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Abstract

The morphology of mixed organic/inorganic particles can strongly influence the
physicochemical properties of aerosols but remains relatively less examined in particle formation
studies. The morphologies of inorganic seed particles grown with either a-pinene or limonene
secondary organic aerosol (SOA) generated in a flow tube reactor were found to depend on initial
seed particle water content. Effloresced and deliquesced ammonium sulfate seed particles were
generated at low relative humidity (<15% RH, dry) and high relative humidity (~60% RH, wet)
and were also coated with secondary organic material under low growth and high growth
conditions. Particles were dried and analyzed using SMPS and TEM for diameter and substrate-
induced diameter changes and for the prevalence of phase separation for organic-coated particles.
Effloresced inorganic seed particle diameters generally increased after impaction, whereas
deliquesced inorganic seed particles had smaller differences in diameter, although they appeared
morphologically similar to the effloresced seed particles. Differences in the changes to diameter
for deliquesced seed particles suggest crystal restructuring with RH cycling. SOA-coated particles
showed negative diameter changes for low organic growth, although wet-seeded organic particles
changed by larger magnitudes compared to dry-seeded organic particles. High organic growth

gave wide ranging diameter percent differences for both dry- and wet-seeded samples. Wet-seeded

particles with organic coatings occasionally showed a textured morphology unseen in the coated



particles with dry seeds. Using a flow tube reactor with a combination of spectrometry and
microscopy techniques allows for insights into the dependence of aerosol particle morphology on

formation parameters for two seed conditions and two secondary organic precursors.

1. Introduction

Aerosol particles are found throughout the atmosphere and are known to influence the
global climate as well as human health, yet their specific effects are not fully understood. Organic
material is a substantial and diverse component of atmospheric aerosol particles, representing
between 20% and 90% of all particles by mass, and the pathways of formation and inclusion of
organic compounds into aerosol particles is of continued interest.> Mixed secondary
organic/inorganic laboratory particles are a well-studied proxy system for environmental aerosol
particles.>> Secondary organic material is commonly generated in a laboratory environment from
the oxidation of atmospherically relevant monoterpenes, including a-pinene and limonene. -
Pinene is emitted from forest vegetation and is the most abundant of the monoterpenes.’3
Limonene is another highly reactive monoterpene that may have a significant presence in indoor
environments due to its inclusion in common household cleaners or other scented products.”!!
The low volatility products of monoterpene oxidation can nucleate new particles, condense onto
preexisting seed particles, or participate in reactive uptake into the particle phase, all of which
result in the formation of secondary organic aerosol (SOA).'? Ammonium sulfate, which is a

common inorganic component in continental aerosol, is often used as laboratory seed particle

material. Laboratory particles of mixed composition can be used to model aerosol systems that



exist in the atmosphere and are frequently used to study aerosol particles under controlled
conditions. These proxy aerosol particles allow for the systematic examination of the influence of
particle-level formation parameters on the final physicochemical characteristics of more complex
particles.'3

The liquid water content, and, by extension, the phase state, of the inorganic seed particle
at the time of coating with organic material has been shown to influence the physical and chemical
properties of the resulting organic/inorganic mixed particles.'*2? Several studies demonstrate the
dependence of the terpene secondary organic chemical products of either reactive uptake or
particle phase reactions on the liquid water content of the seed particle.!* 161822 At high relative
humidities above the deliquescence point of the inorganic salt, seed particles exist as liquid
droplets and this aqueous phase is able to support chemical reactions like oxidation and
oligomerization.!*!> Higgins et al. saw a substantial increase in the conversion of a-pinene
precursor to secondary organic material on deliquesced seeds compared with effloresced seeds due
to reactions in the aqueous phase.!® Song et al. reported that light absorbing products from acid-
catalyzed oligomerization reactions were observed for SOA formation on acidic seeds under dry
conditions, but disappeared at moderate relative humidities.!” This change was likely driven by
high acidity conditions at low relative humidities, which was also seen by Nestorowicz et al. who
described greater isoprene SOA yields on dry acidic seeds but minimal enhancement above 44%
RH.!® Seed particles at a high liquid water content have been shown to promote the partitioning of
hydrophilic gas-phase species and reactive uptake of water-soluble compounds, enriching these
species during the formation of a-pinene secondary organic coatings on deliquesced seeds.!4!” A
similar effect was seen for toluene SOA.2%?! Further, Huang et al. observed an enhancement of

limonene SOA formation in the presence of a particle air-water interface over dry particles due to



uptake of surface active volatile organic compounds, with greater enhancements at higher particle
water volume fractions.?? Overall, volatile species are able to diffuse into deliquesced inorganic
seed particles more easily than effloresced ones and the yield and chemical identities of the
products of heterogeneous and particle phase reactions are altered at elevated relative humidities
due in part to the increased accessible aqueous volume.!#16:18:20

When mixed, organic and inorganic components within an aerosol particle can assume a
variety of morphologies including phase separated or homogeneous configurations depending on
the chemical components and local relative humidity.>*> Morphology can dramatically impact
chemical and physical properties of aerosol particles. When particles are phase separated and form
a core-shell morphology, the outer organic shell is known to limit particle reactivity through
reduced diffusion of gaseous species into the particle.>*?” This inhibition is especially true at low
relative humidities when organic phases can be glassy.?®? Well-mixed particles also show
different optical properties from phase separated particles of the same composition.>*3* Organic
species enriched at the surface of a particle reduce its surface tension, leading to higher cloud
condensation nuclei activity.>* Most studies of the relative humidity-dependent formation of SOA
examine chemical composition, usually with mass spectrometry.!418-20.3235.36 The physical
morphology of SOA particles is a crucial determining factor for aerosol properties and reactivity,
yet fewer investigations examine this aspect of particle formation.?”-3

Here, we use transmission electron microscopy (TEM) and scanning mobility particle size
spectrometry (SMPS) to assess the influence of inorganic seed particle water content on the
morphology and surface interactions of both inorganic ammonium sulfate seeds and mixed -

pinene or limonene secondary organic/inorganic aerosol particles. Two classes of inorganic seed

particles, deliquesced (wet, ~60% RH) and effloresced (dry, <15% RH), are assessed using SMPS



and TEM. The wet seeds are deliquesced under supersaturated conditions and then equilibrated at
~60% RH, forming metastable aqueous nanodroplets with respect to ammonium sulfate, whereas
the dry particles are maintained below 15% RH. Both classes of seeds are sent into a flow tube
reactor where they are coated in freshly generated secondary organic material and analyzed for
size and morphology. Limonene organic and wet particle measurements are compared to results
from our previous study of c-pinene secondary organic material on dry particles.>* Importantly,
water content classifications (“wet” and “dry”’) apply to the phase state of the particles within the
flow tube reactor, and particles of all types are dried to <15% RH before collection to prevent
coalescence and splatter upon impaction. “Seeds” refer to bare inorganic particles while “seeded
particles” refer to the mixed organic/inorganic particles, usually with an indication of the seed
phase state at the time of organic coating. The particles studied here are in the Aitken mode, which
is the dominant atmospheric mode by number concentration,*’ and the two phase state extremes

are used to represent contrasting atmospherically relevant conditions.

2. Methods

Detailed descriptions of the aerosol particle generation methods and analysis used here
have been reported in previous studies (generation: Higgins et al., 2022 and analysis: Tackman et
al., 2023).'%% In brief, samples of bare seed particles and a-pinene or limonene secondary organic
coated particles were produced at the University of Delaware using a flow tube reactor and shipped
on dry ice to the Pennsylvania State University for analysis.

To generate deliquesced seed particles, atomized ammonium sulfate (99.9995%, Sigma-
Aldrich Co.) particles were dried and size selected using a differential mobility analyzer (DMA,

SI 3085). This flow was then humidified in a condensational growth chamber (CGC, custom



device from Aerosol Dynamics Inc.) where the particles were exposed to temperature-controlled
regions of supersaturated water vapor to produce deliquesced droplets. The humidified particles
were then directed into the flow tube reactor with ozone and water vapor to maintain the relative
humidity around 60%. For organic growth experiments, a flow of a.-pinene (98%, Sigma-Aldrich
Co.) or limonene (97%, Acros Organics) was also added to the flow tube to react with ozone and
form secondary organic material which condensed onto the seed particles. Different levels of
organic growth were achieved using constant ozone concentrations, between ~275-350 ppbv O3,
and varying concentrations of secondary organic precursor. For c-pinene, concentrations ranged
from 5-10 ppbv for low growth experiments and 10-100 ppbv for high growth experiments. For
limonene, ranges were 5-35 ppbv for low growth experiments and 10-200 ppbv for high growth.
Low growth conditions yielded thin organic coatings with a total thickness below a certain
threshold value as measured by the change in mobility diameter, while high growth conditions
yielded thicker coatings with a total thickness greater than the threshold. Threshold values were
11 nm for a-pinene and 6 nm for limonene.

Populations of effloresced seeds and effloresced seeds with organic coatings were
generated in the same way as deliquesced samples, but without the condensational growth chamber
and final diffusion dryer, which caused the effloresced samples to remain below 15% RH for the
duration of the experiment. A schematic of the flow tube configuration and the particle flows used
here can be found in the Supplementary Information (Figure S1).

Finally, in order to provide a stable environment for SMPS analysis and to prevent particle
splatter upon impaction, the seeds or coated particles exiting the flow tube were passed through a
diffusion dryer to rapidly decrease the relative humidity to <15%. In addition to SMPS

measurements, particles were collected onto TEM grids made of continuous carbon film at



standard thickness over a 200-mesh copper support (Electron Microscopy Science) using a
nanometer aerosol sampler (NAS, TSI 3089). It is of particular importance that low relative
humidity was maintained around samples between the times of collection and imaging to prevent
changes to morphology caused by freezing and thawing of moisture within the particles.*! Samples
of deposited particles were packed in desiccant and frozen immediately after generation at the
University of Delaware. Batches of prepared samples were shipped overnight when possible from
the University of Delaware to the Pennsylvania State University on dry ice to prevent water vapor
from accumulating during transfer. After arrival at the Pennsylvania State University, sample-
laden grids were placed in a desiccator to thaw and were analyzed promptly (typically within one
week). Control experiments performed and published previously show that particles are stable in
storage under these conditions.*

Additional effloresced seed samples were generated at the Pennsylvania State University
to ensure that the freezing and shipping process did not influence the samples. For these samples,
a 0.1 wt% ammonium sulfate (ACS Grade, Millipore) solution was atomized (TSI 3076) and the
resulting particles were rapidly dried to <10% RH in a diffusion dryer, size selected using an
electrostatic classifier (TSI 3080) and a DMA (TSI 3081), and deposited onto a TEM substrate
using a cascade impactor (8-stage mini-MOUDI, Model 135, MSP Corp.). As with the samples
made at the University of Delaware, the substrates were a standard carbon/copper grid (Electron
Microscopy Science) and samples were analyzed within one week of generation. Nominal median
electrical mobility diameters are reported for these samples.

TEM studies were performed using a Talos F200C (FEI) with the cryo box engaged for all
samples. Samples were cooled to cryogenic temperatures using liquid nitrogen in single tilt cryo-

holders (Gatan) and the cryo box prevented ice accumulation on the sample. Cryogenic conditions



were maintained around the grid during analysis to reduce beam damage to the particles. Particle
size analysis was performed in ImageJ (NIH) by manually selecting particle and core perimeters
for area-equivalent diameter calculations. Resolution for TEM depends on the magnification used,
but typical pixel values for this study are 0.32 nm/pixel or 0.4 nm/pixel. For all experiments, no

unexpected or unusually high safety hazards were encountered.

3. Results

Effloresced and deliquesced ammonium sulfate seeds and proxy organic aerosol particle
sizes were characterized using SMPS and TEM and particle morphologies using TEM. The
morphological features assessed in this study were electrical mobility diameter (Dm, SMPS) for
suspended particles, projected area-equivalent diameter (Dpa, TEM) for impacted particles, particle
shape, and phase separation. Particle-surface interactions were also investigated through changes
to the median diameter of the particle populations before and after collection onto a substrate.

These changes are reported as a percent difference, defined in Equation 1:

(1) Percent Dif ference = (D’"[‘)J) X 100

or in other words, the difference between a particle’s diameter after impaction compared to its
suspended diameter. Expressly, for a particle population with an increased median diameter after
substrate deposition, Dp, will be greater than Dy, and the percent difference will be positive. It is
worth emphasizing again that all populations of wet particles, both seeds and coated particles,
passed through a diffusion dryer after exiting the flow tube, and thus all diameters reported for wet
samples are for particles that have undergone this final drying step. As a visual guide, graphics
illustrating the expected morphology and water content for each type of particle at each stage of

generation can be found in Figures S2 and S3 in the supplement. Specifically, wet particles



experienced an additional deliquescence-efflorescence cycle while dry particles remained
effloresced after the size-selection step for the entirety of the experiment. For a similar
experimental setup, Faust et al. found that a-pinene secondary organic material on deliquesced
seeds did not evaporate with statistical significance after passing through a diffusion dryer after
coating.!* So, in the studies reported here, we expect that most of the water is removed before

SMPS analysis and sample collection with minimal effect on the organic content.

3.1 Wet and Dry Seed Particles

The Dm of suspended deliquesced and effloresced ammonium sulfate seed populations
were measured using SMPS. The same populations of particles were deposited onto a substrate
and analyzed using TEM for morphology and Dy.. Figure 1 shows typical D and Dya distributions
for the size selected deliquesced and effloresced seeds as well as a representative image of a
particle of each type. Generally, both deliquesced and effloresced particles had similarly round
shapes and an even contrast with the background as shown in Figures 1b and 1d. However, the
two types of seeds showed dissimilar behaviors after deposition onto a substrate, in terms of the
signs and magnitudes of their percent changes in diameter. Table 1 enumerates the median Dy, and
Dpa for each population of wet and dry seed particles and their respective percent changes. After
impaction, dry ammonium sulfate seeds increased in diameter by between +0% and +30% of their
suspended diameters while wet ammonium sulfate seed droplets changed by —6% to +4% of their
suspended diameters. For dry seed particles these ranges represent numerical diameter increases
of +0.1 nm to +18.8 nm, and for wet particles these changes demonstrate diameter changes from
—4.0 nm to +1.4 nm. These are the minimum and maximum values from calculating the difference

between the Median (TEM) column and Median (SMPS) column for each sample in Table 1.



Figure S4 graphically depicts the Dpa vs. Dm relationship for wet and dry seeds where percent

differences are shown as deviations from a one-to-one line.
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Figure 1. Representative size distributions and TEM images for dry and wet seed particles. a,c) SMPS
size distributions (solid lines) show the number of suspended particles vs. Dm and the TEM size
distributions (colored bars) show the number of deposited particles vs. Dpa for the same population of
aerosol seed particles. b,d) TEM images of wet and dry seed particles show that both types of seeds have
similar appearances with rounded shapes and even contrast. Scale bars 50 nm.

Table 1. Wet and Dry Ammonium Sulfate Seed Particles

S @ " . |Median D_|Median D,
eed Type eneration n
(smps)’ | (TEM)’

% differenced

53 39.9 nm 44.4 nm +11%

111 39.5 nm 40.1 nm +1%

Dry’ University of | 55  39.5nm  40.1nm +1%
Delaware 185  40.lnm  42.1nm +5%

208 37.5 nm 48.9 nm +30%

127 41.6 nm 44.7 nm +7%




129 41.5 nm 44.3 nm +7%
10 61.3 nm 64.9 nm +6%
122 61.0 nm 65.4 nm +7%
185 61.1 nm 61.0 nm 0%
111 64.0 nm 68.6 nm +7%
136 63.0 nm 77.3 nm +23%
120 62.7 nm 68.3 nm +9%
The 30 80 nm 85.6 nm +7%
Pennsylvania
State 16 80 nm 87.7 nm +10%
University 105 100 nm 118.8 nm +19%
53 42.7 nm 42.2 nm —-1%
129 42.7 nm 41.4 nm -3%
59 41.6 nm 40.2 nm -3%
133 42.6 nm 41.2 nm -3%
) ) 113 43.7 nm 44.4 nm +2%
Wet Ug:g\ifge(’f 113 367nm  382nm +4%
115 66.9 nm 68.4 nm +2%
101 64.9 nm 61.0 nm —6%
134 65.5 nm 61.6 nm —6%
214 60.9 nm 60.1 nm -1%
227 60.3 nm 59.8 nm -1%

* humber of particles analyzed per sample

° median particle mobility diameter (D, )
‘ median particle projected area diameter (Dpa)

dpercent difference between the median mobility diameter and median projected
area diameter as defined by Equation 1
*Results from Tackman et al., 2023%°

3.2 Secondary Organic Growth of Wet and Dry Seeds

The morphologies of effloresced and deliquesced ammonium sulfate seeds grown by the
formation of a-pinene and limonene secondary organic aerosol material generated under low and
high organic growth regimes were assessed for dependence on the water content of the initial
inorganic seed. a-Pinene results are shown in Figures 2 and 3 and limonene results are displayed
in Figure 4 and 5. Figures 2 and 4 show typical D and Dy, size distributions for populations of
particles with low secondary organic growth on deliquesced and effloresced ammonium sulfate
seeds and a representative image of a phase separated particle for each seed type. Figures 3 and 5

show the same for high growth samples. All images in Figures 2-5 show a shell of organic material



around an ammonium sulfate core with a visible phase boundary indicated by a white arrow. The
percentage of particles from each sample showing phase separated and homogeneous
morphologies along with the median core Dya and shell thickness for phase separated particles as
determined from TEM imaging are given in Tables 2 and 3. Also presented are the corresponding
seed size and change in Dn from organic growth, or organic shell thickness, of the suspended
particles as observed via SMPS. Finally, median Dy, and Dya for each population are given along

with their corresponding percent differences.

3.2.1 a-Pinene

a-Pinene sample populations with low organic growth consistently showed decreases to
median diameters after impaction with dry-seeded particles displaying negative percent
differences by —6% to —9% of their initial diameters and low organic growth on wet seeds
exhibiting slightly larger negative percent differences from —9% to —13%. These ranges in percent
differences represent numerical diameter decreases of —2.9 nm to —5.9 nm for low growth on dry
seeds, and —5.9 nm to —7.6 nm for low growth on wet seeds. These are the maximum and minimum
values found from calculating the difference between the Median (TEM) column and Median
(SMPS) column for each a-pinene sample in Table 2. For a-pinene high growth samples on both
dry and wet seeds, a wide range of percent changes were observed. Between +48% and —36%
differences in diameter were observed for c-pinene high growth on dry seeds and between —19%
and —35% differences were seen for the same on wet seeds. These ranges in percent differences
represent diameter changes of +33.0 nm to —31.3 nm for high growth on dry seeds, and diameter
decreases between —12.1 nm and —28.1 nm for high growth on wet seeds. These are the maximum

and minimum values found from calculating the difference between the Median (TEM) column



and Median (SMPS) column for each a-pinene sample in Table 3. Figure S5 graphically depicts
the Dpa vs. D relationship for c-pinene secondary organic growth on wet and dry seeds where
percent differences are shown as deviations from a one-to-one line. In all cases, c-pinene high

organic growth on both wet and dry seeds showed size deviations of larger magnitude after

substrate deposition than low growth samples.
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Figure 2. Representative size distributions and TEM images for a-pinene secondary organic low growth
on dry and wet seed particles. a,c) SMPS size distributions (solid lines) show the number of suspended
particles vs. D and the TEM size distributions (colored bars) show the number of deposited particles vs.

D,, for the same population of coated aerosol particles. b,d) TEM images of low o-pinene secondary

organic growth on wet and dry seed particles displaying phase separation. Secondary organic coatings
surround ammonium sulfate cores with visible phase boundaries indicated by a white arrow. The wet-
seeded organic particle in panel D shows a textured morphology. Scale bars 100 nm.
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Figure 3. Representative size distributions and TEM images for a-pinene secondary organic high growth
on dry and wet seed particles. a,c) SMPS size distributions (solid lines) show the number of suspended
particles vs. D and the TEM size distributions (colored bars) show the number of deposited particles vs.

D, for the same population of coated aerosol particles. Both wet and dry TEM distributions are at a
significant negative offset from the corresponding SMPS distributions, indicating the negative percent
differences observed for most of these populations. b,d) TEM images of high c-pinene organic growth
on wet and dry seed particles displaying phase separation. Secondary organic coatings surround
ammonium sulfate cores with visible phase boundaries indicated by a white arrow. The wet-seeded
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organic particle in panel D shows a mildly textured morphology. Scale bars 50 nm.

Table 2. Low Organic Growth on Wet and Dry Seed Particles

. |Median D_[Median Dy, a % phase :| Growth | Growth | Seed Size | Core Size
SOA Type" [Seed Type " % diff % h h i j
ype " smps) | @EM) [0 N keparatea] 7° "OMOBEMCOUS | omps)t | (TEM)” | (smps) | (TEMY
( )
48 45.6 nm 42.6 nm 7% 19% 77% 5.7 nm 10.0nm  39.4 nm 37.4 nm
98 45.6 nm 42.4 nm 7% 51% 43% 5.7 nm 8.0 nm 39.4 nm 33.7 nm
. 127 47.1 nm 44.2 nm —6% 47% 39% 4.0 nm 3.3 nm 43.1 nm 40.9 nm
Dry

a-Pinene 227  66.6 nm 61.1 nm -8% 68% 27% 5.5 nm 13.7 nm 61.1 nm 48.1 nm
68 68.0 nm 62.0 nm 9% 43% 42% 5.2 nm 183nm  62.8 nm 41.6 nm
127 68.5 nm 63.0 nm -8% 84% 11% 5.8 nm 145nm  62.8 nm 49.7 nm

Wet 74 47.8 nm 41.7 nm -13% 95% 1% 4.3 nm 104nm  44.0 nm 31 nm




203  47.2nm 41.4 nm -12% 97% 2% 2.8 nm 9.2 nm 44.4 nm 32.5 nm
51 77.9 nm 71.1 nm 9% 14% 84% 10.3 nm 4.1 nm 67.7 nm 65.4 nm
112 77.8 nm 71.1 nm 9% 5% 92% 10.3 nm 3.8 nm 67.7 nm 69.1 nm
114 713 nm 64.4 nm -10% 3% 2% 6.1 nm NA 65.2 nm NA
147 727 nm 65.1 nm -10% 1% 2% 7.5 nm NA 65.2 nm NA
130 40.6 nm 35.7 nm -12% 95% 3% 4.5 nm 7.3 nm 36.1 nm 28.6 nm
156  41.8 nm 36.5 nm -13% 56% 44% 5.8 nm 3.7 nm 36.1 nm 32.5 nm
Dry 179 37.8 nm 36.3 nm —4% 89% 9% 2.2 nm 4.5 nm 37.8 nm 31.8 nm
Limonene 220 39.7nm 39.2 nm -1% 36% 64% 1.9 nm 2.7 nm 37.8 nm 36.7 nm
178  40.2 nm 41.9 nm +4% 10% 90% 2.4 nm 2.5nm 37.8 nm 51.0 nm
180 473 nm 43.3 nm —8% 51% 49% 4.0 nm 4.2 nm 43.3 nm 37.9 nm
et 209  48.9nm 42.8 nm -12% 64% 94% 5.6 nm 126 nm 433 nm  31.0 nm

* humber of particles analyzed per sample

° median particle mobility diameter (D, )

c . . . .
median particle projected area diameter (Dpa)

dpercent difference between the median D and median Dpa as defined by Equation 1

¢ percent of particles displaying obvious phase separation

: percent of particles displaying obvious homogeneous morphology

gparticle growth observed by SPMS defined by the difference in D before and after the coating process

" particle growth observed by TEM defined by the difference between the Dpa of the full particle and the Dpa of the core phase, or else twice the shell

thickness

'median D, of the seed particles before coating

! median Dpa of the core phase in the coated particle

“All samples were generated at the University of Delaware

*Results from Tackman et al., 202339

Table 3. High Organic Growth on Wet and Dry Seed Particles

o Seed . [Median D _[ Median Dy, . a| % phase | Growth | Growth | Seed Size | Core Size

SOATYPe | Type | ™ | (smps) | (rEM) | difference | rateal”® "0 smps)’ | xEm)® | smps)” | rEm)
30 56.1 nm 41.7 nm —26% 73% 14% 16.6 nm 8.4 nm 40.0 nm 33.6 nm

114 71.2nm 105.4 nm +48% 41% 36% 303nm  702nm  409nm 393 nm

92  48.0nm 42.5 nm -11% 7% 91% 13.1 nm 5.7 nm 37.6nm  32.0 nm

121  64.4nm 41.4 nm -36% 92% 5% 22.2 nm 4.8 nm 42.2 nm 36.5 nm

Dry* 155  62.9nm 42.3 nm -33% 88% 9% 20.7 nm 4.3 nm 422nm  38.2nm

60 1013nm  77.1nm —24% 43% 45% 40.6 nm 5.5 nm 62.7nm 1054 nm

a-Pinene 147 1032nm  72.0 nm -30% 65% 29% 40.6 nm 5.0 nm 62.7nm  93.8nm
92  77.5nm 62.8 nm -19% 45% 54% 152nm  253nm  624nm  37.0nm

174 77.9 nm 62.4 nm —20% 80% 14% 155nm  242nm  624nm  384nm

105  58.7nm 46.6 nm —21% 38% 52% 14.0 nm 3.8 nm 447nm  49.2nm

Wet 59 84.0 nm 66.3 nm —21% 88% 9% 17.1 nm 13.8nm  66.9 nm 53.6 nm

107 823 nm 66.4 nm -19% 81% 5% 158nm  31.0nm  66.5nm  35.6 nm

37 85.8 nm 69.8 nm -19% 78% 8% 21.1 nm 199ntm  64.6nm  48.5nm




130 60.9 nm 42.6 nm -30% 83% 15% 18.5 nm 5.9 nm 429nm  36.9 nm

154  80.8 nm 52.7 nm -35% 81% 1% 158nm  190nm  65.0nm  33.9nm

74 54.0 nm 37.5nm —31% 92% 4% 16.1 nm 7.4 nm 37.9 nm 30.5 nm

Dry 153 55.1nm 37.8 nm -31% 74% 24% 17.5 nm 5.2 nm 37.7nm  32.7nm

189 47.7nm 37.2 nm —22% 82% 3% 9.9 nm 7.5 nm 37.9 nm 30.2 nm

149  48.4nm 36.9 nm —24% 92% 6% 10.6 nm 7.2 nm 37.8 nm 30.0 nm

Limonene 212 664nm  44.7nm -33% 45% 54% 217nm  53nm 44.6nm  39.1 nm

Wet 214  66.4nm 44.6 nm -33% 63% 37% 21.8 nm 5.9 nm 44.6nm  39.0 nm
106 69.2 nm 51.1 nm —26% 3% 93% 24.1 nm NA 45.1 nm NA

108  54.5nm 38.1 nm -30% 71% 27% 10.8nm  635nm  43.6nm 32.17nm

161 52.5nm 39.1 nm —26% 61% 37% 887nm  6.54nm  43.6nm 31.89 nm

Column descriptions found in notes below Table 2

3.2.2 Limonene

Samples with limonene secondary organic low growth exhibited variable changes in
diameter after impaction. Limonene low growth populations with dry seeds showed a range of
both positive and negative percent differences from —12% to +4%, which was the largest range in
percent changes for any of the low growth samples for either SOA type. Populations with wet
seeds ranged in percent change from —8% to —12%. These ranges in percent differences represent
numerical diameter changes spanning —5.3 nm to +1.7 nm for low growth on dry seeds, and —4.0
nm to —6.1 nm for low growth on wet seeds. These are the maximum and minimum values found
from calculating the difference between the Median (TEM) column and Median (SMPS) column
for each limonene sample in Table 2. Narrower ranges in percent changes were observed for
limonene high growth samples on both dry and wet seeds when compared to a-pinene high growth
samples. Between —22% and —31% differences in diameter were seen for thick coatings of
limonene growth on dry seeds and between —24% and —33% differences were seen for the same
on wet seeds. These ranges in negative percent differences represent diameter changes of —10.5

nm to —17.3 nm for high growth on dry seeds, and diameter decreases between —11.5 nm and —




21.8 nm for high growth on wet seeds. These are the maximum and minimum values found from
calculating the difference between the Median (TEM) column and Median (SMPS) column for
each limonene sample in Table 3. Figure S5 also graphically depicts the Dpa vs. D relationship

for limonene secondary organic growth on wet and dry seeds.
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Figure 4. Representative size distributions and TEM images for limonene secondary organic low growth
on dry and wet seed particles. a,c) SMPS size distributions (solid lines) show the number of suspended
particles vs. D_ and the TEM size distributions (colored bars) show the number of deposited particle vs.

D,, for the same population of coated aerosol particles. Size distributions for both wet- and dry-seeded

populations are as a slight negative offset, indicating the small negative percent differences typical for
these populations. b,d) TEM images of low limonene secondary organic growth on wet and dry seed
particles displaying phase separation. Secondary organic coatings surround ammonium sulfate cores with
visible phase boundaries indicated by a white arrow. The wet-seeded organic particle in panel D shows a
mildly textured morphology. Scale bars 50 nm.
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Figure 5. Representative size distributions and TEM images for limonene secondary organic high growth
on dry and wet seed particles. a,c) SMPS size distributions (solid lines) show the number of suspended
particles vs. D and the TEM size distributions (colored bars) show the number of deposited particles vs.

D, for the same population of coated aerosol particles. Both wet and dry TEM distributions are at a

significant negative offset from the corresponding SMPS distributions, indicating smaller diameters for
these particles after deposition. b,d) TEM images of high limonene secondary organic growth on wet and
dry seed particles displaying phase separation. Secondary organic coatings surround ammonium sulfate
cores with visible phase boundaries indicated by a white arrow. The wet-seeded organic particle in panel
D shows a textured morphology. Scale bars 50 nm.

4. Discussion
4.1 Wet and Dry Seed Particles

A difference between suspended and impacted median diameters was observed for all seed
particle populations at each water content and the magnitudes and signs of these changes are
expressed as percent differences in Table 1 and visually in Figure S4. Changes in seed diameter

might be observed as a result of changes in particle volume or else impaction and spreading.



Presumably, inorganic seed particles with positive percent changes can be said to have spread
along the substrate surface. Lee et al. saw an approximately 13% increase in particle width after
impaction onto a substrate for a dry sodium chloride particle.** For this experiment, it is unlikely
that particles increased in volume in desiccated storage and under vacuum conditions within a
TEM, so any positive changes in diameter with conserved particle volume are inferred to be a
consequence of horizontal particle deformation upon impaction. Spreading, characterized by a
positive percent change to median diameter, is observed in all dry seed particle samples, as well
as several wet seed particle samples.

Either physical restructuring or loss of residual water likely accounts for the negative
changes in diameter for some wet particle samples. Higgins et al. previously examined dry and
wet ammonium sulfate seed particles at 60% RH in the same flow tube apparatus used for this
study.'® This relative humidity falls between the efflorescence and deliquescence relative
humidities of ammonium sulfate, enabling the study of ammonium sulfate seeds with different
water content under equivalent conditions. Dry seed particles did not change in diameter when
passed through the apparatus, even at this elevated relative humidity. Wet particles, or in other
words, particles that underwent an additional deliquescence-efflorescence cycle, had slightly
larger mobility diameters after the final drying step by an average of 0.9 nm. This minor increase
in diameter could imply some small amount of water was retained after exiting the final diffusion
dryer, which could result in the small negative percent changes in diameter after impaction should
this water be lost during storage or analysis. Restructuring could also account for some amount of
the difference between D, and Dya as shape is important for SMPS analysis. The further a particle’s
shape deviates from a sphere, the larger the difference between D, and Dy, will be for that same

particle. If microstructural rearrangements introduce physical irregularities, particles’ circularities



may decrease causing the small differences seen for some of the wet seed samples in Table 1 as
well. The SI has further discussion of particle circularity.

The magnitudes of the changes in diameter for the wet seeds were lower than those for dry
seeds, meaning that diameters remained more stable through the impaction process for wet
particles. This effect can be observed in the diameter size distributions for wet and dry particles.
In Figure 1a, the Dy, histogram derived from TEM measurements for dry particles is at a significant
positive offset from the D histogram from SMPS measurements, denoting the spreading for all
dry particles after impaction. The two histograms for the wet particles in Figure lc, however,
display very little offset, demonstrating the small magnitudes of the changes to diameter for wet
particles and showing that the particles remained a similar size before and after impaction. The
smaller changes in diameter for wet particles can also be seen in Figure S4 where the wet
population median diameters tend to be much closer to the one-to-one line than the dry particle
median diameters.

The smaller magnitude of the differences in size for wet particles are attributed to the
increased density of the wet seeds due to microstructural rearrangements as they go through an
additional deliquescence-efflorescence cycle in the flow tube apparatus. Many examples of such
restructuring can be found in the literature. Beaver et al. recognized void spaces in ammonium
sulfate aerosol particles where the density of the ammonium sulfate crystals decreased after
atomization and transformation into dry particles.* Further, Hsiao et al. found that both atomized
sodium chloride and ammonium sulfate nanoparticles increased in density and approached the bulk
densities of their respective bulk materials upon gradual rehydration at relative humidities above
60%.* In agreement, Mikhailov et al. humidified ammonium sulfate particles generated through

nebulization and drying and observed an initial ~3% decrease in mobility diameter upon increasing



relative humidity from 20% RH to 50% RH (as well as a 7% decrease in mobility diameter for
organic oxalic acid particles humidified to 40%).*> This decrease was associated with the
compaction of irregularities within the initial salt crystal structure with hydration and before
hygroscopic growth above 50% RH. A 1-2% decrease in D, for ammonium sulfate particles was
also identified by Biskos et al. under comparable conditions, noting somewhat nonspherical
particle shapes at very low relative humidities that restructure to compact spheres upon
humidification from 5% RH to 30% RH.*¢ Kollensperger et al. too saw a decrease in ammonium
sulfate particle volume as a result of partial dissolution and restructuring after exposure to high
relative humidity.*’ Krdmer et al. saw a similar phenomenon for sodium chloride, where nebulized
and dried salt particles decreased in mobility diameter up to nearly 50% upon initial hydration
between ~1% RH and 30% RH, again corresponding to particle compaction as a result of
microstructural rearrangements.*® These studies all reflect a decrease in crystal irregularities and a
subsequent increase in density after rehumidification.*

The smaller changes in diameter after impaction for wet seed particles relative to dry seeds
seen in the experiments presented here may be a consequence of the changes to their microstructure
from deliquescence-efflorescence cycling. Although both wet and dry ammonium sulfate seed
particles appeared to be fairly round and lacked the irregular shapes expected by Mikhailov et al.
and Biskos et al. when imaged using TEM, it is reasonable to assume that imperfections like voids
or grain boundaries within the salt crystal structures were present upon initial atomization and
drying. Voids can clearly contribute to overall particle volume and polycrystallinity decreases
density through slightly increased atomic spacings at grain boundaries.* When the wet seed
particles are humidified in the condensational growth chamber and subsequently dried for a second

time, their volume void fraction or polycrystallinity decreases and density increases. Dry particles,



on the other hand, retain these crystal imperfections and have a lower final density than the wet
particles. At the macro scale, higher density materials are generally more resistant to inelastic
deformations due to higher Young’s moduli.’® Conversely, for nanocrystalline materials, the Hall-
Petch effect shows that grain boundaries can significantly increase yield strength, which describes
the ability for a material to resist inelastic deformation.* However, when crystal grains are
sufficiently small, density and deformation resistance are again positively correlated, called the
inverse Hall-Petch effect.*>! The grain diameter at which the Hall-Petch effect breaks down
depends on the material, but is usually a few 10s of nanometers. We suggest that grains in any
polycrystalline structures within our particles are few or small enough to fall within the inverse
Hall-Petch regime. Therefore, when dry particles are impacted, the lower density particles spread
on the substrate to a greater degree, permanently deforming away from their suspended diameters.
The higher density wet particles spread less and stay at a size closer to their suspended diameters

than dry particles.

4.2 Secondary Organic Growth of Wet and Dry Seeds

4.2.1 Size analysis

While dry seeds with secondary organic coatings showed both positive and negative
percent differences in diameter after deposition, all coated particles with wet seeds had negative
percent changes. This point of contrast can be observed in Figure S5 where some median diameters
for populations of organic coatings on dry seeds fall above the one-to-one line while median
diameters for samples with wet seeds exclusively appear below the one-to-one line. Percent
changes to median diameter after substrate collection can be explained through volume changes
or the interactions between the surface and the particle. As with the seed particles, coated particles

with positive percent changes after impaction have increased in diameter due to spreading. With



the addition of organic coatings, spreading could also be a result of flow of the viscous organic
phase along the substrate. However, secondary organic particles with negative percent differences,
those smaller after substrate deposition, have also been observed to spread on a surface.** For
particles to both spread and also display negative percent changes in diameter after impaction, it
is necessary to consider that volume loss has occurred.

Particles can lose volume either to increases in density or loss of semivolatiles after
collection onto a substrate, especially in a vacuum. The latter is particularly relevant for organic
coated particles. Water is an important moderately volatile component of the deliquesced seed
systems. While inorganic particles might hold a small amount of water after incomplete
dehydration, viscous organics can retain a much higher volume of water after drying. Mikhailov
et al. observed an increase in the mobility diameter of organic particles that underwent relative
humidity cycling. Levoglucosan particles were hydrated to 60% RH and then dried to ~15% RH,
similar to the humidifying and drying conditions for the experiments presented here. Residual
water remained trapped in the semisolid structure upon drying on the time scale of seconds, or at
least long enough to augment the measured D by 4%. The reported increase in particle D, is
attributed to the kinetically limited release of water through the formation of a glassy or gel-like
semisolid organic structure at low relative humidities.*

Here, for wet-seeded samples, deliquesced inorganic seeds were coated with secondary
organic material and then rapidly dried and measured for mobility diameter. Either the
encapsulation of the deliquesced seed droplets or the transformation of the organic coating to a
semisolid may hold additional water in the particle and elevate the D, measured immediately after
the diffusion dryer. After sample collection, the trapped water may have sufficient time to diffuse

through the organic layer while stored in desiccant and before microscope analysis. Semivolatile



organic compounds can also lead to losses in volume for deliquesced samples. As with water, if
the coated particles do not have enough time reach equilibrium within the diffusion dryer,
semivolatiles may continue to diffuse out of the viscous organic coating after the median D, is
measured by SMPS. Organic components may also continue to participate in particle phase
reactions creating lower volatility products. In either the case of water or volatile organic loss, the
total volume of the particle could decrease in storage or in the vacuum of the TEM, leading to the
negative percent changes in median diameter observed for some secondary organic particles with
dry seeds and all such particles with wet seeds.

In low growth particle populations, the water content of the inorganic seed at the time of
coating influenced the spreading behavior of the final particle after drying for a-pinene SOA but
not for limonene SOA. A small but statistically significant difference between the averages of the
negative percent changes in the c-pinene low growth on dry and wet seeds shown in Table 2 was
determined through a t-test. The modest negative percent changes are visible in the histograms in
Figure 2, where the TEM-derived D;. distribution is slightly negatively offset from the SMPS-
derived D distribution, indicating smaller particle diameters after impaction. Greater negative
percent differences for wet-seeded low growth particles over dry-seeded particles were observed,
which may be a consequence of either of two mechanisms: a larger loss in volatile species,
particularly retained water unique to the deliquesced seeds, or a decrease in the degree of spreading
from the greater ammonium sulfate or organic density resulting from restructuring during
hydration, again unique to the wet-seeded populations. If both volume loss and spreading occur,
as has been observed in our previous experiments for a-pinene low growth particles,®” either a
larger loss of volume or reduction in spreading (or both) would lead to negative percent changes

of larger magnitude for wet-seeded particles. For limonene low growth samples, populations with



effloresced seeds gave the widest range of percent changes in median diameter of all of the low
growth populations, and the only low growth sample with a positive percent change. Despite this,
the average percent changes in median diameter were not significantly different between wet- and
dry-seeded populations.

The percent changes for high growth experiments are not so straightforward. Our previous
results indicated that high growth coatings of ct-pinene secondary organic material on effloresced
ammonium sulfate seeds show large negative and positive changes in diameter after impaction.>’
For the c-pinene experiments presented here, the large percent differences are mostly negative in
sign for high growth populations on effloresced seeds and entirely negative in sign for high growth
populations on deliquesced seeds, although a t-test did not show a significant difference between
the two types of samples. Again, examples of these large percent differences for high growth on
both dry and wet seeds are observable in Figure 3 in the large negative offsets between the TEM-
and SMPS-measured size distributions showing smaller particle diameters after impaction. High
growth samples grown with limonene secondary organic material also did not show a significant
difference in average percent changes to median diameter between wet- and dry-seeded samples,
and gave only large negative percent change values. The larger magnitudes of the percent change
values for high growth particles are seen in Figure S5 where the median diameters for high growth
samples are further away from the one-to-one line than the low growth samples in almost all cases.
There were also no significant differences between the average percent changes for high growth
a-pinene and limonene organic coatings on seeds with corresponding water content (i.e. wet to
wet and dry to dry), indicating that high growth samples spread an equivalent amount after

impaction regardless of the SOA precursor used in this work or seed particle water content.

4.2.2 Morphology analysis



Beyond changes in diameter, each particle in secondary organic growth populations was
assessed for the number of visible phases and was assigned a homogeneous morphology for
particles with one visible phase and a phase-separated morphology for particles with two. The
percentage of particles in each population presenting either morphology is shown in Tables 2 and
3 and the averages of these values for each type of growth sample is presented in Table 4. Particles
with an ambiguous number of phases were not included in this analysis but were usually a small
proportion of a sample population unless otherwise indicated. It is possible for particles to phase
separate upon drying, however, this is unlikely as a-pinene secondary organic material has an
oxygen:carbon ratio (O:C ratio) of 0.3 which means it has an estimated separation relative
humidity of or greater than 90%.°>% At this O:C ratio, organic particles with deliquesced seeds
are most likely liquid-liquid phase separated under the relative humidity conditions used in these
experiments and before drying. While phase separated morphology is expected, homogeneous
particles are also observed in coated samples. This observation may be because the organic
coatings were too thin or too patchy to observe consistently, the coatings had an electron
transmissivity close to ammonium sulfate, or the particles were not in an equilibrium state when
collected and observed. For every combination of SOA precursor and seed water content, the
average percentage of a population showing either phase separated or homogeneous morphologies
as shown in Table 4 were tested pairwise against each other for statistical significance. The
statistically significant results are noted and discussed below.

Table 4. Average Percentage of Particles within Populations of Each Sample Type Presenting
either Phase-Separated or Homogeneous Morphologies

a-Pinene SOA Limonene SOA

Phase Separated] Homogeneous |Phase Separated] Homogeneous




Low Growth 58% £ 19% 33% + 18% 54% £ 35% 45% £+ 36%
Dry Seeds

High Growth 63% £ 27% 30% £ 26% 81% £ 8% 11% £ 12%

Low Growth 41% £+ 50% 22% £+ 41% 51% £ 29% 60% £ 35%
Wet Seeds

High Growth 74% £ 19% 15% £ 20% 57% + 26% 41% +26%

In general, high growth samples had more phase separated particles than low growth
samples for all SOA precursors and water content conditions. Low growth samples by definition
had thinner organic coatings, so differentiating a secondary outer phase was likely more difficult
as the annular shell thickness for many of these samples was only a few nanometers thick. It
follows that the higher growth samples had a higher percentage of obviously phase separated
particles due to thicker and more visible organic coatings. Also, limonene secondary organic
growth samples revealed more homogeneous particles than c-pinene secondary organic growth
samples for three of the four growth conditions. Limonene secondary organic material is more
likely to form homogeneous particles than a-pinene secondary organic material because limonene
is more efficient at forming Extremely Low Volatility Organic Compounds (ELVOCs) through
ozonolysis than a-pinene by a factor of 1.56.>* ELVOCs are highly oxidized, polar compounds,
which tend to be hygroscopic in nature, and make up a significant portion of first generation
products formed through terpene ozonolysis.*> Because limonene is more efficient at forming
ELVOC:s, and thus, produces secondary organic material containing polar and more water soluble
secondary organic products, limonene secondary organic/inorganic mixed particles may be more
likely to form one homogeneous phase than a-pinene-derived mixed particles. The tendency for
limonene SOA to form homogeneous structures is presumably especially pertinent when the
inorganic core exists as a deliquesced droplet as with wet-seeded samples. Such an assumption is

supported by the statistical significance between the limonene wet and dry high growth results as



well as the a-pinene and limonene wet high growth results. For the former significant result,
limonene SOA particles showed a homogeneous morphology more often on deliquesced seeds
than effloresced seeds, and for the latter, high growth particles with deliquesced seeds were more
likely to be homogeneous when coated with limonene secondary organic material than with -
pinene secondary organic material. Relatedly, with statistical significance, there were more phase
separated limonene high growth particles with effloresced seeds than deliquesced seeds as the solid
inorganic core was unavailable for efficient mixing in dry-seeded samples.

a-Pinene and limonene growth samples with deliquesced seeds also showed a new textured
morphology that was not observed in effloresced seed samples. As seen in panel D of Figures 2-
5, wet-seeded organic particles were occasionally textured or “wrinkled” in appearance and had a
less circular perimeter. Figure S6 shows representative images of three categories of phase
separated particles made of secondary organic growth on deliquesced seeds: a phase separated
particle with a typical round shape, a less circular and textured particle with pronounced phase
separation, and a substantially textured particle with the lowest circularity and ambiguous phase
state. While most wet-seeded organic particles fell into the first and second categories and could
be classified as either phase separated or homogeneous, a classification of this kind could not be
made for the most textured particles in the final category. When a determination of this kind could
not be made, the area of the particle was measured for median diameter calculations but the phase
was considered “undefined” and not included in either percent phase separated or percent
homogeneous columns in Tables 2 and 3. Samples with a very high prevalence of particles with
homogeneous or undefined phase states are not analyzed for core diameters and shell thicknesses
as the statistical significance of the few particles displaying phase character would be low. Such

measurements for these samples are marked NA in Tables 2 and 3.



The textured morphology seen in organic coated particles with deliquesced seeds is
proposed to be a result of loss of water in the final drying step just before collection. The wet seed
at the time of coating within the flow tube is larger than the final diameter of the seed after it is
dried for collection (Figure S3). For samples of wet particles, the initial seeds are size selected
while dry and then increase in volume when deliquescing in the CGC. It is difficult to measure the
diameter of humidified particles, as maintaining a relative humidity within the SMPS matched to
the flow tube is challenging, although the growth of a particle as it takes up water in high RH
environments can be modeled using E-AIM.!® For reference, a 40 nm effloresced particle is
predicted to increase in diameter to a 51 nm deliquesced particle at 60% RH, which corresponds
to a 107% increase in volume. Similarly, a 60 nm eftloresced particle is predicted to increase in
diameter to a 78 nm deliquesced particle corresponding to a 119% increase in volume.'® This
increased volume should be lost in the final diffusion dryer before sampling.

The viscous organic outer layer of a core-shell particle wrinkles as the particle loses water,
introducing texture to the surface of the particle visible using TEM. For reference, a-pinene
secondary organic material has been shown to be a highly viscous semisolid with viscosities on
the order of 10*to 107 Pa-s at moderate relative humidities (40% RH to 70% RH) and 10® Pa-s
under dry conditions (below ~30% RH) like those used in the flow tube for these experiments. ¢~
38 Despite the lower viscosity of limonene secondary organic material,® limonene and a-pinene
SOA samples showed this textured morphology at roughly the same rate where slightly less than
half of all wet-seeded organic particles had surface texture. None of the dry-seeded particles had
a textured morphology because the wrinkling process does not occur for organic particles with
effloresced seeds which remain approximately the same diameter throughout the flow tube

apparatus; no loss of volume is experienced for effloresced seeds and dry-seeded organic particles



as there is no water to lose. Rapid drying rates within the diffusion drier may induce the textured
morphology observed here. Drying rates have been shown to influence the morphology of mixed
organic/inorganic particles,® and morphologies for organic growth on deliquesced seeds after

slower drying should be assessed in future studies.

5. Conclusions and Implications

In summary, the water content of the inorganic seed particles in the flow tube reactor at the
time of coating influenced the final size, shape, phase state, and surface interactions of particles
composed of ammonium sulfate seeds coated with a-pinene or limonene secondary organic
material and assessed using SMPS and TEM. For seed particles alone, seed phase was shown to
influence the interactions between the particles and a substrate after impaction. Deliquesced seed
particles spread less than effloresced particles due to changes in density after restructuring and
drying. For coated particles, the majority of particles with a low growth of organic material showed
negative percent changes in diameter after impaction for both wet- and dry-seeded samples, but
the differences in a-pinene wet-seeded low growth samples were slightly more negative than
limonene. Coated particles with a high level of organic growth exhibited diameter percent
differences of the greatest magnitudes with high growth on dry seeds giving large positive and
negative changes in diameter and high growth on wet seeds showing only large negative changes.
The spreading behavior of all high growth particles, for either of the SOA precursors and seed
particles with either water content used in this study were found to be virtually equivalent.
Microscope analysis revealed that samples generated under high growth conditions generally had
more phase separated particles and that limonene SOA produced more particles with homogeneous
particles than a-pinene SOA for three of the four growth conditions. Also, a new textured

morphology was observed which was dependent on the seed particle water content. Organic



coatings on deliquesced seeds wrinkled upon drying, giving these particles a textured morphology
that was not observed for the coated particles with effloresced seeds.

Seed particle water content is important to understand when considering the chemical and
physical properties of atmospheric aerosol particles. Our results have implications for both
laboratory experiments and atmospheric aerosol particles. Laboratory studies examining seeded
secondary organic material should be conscientious of relative humidity and its effect on the phase
state of an inorganic seed particle. Also, the propensity of an organic/inorganic mixed system for
forming either coatings or well-mixed structures upon SOA formation should be considered
carefully, with the recognition that it is possible that both morphologies are formed simultaneously.
Climate models informed by laboratory experiments should also be particular about SOA
formation parameters for the same reasons. Because of their pervasiveness in the environment,
atmospheric aerosol particles are able experience wide variation in local environmental conditions
including temperature, pressure, and humidity during their lifetime, from arid desert environments
to the humidified marine boundary layer. The low and high relative humidity conditions for
inorganic seed particles as they are coated in secondary organic material are atmospherically
relevant. The water content of inorganic seed particles as related to experimental relative humidity
should be explored further in conjunction with typically studied secondary organic formation

parameters such as oxidant identity or UV processing.™!?
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