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Rapid, 3D Chemical Profiling of Individual Atmospheric
Aerosols with Stimulated Raman Scattering Microscopy

Jianpeng Ao, Yiging Feng, Simin Wu, Tao Wang, Jiwei Ling, Liwu Zhang,* and Minbiao Ji*

Visualizing the 3D chemical profiles of individual aerosols is crucial to
understand their formation and aging processes, yet remains technically
challenging. Here, the first application of stimulated Raman scattering (SRS)
microscopy on 3D chemical imaging of individual aerosols in a nondestructive
manner is demonstrated. SRS is capable of mapping chemical components of
aerosols at a speed four orders of magnitude faster than conventional spon-
taneous Raman microscopy. Spatially resolved distributions of nitrates and
sulfates reveal the fine structures and different mixing states of atmospheric
particles. Moreover, high-throughput quantifications of chemical compositions
and particle size distributions are realized by large-area imaging and statistical
analysis. Its high-speed and 3D chemical quantification capabilities promise
SRS microscopy as a unique tool for studying the properties of single atmos-
pheric particles, and ultimately their impacts on climate and human health.

1. Introduction

Aerosol particles, especially PM, s and PM;, (particulate matter
with diameters smaller than 2.5 and 10 um) are ubiquitous but
essential constituents in the atmosphere. These particles scatter
and absorb radiation as well as serve as cloud condensation and
ice nuclei, consequently affecting the Earth's energy budget and
contributing to global warming.!l Meanwhile, epidemiological
researches have proven positive correlations between increased
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inhaled particulate matter and acute adverse
health effects.Zl And noted that the impacts
of aerosols on climate and health are found
to be strongly related to the chemical mixing
states of individual particles,?l which appear
largely heterogeneous because of various
formation and photochemical aging pro-
cesses.! Hence, imaging methods capable
of spatially resolving chemical composi-
tions of individual particles are of great sig-
nificance to help in understanding the birth
and fate of aerosols.

Various techniques have been applied
to characterize single aerosol parti-
cles, including atomic force microscopy
(AFM),Pl scanning electron microscopy
(SEM),!! transmission electron microscopy
(TEM),! vibrational spectroscopy,® mass
spectrometry,’l and X-ray microanalysis.l'% To obtain improved
imaging-based chemical analysis, combined approaches of sev-
eral techniques are more extended recently. The combination of
aerosol time-of-flight mass spectrometry (ATOFMS) and TEM
has been widely used to determine chemical composition and
explore mixing state of individual aerosol particles.'l TEM cou-
pled with energy-dispersive X-ray analysis (TEM/EDX) has a
long application history to provide morphological and elemental
analysis of single aerosol particles.'?l However, access to inte-
rior structural and compositional information for single parti-
cles by these techniques still remains difficult. For instance,
nanometer-scale secondary ion mass spectrometry (NanoSIMS)
could characterize particles by lateral ion maps and depth-
resolved ion distributions,® but fails to directly image interior
structures for analysis. Similarly, scanning probe techniques
such as AFM, SEM, or TEM allow to characterize the mor-
phology of individual aerosol particles but lack the effective
information on their 3D chemical compositions.['3!

Raman spectroscopy, a non-destructive vibrational spectro-
scopic technique, has shown great potential in probing airborne
particles and characterizing their chemical compositions.!'“l
Confocal Raman microscopy has been applied to image lateral-
resolved chemical distribution of mixed particles by acquiring
Raman spectra pixel-by-pixel, but suffers from slow speed
due to weak Raman response.l’” To improve signal intensity,
surface-enhanced Raman scattering (SERS) spectroscopy, and
tip-enhanced Raman scattering (TERS) spectroscopy have
been developed.1%1 However, their uneven enhancements
and reliance on near-field effects limit the application on 3D
chemical quantification of aerosols. In addition, spontaneous
Raman scattering of atmospheric particles is susceptible to
fluorescence backgrounds, and its weak scattering cross section
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Figure 1. Characterization of SRS system. a) Energy diagram and photon conversions of SRS process. b) Chemical selective imaging of five standard

compounds: SC (magenta), SN (green), SS (red), SM (orange), and SO

(cyan) powders in a single FOV. c) The corresponding spontaneous and

stimulated Raman scattering spectra of the five standard chemicals. Scale bar: 10 um.

hinders high-speed imaging to characterize large amounts of
particles efficiently.

Stimulated Raman scattering (SRS) is a coherent and
nonlinear version of Raman scattering, gaining several
orders-of-magnitude signal amplification while inheriting
the spectroscopic nature of Raman scattering (Figure 1a).['”]
SRS microscopy is becoming a novel imaging technique
with high chemical specificity and speed, showing great
potentials mainly in biological and biomedical researches,!®!
with more recent demonstrations in material and earth sci-
ences.!'l In addition, SRS microscopy is capable of providing
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high-resolution 3D images because of its optical nonlinearity
similar to multiphoton microscopy.l'’#2%] Moreover, the linear
dependence of SRS signal intensity on chemical concentra-
tion allows quantitative analysis and decomposition of mixed
chemicals.l'¥$21] Given that the main chemical compositions
of aerosol particles have distinct Raman features, SRS micro-
scopy is expected to be a well-fitted technique for aerosol
imaging, enabling both 3D characterization of single particles
and high-throughput measurements for statistical analysis.
However, to the best of our acknowledge, no related work has
been reported yet.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In this work, we demonstrated that SRS microscopy could
serve as an ideal tool for characterizing aerosol particles. First
of all, SRS provided chemical selective images at a speed four
orders of magnitude faster than conventional micro-Raman
spectroscopy (MRS) with higher spatial resolution. Second,
3D SRS imaging of individual aerosol particles successfully
revealed the mixing states of different chemical components.
Moreover, the capability of quantitative analysis was demon-
strated by correlating the results of SRS large-area imaging with
ion chromatography (IC), via measuring the mean mass ratios
of NO;™ and SO4* (cited as N/S) from large amounts of aero-
sols. This high-throughput method also enabled statistical anal-
ysis such as particle size distributions. In addition, we studied
ambient aerosol samples with SRS 3D chemical imaging and
quantification at the single-particle level. These results indi-
cated that SRS microscopy is a unique method for studying the
chemical compositions and mixing structures of atmospheric
aerosol particles, which may provide new insights to the forma-
tion and growth mechanisms of individual particles.

2. Results

2.1. Hyperspectral SRS Characterization of Major
Chemical Components

The optical setup of SRS microscopy system is illustrated in
Figure S1a (Supporting Information) and described with details
in Note S1 (Supporting Information) and the Experimental Sec-
tion. Throughout this work, we utilized the “spectral focusing”
technique to achieve SRS frequency tuning by scanning the time
delay between the chirped pump and Stokes pulses centered at
945 and 1040 nm, respectively, reaching =13 cm™ spectral reso-
lution (Figure S1b-d, Supporting Information). In this way, the
SRS spectra cover a range of 850 to 1100 cm™! without adjusting
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the laser wavelength. Differential transmission intensity (Al) of
the pump beam with and without the Stokes was measured as
the SRS signal (Figure 1a and Figure Sla, Supporting Informa-
tion), and taken to generate SRS images pixel by pixel as the
focused laser spot raster scanned across the samples. We first
characterized the SRS spectra of five standard materials: sodium
carbonate (Na,CO;, SC), sodium nitrate (NaNOj3, SN), sodium
sulfate (Na,SO,, SS), sodium malonate (C;H,04Na,, SM),
and sodium oxalate (Na,C,0,, SO). The mixed powder of the
five chemicals was imaged with hyperspectral SRS micros-
copy within the same field of view (FOV), generating a stack of
images, each of which represented an SRS image at a particular
Raman frequency. As shown in Figure 1b, the five components
could be readily captured at their distinct Raman frequencies,
showing clear vibrational resonances of the anions with Raman
transitions. The extracted SRS spectra of these chemicals agree
perfectly well with the corresponding spontaneous Raman
spectra, as shown in Figure 1c. These results prove that SRS
microscopy produces the spectral fingerprints of the composi-
tions of particles to perform chemical imaging with high selec-
tivity. It is worth mentioning that the organic components of
aerosols are much more diverse and is not the main focus of
the current work. Nevertheless, we showed trials of SRS char-
acterization of secondary organic aerosol (SOA) ranging 1500 to
1750 cm™! in Figure S2 (Supporting Information).

2.2. Rapid SRS Imaging of Typical Aerosols

Nitrates and sulfates are the two dominant inorganic compo-
nents in ambient aerosols with strong Raman active modes of
v, (S04, 960-1005 cm™) and v; (NO;~, 1045-1085 cm ). [14¢15)
We synthesized aerosols with mixed nitrate and sulfate, and
imaged them with both MRS and SRS within the same sample
area, as shown in Figure 2. Although relatively higher laser

Figure 2. Stimulated versus spontaneous Raman scattering microscopy. a) Bright field image of typical aerosol particles before SRS. b) SRS image of
the same FOV. c) Bright field image after SRS imaging. d) Micro-Raman and e) SRS images of an aerosol particle marked in (b), with the distribution of
NO;~ (green) and SO,%~ (red); yellow arrow heads and blue stars indicate corresponding features between the two imaging modalities. Scale bar: 2 um.
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power was used in SRS (=30 mW of Stokes
and =20 mW of pump), no obvious photo-
damage could be seen from the bright field
images before and after SRS measurements
(Figure 2a—c). We carefully examined a ran-
domly picked particle within the FOV (red
rectangle in Figure 2b). The distributions
of NO;~ and SO,* were extracted from the
MRS spectra pixel by pixel and shown in
Figure 2d, whereas the same information
was directly mapped with SRS microscopy
from the two corresponding Raman frequen-
cies, as shown in Figure 2e. The overall spa-
tial profiles of each chemical composition
appear roughly the same between MRS and
SRS images. However, SRS clearly shows
several advantages over MRS in terms of
chemical imaging. First, SRS has much
faster imaging speed: a 30 x 30 pixels MRS
image takes =2.5 h, whereas a two-color
SRS image of 512 x 512 pixels costs =2 s,
achieving =4500 times increase of frame
imaging speed. Second, SRS has higher
spatial resolution: the commercial MRS
system has a resolution of =1 um, whereas
our homebuilt SRS microscope reaches
~350 nm lateral resolution. As shown in
Figure 2d, while the finer microstructures of
both NO;~ and SO,>~ appear vague in MRS,
they could be clearly seen with SRS (arrows
and stars). In this particular aerosol particle
with mixed compositions, although most of
the structures contained overlapping NO;~
and SO,%, subtle differences between them
could be uncovered by SRS (arrows and stars,
Figure 2e). The ability of SRS microscopy to
selectively image each chemical composition
with high speed and resolution is crucial for
aerosol particle studies.

2.3. 3D Chemical Imaging of Single
Aerosol Particles
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Figure 3. 3D SRS imaging of individual synthetic particles. a) SRS images of a two-component

SRS is a third-order nonlinear optical pro-
cess with signal intensity proportional to
the product of the pump and Stokes laser
power intensities. Such a nonlinearity results
in the intrinsic optical sectioning capability,
similar to two-photon fluorescence micro-
scope, where the signal predominantly generates from the tight
focus.?% By stepping through the z-axis of the samples with
a step size of 0.4 um, we could reconstruct the 3D chemical
distributions of individual aerosol particles from multiple 2D
images, as shown in Figure 3. From the 21 SRS images car-
rying the depth information of a synthetic particle composed
of nitrates and sulfates (Figure 3a and Figure S3a, Supporting
Information), a 3D structure was rendered by Mimics software
(Materialise) and shown in Figure 3b and Movie S1 (Supporting

Small Methods 2020, 4, 1900600 1900600 (4 of 10)

particle taken at selected depths; b) 3D rendered structure of the particle with the distribution
of nitrate (green) and sulfate (red), arrows and border lines are used to indicate the corre-
sponding features between (a) and (b); c) SRS images of a three-component particle taken
at different depth, d) its 3D rendered structure with nitrate (green), sulfate (red), and oxalate
(blue), arrows mark the features of the particle. Scale bar: 1 um in (a) and (b) and 5 um in (c)
and (d). Acquisition time: =42 s for (b) and (d).

Information). The blue arrows and borders marked in
Figure 3a,b validate the accuracy of the 3D reconstruction.
From the 3D result, we can see that sulfate usually concen-
trates in the central part of the particle, while nitrate extends
more to the peripheral. We can also see that NO;~ and SO,?
overlapped at the core as colored yellow, indicating the mutual
growth of the two components during the synthetic pro-
cess. Such conclusions may not be drawn correctly if we only
looked at a certain 2D cross section in Figure 3a or Figure S3a

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Supporting Information). Therefore, 3D imaging of aerosol
particles is critically important for the accurate measurements
of their chemical distributions. Furthermore, we extended our
study to image synthesized aerosol particles with three com-
positions: nitrate (green), sulfate (red), and oxalate (blue), and
showed the results of a representative particle in Figure 3c,d. It
can be seen that these three-component particles exhibit more
complex and irregular distributions than the dual-component
ones, implying that the presence of organic component may
affect the structures and mixing states of aerosol particles.l??!
With the preknowledge of distinct spectral identities of the
major chemical compositions (Figure 1c), SRS microscopy
could in principle capture the 3D distributions of all these
chemical components within individual particles.

2.4. High-Throughput and Nondestructive Quantification
via Large-Scale SRS Imaging

Quantifying chemical compositions of aerosol particles is an
essential component in studying their properties and is tradi-
tionally done with IC, which requires time-consuming sample
preparations. We hypothesized that large-scale SRS imaging
allows nondestructive assessment of the overall ratio between
various chemical compositions. Previous works have demon-
strated the capability of SRS in chemical quantification for bio-
logical systems, making use of the linear relationship between
SRS signals and chemical concentrations.'8$2!l To evaluate
such ability of SRS for aerosol specimens, we synthesized five
samples with different mass ratio of NO;~ and SO, (N/S),
Myo; i Msqr- = 1:3, 1:2, 1:1, 2:1, and 3:1. Large-scale SRS images

www.small-methods.com

were taken by mosaic tiling and stitching, and could achieve
sample area as large as a few cm? Figure 4a—e shows the
results of simulated particles spreading over =1 mm x 1 mm
area. The mean SRS signal intensities of NO;~ and SO,2~ were
extracted to represent the content of each component, with
detailed method described in Notes S2 and S3 (Supporting
Information). Meanwhile, the corresponding sample solutions
were tested using IC as references. The mass ratios of NO;~
and SO,%~ were measured with both SRS and IC, and plotted
in Figure 4f. The high correlation between the two methods
suggests that the mean SRS intensity could serve as a reliable
parameter for evaluating the relative abundances of the chem-
ical compositions in aerosol samples. Such a nondestructive
method is particularly suited for preliminary measurements,
keeping the intact aerosols for further analysis.

We then performed quantitative and statistical analysis for
ambient atmospheric aerosols with SRS imaging. The tradi-
tional way to analyze particle compositions involves the use
of MRS to collect Raman spectra for each particle and assign
the Raman peaks to the corresponding chemicals from spec-
tral databases. However, as we have shown above, MRS is
incompatible with high-throughput tasks for statistical quan-
tifications due to the substantial time cost. In contrast, SRS
hyperspectral imaging is capable of simultaneously acquiring
spectral information of all particles within the FOV, providing
rapid differentiation of chemical differences between parti-
cles. Figure 5a shows an example of an SRS image of atmos-
pheric particles, and the corresponding hyperspectral images
could be found in Movie S2 (Supporting Information). As
the target Raman frequency varies along the image sequence
(850 to 1100 cm™), we can immediately identify three major
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Figure 4. Chemical quantification with SRS imaging. a—e) Stitched SRS image of particles synthesized with different N/S mass ratio (Green: NO;~,
Red: SO,¥); f) correlation of measured N/S ratio by SRS and IC. Error bars represent standard error of the mean of three independent measurements.
Scale bars: 100 pim in zoomed-out images (left) and 20 um in zoomed-in images (right).
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Figure 5. Analysis of atmospheric aerosols with large-area SRS imaging. a) A typical multicolor SRS FOV of atmospheric particles with the distribution
of sulfate (red), nitrate (green), and others (blue); b) SRS spectra of the three aerosols circled in (a), shadows indicate the spectral range of NO;™ and
SO,%; ) comparison of SRS and IC quantification for the ratio of NO3™ to SO,2~ within =1 mm x 1 mm area; d) particle size distributions for nitrates
and sulfates analyzed from =1300 particles based on large-area SRS imaging. Scale bar: 20 um. Error bars represent standard error of the mean of

three independent tests.

types of particles: nitrates, sulfates, and other ingredients
(termed as “OI”). Three representative particles are circled in
Figure 5a with their spectra shown in Figure 5b. Similar to
synthetic particles, nitrate-rich atmospheric particles light up
at the Raman shifts around 1060 cm™, and sulfate-rich parti-
cles light up at around 1000 cm™. However, unlike synthetic
particles, atmospheric aerosols contain certain amount of “OI”
particles with broad spectral feature of transient absorption
(Figure 5b) due to the contaminations of absorptive compounds
such as black carbon.?3] OI appears persistent brightness in
the spectral imaging data, whereas nitrates and sulfates par-
ticles exhibit sharp resonant behavior as they “blink” during
the spectral scan (see Movie S2, Supporting Information). It
is worth mentioning that Raman peaks of nitrates and sulfates
tend to shift slightly because of the effect of cations, as shown
in Figure S4 (Supporting Information)and the literature.['6¢24
The peaks appearing between 960 and 1005 cm™' are usu-
ally classified to be SO,%-, while those falling in the range of
1045 to 1085 cm™! are considered as NO;~.2*4l Certain organic
components could also be detected in the atmospheric parti-
cles. The peaks at 1649 and 1678 cm™ in Figure S2 (Supporting
Information) may originate from the stretching mode of C=0
(1610-1650 cm™) or RO—NO, symmetric stretching (organoni-
trate, =1653 cm™) in SOA particles.[1%>24"] Meanwhile, N/S ratio

Small Methods 2020, 4, 1900600 1900600 (6 of 10)

of samples was calculated to be 2.27 + 0.29 based on the large-
scale SRS images, in qualitative agreement with IC result of
2.41 £ 0.03 (Figure 5c¢), indicating the feasibility of SRS quan-
tification method. Besides, large-scale SRS images contain
large amount of particles that allow the statistical analysis of
particle size distributions for different chemical compositions,
as shown in Figure 5d. Comparing with traditional methods for
particle number counting and size distributions such as bright-
field microscopy and dynamic light scattering (DLS),2*#25] SRS
provides chemical selective statistics of particles, which could
not be easily achieved with traditional means.

2.5. Single-Particle Quantifications of Ambient
Atmospheric Aerosols

While statistical results provide ensemble properties of aerosol
specimens, single-particle measurements reveal much more
detailed structural and chemical information of individual par-
ticles, as well as the variations among them. SRS microscopy
is able to rapidly search particles of interest based on their
spectral and morphological features, followed by zooming-in
and tomographic scanning to perform 3D imaging of selected
particles, as shown in Figure S5 and Movie S3 (Supporting

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Mixing states and chemical quantification of individual atmospheric aerosol particles. a-d) Different mixing states of individual atmospheric
aerosol particles revealed by 3D SRS imaging (Green: NO;~, Red: SO42); e) quantification of N/S of individual particles, box and whisker plot showing
the distribution of N/S ratio for all image sections. Scale bar: 1 um in (a) and (b), 2 um in (c), and 3 um in (d). Acquisition time: =26 s for (a) and

(b), =20 s for (c), =60 s for (d).

Information). With these technological advantages, we captured
many single-particle structures and divided them into several
types of mixing states, as shown in Figure 6. Here, we mainly
focused on the particles composed of nitrates and sulfates. In
Figure 6a,b, sulfates are either completely wrapped or partially
wrapped by nitrates. Figure 6¢ represents a typical “contacted”
structure where the two components simply adhere to each
other. And Figure 6d demonstrates a complex structure with
both wrapped and contacted sulfates with respect to nitrates.
Complete z-stacks are provided in Figure S6 (Supporting
Information) and the 3D rotation animations could be found
in Movie S4 (Supporting Information). Careful examination
of these results indicates that the two chemical components
are usually spatially isolated in the core of the particles, indi-
cating that sulfate core nucleation occurs prior to nitrate shell
deposition (Figure S6a, Supporting Information), although in
some cases sulfates continue to grow and mix with nitrates
(Figure S6b, Supporting Information). This phenomenon dif-
fers from that of the synthetic particles, in which the two
components are spatially overlapped because of the synthetic
procedure through nebulizing mixed solution (Figure S3a,
Supporting Information). These 3D results generate direct
visualization of the chemical distributions of single particles,

Small Methods 2020, 4, 1900600 1900600 (7 of 10)

providing strong evidences for the formation mechanisms of
ambient atmospheric aerosols. In addition, chemical quantifi-
cations on the single-particle basis could be realized based on
the SRS intensity distributions. We calculated N/S ratios of the
four typical particles and the results are shown in Figure Ge.
With the mean SRS intensity of NO;~ and SO,?" at each depth
section expressed by the box and whisker plot, the mean values
of all sections were employed to extract the N/S for each par-
ticle. These results indicate that SRS is able to quantify relative
contents of the chemical compositions of single atmospheric
particles.

3. Discussion

SRS microscopy has been shown as a promising technique for
imaging the 3D structures of individual aerosol particles with
high spatiotemporal resolution and chemical specificity. Com-
pared with a previous attempt of detecting aerosols with con-
tinuous wave (CW) laser based SRS spectroscopy,?®! modern
SRS microscopy has much improved sensitivity and imaging
power for single-particle studies. Unlike conceptual models
inferred from TEM/EDS and ATOFMS data, the true interior

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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structures of particles were directly imaged for the first time.
2D images such as those from SEM and TEM lack sufficient
information along the z-axis, and are prone to yield inaccurate
conclusions. For instance, just focusing on a particular sec-
tional image in Figure S7 (Supporting Information) may infer
a spherical particle with a tiny SO,2~ core completely embedded
in NOj;~ coating, whereas the full 3D map indicated that SO,
was in fact only partially wrapped by NO;™. In the current study,
we observed that inside ambient aerosol particles nitrates tend
to coat sulfates, which is consistent with previous studies that
indicated mineral dust particles often contain a CaSO,/K,SO,
core coated with Ca(NO;),/Mg(NO;), due to the heterogeneous
reactions of mineral particles and acidic gases.?>" Although
vibrational spectra of these anions tend to be modulated by dif-
ferent cations as we have shown in Figure S4 (Supporting Infor-
mation), accurate determination of cation species could not be
accomplished only by analyzing Raman spectra (Figure S8,
Supporting Information) since other factors such as hydration
may also affect the vibrational frequencies of the anions.[?42’]

Previous studies have proposed various possible mechanisms
and pathways of heterogeneous reactions of NO, and SO, on
mineral dust particles using aerosol flow tube methods,?®l aer-
osol chamber methods,?’! SEM/EDS,% and Knudsen cell-mass
spectrometer.B!] Recently, MRS showed promise in obtaining
microscopic morphology of particles to understand the reac-
tion mechanisms.?” As we have discussed before, the particle
structures are related with different heterogeneous reactions.
On this basis, SRS microscopy might provide a potential in
situ technique for visualizing the dynamical 3D distributions
of products in atmospheric heterogeneous reactions with the
proper design of microscope-compatible reaction cells and gas
circuits, which may provide key evidences for verifying the
reaction pathways.

In the field studies of atmospheric inorganic aerosols,
N/S ratio has been widely used as an indicator for relative con-
tribution of mobile to stationary sources of nitrogen and sulfur
in the atmosphere. High N/S represents more important con-
tribution of mobile sources than stationary sources of pollut-
ants, and vice versa. SRS quantification for N/S exhibits several
advantages over traditional IC, including the high-speed, non-
destructiveness, and size distribution analysis. It is conducive
to efficient estimation of pollution sources in a real-time detec-
tion manner, and thus provides timely regulatory advice for
urban pollution control.

However, there are still some technical limitations to
widely apply SRS microscopy on single aerosol characteriza-
tion. First, 3D imaging of aerosol particles in nucleation mode
(0-0.1 um) and condensation mode (0.1-0.56 um) by SRS are
still constrained to a large extent by its diffraction limited spa-
tial resolution of =350 nm. In addition, quantitative analysis of
complex organic components is still not valid enough because
of their low concentrations and limited knowledge of standard
SRS spectra. Moreover, due to the strong transient absorption
background that may overwhelm SRS intensity, black carbon, a
significant component of PM, s, remains difficult for SRS char-
acterization. In the future work, we may achieve a higher spa-
tial resolution (=150 nm) by shortening laser wavelengths,
and obtain more spectral characterization of various organic
compounds to further explore the capacity of SRS microscopy

[28a,33]
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in atmospheric aerosol characterization. Adapting modulation
schemes to suppress the background of transient absorption
and cross phase modulation may further enable the effec-
tive detection of organic compounds in aerosols.*! Technical
advances to further improve multicolor SRS imaging speed
may be incorporated for high-throughput tasks.*%l

In summary, we have demonstrated for the first time the
simultaneous chemical and structural analysis of aerosol par-
ticles with SRS microscopy. With its high speed, decent spatial
resolution, and 3D chemical imaging capability, SRS presented
unique capability in quantifying aerosol compositions at the
single-particle level, as well as high-throughput analysis of par-
ticle sizes and numbers with chemical specificity. Our method
paves a new way for aerosol researches and may shed new
light on the formation mechanisms of ambient atmospheric
particles.

4. Experimental Section

Sample Preparation: Laboratory-generated aerosol samples were
created by nebulizing standard solutions, including the inorganic
solution (mixed NaNO; and Na,SO,) and organic solution (mixed
NaNO;, Na,SO, and C3H,04Na;). All the chemical agents used in
present study were purchased from Sinopharm Chemical Reagent Co.
Ltd. At first, air flows out of a compressor and into a two-level air filter
system (0.1 and 0.01 pum, respectively) to partially remove impurities.
Followed by an air filter (0.01 pum) set to prevent the nebulizer from
being contaminated by the remaining impurities. The nebulizer
generated aerosol droplets with an aerodynamic. Then aerosol particles
were impacted using a microanalysis particle sampler onto coverslips
and quartz substrates for SRS and MRS measurements. All samples
were kept in a drying cabinet before measurement. Ambient atmospheric
aerosols particles were collected on the roof of Environmental Science
Building (about 40 m high) at Fudan University (Jiangwan Campus,
121°30°E, 31°20'N) on October 24th, 2018. The real-time PM,s index
was 89 (data were provided by Shanghai Meteorological Bureau). All the
samples were collected on quartz membrane filters (QMF) for 12 h using
Seven-Stage Non-Viable Andersen Cascade Impactor. Sample-containing
filters were stored in a freezer below —10 °C before analysis.

Spontaneous Raman Measurements: MRS of samples was recorded
by using a XploRA Plus confocal spectrometer (Jobin Yvon, Horiba Gr,
France). Raman scattering was generated by a diode pumped solid-state
laser (532 nm) and coupled with a 50x Olympus microscope objective
(Olympus LMPLFLN50x, NA 0.50). The power of the laser was posed
equal to 10% of the maximum power (90 mW). The spectral resolution
was 1 cm™ over the range of 100-2000 cm™. To get 2D spatial
distribution of particles, Raman mapping procedure automatically
recorded 900 spectra in a 9 X 9 um? with 0.3 um as the minimum step.
Every spectrum was obtained by averaging two accumulations with 5 s
per acquisition.

lon Analysis: The ambient samples on QMF were analyzed by IC.
10 mL ultrapure water (specific resistance = 18.2 MQ cm) was used as
the extraction solvent. After 30 min oscillation, the extracted solution
was passed through a 0.22 um PTFE membrane filter and the leaching
solution was analyzed using a Metrohm 883 Basic IC equipped with a
Metrohm A5-250 column. A weak base eluent (3.2 mmol L™ Na,CO;
plus 1.0 mmol L™! NaHCO;) was used for anion detection at a flow rate
of 0.70 mL min™".

SRS Microscopy: In the SRS microscope setup illustrated in
Figure Sla (Supporting Information), pulsed femtosecond laser beams
from a commercial optical parametric oscillator (OPO) laser (Insight
DS+, Newport, CA) were used as the laser source. The fixed fundamental
1040 nm laser was used as the Stokes beam, while the tunable OPO
output (680-1300 nm) served as the pump beam. Chirped by SF57 glass

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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rods, pulse durations of the pump and Stokes beams were stretched to
several picoseconds. The intensity of the 1040 nm beam was modulated
at 1/4 of the laser pulse repetition rate (fy = 80 MHz) using a polarizing
beam splitter (PBS) and an electrooptical modulator (EOM). The two
laser beams were combined through a dichromic mirror (DM), spatially
and temporally overlapped, delivered into the laser scanning microscope
(FV 1200, Olympus). A 60x immersion objective lens (Olympus,
UPLSAPO 60XWIR, NA 1.2 water) was utilized to focus the light into
the sample. The simulated Raman loss (SRL) signal was optically filtered
(CARS ET890/220, Chroma), detected by a homemade back-biased
photodiode (PD) and demodulated with a lock-in amplifier (LIA) (HF2LI,
Zurich Instruments) to feed the analog input of the microscope to form
images. The SRS spectra could be acquired by scanning the optical delay
line of a motorized translation stage (M-1LS250CC, Newport) and further
calibration of wavenumber and delay line is detailed in Figure S1b,c
(Supporting Information). A typical SRS image takes =1 s, with 2 us
pixel dwell time, and image size of 512 x 512 pixels. The laser powers of
20 mW of pump and 30 mW for Stokes pulses were used at samples. All
images were taken in transmission mode.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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