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Abstract. The surface activity of ten atmospherically relevant a-pinene-derived dimers having
varying terminal functional groups and backbone stereochemistry is reported. We find ~10 percent
differences in surface activity between diastereomers of the same dimer, demonstrating that
surface activity depends upon backbone stereochemistry. Octanol-water (Kow) and octanol—
ammonium sulfate partitioning coefficient (Ko4s) measurements of our standards align well with
the surface activity measurements, with the more surface-active dimers exhibiting increased
hydrophobicity. Our findings establish a link between molecular chirality and cloud activation
potential of secondary organic aerosol particles. Given the diurnal variations in enantiomeric
excess of biogenic emissions, possible contributions of such a link to biosphere:atmosphere

feedbacks as well as aerosol particle viscosity and phase separation are discussed.
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Introduction. Secondary organic aerosols (SOA) constitute 20-90% of submicron particulate
matter in the atmosphere, where they influence radiative forcing by scattering and absorbing UV
radiation, and by activating cloud formation.! %3 4 Despite this importance, a continued low level
of scientific understanding places secondary organic aerosols among the least understood
components of the climate system.> %7 One key unknown concerns the oligomeric species that
form from various accretion reactions between atmospheric oxidation products of biogenic volatile
organic compounds.® ' Such high molecular weight compounds are estimated to contribute up
to three quarters of aerosol organic mass.!!: 1 Their long carbon backbones and polar terminal
functional groups are reminiscent of commercial surfactants, and like biological lipids they contain
stereogenic carbon atoms from their pro-chiral and chiral molecular progenitors, such as isoprene,
a-pinene, and B-caryophyllene.

Just like the well-known role of chirality in determining the materials properties of many
industrial polymers,'> 4 backbone stereochemistry could arguably have an important role in
determining climate-relevant properties of atmospheric aerosols.!* ® Here, we hypothesize that
surface activity may differ among stereoisomers, and that certain chiral oligomers may be more
surface active than their monomeric precursors, some of which have already been shown to be
considerably surface active on their own.!” This possibility is especially intriguing given that the
enantiomeric ratio of chiral monoterpenes like a-pinene (i.e., the ratio of (—)-1 to (+)-1, Figure 1)
has been shown to be highly variable in the atmosphere and dependent on region, vegetation,
temperature, time of day, and plant stress.!® 1% 20- 21,22, 23. 24 Qince surface activity is a major
determinant of cloud activation through the lowering of the critical supersaturation required for

25,26,27,28,29

cloud droplet activation, a link between molecular chirality and cloud activation could

perhaps be thought of as a contributing factor in biosphere:atmosphere feedbacks like the ones



elucidated for rainforest aerosols.*® Such a link may also help improve atmospheric models, which
have been shown to underestimate cloud condensation nuclei production by as much as 30-50%
in some cases if surfactants were excluded.’!: 3

There is little to no difference in gas-phase reactivity towards atmospheric oxidants

between enantiomers of chiral biogenic volatile organic compounds,??

suggesting that once
released into the atmosphere, (—)- and (+)-a-pinene react to form oxidation products at the same
rate. For (—)-a-pinene [(-)-1], this process (Figure 1A) begins with an initial conversion to
carbonyl-containing first-generation oxidation products such as pinonaldehyde (2), pinonic acid
(3), hydroxy-pinonaldehyde (4), hydroxy-pinonic acid (5), and pinic acid (6). (+)-a-Pinene [(+)-
1], on the other hand, affords the enantiomeric series of products (i.e., ent-2—6). The
stereochemistry of the first-generation oxidation products is then retained in the subsequent aerosol
particles, as has been shown for both a-pinene and isoprene derived SOA.!% 3* While there has
been some speculation as to the possible impacts of oligomer backbone stereochemistry on the
physical properties and climate-relevant outcomes of SOA,*> 3% 37 quantitative experimental
evidence has yet to be acquired using authentic standards. Furthermore, models often still consider
the two separate enantiomers of biogenic volatile organic compounds as one species, disregarding
the influence of compound stereochemistry on reactivity.®

If one draws the comparison of atmospheric oligomers to industrial polymers — whose
physical properties depend on polymer tacticity and where controlling tacticity is therefore of

paramount importance!3: 14

— the potential impact of oligomer stereochemistry on climate-relevant
properties of atmospheric aerosols becomes apparent. For example, as depicted in Figure 1B,

dimerization and oligomerization of monomers derived from a single enantiomeric source (i.e., (—

)-1 or (+)-1) leads to homochiral secondary organic material (SOM; the specific constituents within



SOA) as shown for scenarios I and III (denoted as all blue or all red balls). The distribution of
stereoisomers becomes more complex when mixtures of enantiomeric monomers are present, as
seen in scenario II. Here, initial dimerization may lead to self-condensation (i.e., blue with blue or
red with red) or may lead to crossed condensation between the two enantiomeric species to
generate diastereomeric dimers of mixed chiral origin (i.e., blue with red). Subsequent accretion
reactions may then proceed in either the same or opposite enantiomeric series, ultimately leading
to a complex mixture of oligomers of mixed chiral origin. The relative rates of these stereochemical
processes are, as far as we know, unknown at this time and no data exists regarding the physical
properties of these stereochemically distinct species.

While interest in investigating chirality and oligomeric species within organic aerosols has
grown, a lack of authentic standards limits our capabilities to probe oligomer formation, physical
properties, and their overall role in atmospheric processes. Thus, our efforts to synthesize such
compounds is motivated by the need for these standards within the atmospheric chemistry
community.!% 3% 4% With a focus on a-pinene-derived oligomeric species putatively identified in

ambient secondary organic aerosol particles, 0 41- 42 43, 44, 45, 46

and as a first step towards
investigating complex oligomers, we report herein the synthesis and evaluation of a-pinene-
derived dimers formed by the homocoupling or cross-coupling of stereochemically defined
monomers by either an aldol reaction or esterification process (Figure 1C). Subsequent
measurements of the interfacial tension depression propensity of our standards, coupled to

octanol-water and octanol-ammonium sulfate partitioning coefficient measurements, establish,

for the first time, a dependency of cloud activation potential on backbone stereochemistry.



A. Enantiomeric forms of a-pinene and derived first-generation oxidation products
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Figure 1. A. a-Pinene is a chiral terpene that exists in two enantiomeric forms [(-)-1 and (+)-1)] related through
reflection by a mirror plane. Both enantiomers may be present in the atmosphere at varying ratios and undergo
oxidation processes initiated by ozone or hydroxyl radicals to yield the corresponding enantiomeric first-generation
oxidation products (e.g., 2—6 and ent-2—ent-6). In this Figure, and in subsequent Figures, blue or red balls are used to
codify the relationship of compounds relative to the enantiomeric forms of a-pinene. B. First-generation oxidation
products derived from a-pinene react with each other through so-called accretion reactions to form complex dimeric
and oligomeric species that constitute significant quantities of material present within secondary atmospheric aerosol
particles. For enantiomerically-pure monomers these growth processes will form homochiral products (i.e., scenarios
I and IT) whose backbone are derived from a single source of chirality (i.e., blue reacts with blue and red reacts with
red). In contrast, for racemic or scalemic mixtures of monomers, accretion reactions may take place between molecules
derived from the same enantiomeric form of a-pinene (i.e., as in scenarios I and IIT) or between molecules derived
from the opposite enantiomers of a-pinene (i.e., scenario II where blue reacts with red). For this more complicated
sequence of reactions, the corresponding dimers and oligomers formed may possess backbones of mixed chiral origin.
C. Specific examples of diastereomeric dimeric species formed by aldol and esterification accretion reactions between

monomers derived from either the same (i.e., 7 and 9) or opposite (i.e., 8 and 10) enantiomeric forms of a-pinene.



Results and Discussion.
Synthesis of Dimer Standards. Our synthesis of the two dimers formed by an aldol reaction
commenced with ozonolysis of (+)-a-pinene [(+)-1] under Schreiber’s conditions*’ to deliver
dimethylacetal 11, which served as a branch point for stereodivergent access to the diastereomeric
aldol adducts 7 and 8 (Figure 2A). Initial efforts sought to couple 11 with ent-pinonaldehyde (ent-
2) via its lithium enolate, but the aldol adduct was produced as a 1:1 mixture of epimeric secondary
alcohols that proved difficult to separate. While it is not clear whether the configuration of this
hydroxyl group is important, we desired to produce material that was isomerically-pure. To
achieve this goal, we utilized Paterson’s procedure for stereocontrolled aldol reactions via (—)-B-
chlorodiisopinocampheylborane [(—)-DIP-Cl] derived boron enolates.*® 4 The dimethylacetal
protecting group within the products was cleaved in a subsequent hydrolytic step. Thus, coupling
11 with ent-pinonaldehyde (ent-2) delivered aldol dimer 7 in 56% yield as an 8:1 ratio of alcohols
over two steps (the configuration of the formed hydroxyl stereocenter was defined based on
analogy).*> % By simply using pinonaldehyde (2) in the reaction with 11 we were able to access
the diastereomeric aldol dimer 8 in a controlled manner. Both compounds were isolated as highly
viscous, honey-like oils at room temperature and ambient pressure.

Our stereodivergent synthesis of the ester-linked dimers commenced from (—)-myrtenol
(12) as a common starting material. An initial Steglich esterification®® of 12 with pinonic acid (3)
gave ester 13 in 87% yield. The methyl ketone within 13 was converted to its enol silane, and the
resultant unpurified compound was exposed to ozonolysis conditions to generate a separable
mixture of acid-aldehyde 14 and keto-aldehyde 15 in 42% and 33% yield, respectively.
Hypochlorite-mediated oxidation of each of these compounds converted the aldehyde functional

group into the corresponding carboxylic acids,’! 16 and 17 (from 14 and 15, respectively), in an



efficient manner. Access to the diastereomeric suite of compounds (i.e., compounds 19-22) was
achieved using the same sequence of reactions but employed ent-pinonic acid (ent-3) in the initial
Steglich esterification. Compounds 14, 21, and 22 were isolated as white, waxy powders; while
the rest of the compounds exist as highly viscous, honey-like oils at room temperature and ambient

pressure (see Supporting Information for photos of representative samples).
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Figure 2. A. Stereodivergent synthesis of the diastereomeric aldol dimers. B. Stereodivergent synthesis of the

diastereomeric ester dimers.



Hydrate Formation of Aldehydes. In previous work, we demonstrated the propensity of terpene
oxidation products containing aldehyde groups to exist in equilibrium with their hydrate form
when in aqueous environments.!” Here, we used '"H NMR spectroscopy to monitor solutions of
compounds 7, 14, and 15 suspended in D>O with and without 100 mM ammonium sulfate. All
three compounds were sparingly soluble, but we did observe hydrate formation at an
approximately 1:1.2 ratio of aldehyde to hydrate after 10 minutes for both compounds 14 and 15,
which was unchanged when measured again after 24 hours. The addition of ammonium sulfate
had no effect on the aldehyde:hydrate ratio. Due to low solubility, the signal to noise ratio was too
poor for compound 7 to quantify the exchange ratio, but we can safely assume it behaves similarly
to the dimers measured here and its monomer precursor pinonaldehyde, measured in our previous
study.!” Likewise, we assume hydrate formation for the diastereomeric series follows the same
trends.

Dynamic Surface Tension Measurements. Dynamic surface tension measurements taken over
10-minute time periods using pendant drop tensiometry were carried out following procedures
previously outlined by this group.!”- %2 The dimers were suspended in both deionized water and 1.0
M ammonium sulfate solution, the latter employed to replicate the high concentrations of inorganic
species in the atmospheric SOA particle bulk phase.’® >* The surface tension of the 1.0 M
ammonium sulfate solution—1.0 M being chosen based on our previous estimate of the upper limit
of salts in SOA particles!’—is approximately 75 mN m!, compared to that of pure water (72.8 mN
m). As atmospheric aerosols and their proxies are most typically studied with some inorganic
content,? herein we highlight the data collected in ammonium sulfate solution (1.0 M ammonium
sulfate solution = pH 5.6); measurements taken in pure water (fresh Millipore water = pH 8.8) can

be found in the Supporting Information. The concentration of the dimers in the 1.0 M ammonium



sulfate solution ranged from 0.01 mM to 0.1 mM, above which they were found to be insoluble.
An activated SOA particle can contain between an estimated 1-500 mM of total organic material,
meaning the concentration of one individual organic species is likely to be lower than that range.>
The concentration ranges surveyed here were therefore based both on these relevant atmospheric
estimations and individual compound solubility.

Across our suite of standards, the data reveals enhanced surface activity of the dimer
species when compared to their monomer precursors.!” We began our investigations by conducting
a comparison between ent-pinonaldehyde (ent-2) and its corresponding aldol dimer 7. At 0.1 mM
in 1.0 M ammonium sulfate, the aldol addition dimer 7 exhibited a relative surface tension
depression roughly 9% greater than its monomer precursor pinonaldehyde (ent-2) at the same
concentration (Figure 3). Even when measured at 1.0 mM, a concentration ten times that of the
dimer species, none of the a-pinene derived monomer species measured in a previous study
showed a greater surface tension depression than the dimers measured here (pinonaldehyde
showed only an 8.6% decrease at 1.0 M in 1.0 M ammonium sulfate).!” The propensity of the
dimers to populate the droplet surface is in agreement with studies which have observed a “crusting
effect,” wherein during liquid liquid phase separation (LLPS) oligomers populate the surface of
particles and over time form a shell-like structure.’®>” The significant difference in surface tension
suppression observed between the monomeric aldehyde ent-2 and its dimeric adduct 7 also serves
to highlight the limitations of correlating O:C ratios of compounds with physical properties, a
practice that is common in the field of atmospheric science.® %% % Our comparison here shows
clearly that two species with identical O:C ratio can have dramatically different climate-relevant

properties.



As our group has previously illustrated, the presence of ammonium sulfate in conjunction
with a-pinene oxidation products depresses the surface tension by as much as 4-5% more than
when measured in pure water.!” This trend is replicated to an even greater degree here: relative to
pure water, the surface tension of a 0.1 mM solution of the aldol addition dimer 7 in 1.0 M
ammonium sulfate is depressed by 8%, compared to a 0.1% decrease at the same concentration in
water (see Supporting Information Figure S2J). This phenomenon can be described by the “salting
out” effect, wherein the presence of inorganic species in the bulk lowers the solubility of organic

species, driving them to the surface of the droplet to form an organic rich crust.>: 34 61. 62
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Figure 3. Surface tension (o) over a 10-minute period for ent-pinonaldehyde (ent-2, top grey trace) and its aldol dimer

(7, bottom grey trace) at 0.1 mM in 1.0 M (NH4)2SOs solution. The black trace shows the reference surface tension of

1.0 M (NHa4)2SOa.



We next turned our attention to investigating the consequences of backbone
stereochemistry on surface tension suppression by comparing our suite of dimeric adducts derived
from either the same enantiomer of a-pinene or from the opposite enantiomeric forms (Figure 4).
Figure 4 shows that the relative surface tension depression differences seen across our suite of
diastereomeric pairs is quantifiable and, in many cases, the magnitude of the observed difference

is significant.
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Figure 4. Surface tension (o) over a 10-minute period for each of the compounds shown. A. Aldol addition dimers,
B. Acid-acid ester dimers, C. Acid-ketone ester dimers, D. Aldehyde-acid ester dimers, E. Aldehyde-ketone ester
dimers. Each compound was 0.1 mM in a 1 M (NH4)2SO4 solution and each trace is an average of 5—7 measurements.

The black trace shows the reference surface tension of 1.0 M (NH4)2SOa4.

In each case, the dimeric adducts derived from opposite enantiomers of a-pinene show a

greater surface tension depression than their diastereomer counterparts. For all compounds, the
difference between diastereomeric pairs exceeds the error in each measurement, which ranged

from 0.11-0.45 mN m™!. The two aldol dimers 7 and 8 displayed similar values of 62.57 mN m"!
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(7) and 61.53 mN m™! (8) (Figure 4A), while the ester dimers displayed variable degrees of surface
tension suppression that appeared to follow a general trend with compound polarity (Figures 4B—
E). The magnitude of the difference between diastereomers varies between compounds, with the
largest relative difference being 6.7 £ 0.8 % between the acid—acid ester dimer diastereomers
(compounds 16 and 21) (Figure 4A), and the smallest being 1.4 = 0.3 % between the aldehyde—
ketone ester dimer diastereomers (compounds 15 and 20) (Figure 4E). Repeating the
measurements at 0.5 mM in pure water gave the same trend, with some deviations at lower
concentrations (see Supporting Information Figure S2).

We attempted to fit the Szyszkowski—Langmuir equation to concentration-dependent
surface tension isotherms (see Supporting Information Figure S4) following the procedures
outlined in our previous work.!” However, for all but one of the compounds the fit was not
satisfactory, indicating this idealized model is inadequate to describe the complex systems studied
here. We were therefore unable to estimate the surface area per adsorbed molecule or the free
energy of adsorption.

Partitioning Coefficients. To gain insight as to the influence of hydrophobicity on the surface
activity of the dimers, we determined the partitioning coefficients for our suite of compounds
between octanol and pure water (Kow), and between octanol and 1.0 M ammonium sulfate solution
(Koas). To determine Kous, each compound was prepared in triplicate at 3 mM in a 1:1 1.0 M
ammonium sulfate:1-octanol solution and sonicated in conical vials for ~24 hours to allow
equilibration. Subsequently, 0.1 mL aliquots were taken from the 1-octanol phase of each vial and
diluted to 0.5 mL with HPLC grade MeOH. Samples were then analyzed quantitatively using

negative mode ESI-LCMS using an Agilent reverse-phase C18 column to determine the molar
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fraction of substrate present within the octanol phase. Octanaol-ammonium sulfate partitioning
coefficients were then calculated according to%

log(Koas) = log (372) 2.
where My is the concentration of the organic species in the octanol phase and M,s is the
concentration of the organic in the ammonium sulfate phase. The corresponding Kow values were
determined in an analogous manner, but pure water was used in place of the 1.0 M ammonium
sulfate solution. Complete experimental details are outlined in the Supporting Information.

Table 2 gives the results of the partitioning coefficient experiments, where a more positive
value for logKow or logKous corresponds to a higher concentration of compound in the octanol
phase, and therefore an increased hydrophobicity.®> The values correspond well with the surface
tension measurements, in that the compounds with the more positive values (i.e., compounds 14,
19, 15, and 20) are most surface active. Similar to the surface tension measurements, small
differences in the logKow or logKo4s values between diastereomers were also noted. With the
exception of the diacid ester dimers (i.e., compounds 16 and 21), the least surface active pair in
our suite, the diastereomers of mixed chiral origin derived from both (+)- and (-)-a-pinene (red
and blue balls), showed slightly more positive logKos and logKow values than their counterparts
derived from a single enantiomer of a-pinene (red or blue balls). The largest difference for both
the logKous (0.5+£0.01) and logKow (0.4 = 0.01) values was seen between the aldehyde acid dimer
diastereomers (i.e., compounds 14 and 19). Studies of synthetic polymers have shown that changes

in tacticity can alter the hydrophilicity of the polymer,!3: 14

and we assert a similar phenomenon
may help to explain the difference in surface activity between the diastereomers studied here. This

effect may be of even greater importance when considering higher order oligomers, where

increased opportunity for structural variability may lead to larger differences in hydrophobicity.
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These differences in solubility may be of importance when considering the LLPS process in
secondary organic aerosol® 6% % as well. Oligomeric species in SOA particles have been cited to
be active in the LLPS process—during which lower volatility, hydrophobic organic species separate

56, 57, 67 Future

from the bulk to create an organic shell-like morphology around an aqueous core.
work is needed to examine the effects of backbone stereochemistry on the LLPS of
atmospherically-relevant oligomers like those studied here. We do note that on average, the
logKous values are slightly more negative than the logKow values, an unexpected result based on

the observed decreased solubility in ammonium sulfate solution. However, this difference is much

smaller than the thermal energy at 300K, and therefore not an issue of significance.
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Table 2. Octanol water partitioning coefficients (logKow) and octanol ammonium sulfate partitioning coefficients (logKo.s) for

each compound determined using negative mode ESI-LCMS. Each value is an average of three measurements.

Implications for Atmospheric Chemistry: Calculation of Cloud Activation Potential. Based
on Kohler theory, the cloud condensation nucleation activity of aerosol particles depends on
particle size and chemical composition, the latter being the determining factor for smaller
particles.% %% 70 Surface-active species are of specific importance to cloud activation, given their

propensity to depress the surface tension at the moment of particle nucleation.?> ?° As a result, the
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water vapor supersaturation ratio needed for cloud activation is decreased. Following procedures

17, 52 53,71

laid out in our previous work inspired by that of the McNeil group, we calculated the
critical supersaturation ratio required for CCN formation (s;/s.) for the dimer standards using the
following equation:®®
(si/sc) = (0/0w)*/? (D

Here, o is the surface tension of a given solute in an aqueous solution and oy is the surface tension
of pure water at 20 °C (72.8 mN m!). We note that this equation disregards the bulk to surface
partitioning of solute particles, which directly influences the Raoult effect and can raise the critical
supersaturation ratio, eclipsing any potential lowering due to surface tension depression.®® 7!
However, when the solute composition in the particle bulk is comprised primarily of inorganic
species, bulk-to-surface partitioning may be limited and the solute concentration in the bulk
remains constant.’® Additionally, the formation of an organic crust layer over an inorganic aqueous
core via liquid-liquid phase separation, a process attributed to oligomeric compounds like those

36,57, 67. 72 73 may also limit surface-to-bulk partitioning.?® ™ Based on these

studied here,
considerations, we make the assumption in this idealized study that the effects on the critical
supersaturation ratio are primarily due to surface tension depression.

Table 1 shows the calculated critical supersaturation ratios for each of the dimer standards.
For each of the compounds, the surface tension value (o) was taken as the average of the last 20
seconds of the 10-minute period (an average of 3—5 measurements). The most surface-active of
the dimer species, the aldehyde-ketone ester dimer 20, boasts a s;. /s, value of 0.779+0.002 (a 22
percent decrease relative to aqueous ammonium sulfate). These s. /s, values are comparable to

the 0.71+£0.001 (29 percent decrease) for B-caryophyllene aldehyde, the most surface active of the

B-caryophyllene oxidation products previously measured by this group.!” In comparing
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diastereomers, the largest difference in critical supersaturation ratios is 9.43+0.005 percent
between the pair of diastereomeric ester dimers 16 and 21, each of which possesses two carboxylic
acid groups. We note that in atmospheric SOA particles these compounds exist in complex
mixtures with other dimers, higher-order oligomers, and VOCs, and not in pure one-component
systems. Yet, the clear differences in CCN activation potential between pure solutions of

diastereomers highlights the importance of studying the effect of backbone stereochemistry on the

physical properties of atmospheric compounds.
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0 1.036+0.005 1.041+0.004 1.045+0.007 1.040+0.007 0.992+0.004
0.01 1.003+0.004 1.037+0.004 0.999+0.004 1.030+0.004 0.955+0.004
0.1 0.851+0.002 0.845+0.003 0.825+0.002 0.817+0.002 0.779+£0.002

Table 1. Supersaturation ratios (s;/s.) for the series of a-pinene-derived dimers. The top row shows compounds
derived from the same enantiomers of a-pinene, while the bottom row shows compounds derived from opposite a-

pinene enantiomers. All compounds were measured at 0-0.1 mM in a 1.0 M solution of (NH4)2SOa4.

Conclusions. The results of our work point to the necessity of considering the stereochemistry of
biogenically emitted VOCs and their subsequent oxidation products when determining the physical
properties of SOAs and their role(s) in the climate system. The propensity of surfactant-like species
to depress the surface tension of an aqueous interface can be described by two factors: the

hydrophobicity of the compound and its influence on the interfacial hydrogen bonding network.
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Our surface tension measurements indicate that the surface activity of the a-pinene-derived dimers
somewhat depends on the backbone stereochemistry of the compounds. Octanol-ammonium
sulfate and octanol-water partitioning coefficient measurements show small differences between
diastereomers, with the more surface-active dimers derived from a condensation of both (+)- and
(-)-1 exhibiting greater hydrophobicity than those derived from a single enantiomer of a-pinene
(i.e., (+)-1 or (—)-1). These small differences would suggest that solubility plays some role in the
increased surface activity of the mixed chirality dimers, however the differences are not so large
as to suggest that solubility is solely responsible. Due to changes in the 3D shape of the dimeric
diastereomers, it is not unreasonable to imagine that their orientation at the interface is also
different, thus influencing the degree to which they disrupt the hydrogen bonding network.”
Future work is needed to establish the absolute orientation of the dimers at the particle interface in
order to further explain the observed differences in surface depression propensity. Such molecular
studies require chemical bond selectivity, along with structural sensitivity and surface selectivity.
As oligomers and their monomeric precursors often share the same or similar O:C ratio, it would
be challenging to speciate them using this parameter that is otherwise widely used to describe the
overall polarity and properties of organic aerosol particles.’3- > 60

Our findings indicate that particle surface properties resulting from the presence of a-
pinene derived dimer species depend in part on the backbone stereochemistry of the oligomeric
compounds. Based on our results, climate models may be underestimating cloud activation in
scenarios where both enantiomers of a monomeric precursor are present, such as (+)- and (-)-o.-
pinene, allowing for the formation of various dimers in different quantities that exhibit different
surface activities. One can also consider higher-order oligomers, where the potential for increased

variability between monomer stereochemistry and a greater dependence on atmospheric

17



enantiomeric excess may have a more significant impact on SOA properties than is currently
understood. The possibility that changes in enantiomeric excess triggered by plant stress or other
exogenous influences could enhance or diminish cloud activation over a forest region may also be
considered. Our future synthetic efforts will seek to address this topic by targeting higher order
oligomers of differing backbone stereochemistry. In addition, determining the formation rates of
specific oligomers in SOA with stereochemical specificity will be essential to better quantify the
relationship between atmospheric enantiomeric excess and cloud activation. Given the ample data
on how chirality can be used to control properties of polymeric materials and the critical
importance of enantiopurity in drug action, particle measurements of viscosity and LLPS should
also be performed to determine how they are influenced by molecular chirality. Moreover, surface-
specific measurements are needed to determine how stereochemistry influences interfacial
configuration and orientation of these molecules.”® Access to the standards highlighted in this work

will help to enable such endeavors.
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