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In this perspectives article, we reflect upon the existence of chirality in atmospheric aerosol particles.
We then show that organic particles collected at a field site in the central Amazon Basin under

pristine background conditions during the wet and dry seasons consist of chiral secondary organic

material. We show how the chiral response from the aerosol particles can be imaged directly without

the need for sample dissolution, solvent extraction, or sample preconcentration. By comparing the

chiral-response images with optical images, we show that chiral responses always originate from
particles on the filter, but not all aerosol particles produce chiral signals. The intensity of the chiral
signal produced by the size resolved particles strongly indicates the presence of chiral secondary
organic material in the particle. Finally, we discuss the implications of our findings on chiral

atmospheric aerosol particles in terms of climate-related properties and source apportionment.

Introduction

Plants emit monoterpene stereoisomers, i.e. chiral compounds
that have the same chemical formula and atom connectivity
but different spatial orientation of their atoms, at
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concentrations that depend on geographic location' and
plant stresses.® This “forest air of chirality”, as Stephanou
calls it,* was analyzed by Williams and co-workers and
Ciccioli and co-workers, who reported ratios of 1:2 and 3:1
for the atmospherically important terpene stereoisomers (+)-
to (—)-o-pinene in tropical forests and boreal forests, respectively.'?
Given that o-pinene and related volatile organic compounds
(VOCs) are important for the production of secondary organic
aerosol (SOA),” we consider in this perspective article the
consequences for the molecular chirality impregnated into
the aerosol particle phase produced from reactive chemistry
in such air. We apply non-linear optical imaging to show that
secondary organic aerosols collected at a field site in the
central Amazon Basin under pristine background conditions
during the wet and dry seasons are often chiral. The chiral
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responses always originate from particles on the filter, but not
all particles produce chiral signals, which we quantify for
highly size-resolved aerosol particles. Finally, we discuss
the implications of molecular chirality in secondary organic
aerosol particles and its possible utility to further advancing
atmospheric science.

Chirality in nature

The rationale for reflecting upon the possibility of molecular
chirality in atmospheric aerosol particles may be understood by
first reviewing some salient points regarding chirality. Chirality is a
property of a molecule or substance that is a common determinant
of structure and function in nature.*® For instance, crystal growth
in drug discovery depends critically on molecular chirality, and
pharmacological properties (kinetics, dynamics, toxicology) often
vary with chirality and chiral composition of drug polymorphs.'®
The stereochemistry of natural products, which are prevalent in
marine sponges, soil bacteria, and tropical plants, can be congested

enough to make their study an important focal point in synthetic
organic chemistry."" In biological systems, the chirality of amino
acids and nucleotides contributes to determining the function of
peptides, proteins, RNA, and DNA %3

The presence of chirality in a substance can be anticipated to
have important effects on chemical reactivity and physical proper-
ties. This situation is very well known in polymer chemistry: chain
end control'? and the well-known nonlinearities in the yield of
chiral reactions'® can produce biases in uneven mixtures of
stereoisomer precursors that often result in the situation in which
the stereogenic centers of one handedness dominate the molecular
organization within an oligomer or a polymer. There are direct
implications for chirality-dependent properties of the material
formed: for instance, chirality in polymers determines the rigidity
and the extent of crystallinity, molecular order, and long-range
disorder of the polymer, which often determine the melting point
and solubility of a polymer.'"*'> While largely overlooked until
now, this situation is directly relevant to tropospheric aerosol
particles, as we will show below. Of particular relevance for this
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work is the role of chirality in biogenic volatile organic compounds
(BVOC:s) and their oxidation products that constitute the compo-
nents of secondary organic aerosol (SOA) particles. Identifying
and bridging this knowledge gap is important because BVOCs and
SOA play prominent roles in the climate system.>'*!?

Chirality in the troposphere

It is now understood that many BVOCs and their atmospheric
oxidization products are chiral.'® Terpenes, which are BVOCs
that are emitted in large quantities by trees to attract pollinators
and repel herbivores, can exist in mirror image forms, i.e.,
enantiomers.>'>* The molecular origin of this difference is
rooted in the genetic evolution of cyclases,”! which convert
isoprene into terpenes such as pinene, an important mono-
terpene representing 10-50% of the fraction of BVOCs.?* Upon
reflecting on the fact that forests show a consistent enantiomeric
preference in biogenic emissions of monoterpenes that depends
on geographic location,>*21232% and plant stresses, ¢
compelled to consider the consequences for the molecular
chirality of aerosol particles. The rationale for this thought
may be outlined as follows: oligomerization reactions between
terpene oxidization products are important for forming the
particle phase of atmospheric aerosols, specifically SOA.>"°
As discussed in the previous section, oligomerization reactions
are known to be influenced by mechanisms involving chirality,'>!?
often resulting in nonlinear biases between the chirality of
macromolecules and the input of uneven mixtures of stereo-
isomer reactants. Consequently, we argue here that just as the
input of uneven mixes of chiral feedstocks determines the
properties of polymer in materials chemistry, asymmetric
emission profiles of terpene emissions determine the chirality
of secondary organic aerosol particles.

Relevant reaction pathways linking the emission of terpenes
to the aerosol particle phase begin with terpene oxidation via,
for instance, the gas phase ozonolysis of the terpenes, i.e.
addition of ozone across a C—C double bond. Much is known
about the mechanism associated with this process. In fact, the
study of C—=C double bond chemistry is a highly active area of
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research that, one could argue, has led to more Nobel prizes
than any other topic in the area of organic chemistry.>!
Consider as an example the case of a-pinene, whose ozonolysis
produces organic compounds such as pinonaldehyde and
pinonic acid. These species have oxygen-bearing functional
groups yet retain the four-membered ring.>’%**#! Recent
work by Cataldo er al.,** who subjected ~1% by volume
concentrations of terpene stereoisomers in toluene to ~10%
ozone content by weight, shows that chirality is preserved
during this first step. We suggest that this may be the case for
ppb and ppt level concentrations as well, where the reactions
cascade beyond the monomeric ozonolysis product to yield
oligomers. In fact, one possibility investigated in the field
of SOA formation studies is that the monomeric terpene
oxidation products undergo chemical reactions such as aldol
addition to produce homo- and heterodimers and oligomers,
whose progressively lower vapor pressures lead to the growth
of the organic components of aerosol particles. A consequence
of this general mechanism is that the initial stereoisomeric mix
of the BVOC reactant—given by the (+)- to (—)-a-pinene
ratio in our example—should determine the chiral balance of
the particle. The chemical mechanism might be dominant for
biogenically dominated regions, such as the Amazon Basin,*
which is described in the following section.

The central Amazon Basin: an ideal natural
laboratory to isolate biogenic SOA production

The Amazon Basin is the region of highest VOC emissions
globally.**® During the wet season, the Amazon represents
a pristine environment with nearly pure biogenic aerosol
particles during much of the year,*’>* making it an ideal
natural laboratory with well-characterized climatological and
meteorological data*® to isolate natural SOA production and
thereby provides a baseline understanding against which to
measure anthropogenic influences. Located on a ridge in the
central Amazon Basin 60 km NNW of downtown Manaus is
aerosol sampling tower TT34,*” which is situated within a
pristine terra firme rainforest in the Reserva Biologica do
Cuieiras and managed by the Instituto Nacional de Pesquisas
da Amazonia (INPA) and the Large-Scale Biosphere-
Atmosphere Experiment in Amazonia (LBA). The forest
canopy height near the tower varies between 30 and 35 m;
the sampling height on the tower is 38.75 m. With respect to
aerosol particles, site TT34 can be described as having wet,
dry, and biomass burning seasons, although the biomass
burning season at TT34 is greatly attenuated (e.g., by a factor
of 100x or more) compared to the “arc of fire” in the southern
regions of the Amazon Basin.

Scanning electron microscopy (SEM) images of characteristic
particle types collected during the recently completed Amazonian
Aerosol Characterization Experiment (AMAZE-08) at TT34
using an impactor onto a substrate during the wet season of
February and March 2008*7>* show that close to 90% of all
detected particles consist of secondary organic aerosol (SOA)
droplets that were formed by atmospheric oxidation and
gas-to-particle conversion of biogenic volatile organic
compounds and in which no other chemical components were
detectable. The remaining portion of the particle phase
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consists of secondary organic material mixed with sulfates
and/or chlorides from regional or marine sources, primary
biological aerosol particles, such as plant fragments or fungal
spores, mineral dust particles consisting mostly of clay minerals
from the Sahara desert, and pyrogenic carbon particles that
exhibited characteristic agglomerate structures and originated
from regional or African sources of biomass burning or fossil
fuel combustion.

Chiral imaging of secondary organic aerosol
particles

While much information is available regarding the origin,
chemical composition, climate properties, and fate of the
aerosol particles sampled during the wet season of February
and March 2008,%”->* the molecular chirality of the particles
was not investigated at that time. The small amount of SOA
that is collected on the sampling filters or impactors makes it
challenging to sample enough material for standard chiral
analytics, which can require significant amounts of mass.”->>
The samples studied here were collected for multiple days
during the 2008 wet season and contained as little as
80 micrograms of organic material, as determined by gravi-
metric analysis. Common sample preparation methods for
chiral analysis of such small amounts of material involve
dissolution of the particle phase followed by preconcentration
prior to measurements or solid phase extraction.”> Nonlinear
optical techniques were applied in the study described herein
to overcome these issues without the need for pre-concentration
or sample destruction. Such methods take advantage of the very
high sensitivity for chirality detection of second harmonic and
vibrational sum frequency generation (SHG and SFG).”’

In the experiments, we use second harmonic and vibrational
sum frequency generation (SHG’®*® and SFG®*!), which
are well-established nonlinear optical coherent methods that
combine chemical specificity with structural sensitivity.®* The
very high sensitivity of SHG and nonlinear optics towards
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chirality®” is manifested by a 100 to 10000 fold increase of
linear dichroism or circular dichroism effects when compared
to non-coherent chirality measurements, > %% and the
molecular origins of this effect are discussed in the literature.’’
SHG and SFG allow for the study of chiral signatures from
limited sample sizes and masses, such as those obtained
through field sampling. Notably, the SHG response of chiral
materials can be strong even when the experiments are carried
out off electronic resonance.®*%>¢7% A milestone in SHG
imaging®”~’® was reached when Kriech and Conboy imaged
functionalized glass slides patterned with R- and S-binaphthol
using chiral SHG microscopy.®® Another milestone was reached
when Hall and Simpson reported the direct observation of
transient Ostwald crystallization ordering from racemic serine
solutions using the same method, albeit with a laser scanning
SHG microscope.”

In general, the SHG response from chiral species is associated
with the y.,. tensor element of the nonlinear susceptibility
tensor %?, which is unique to all chiral species.® Chiral SHG
and SFG signals are bulk allowed, and the intensities scale with
the square of the number of oscillators in a given bulk sample.®°
In the present work, SHG imaging is carried out using Kriech
and Conboy’s + pioneering crossed-beam design,*® which we
adapted for a Ti:Sapphire amplifier laser system operating at a
repetition rate of 1 kHz to produce 120 fs pulses at 800 nm
(Fig. 1A). Fig. 1B shows the SHG response at 400 nm that is
obtained from a plain glass slide following forty minutes of
signal integration time and background subtraction, carried out
by mismatching the arrival time of our two 120 fs probe pulses
at the sample. The sample was imaged through an ultra-long
working distance 10x objective (Zeiss). With a numerical
aperture of 0.2, the maximum resolution for this objective is
1.2 microns. In the area of highest SHG intensity, the CCD
detector (Princeton Instruments PIXIS 1024) records only
around 50 counts per pixel over background in 40 minutes.
The full width at half maximum (FWHM) of the horizontal
SHG intensity profile is calculated from a Gaussian fit to be
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Fig. 1 (A) Crossed-beam SHG microscope for a kHz amplifier laser producing 120 fs pulses operating at incident angles of 20° from the surface
normal. The SHG response is imaged at normal incidence. (B) Background subtracted SHG image obtained from a plain glass slide at 400 nm.
The horizontal and vertical profiles of the SHG E-field, normalized to its highest value and referenced to zero, and Gaussian fit on the horizontal

profile.
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Fig. 2 (A) False-color optical and SHG image (B) from a glass slide that had been pressed against a Teflon filter containing aerosol particle
material from the Amazon Basin. Circles connected by lines mark spatial correspondences between the two images. The vertical dashed lines mark
the full width at half maximum of overlap of the fundamental probe light fields. (C) Zoomed out and slightly lower region of interest in the SHG
image and field of view (white dashed lines) superimposed on its corresponding optical image. (D) Total SHG intensity as a function of incident
power (filled circles) and power fit (line) yielding an exponent of 2.1 &+ 0.1 for incident powers below the dashed vertical line. (E) Vibrational sum
frequency generation difference spectrum obtained from the p + 45p- and the p — 45p-polarized SFG spectra of an aerosol particle-containing
PM10 Teflon filter pressed against a fused silica window. Please see text for details.

90(1) micrometres. The low SHG signal intensities obtained
from glass, which is achiral and possesses a low second-order
susceptibility at the relevant wavelengths, indicate that it is an
appropriate substrate for SHG imaging of secondary organic
aerosol particles from Amazonia.

Fig. 2A and B show the false-color optical and background-
subtracted SHG response, respectively, from a glass slide that
had been pressed against a PM10-filter made of Teflon used
for collecting aerosol particles over the entire size fraction
below 10 micron at tower TT34 during the dry season month
of July 2010. The sample was imaged through a 50x ultra-long
working distance objective (Zeiss). With a numerical aperture
of 0.55, the maximum resolution for this objective is 440 nm at
the SHG signal wavelength of 400 nm. The numerous sub-
micron particles on the PMI10-filter consisting mainly of
secondary organic material, which are uniformly distributed
across the filter, should dominate the chiral SHG response,
provided that they are chiral. In contrast, primary biological
aerosol particles in the supermicron size mode can be expected
to contribute to the chiral SHG response when they are
present in the cross sectional area of the probe beams.
Fig. 2B shows that the aerosol particle material investigated
here produced indeed a sizable SHG response. In fact, the
SHG intensities from the chiral particles can be as high as 1000
counts over background in ten minutes. Fig. 2C, which shows
a zoomed out and slightly lower region of interest super-
imposed on its corresponding optical image, indicates that

only a fraction of the particles are SHG active, a finding we
will examine further below. Fig. 2D shows that the SHG
response follows the expected quadratic power dependence
for the appropriate energy range of fundamental probe light,
after which departures from the quadratic response indicate
the presence of processes other than SHG.

The strong SHG responses are attributable to chiral consti-
tuents in the aerosol particle material, as evidenced by their
strong vibrational SFG linear dichroism responses, which we
quantified independently in separate experiments carried out
with a different amplifier laser system, detection optics, and
laser laboratory. Following Shen’s pioneering work®' as an
independent test for chirality in these studies, Fig. 2E shows a
pmp-polarized vibrational sum frequency generation (SFG)
difference spectrum that was obtained from the p + 45p- and
the p — 45p-polarized SFG spectra of aerosol particle containing
Teflon filters pressed against fused silica windows. A hybrid
scanning/broadband method pioneered by Esenturk and
Walker®* ensured that each vibrational mode is accessed with
the same incident IR power. To avoid optical damage, the
incident pulse energies and foci were limited to 1 microjoules
and 50 micrometres in diameter, respectively. Following our
previously published procedures,®® the SFG spectra were
referenced to the SFG response from a gold substrate to
account for the energy distribution in the infrared for each
polarization combination and normalization to input power.
The difference spectrum shown in Fig. 2E clearly shows strong
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Fig.3 Optical images of (A) MOUDI stage 3 collector plate (3.2-5.6 pm size range; aerodynamic diameter) and (B) a 1 x 1 square inch glass slide
onto which the filter had been pressed. SHG images obtained with a 10x (C) and 50x (D) objective from the area marked by the square. (E) View

of the SHG image shown in (D), zoomed to the rectangular area.

vibrational chiral signal contributions, most of which occur in
the aliphatic CH stretching region. This finding is consistent
with a dominance of natural inputs into chemistry of the
aerosol particles, as anthropogenic inputs are typically associated
with aromatic CH stretches, which occur above 3000 cm ! .5483
After confirming the chiral nature of the particle material on
the collection filters, we proceeded to correlate their optical
and SHG responses. Fig. 2A and B show that the chiral SHG
responses always originate from material on the filter, but that
not all optically visible material produces chiral SHG. In fact,
as stated above, only a fraction of the particles are SHG
active. In addition, we find that much of the chiral SHG
response is due to sub-10-micron particles. Contributions from
larger, primary biological particles, such as polysaccharide-
rich bacteria, pollen, and plant debris—while clearly visible in
the optical image—are minor on a number count basis in the
SHG image. The SHG images presented in Fig. 2 suggest that
this experiment can be carried out in the climate-relevant
submicron size range. We therefore investigated highly size-
resolved filter samples obtained during the 2008 wet season
with a micro-orifice uniform-deposit impactor (MOUDI)®*®
that is located at tower TT34. The 50% aerodynamic-diameter
cutoff points for the stages of the MOUDI are, after an
18-micron cut-point inlet, 10.0, 5.6, 3.2, 1.8, 1.0, 0.6, 0.3, 0.2,
and 0.1 pm, followed by an after-filter that collects the

remaining material with a nominal aerodynamic particle size
of 5.6 um. Fig. 3A shows the optical image of the 3.2-5.6 um
size range, and the concentric deposition pattern is clearly
visible. Fig. 3B shows the photograph of a 1 x 1 square inch
glass slide onto which the filter shown in Fig. 3A had been
pressed, and Fig. 3C shows an SHG image obtained within
20 minutes from the area marked by the square using our
10x objective. Multiple SHG-active spots are found and we
examine three of them further by zooming into the region
marked by the rectangle (Fig. 3D) with the 50 x objective. The
SHG intensity reaches values as high as 1000 counts over
background in 120 min. The digital zoom displayed in Fig. 3E
shows that the SHG response originates from a particle that
has a diameter of about 4 um, which falls within the relevant
aerodynamic cutoff points of this particular sample.
Compared to the 3.2-5.6 pum size range, the 1.0-1.8 pm
aerodynamic size range yields many more SHG active spots
when compared to the optically visible spots. In the next
smaller size range (0.33-0.56 um) we find that the spots
producing appreciable SHG intensities are markedly more
isolated and there are less of them when compared to the
optically visible spots. We conclude that the 1 to 1.8 um size
range contains the greatest relative proportion of particles
exhibiting SHG activity—and thus chirality—when compared
to the optically visible particles. This is quantified in Fig. 4A,
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Fig.4 (A) Percent of particles giving a chiral signal (P%) vs. optically visible particles as a function of aecrodynamic particle size. (B) Background-
corrected SHG E-field per individual particle divided by the volume of that particle averaged over all particles giving chiral signal in each filter
stage examined as a function of average particle volume associated with that filter stage, calculated from the aerodynamic particle size. The straight
line is a linear least-squares fit with a slope of 1.2 £ 0.8 and a slope of —1.01 & 0.05. The inset shows the logarithm of that SHG E-field as a function
of the logarithm of the particle volume calculated from the aerodynamic particle size. All image data were obtained using 40 min signal integration
time and a 10x objective. (C) SHG response normalized to the absolute number of optically visible particles that yield SHG as a function of
aerodynamic particle size showing significant chiral contributions in the climate-relevant fine mode (< 1 micron). An excess of 1000 particles was

analyzed for this data set.
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where we show the ratio of the number of SHG active spots to
the number of optically visible spots for the three acrodynamic
size ranges examined here. 178, 52, and 136 particles were
optically observed for the 3.2-5.6 um, 1.0-1.8 pum, and the
0.33-0.56 pm aerodynamic size ranges, respectively. We rationa-
lize this observation as follows: the particles in the 0.33-0.56 um
size range have a longer atmospheric residence time than the
supermicron particles?’ and are therefore subjected to more
extensive chemical oxidation processing by OH radicals, water
cycling, and related process collectively called ‘aging’ than larger
particles. Given that a few percent of the long-lived particles
show chiral signatures, we conclude that atmospheric aging can
scramble chirality. As a result, the organic material in the aerosol
particles may consist of oligomers each containing the same
number of carbon atoms with opposite stereochemistry, either
arranged randomly or in sequence along the oligomer, or it may
consist of a racemic mix of oligomers that are each characterized
by a net excess of chirality. Particles in the 1.0-1.8 pum size range
have primarily biological cores and are coated by secondary
organic material that is subjected to much less aging,*’ consistent
with the observation that close to half of those particles show
chiral signatures. Consistent with condensational growth,*
AMAZE-08 also showed that the particles in the 3.2-5.6 pm size
have a smaller volume fraction of secondary organic material than
those in the 1.0-1.8 pm size range,*’ which explains the low
percentage of large particles giving the SHG signal. While only
about 5% of the optically visible particles in the 0.33-0.56 um size
range produce a chiral signal, individual particles of this climate-
relevant size range produce by far the strongest chiral response on
a per-unit-volume basis when compared to the other aerodynamic
sizes (Fig. 4B). This is shown for all nine stages of our MOUDI in
Fig. 4C, which indicates that while not all particles in the fine
mode are SHG active, they light up brightly, whereas many
particles in the coarse mode are SHG active, but their SHG
response is dim in comparison. The peak of this chirality distribu-
tion in the size range investigated here coincides with a peak in the
particle surface-to-diameter distribution calculated from the
number-diameter distribution of scanning mobility particle sizing,
optical counting, and ultraviolet aerodynamic particle sizing.*’
This finding suggests the presence of a rich area of scientific
research on the chirality of aerosol particles in the climate-relevant
submicron size range, including surface-mediated reactions whose
rate constants may depend on the molecular chirality of one
terpene stereoisomer over another.®?

Summary and outlook

In this perspective article, we have reflected upon the possibility
of chirality in atmospheric aerosol particles. Our findings
indicate that while not all atmospheric particulate is expected
to be chiral, an important class of atmospheric compounds,
namely secondary organic aerosol particles, can contain chiral
species and impart molecular chirality into atmospheric aerosol
particles. One possible pathway for imparting molecular
chirality into aerosol particles involves the mixing and conden-
sation of chiral VOC oxidation products, which is analogous to
mixing solutions of p- and r-configured sugars for demonstrating
optical rotatory dispersion. Alternatively, aerosol particles
that form via the oligomerization of terpene oxidation

products should produce chiral signals just like industrial
materials do when they are formed from chiral and prochiral
monomeric feedstocks.

While we have not yet determined what portion of a given
particle contains chiral molecules and if that portion has an
effect on the properties of the aerosol particle, we can suggest
the following proposal for future directions in this exciting
new arena of atmospheric chemistry: our finding of chirality in
atmospheric aerosol particles of varying aerodynamic size
ranges and ages leads us to contemplate that just as chirality
can be important for determining the physical and chemical
properties of molecules and materials, so can the chirality be
important for determining aerosol particle properties. For
instance, we expect tacticity, an important parameter for the
melting points and dissolution rates of chiral polymers,'” to be
important for aerosol particles in the atmosphere, where it
could influence climate-relevant properties, including those
that govern phase transitions and mixing. Given that the
existence of chirality in atmospheric aerosol particles from
natural pristine environments can now be readily bench-
marked against the chirality in atmospheric aerosol particles
from anthropogenic environments by using SHG microscopy,
we can also test the potential use of chiral atmospheric markers
as part of anthropogenic source apportionment procedures. For
instance, burning refuse rich in industrial polymers may produce
chiral signals in carbonaceous particulate matter that differ from
those of carbonaceous particulate matter produced from
burning forests. Likewise, chiral markers could contribute to
current methods for distinguishing emissions from fossil and
biofuel combustion. To this end, we are now quantifying
chirality in aerosol particles via appropriately chosen terpene
standards to obtain enantiomeric excess maps of atmospheric
particulate matter, followed by developing statistical analysis
methods for correlating chirality with particle origin and fate.
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