spectroscopy to analyze the
SSA generated from the Scripps Ocean-Atmosphere Research
Simulator (SOARS). The analysis revealed the presence of
diverse organic and inorganic compounds in SSA and
demonstrated that O-PTIR spectroscopy is a powerful
technique for characterizing complex SSA mixtures. Further-
more, by combining O-PTIR and micro-Raman spectroscopy,
we show how these techniques provide insights into the
different components that make up SSA and their distribution
within individual particles.

■ MATERIALS AND METHODS

Reagents and Stock Solutions
For a comparison of different lipids, the following compounds were
measured: palmitic acid, stearic acid, nonanoic acid, oleic acid, sodium
palmitate, sodium nonanoate, sodium oleate, palmityl alcohol, and
methyl palmitate. For most samples, stock solutions of these
compounds were prepared at a concentration of 0.1 M in either
Milli-Q water, ethanol, methanol, or chloroform, based on the
compound solubility. Information regarding the providers of the
compounds, preparation methods, and other compounds considered
in this study is included in the Supporting Information (SI) Table S1.

Sample Preparation
Thin films of these different lipids were analyzed using the following
different spectroscopic methods: ATR-FTIR, AFM-IR, O-PTIR, and
micro-Raman. The thickness of the films ranged between 0.3 and 1
μm. To prepare the thin films, an aliquot of the stock solutions was
deposited onto precleaned substrates which were allowed to air-dry
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completely for a minimum of 5 h. The substrates were selected for
each technique for a minimum spectral interference and maximum
signal-to-noise ratio. For ATR-FTIR, 1 mL of each solution was
deposited onto an Amorphous Material Transmitting Infrared
(AMTIR) crystal (Pike Technologies). In the case of AFM-IR and
O-PTIR coupled with micro-Raman spectroscopy, 5 μL of solution
was drop-cast onto a silica wafer (Ted Pella Inc.) and a calcium
fluoride (CaF2) substrate (Crystan Ltd.), respectively.

SSA Sample Collection
SSA samples were collected during the Characterizing Atmospheric-
Oceanic Parameters of SOARS (Scripps Ocean-Atmosphere Research
Simulator) campaign. SOARS is a 36 m-long wave channel (width:
2.5, height: 2.5 m) filled with filtered seawater (approximately
100,000 L) taken in from the ocean at the Scripps pier (Scripps
Institution of Oceanography (SIO), La Jolla, CA).43 SOARS allows
for SSA to be produced under controlled conditions such as wave
amplitude, wind, and temperature. Nascent SSA was generated
through wave breaking (waves of 0.5 m amplitude produced by a
totally enclosed, fan-cooled with an electric motor paddle). Individual
SSA particles were collected by using a Nano Micro Orifice Uniform
Deposit Impactor (nanoMOUDI, MSP Corp., Model 125-R). The air
sampling was conducted at a flow rate of 10 lpm at wind speeds of 10
and 19 ms−1. SSAs were substrate-deposited via a home-built silica
bead dryer (ca. 50% relative humidity). The samples were deposited
onto clean silica wafers and CaF2 substrates.

44,45

ATR-FTIR Spectroscopy
The ATR-FTIR data were collected by using a Nicolet iS10 FTIR
spectrometer (Thermo Fischer Scientific) with an MCT-A detector.
All spectra shown are an average of 100 scans and a resolution of 4
cm−1, in the spectral range from 725 to 4000 cm−1. Before the sample
was measured, a background spectrum of the clean AMTIR crystal
(with no sample) was first measured. The crystal with the deposited
thin film was then measured under the same conditions. Each
spectrum was processed (background corrected and CSV exported)
by using the OMNIC software and plotted in Origin.

AFM-IR Spectroscopy
A nanoIR2 (Bruker Anasys, Santa Barbara, CA) was equipped with a
QCL laser to collect the AFM-IR data. Images and PTIR spectra of
each compound deposited on silica substrates were collected in
tapping AFM-IR mode, using a gold-coated silicon nitride probe
(Bruker), with tip radii of ∼30 nm, a resonant frequency of 75 ± 15
kHz, a spring constant of 1 to 7 N/m, and a scan rate within the range
of 0.5−0.8 Hz. All images were 40 × 40 μm and collected at a
resolution of 512 pixels. All spectra were measured using s-polarized
light with a resolution of 2 cm−1 over the spectral range extending
from 800 to 1800 cm−1. PTIR spectra were processed with the
Analysis Studio software (Anasys instrument); images were processed
with Gwyddion software and plotted in Origin.

O-PTIR and Micro-Raman Spectroscopy
O-PTIR and micro-Raman spectroscopic data were collected using a
mIRage infrared + Raman microscope system (Photothermal
Spectroscopy Corp., Santa Barbara, CA) equipped with two mid-IR
tunable lasers: a quantum cascade laser (QCL), with a spectral
resolution of 6 cm−1, and an optical parametric oscillator (OPO)
laser, with a spectral resolution of 4 cm−1. This instrument acquires IR
and Raman spectra simultaneously using a visible laser (532 nm probe
beam), which is colinear to the IR laser beam. When the IR light is
resonant with a vibrational transition, the light is absorbed by the
sample and causes local heating in that region. This leads to a thermal
lensing effect with a change in the local refractive index that impacts
the propagation of the probe beam intensity and gives rise to the O-
PTIR signal. In addition to the O-PTIR signal, the visible laser can be
used for Raman spectroscopy. This is done by directing a portion of
the scattered light into a monochromator and CCD detector. Most
importantly, the visible light determines the spatial resolution, which
is on the order of 0.5 μm.

CaF2 substrates were placed inside the instrument, adjusting the
focus of the instrument while collecting images at low (10×) and high
(40×) magnification. O-PTIR spectra were collected from 755 to
1855 cm−1 with a QCL laser and from 2600 to 3600 cm−1 with an
OPO laser. It should be noted that IR laser power (ranging from 10 to
100%) and probe power (from 2.4 to 40%) were optimized for each
sample. The micro-Raman spectra were collected in the spectral range
from 700 to 4000 cm−1, with a probe power of 5−100% and an
integration time of 1−10 s. All spectra reported were acquired using s-
polarized light at a resolution of 2 cm−1. Each spectrum was processed
using the mIRage infrared + Raman microscope system PTIR Studio
software and plotted with Origin. Raman spectra were baseline
corrected.

Pearson Correlation Coefficient (r)
Pearson correlation coefficients were used to compare the IR spectra
collected with the different infrared methods: ATR-FTIR spectros-
copy, AFM-IR spectroscopy, and O-PTIR spectroscopy. The Pearson
correlation coefficient is commonly used to assess the linear strength
or association of these two variables.46 This value can range from −1
to 1, where the variables have a perfect correlation when the value is
−1 or 1 (indicating a decrease or increase in proportion) and values
closer to 0 indicate low or no correlation. Pearson correlation
coefficients have been used previously as a similarity parameter to
compare the Raman spectra of unknown compounds with the Raman
spectra from a spectral database.36 It was used here to compare
similarities of the normalized intensities of the IR spectra (intensity
values were normalized between 0 and 1) of different lipids collected
with the various spectroscopic techniques used. Therefore, the
Pearson correlation was chosen because of an expectation of a high
degree of linearity between the intensities and frequencies of rational
assignments the different infrared methods and to test whether in fact
there is linearity, unlike the Spearman correlation. Both methods have
their respective strengths and limitations, they generally provide a
similar and accurate measure of the degree of agreement between
spectra.47

The Pearson correlation coefficient, r, was calculated using eq 1:

r
X X Y Y

X X Y Y

( )( )

( ) ( )

n
i i

n
i

n
i

800 cm

800 cm
2

800 cm
2

1

1 1

=
(1)

where Xi is the intensity at a wavenumber in the IR spectra of a
compound for the first technique, Yi is the intensity at a wavenumber
in the IR spectra of a compound for the second technique, X̅ is the
average of intensities across the IR spectra of a compound for the first
technique, Y̅ is the average of intensities across the IR spectra of a
compound for the second technique. Spectra of the different samples
from the O-PTIR and AFM-IR spectroscopies were then compared to
the ATR-FTIR spectra. The initial starting point for this comparison
was 800 cm−1. ATR-FTIR and O-PTIR spectra were compared from
800 to 1800 and from 2700 to 3580 cm−1. Comparisons with AFM-IR
with the other techniques were done from 800 to 1800 cm−1 because
higher wavenumber values were not collected with this technique.

Identifying Compounds in SSA and Hyperspectral
Mapping
SSA particles collected from SOARS were deposited onto quartz and
CaF2 substrates (stages 4−6) and then analyzed with the mIRage +
Raman system. Hyperspectral maps with submicron resolution were
also generated to investigate heterogeneities within selected particles.
An array of points is mapped across the particle of interest, and O-
PTIR and Raman spectra are acquired at each point. After acquiring
the spectra, a specific wavenumber of interest can be selected. This
wavenumber is selected based on the functional groups present in the
samples. The hyperspectral maps are generated using the PTIR
software, which produces a color-coded representation. In these maps,
regions corresponding to a stronger signal are shown in red, while
weaker signals are depicted in blue. For each particle selected, a
hyperspectral map was acquired using a spatial interval ranging from
0.2 to 0.5 μm. After data collection, spectra were processed using
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PTIR Studio software, plotted within Origin, and compared with the
analyzed standards (vide infra) to identify compounds in the sample.

■ RESULTS AND DISCUSSION

Comparison of Different Vibrational Spectroscopic Probes
(ATR-FTIR, AFM-IR, O-PTIR, and Raman) of Some Common
Lipids

Figure 1 shows the ATR-FTIR, AFM-IR, O-PTIR, and micro-
Raman spectra of various lipid types of different carbon chain
lengths including saturated and unsaturated carboxylic acids,
saturated and unsaturated carboxylate salts, alcohols, and
esters. The shading for some of the spectra collected using

microspectroscopic probes shows differences in intensity
depending on the exact location of the sample in which the
spectrum is measured due to differences in film thickness and
light−matter interactions (vide infra). These spectra are
organized by first, saturated fatty acids of different chain
lengths, unsaturated fatty acid (A−D), sodium salts of
saturated and unsaturated fatty acids (E−G), fatty acid
alcohols (H), and fatty esters (I). A summary of different
vibrational modes and their frequencies for lipids are provided
in Table 1.48−55

Several differences can be observed when comparing the
infrared spectra of the various lipids, starting with the

Figure 1. ATR-FTIR (purple), AFM-IR (blue), and O-PTIR (red) spectra of thin films of different lipids ((A) palmitic acid; (B) stearic acid; (C)
nonanoic acid; (D) oleic acid; (E) sodium palmitate; (F) sodium nonanoate; (G) sodium oleate; (H) palmityl alcohol; (I) methyl palmitate).
AFM-IR spectra were collected for all lipids except nonanoic and oleic acid; see text for further details. The shading shown in some spectra
demonstrates differences in intensity measured when the laser was focused on different regions within the same thin film.
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monoacids. Stearic and palmitic acids form thin solid films,
whereas oleic and nonanoic acids were measured in the liquid
state, reflecting their phase under ambient conditions (which
represent the phase state in which they might be for SSA).
Previous studies have demonstrated that spectral shifts and
intensities are seen for lipids in solution compared to the solid
state48,49

The νs(C=O) stretching motion is the most intense band for
all three infrared spectra (ATR-FTIR, O-PTIR, and AFM-IR)
in the 800−1800 cm−1 region for the saturated and
unsaturated protonated acids. This peak at around 1700
cm−1 indicates the protonated state of the carboxylic acid
group and can be easily distinguished with infrared spectros-
copy. In the case of micro-Raman spectroscopy, this peak is
not readily apparent in the spectra, especially for the longer-
chain fatty acids. For oleic acid, there is a peak in the micro-
Raman spectrum at 1654 cm−1 due to the ν(C=C) stretching
motion, indicative of an unsaturated fatty acid. This peak is not

evident in the infrared spectra. However, the olefinic (C−H)
stretch is evident in the infrared and Raman spectra, indicating
an unsaturated fatty acid.
Other saturated and unsaturated fatty acid peaks include

(C−H) stretching vibrational modes in the spectral regions
ranging from 2850 to 2900 cm−1 and from 2919 to 2970 cm−1.
These are due to methyl and methylene symmetric and
asymmetric stretching vibrations (νas(CH3) between 2956 and
2973, νas(CH2) between 2919 and 2947 cm−1, νs(CH3)
between 2872 and 2900 cm−1, and νs(CH2) between 2850 and
2876 cm−1). These peaks can provide information related to
the carbon chain length. For chains shorter than ten carbons,
these peaks exhibited lower intensity ratios of methylene over
methyl. However, as the chain length increases, the (CH2)
stretching peak intensities also increase, increasing the ratio.
ATR-FTIR is particularly useful in observing carbon chain
length trends as it can simultaneously measure low and high
frequencies under the same conditions. Comparing spectra
with AFM-IR and O-PTIR may pose challenges due to
potential variations in laser power and AFM tip interactions
with the sample.52 Raman spectroscopy also allows us to
compare the number of carbons in the chain based on the
intensities of the peaks related to ν(CH2) and ν(CH3)
vibrations at 2850 and 2935 cm−1, respectively.53

Peaks in these spectra associated with bending, δ(CH2), and
rocking, ρ(CH2), modes of methylene groups were observed
for thin films at 1462 and 1472 cm−1, respectively. It has been
observed that for compounds with less than 12 carbons,
δ(CH2) and ρ(CH2) peaks are red-shifted, for carbon chains
above 12 carbons, this shift becomes less significant.54 Another
region of interest for distinguishing between linear monoacids
is the spectral region between 1180 and 1340 cm−1,
corresponding to the w(CH2) and τ(CH2) vibrations. In this
region, stearic acid showed an additional peak compared to
palmitic acid (ca. at 895 cm−1) following the “rule of two” that
has been previously proposed for even-numbered carbon
chains.55 This rule indicates that the number of observed peaks
will equal the number of carbons in the chain divided by 2.
This additional peak is expected since stearic acid has two
more carbons in its chain (C18) than palmitic acid (C16).
However, this method only applies to thin film samples with
chain lengths between 10 and 26 carbons.55 When the lipid is
in a liquid state, peaks can be less resolved and peaks can shift
in frequency, e.g., there is a more intense peak at 1380 cm−1

that is absent in solid films, which can possibly be used to
distinguish the phase state of these compounds in complex
environmental samples.
For the sodium carboxylate salts, most evident in all of the

infrared spectra across the three techniques is the loss of the
(C=O) for the protonated carboxylic acid and instead is
replaced by the asymmetric and symmetric carboxylate
(COO−) stretching motion around 1555 and 1460 cm−1,
respectively. It has been observed that νas(COO−) and
νs(COO−) vary depending on the cation present, with a
difference of 40 cm−1, and bidentate coordination may exhibit
split peaks.54 All other vibrational frequencies are mainly close
to what they were in the protonated state. This change in
protonation state is not evident for micro-Raman spectroscopy,
as these absorptions, which distinguish (−COOH) from
(−COO−) are very weak in Raman spectroscopy. Instead,
the protonated and deprotonated forms have nearly identical
spectra, making infrared spectroscopy an important probe for
the protonation state of fatty acids.

Table 1. Summary of the Vibrational Assignments for
Different Classes of Lipids

vibrational assignmentsa (refs
48−55)

infrared Raman

wavenumber (cm−1)
wavenumber

(cm−1)

δ(CH3), ρ(CH3) 800−900 800−920
νC−C 849−855
δ(=C−H) 972
νop(C−C) 850−1150 1060−1065
ν(C−C) 1080−1110
νip(C−C) 1120−1135
ν(C−O) acids: 1075−1120 1060

alcohol: 1060−1070
esters: 1170−1190

r(CH2) 1171
δip(=CH) 1250−1280
w(CH2) 1180−1340
τ(CH2) 1330−1400 1295−1305
δs(CH3) 1350−1370
νs(COO−) 1423
δip(C−OH) 1431
δ(CH2), ρ(CH2) 1460−1480 1400−1500
δsc(CH2) acids: 1464, 1472 1400−1500

alcohol: 1464, 1472
carboxylates: 1459, 1473

νas(COO−) carboxylates: 1550−1560
νs(C=O) acids: 1700−1710 1730−1750

esters: 1730−1740
ν(C=C) 1640−1680
νs(CH3) acids: 2872−2875 2920−2930

carboxylates: 2850−2874
νas(CH3) acids: 2920, 2960−2956

carboxylates: 2850−2856
νs(CH2) 2850−2860 2840−2880
νas(CH2) 2934−2919 2900−2910
νs(CH3) 2900−2950 2890−2960
νas(CH3) 2950−2980 2940−2970
ν(=C−H) 3000−3025 3000−3025
ν(OH) 3200−3800 3200−3800

aν, stretching; νas, antisymmetric stretching; νs, symmetric stretching;
νop, out-of-plane stretching; νip, in-plane stretching; δ, bending; δs,
symmetric bending; δip, in-plane bending; δsc, scissoring bending; ρ,
rocking; τ, twisting; and w, wagging.
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When comparing monoacids with a saturated fatty alcohol
(palmityl alcohol, Figure 1H) and a fatty ester (methyl
palmitate, Figure 1I), the saturated alcohols exhibited a peak in
the infrared spectra around 3300 cm−1 due to the (O−H)
stretching mode. For the ester, (C=O) is the most intense peak
in the infrared spectra with a peak around 1745 cm−1, which is
shifted by ca. 40 cm−1 from the (C=O) of the fatty acid.
Although these two distinguishing peaks are evident in the
infrared spectra, they are too weak to be seen in the Raman
spectrum.
The ν(C−O) vibrational mode also differs from the liquid to

solid phases. Monoacids in the liquid phase peaked around
1100 cm−1, in the solid phase, they blue-shifted to 1110−1120
cm−1. In the case of carboxylates, they exhibit this vibrational
mode at the exact wavenumber of their corresponding acid.
However, in the alcohols, this peak appears at a lower
wavenumber (1060−1070 cm−1), whereas for esters, it is red-
shifted (1170−1190 cm−1).
The results above indicate for IR spectroscopy that the peak

frequencies, depending on the specific vibrational mode
analyzed, allow for easier identification of lipid types than
micro-Raman spectroscopy, which has limitations compared to
IR spectroscopy in distinguishing between different types of
lipids (acid, sodium salt, alcohol, or ester). However, micro-
Raman spectroscopy is very useful for determining saturated
versus unsaturated fatty acid forms, as the (C=C) stretching
motion is evident. Infrared spectroscopy can also be used by
the appearance of the olefinic (C−H) stretch. When analyzing
complex mixtures due to the matrix effect and other
compounds that may exhibit similar peaks and varying
intensities, it is important to understand the strengths and
weaknesses in identifying and characterizing lipid compounds
using micro-Raman spectroscopy.
Correlation of Different Infrared Spectroscopies of Some
Common Lipids

As noted above, infrared spectroscopy can be useful in
differentiating lipids and, in some cases, their phase state.
Evident in Figure 1 is that there are differences between the
three infrared methods, especially comparing AFM-IR to ATR-
FTIR and O-PTIR spectroscopy. Our interest in utilizing
Pearson’s correlation coefficient to determine the degree of
linearity between these techniques and to quantitatively
evaluate these differences; Pearson correlation coefficients
and scatter plots between techniques (ATR-FTIR/O-PTIR,
ATR-FTIR/AFM-IR, AFM-IR/O-PTIR) for normalized spec-
tral intensities (range from 0 to 1) for a few of the different
lipids were determined (Table 2 and Figure 2). At least 500
intensities (at n > 500 wavenumbers) were compared,
obtaining significant correlation coefficients (p < 0.05). This
analysis was done for solid samples where all three measure-
ments (ATR-FTIR, O-PTIR, and AFM-IR) were made. These
include spectra collected for palmitic acid, stearic acid, sodium
palmitate, sodium nonanoate, sodium oleate, palmityl alcohol,
and methyl palmitate.
Pearson correlation coefficients between these methods

ranged from 0.287 to 0.901 between ATR-FTIR, AFM-IR, and
O-PTIR. For the saturated fatty acids (palmitic acid and stearic
acid), the techniques showed some of the highest correlations
(above 0.84), indicating similarities in peak location (wave-
numbers) and proportion of peak intensities between
techniques. This suggests that any technique used to measure
these long-chain fatty acids would provide spectra suitable for

the identification or quantification. Sodium salts (Figure 2B)
exhibited high Pearson correlation coefficients between ATR-
FTIR and O-PTIR (above 0.84), whereas AFM-IR showed
lower correlations with the other techniques. Specifically, for
sodium nonanoate, Pearson correlations were 0.67 for ATR-
FTIR/AFM-IR and 0.62 for O-PTIR/AFM-IR, while for

Table 2. Pearson Correlation Coefficients between
Techniques (ATR-FTIR/O-PTIR, ATR-FTIR/AFM-IR, and
AFM-IR/O-PTIR) for Intensity-Normalized Spectra for
Different Lipids

Pearson
correlationa

ATR-FTIR/O-
PTIR

ATR-FTIR/
AFM-IR

O-PTIR/AFM-
IR

palmitic acid 0.843 0.870 0.882
stearic acid 0.896 0.845 0.848
sodium palmitate 0.883 0.414 0.363
sodium
nonanoate

0.841 0.668 0.621

sodium oleate 0.844 0.426 0.442
palmityl alcohol 0.877 0.845 0.805
methyl palmitate 0.901 0.348 0.287
aAll correlations were significant (p < 0.05) and were estimated using
at least 500 values (n > 500).

Figure 2. Scatter plots showing similarities for normalized spectral
intensities (0−1) between techniques (ATR-FTIR/O-PTIR�red;
ATR-FTIR/AFM-IR�blue, and AFM-IR/O-PTIR�green). For
these calculations, the value of 1 was assigned to the most intense
peak within the frequency range from 800 to 4000 cm−1 for ATR-
FTIR/O-PTIR and from 800 to 1800 cm−1 for ATR-FTIR/AFM-IR
and AFM-IR/O-PTIR) for four of the different lipids analyzed: (A)
palmitic acid; (B) sodium palmitate; (C) palmityl alcohol, and; (D)
methyl palmitate. Wavenumber values are distributed from less
intense (closer to 0) to more intense (closer to 1) by the technique
on the xaxis. The 1:1 line is shown when there is complete agreement
of normalized intensities between techniques and the Pearson
correlation coefficient is equal to one.
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Figure 3. mIRage-Raman optical view (upper panel) and AFM height images (lower panel) for thin films of (A) palmitic acid; (B) sodium
palmitate; (C) palmityl alcohol; and (D) methyl palmitate.

Figure 4. Examples of mIRage-Raman images of SSA particles on CaF2 substrate ((A) CaF2 substrate low magnification mosaic image collection;
(B) 10× magnification; (C) ×40 magnification). (D) O-PTIR and micro-Raman spectra of individual SSA particles. The OPO laser was not used
for particle 5. For particles labeled 1 through 6, a CaF2 substrate was used. For particles labeled 7 and 8, a silicon wafer with an oxide layer was used,
and asterisks denote peaks present due to the substrate.
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sodium palmitate and sodium oleate, they were below 0.44.
These two compounds showed a lower correlation for
wavelengths below 1400 cm−1 having a more intense peak
around 1112 cm−1 than the other techniques, related to a
broader peak for the ν(C−O) vibrational mode. In the scatter
plot, the deviation from the 1:1 proportion line and in the
collected spectra, higher intensities were observed for the other
techniques. In contrast, the intensities were lower for AFM-IR
with higher noise levels (lower S/N). Thin films for
carboxylates may have heterogeneities evident on the nano-
scale (e.g., coordination mode and crystallinity), leading to
these lower correlation values.
For palmityl alcohol (Figure 2C), the Pearson correlations

were higher than 0.81, showing good agreement among
techniques. However, the correlation between AFM-IR spectra
and spectra from the other infrared techniques was the lowest.
Methyl palmitate (Figure 2D), a representative fatty ester
compound, with spectra collected by ATR-FTIR and O-PTIR,
showed a high Pearson correlation (0.90). In comparison,
correlations with AFM-IR were lower than 0.35. For this
compound, it was observed that the methyl palmitate thin film
deposited on the silica substrate would melt while the spectra
were collected in tapping mode, making it challenging to detect
the changes on the surface and hence the refractive index even
when the IR laser power was decreased. The melting point of
methyl palmitate falls slightly higher than ambient temper-
atures (32 °C) and is lower than other types of compounds
with the same number of carbons (palmitic acid at 62.9 °C;
sodium palmitate: from 283 to 290 °C; palmityl alcohol at 49.3
°C).55 This highlights a potential limitation of the AFM-IR
technique as it is difficult to measure liquids (leading to
increased probe contamination) and compounds with lower
melting points. This limitation is particularly relevant for
studying SSA, which has different mixing states and
compounds with varying physicochemical properties.
Overall, there are some limitations of AFM-IR spectroscopy

compared to O-PTIR spectroscopy due to several factors
including sample tip interactions and the lack of correlation in
peak intensities compared to spectra collected using traditional
infrared spectroscopy methods that most standard spectral
libraries are based upon. In addition, polarization effects due to
crystalline orientation can contribute to spectra variation for
these laser-based microspectroscopic probes.56−59

While O-PTIR spectroscopy can measure particles at the
submicron scale, on the order of 500 nm, it is AFM-IR
spectroscopy that provides a better understanding of the
sample topography by generating height images offering more
information about the morphology of the sample. This
technique can resolve nanoscale features, improving the
evaluation of the sample’s heterogeneity. Height images from
AFM-IR showed that thin films have a thickness between 0.35
and 1 μm (representative of height variability for regions
analyzed on substrate), providing quantifiable insight into how
these compounds may assemble on a surface. Figure 3 displays
images obtained with the mIRage-Raman for O-PTIR (optical
view) and nanoIR2 for the AFM-IR (height images) of thin
films for (A) palmitic acid, (B) sodium palmitate, (C) palmityl
alcohol, and (D) methyl palmitate. Compared to the other
techniques, one major advantage of AFM-IR spectroscopy is its
ability to analyze samples with nanoscale resolution. However,
as previously observed, if the primary focus is chemical
characterization and the sample features analyzed are just

below microns in dimension, the O-PTIR spectroscopy
provides an alternative to AFM-IR spectroscopy.
O-PTIR and Raman Spectroscopy of Select
Substrate-Deposited Sea Spray Aerosols (SSAs) Collected
from the Scripps Ocean-Atmosphere Research Simulation
(SOARS) Facility

SOARS, a unique ocean-atmosphere facility, can produce SSAs
over a range of conditions and with a range of different
compositions, viscosity and size.60,61 Here we utilize O-PTIR
and micro-Raman spectroscopy with imaging capabilities to
identify different compounds and the distribution of these
compounds within SOARS collected single SSA particles.
Figure 4 shows images (A, C) collected at different

resolutions of SSAs deposited on CaF2 substrates. It can be
seen in the images, especially the highest resolution image
(Figure 4C), that individual particles are deposited on the
substrate. Once a particle was identified, the spectra of the O-
PTIR and Raman were recorded in the center of that particle.
Eight representative spectra collected for individual particles
are shown in Figure 4D (particles labeled 1 through 8). The
identification of these spectra was made possible by using the
spectral library generated for some of the lipids in Figure 1 and
other compounds that have been measured (as shown in the
SI). These SI reference spectra include a variety of compounds
(Figure S1�bovine serum albumin (BSA) protein; Figure
S2�dipalmitoylphosphatidylcholine (DPPC); Figure S3�
fulvic acid; Figure S4�glucose; Figure S5�sodium salt of
humic acid; Figure S6�laminarin; Figure S7�lipopolysac-
charide (LPS); Figure S8�oxalic acid; Figure S9�sodium
alginate; Figure S10�sodium nitrate; Figure S11�sodium
oxalate; Figure S12�sodium sulfate; and Figure S13�
sucrose).
Particles 1 and 2 were identified as a fatty ester, methyl

palmitate. It is possible to observe the ν(C=O) vibrational
mode at 1735 cm−1, methylene vibrations (δ(CH2), ρ(CH2),
δsc(CH2), νs(CH2), and νas(CH2)) between 1380 and 1480
cm−1, 2850 and 2919 cm−1, and the ν(C−O) vibrational mode
at 1170 cm−1 characteristic of methyl esters. The difference
between those particles is that the Raman spectra for Particle 2
showed fluorescence, while Particle 1 did not. This suggests
that the presence of additional light-absorbing compounds in
Particle 2 gives rise to the fluorescence background for Particle
2. Furthermore, both Raman spectra exhibited peaks observed
previously for methyl esters (1060, 1290, 1450, and 2880−
2890 cm−1).
Particles 3 and 4 show peaks around 1538 and 1574 cm−1

assigned to the νas(COO−) vibrational mode. These peaks are
indicative of carboxylate salts, and the two large intensity peaks
above 1525 cm−1 suggest more than one salt is present in the
particle or that the divalent cation, i.e., calcium carboxylates, is
present as these show a doublet around 1542 and 1579 cm−1.62

Most importantly, there is evidence for the deprotonation
state. The Raman spectra of Particle 3 show the typical spectra
observed for fatty acids, alcohols, and esters, giving no
additional information about the lipids present. Peaks
corresponding to the vibrational modes, ν(C−C): 1000−
1120 cm−1, 1294 cm−1, δ(CH2) and ν(CH2) 1440−1450
cm−1, and ν(C−H): 2880−2890 cm−1 were also observed in
carboxylate Raman spectra. Particle 4 shows fluorescence,
indicating light-absorbing components present in the particle.
Particle 5 has 1135, 1418, and 1587 cm−1, similar to those

observed in humic acid salts (1031, 1383, and 1581 cm−1
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broad peaks, Figure S5). Those peaks can be assigned to ν(C−
O), methylene vibrations (δ(CH2), ρ(CH2), δsc(CH2),
νs(CH2)), ν(C=C) of aromatic groups, and ν(C=O).62 Due
to the complex mixture and molecular structure of this particle,
including light-absorbing components, the Raman spectra
collected for both the standard in SI and Particle 5 exhibited
fluorescence.
Particles 6 and 7 are representative of inorganic compounds.

Particle 6 revealed a predominant peak at 1021 cm−1 that was
attributed to νas(SO4

2−). Phase state, crystallinity, and
coordination mode all impact the frequency of the sulfate
peak as well as the hydration state of the salt.63 Particle 7
exhibited a peak that matches nitrate IR vibrational modes with
a peak at 1390 cm−1 (νas(NO3

−): 1345−1380 cm−1), which is
consistent with the Raman spectra that showed a high-intensity
peak at 1076 cm−1 due to the more Raman active νs(NO3

−).64

Finally, Particle 8 represented spectra characteristic of
biological compounds such as proteins. It exhibited intense

peaks at 1545, 1653, 2852, 2920, and 3300 cm−1. These peaks
resembled those of bovine serum albumin. Specifically, the
peaks could be assigned to amide II, ν(C−N), and δ(N−H)
around 1550 cm−1, and amide A peak for ν(N−H) near 3500
cm−1.65

Three out of the eight particles yielded fluorescence-free
Raman spectra, however, these same particles show O-PTIR
clear spectral features. Given that SSA samples are complex
and contain a high proportion of biological components,
difficulties in this analysis are expected and have been
discussed previously for SSA particles.19 Therefore, the ability
to collect IR and Raman spectra simultaneously helps enhance
the accuracy of compound identification for individual
particles, as they operate as complementary techniques.
Chemical Maps of Substrate-Deposited SSAs

Some limitations faced while collecting individual spectra for
SSA around or below one micron are that particles can show a

Figure 5. Optical images; O-PTIR spectra (fingerprint region: 800−1800 cm−1), micro-Raman spectra (ranging from 800 to 4000 cm−1), and
hyperspectral mapping of O-PTIR spectroscopy (ν(COO−) and ν(C=O) from 1580 to 1725 cm−1; ν(C−O) from 1135 to 1175 cm−1 and
νas(NO3) at 1376 cm−1) for particles labeled 1, 2, 4, and 5 from Figure 4. The locations where the spectra were taken are indicated by a red asterisk
(O-PTIR) and a green circle (Raman).
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heterogeneous distribution with IR or Raman active com-
pounds. Hyperspectral imaging and chemical mapping can
address this issue. This capability is valuable in determining
that the spectra collected at a specific point in the particle are
(or are not) representative of the particle.
Figure 5 presents the analysis of four selected particles

(labeled as 1, 2, 4, and 5 in Figure 4). Figure 5 includes optical
images; O-PTIR spectra (800−1800 cm−1), micro-Raman
spectra (800−4000 cm−1), and the hyperspectral mapping of
O-PTIR spectroscopy focused on some vibrational modes
(ν(C=O)�1580−1725 cm−1, ν(C−O)�1135−1175 cm−1

and νas(NO3)�1376 cm−1). The locations where the spectra
were taken are indicated by asterisks for Raman spectra; shown
in red and green circles. A higher value can be expected to
represent a higher concentration or contribution of the
corresponding vibrational mode (red hues are highest, blue
hues are lowest). However; it should be noted that changes in
laser power can also affect these intensity values so
comparisons between particles should be made cautiously.
Particle 1 was identified in methyl palmitate spectra and

showed well-defined O-PTIR and Raman spectra. The
mapping of the ν(C=O) vibrational mode at 1735 cm−1

showed higher intensities than the map for the ν(C−O)
vibration at 1170 cm−1, consistent with that observed in the
spectra. Additionally, the areas within the particle that
exhibited higher intensities for both vibrational modes were
colocated in the same regions, suggesting that the particle may
be homogeneous. In contrast, Particle 2, which displayed
fluorescence in its Raman spectra despite matching methyl
palmitate's IR spectra, appears more heterogeneous. Spectra
collected from different regions of the particle showed different
predominant peaks. Dark red spectra displayed a higher
intensity for ν(C−O) (1175 cm−1) while the bright red spectra
presented a more intense peak for ν(C=O) (1728 cm−1). This
may be due to the light-absorbing compound; which is difficult
to identify from these spectra due to either low-intensity peaks
or low concentrations.
Particle 4 appears to be an aggregate, exhibiting greater

heterogeneity than the other particles. Spectral mapping at
1575 cm−1, a frequency associated with νas(COO−), shows
higher intensity in some regions, while spectral mapping at
1376 cm−1, a frequency associated with νas(NO3

−), displayed
greater intensity in a different region within the particle. This
shows that this particle is a mixture of inorganic and organic
compounds, frequently observed in SSAs.66−68 The Raman
spectrum collected of the same particle has a relatively high
background and provides less information.
Lastly, Particle 5 contains a high organic content. This aligns

with the assignment made for this particle as having a humic-
type material. For this particle, the peak at 1586 cm−1 can be
assigned to ν(C=C) of aromatic groups or νas(COO−), and the
peak at 1035 cm−1 was assigned to ν(C−O). The maps of both
vibrational modes displayed proportional intensities to the
collected spectra, indicating that the particle is relatively
homogeneous.

■ CONCLUSIONS
This study employed complementary vibrational spectroscopic
probes (ATR-FTIR, AFM-IR, O-PTIR, and micro-Raman) to
analyze different thin lipid films and other compounds found in
environmental samples, including sea spray aerosols. Under-
standing the chemical composition of complex environmental
samples, such as aerosols, is important if we are to understand

their global impacts. For sea spray aerosols, one of their
important impacts is through ice nucleation69 including
particles containing lipids.70 Each of the techniques employed
provide valuable information about the spectral characteristics
of different lipids and other chemical species. For the lipids,
ATR-FTIR and O-PTIR spectroscopy demonstrated a high
correlation and effectively identified different lipid types and
their protonation states. Given that many vibrational databases
are based on more traditional vibrational methods including
FTIR spectroscopy, this high correlation is important when
analyzing complex environmental samples with O-PTIR
spectroscopy. O-PTIR spectroscopy has a number of
advantages for analyzing environmental samples relative to
FTIR analysis including no need for a reference or background
spectrum, submicron resolution, and the ability to analyze both
fluorescent and nonfluorescent samples as well as being
nondestructive. Although AFM-IR spectroscopy allows for the
characterization at higher spatial resolution, the spectra showed
a lower correlation due to intensity differences compared to
those of more traditional infrared methods. In addition, for
softer liquid samples, variable tip−sample interactions and
possible tip contamination can also be an issue. Micro-Raman
spectroscopy also has submicrometer spatial resolution but
does not distinguish between lipid types. However, the Raman
spectra provided valuable insights into the presence of light-
absorbing compounds.
Overall, combining the techniques of O-PTIR, Raman

spectroscopy, and chemical mapping can offer a comprehen-
sive approach to characterizing individual particles in collected
sea spray aerosols. This integrated approach improved
compound identification accuracy and facilitated the assess-
ment of compound distribution and heterogeneity, thereby
enhancing our understanding of the complex nature of sea
spray aerosol samples and potentially other environmental
samples. Across techniques, the varying selection rules, modes
of operation, and thicknesses for each of the films should be
considered in evaluating differences in spectral frequencies and
intensities. The study presented here addressed several of these
issues.
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