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Abstract

The phase-separation of mixed aerosol particles and the resulting morphology
plays an important role in determining the interactions of liquid aerosols with their gas-
phase environment. We present the application of a new aerosol optical tweezers
chamber for delivering a uniformly mixed aerosol flow to the trapped droplet’s position
for performing experiments that determine the phase-separation and resulting properties
of complex mixed droplets. This facilitates stable trapping when adding additional
phases through aerosol coagulation, and reproducible measurements of the droplet’s
equilibration timescale. We demonstrate the trapping of pure organic carbon droplets,
which allows us to study the morphology of droplets containing pure hydrocarbon
phases to which a second phase is added by coagulation. A series of experiments using
simple compounds are presented to establish our ability to use the cavity enhanced
Raman spectra to distinguish between homogenous single-phase, and phase-separated
core-shell or partially-engulfed morphologies. The core-shell morphology is
distinguished by the pattern of the whispering gallery modes (WGMs) in the Raman
spectra where the WGMs are influenced by refraction through both phases. A core-shell
optimization algorithm was developed to provide a more accurate and detailed analysis
of the WGMs than is possible using the homogenous Mie scattering solution. The unique
analytical capabilities of the aerosol optical tweezers provide a new approach for
advancing our understanding of the chemical and physical evolution of complex
atmospheric particulate matter, and the important environmental impacts of aerosols on
atmospheric chemistry, air quality, human health, and climate change.

1. Introduction

Atmospheric aerosols play an important role in Earth’s climate system and are
linked to adverse health effects (Donahue et al., 2012; IPCC, 2013; Pope et al., 2009;
Tsigaridis et al., 2014). Organic carbon-based aerosol particles are a major component of
ambient aerosol and can make up between 30-70% of the total fine aerosol mass
(Emanuelsson et al., 2013; Hallquist et al., 2009; Murphy et al., 2006; Zhang et al., 2007).
Thus it is important to understand the chemical processes that generate or modify organic
aerosols, and their key physicochemical properties (Kanakidou et al., 2005; Koop et al.,



2011). One key property that often impedes thorough experimental or ambient
investigations of organic aerosols is the presence of distinct thermodynamic chemical
phases in a particle, and the particle’s resulting morphological state (or internal structure)
in complex multicomponent aerosols (Hallquist et al., 2000; McNeill et al., 2006; Riemer
et al., 2009; Schill and Tolbert, 2013; Shen et al., 2008; Song et al., 2012b; Wheeler and
Bertram, 2012; Zuend et al., 2010). Liquid particles are common under atmospheric
conditions with three main types of particle morphology (Chang and Pankow, 2006;
Ciobanu et al., 2009; Drozd et al., 2013; Hekayati et al., 2016; Li et al., 2015; Qiu and
Molinero, 2015; Renbaum-Wollff et al., 2015; Schill and Tolbert, 2013; Song et al., 2012a;
Stewart et al., 2015). These can be broadly categorized as a homogeneously mixed single-
phase structure, and liquid-liquid phase-separated (LLPS) structures (Kwamena et al.,
2010; Metcalf et al., 2016; Song et al., 2013; Stewart et al., 2015; You and Bertram, 2015;
You et al., 2014). For the phase-separated particles, the predominant morphological states
are a core-shell or partially-engulfed structure (Buajarern et al., 2007a; O’Brien et al., 2015;
Reid et al., 2011; Song et al., 2013).

A phase-separated morphology is important in experiments addressing the
formation or properties of oxidized secondary organic aerosol (SOA) mixed with a
hydrocarbon or aqueous phase. In the cases where the phases are not expected or
observed to mix the resulting phase-separation is usually assumed to adopt a core-shell
morphology where one phase “coats” the other (Abramson et al., 2013a; Platt et al., 2013;
Robinson et al., 2015; Vaden et al., 2011). The occurrence of partial-shell morphologies
and their importance for the timescales of physical and chemical evolution of aerosols
has recently come to the fore requiring novel analytical techniques to fully assess their
occurrence and impacts (Buajarern et al.,, 2007a, 2007b; Dennis-Smither et al., 2012;
Kwamena et al., 2010; Metcalf et al., 2016; Reid et al., 2011; Shiraiwa et al., 2012; Stewart
et al., 2015). For a core-shell morphology, diffusion through the shell dictates the rate at
which gas-phase components partition into similar aerosol components as the system re-
equilibrates (Abramson et al., 2013b; Davies et al., 2012; Lu et al., 2014; Vaden et al., 2011).
The composition at the air-particle interface also dictates the particle’s ability to undergo
chemical reactions with gas-phase reactants, and the rates and mechanisms of those
reactions (Abbatt et al., 2012; Alexander et al., 2009; Evans, 2005; Gaston and Thornton,
2016; Shindell et al., 2009).

The simplest type of phase separation occurs when a particle contains two
immiscible components. An example would be oil and water in which the phase
separation is easy to observe at the macroscale. To understand the resulting morphology
of a suspended oil-water particle, the interfacial tensions (0pnase 4 | phase 5) between each
of the three phases (oil, water, and air in this case) must be known (Kwamena et al., 2010).
In adopting an equilibrium structure, the total surface free energy is minimized; if the
change in surface areas are small then we can simply use the spreading coefficients to
directly predict the morphology. This assumption was shown to hold for supermicron
systems studied using the aerosol optical tweezers, for example, oleic acid added to



aqueous NaCl produced a partially-engulfed morphology (Dennis-Smither et al., 2012;
Kwamena et al., 2010). Veghte et al. (2013) has shown that phase separated supermicron
particles can have transitions to a homogeneous morphology as diameter decreases (d,
<196 nm for succinic acid with ammonium sulfate and d, <270 nm for pimelic acid and
ammonium sulfate). For the 3-phase systems studied here, only the liquid spreading
coefficients (S, and S;,, Eqn. 1 and 2) are of interest as generally the spreading coefficient
of the gas phase will be negative.

S11 = OL2jair — Op1|air — OL1|L2 €]
S12 = OL1jair — OL2|air — OL1|L2 (2)

L1 and L> are the two liquid phases. If both S;; and S;, are negative, then the particle
adopts a partially-engulfed morphology, where the two phases lie side-by-side and in
contact with each other at equilibrium. If either S;; or S;, is positive, then the particle
exhibits a core-shell morphology and the phase with the positive spreading coefficient
forms the shell. Note both S;; and S}, cannot be positive as then we get the impossible
result of negative interfacial tension for g;,;,,. Aqueous phases in the atmosphere have a
negative spreading coefficient, meaning it always costs energy to spread the aqueous
phase over another phase. This is why the organic phase will always form the shell
around the aqueous phase, if a LLPS core-shell morphology occurs. A partial-engulfing
or homogeneous morphology is also possible for different combinations of aqueous and
organic phases, depending on their miscibility and spreading coefficients.

The morphology of liquid-liquid phase-separated particles representing typical
atmospheric aerosol components has been studied using optical microscopy, aerosol
optical tweezers, confocal Raman spectroscopy, scanning electron microscopy, cryo-
transmission electron microscopy, and aerosol mass spectrometry (Bertram et al., 2011;
Buajarern et al., 2007a, 2007b; Ciobanu et al., 2009; Kwamena et al., 2010; Reid et al., 2011;
Schill and Tolbert, 2013; Song et al., 2012a, 2012b, 2013; Stewart et al., 2015; Veghte et al.,
2013; You et al., 2012, 2014). The direct observational studies rely on optical microscopy
where particles are placed on a hydrophobic substrate, and this can affect the resulting
morphology (Renbaum-Wolff et al., 2015; You et al., 2012, 2014).

A major advantage of the aerosol optical tweezers (AOT) technique, as well as the
electrodynamic balance (EDB), is that there are no surface contact points because the
droplets are suspended in air (Bzdek et al., 2016; Mitchem and Reid, 2008; Verdeny et al.,
2011). This contactless aspect of the AOT, combined with the surface resonant whispering
gallery modes (WGMs) retrieved in the cavity enhanced Raman spectrum, provides a
unique direct and real-time assessment of the droplet’s morphology, size, and refractive
index (Preston and Reid, 2013, 2015). The same droplet characterization can be done in
an EDB by measuring the angular scattering of light from the trapped droplet. This EDB
setup would retrieve less accurate size and refractive index measurements than the AOT
(Miles et al., 2012; Ray et al., 1991, 1989). Due to higher possible air flow rates in the EDB,



faster equilibration timescales could be measured than in the current AOT system. The
WGMs in the AOT can be used to distinguish between the three predominant
morphologies: phase-separated core-shell or partial-engulfed structures, and
homogeneous single-phase droplets (Cai et al.,, 2015b; Dennis-Smither et al., 2012;
Kwamena et al., 2010; Reid et al., 2011; Stewart et al., 2015). Furthermore any changes in
the droplet’s morphology as its composition or the surrounding relative humidity are
changed are directly assessed (Cai et al., 2014; Rickards et al., 2013). The AOT can also be
used to study individual micron-sized droplets and does not require the aerosols to first
be collected on a substrate, and then extracted in solvent as is the case with other methods
(Davis et al., 2015; Hopkins et al., 2004; Redding et al., 2015).

2. Experimental Methods

2.1 Aerosol Optical Tweezers System

The Aerosol Optical Tweezers (AOT) system consists of three main components:
the aerosol generation system, the droplet trapping system, and the trapping chamber.
The design and evaluation of the new trapping chamber was the focus of our work
presented here. The droplet trapping system is described in the supplement as we follow
the same approach as Hopkins et al. (2004). Briefly, a 532 nm laser is passed through a set
of expansion lenses so that the resulting beam overfills the back aperture the 100x (NA
1.25) oil immersion objective. The objective is pressed against the bottom of a thin glass
coverslip, and an optical gradient force trap forms approximately 40 microns above the
coverslip inside the trapping chamber.

The aerosol generation system creates droplets of sufficient size (d, > 4 pm) and
passes them into the chamber. A medical nebulizer (PARI TREK S) is used to generate
aerosol from aqueous solutions that have low viscosity similar to water. To trap organic
carbon based droplets the condensation monodisperse aerosol generator (CMAG; TSI,
Inc.) is used for compounds that can grow droplets large enough by vapor condensation.

2.2 Chamber System Design

To apply the aerosol optical tweezers approach in studies of liquid-liquid phase
separation, droplets composed of immiscible compounds must be trapped. We achieve
this by adding the second phase to a tweezed droplet either by coagulation of small
particles, or by vapor condensation. Our chamber design goal was then to produce stable
trapping under conditions of variable air flow rates, and during collisions of small
droplets with the tweezed droplet.

When adding a second component to the trapped droplet through coagulation, the
total flow field of conditioned air plus the additional aerosol flow should have the same
uniform flow velocity as the conditioned air by itself. In this way the aerosol addition
does not significantly affect the air flow around the droplet which can destabilize the trap.
Condensation of vapors from the oxidation of gases is the second method that we



designed for, which requires the ability to add organic aerosol vapor precursors to the
conditioned air flow. The ability to add a second component by either condensation or
coagulation will allow us to simulate the formation and chemical evolution of
atmospheric aerosol particles mimics frequently studied using smog chamber or aerosol
flow tube reactors (Bruns et al., 2015; Loza et al., 2013; Ortega et al., 2013; Robinson et al.,
2013, 2015), while allowing us to investigate the resulting morphology and properties of
the individual multicomponent droplet. We used an iterative design process with
computational fluid dynamic (CFD) simulations using SolidWorks software, and rapid
prototyping using 3D printing to optimize the final aluminum chamber design. The new
chamber achieves a uniform and predictable fluid flow around the droplet’s position that
is an improvement over previous AOT chamber designs (Davis et al., 2015; Hopkins et
al., 2004). The chamber used by the Bristol Aerosol Research Center has a small volume,
maximizing trapping efficiency. The CMU chamber presented here was designed to
facilitate coagulation of a second phase to a trapped droplet, so a uniform flow was the
design priority. More details on the two chamber designs are provided in the
Supplemental Information.

The AOT chamber must deliver the droplets reliably to the trapping region just
above the coverslip, and establish the conditioned airflow that controls the relative
humidity (RH) and vapor concentration surrounding the droplet. The trapped droplet
only resides approximately 40 microns above the coverslip and lies within the surface
boundary layer of the coverslip. The best chamber design we can achieve is to reliably
and controllably deliver the droplets and the conditioned air to the boundary layer above
the trapping location. We show the final design in Figure 1. It consists of three main
sections: an upper mixing volume for conditioning the incoming air flow, a droplet
trapping volume, and a vacuum volume for the exhaust air flow.

The top of the chamber contains the mixing volume, where humidified and dry air
are mixed to produce the RH conditioned air. This air flow can also be mixed with other
gases injected into the mixing volume or with vapors evaporating from liquids contained
in two wells at the bottom of the mixing chamber. The well-mixed air flow then travels
radially inwards to the central shaft where the aerosol flow is also introduced, and the
combined flow continues down into the trapping chamber. The radial introduction of the
conditioned flow through a concentric slit surrounding the shaft is a key design feature
we identified through CFD simulations for producing a uniform gas-phase flow before it
reaches the droplet. The expansion of the flow into the bottom trapping chamber slows
its velocity while maintaining a central downward flow towards the trapping region. The
result is a uniformly mixed downward airflow over the trapping region delivering
conditioned air and droplets to the optical trap position under small fluid velocities (<
0.005 m/s, for 0.25 Lpm vacuum air flow and 0.35 Lpm conditioned air flow). After
passing over the trapping region the gas flows out radially from the center trapping
chamber to the surrounding vacuum chamber. The concentric exit slit surrounding the
trapping region is important for maintaining a uniform gas-phase composition around



the droplet because it produces uniform flow velocities and thus minimizes concentration
gradients. These three chamber sections combine to generate a uniform airflow around
the droplet, resulting in stable trapping during coagulation of additional aerosol particles
to the trapped droplet, and a uniform gas-phase flow. We have stably trapped droplets
in this system for more than 24 hours with no user intervention.

Control of the RH around the droplet is important for stable trapping of aqueous
droplets, to perform hygroscopic growth and equilibration timescale experiments, and
also for in situ production of secondary organic matter in future experiments through
oxidation of precursor vapors directly in the chamber. Large variations in RH cause
significant changes in the size of hygroscopic droplets, such that they are no longer stable
in the optical trap and are lost. The desired RH is achieved using mass flow controllers
whose flow rates are controlled via a custom LabVIEW program. Using a computer
controlled RH system facilitates performing longer experiments over many hours to
investigate hygroscopic growth and droplet equilibration timescales during RH cycles.
Experiments can be replicated multiple times on the same droplet. Lastly, using the
volumes of the mixing (0.38 L) and trapping (0.089 L) chambers we can calculate the
theoretical equilibration timescale, 7, for changes in the gas phase using Eqn. 3.

B 0.38L N 0.089 L
'~ Conditioned airflow L/min ~ vacuum airflow L/min

(3)

ris calculated as the sum of the residence times (volume/air flow rate) of the trapping
and mixing chambers. For a typical experiment this calculated timescale is 1.44 minutes
(0.25 Lpm vacuum air flow and 0.35 Lpm conditioned air flow) and the shortest timescale
we can achieve with this setup is 0.55 minutes (0.35 Lpm vacuum air flow and 1.25 Lpm
conditioned air flow). Note, when we are not coagulating or trapping a droplet the
chamber is run at positive pressure (vacuum air flow greater than conditioned air flow)
so the excess flow exits the aerosol port. This is to ensure the RH measured by the probe
(Vaisala, £1.5% RH) is the same RH experienced by the droplet. Below we will compare
this calculated timescale to the measured equilibration timescale by studying an aqueous
salt droplet equilibrating to different step changes in RH.

2.3 Raman Spectrum Analysis

The analysis of the droplet’s retrieved Raman spectrum involves first finding the
whispering gallery modes (WGMs) in the raw spectrum and then fitting the wavelength
positions of these peaks to a homogeneous Mie scattering model to retrieve the droplet’s
diameter, dp, and refractive index, n (Preston and Reid, 2013, 2015). At the wavelength of
each WGM the droplet acts as a high finesse optical cavity where the WGMs form a
standing wave on the droplet surface - this greatly amplifies the Raman scattered signal
at that discrete wavelength (Matsko and Ilchenko, 2006; Wills et al., 2009; Yang et al,,
2011). The WGMs are thus superimposed on top of the broader Stokes shifted vibrational
modes in the droplet’s Raman spectrum. We show example droplet Raman spectra in



Figure 2. The spectrum is reported as a Raman shift in units of wavenumbers (cm™) that
accounts for the excitation laser’s wavelength (532 nm).

Our previous WGM peak finding method for Raman spectral analysis relied on a
smooth spline fitting of a single spectrum (to capture the broad Raman mode) with a
Gaussian fit to the WGM peaks above the smoothed spline (Hopkins et al., 2004; Preston
and Reid, 2013). Although this method works well for WGM peaks with a signal-to-noise
ratio > 20, it produces many false positives when used to find WGM peaks at a S/N < 10.
This posed a problem for the analysis of our pure organic droplets where there are fewer
large WGM peaks with S/N > 10 in the narrow C-H Raman hydrocarbon mode to
constrain the fit. Aqueous droplets have a broad O-H Raman water stretch mode that
supports a larger number of intense WGM peaks, facilitating the fitting. To find the less
intense WGM peaks in the Raman spectrum we developed a signal processing method
using a non-local means denoising algorithm and wavelet transforms, which is described
in the Supplemental Information. This signal processing allows us to find WGMs that
have peak intensities with S/N > 2.4, and can find even weaker WGM peaks (S/N = 1.2-
1.6) depending on the noise level of the data.

Once we identify the whispering gallery mode positions, we use the Mie scattering
algorithm developed by Preston and Reid (2013) to independently determine both the
size and refractive index of a homogeneous droplet. The diameter (d,) can be determined
to an accuracy of £0.05% and the refractive index (n) to £0.11% (Preston and Reid, 2013,
2015). When we apply this homogeneous algorithm to a core-shell droplet we can use the
plausibility of the retrieved refractive index and diameter parameters as well as an
abnormally high fit error to identify a droplet with a core-shell morphology (Stewart et
al., 2015). This method of determining whether the droplet has a homogeneous or phase-
separated core-shell morphology will be important in the interpretation of our results.

2.4 Direct Detection of Phase Separation

The WGMs generated by the droplet are the crucial evidence constraining the
assignment of morphology (Dennis-Smither et al., 2012; Reid et al., 2011). We show
examples of Raman spectra for a homogeneous, a core-shell, and a partially-engulfed
droplet in Figure 2. The easiest morphology to observe is the partial-engulfing structure
because it breaks the spherical symmetry and thus quenches any WGMs, leaving only
the broad Stokes Raman vibrational modes (Dennis-Smither et al., 2012). The partially-
engulfed morphology can sometimes also be observed in the bright-field visual image
(Buajarern et al., 2007a).

The core-shell morphology is characterized by WGMs that are influenced by both
the core and shell phases. Prior identification of a core-shell morphology relied on the
interpretation of the WGMs and the retrieved homogeneous fit parameters and fit error
(Stewart et al., 2015). This determination is different from the partially-engulfed situation
that lacks WGMs, as the WGMs generated in the shell can travel in and out of the core,



depending on the shell’s thickness. The main effect observed for core-shell droplets is an
increase in fit error and/or unphysical refractive index and diameter changes; a
homogeneous single-phase model simply will not fit the WGMs positions accurately.
Another piece of evidence to support a core-shell formation is a change in the peak
separation between adjacent transverse electric (TE) and transverse magnetic (TM) WGM
peaks (Stewart et al., 2015). To use that method requires a relative humidity induced
phase separation going from a core-shell to homogeneous morphology and back where
the size does not vary significantly but the apparent refractive index retrieved from a
homogeneous fit would suggest otherwise. The systems studied here do not experience
RH induced phase separations. Instead we rely on the interpretation of the homogeneous
tit error, droplet refractive index, and size to identify if a homogeneous Mie scattering
model is valid.

2.5 Core-Shell WGM Fitting Algorithm

To conclusively demonstrate our ability to distinguish the morphology of a core-
shell versus a homogeneous droplet, and to recover meaningful physical parameters
from core-shell droplets, we have developed a fitting algorithm for the Mie scattering of
a core-shell morphology. A previous core-shell algorithm could fit for the diameter,

refractive index, and chromatic dispersion (Z—D for the core and shell but required WGM

labels a priori, which we do not have (Ray and Nandakumar, 1995). WGM labels are mode
number, mode order, and EM wave type (either transverse electric (TE) or transverse
magnetic (TM)) for each WGM. In our other recently published core-shell algorithm we
assigned the refractive index and chromatic dispersion of the core and shell a priori, and
then determined the diameter of the core and shell, and the WGM labels (Stewart et al.,
2015).

The core-shell optimization problem involves finding the global minimum on a
non-convex error space, just as in the case of the homogeneous algorithm. We used a
gridded search over the six droplet parameters: the diameters, refractive indices, and
chromatic dispersions for both the core and shell phases. Then for each parameter set we
also need to optimize for the WGM labels, which have discrete values for the mode
number (30 to 80), mode order (1 to 3), and EM wave type (TE or TM). For the
optimization of the WGM labels we search possible combinations to find the combination
with the lowest error for each set of droplet parameters. We sample the droplet parameter
space using a gridded search with a specified resolution for each parameter. This
algorithm locates the minimum in one spectrum in > 24 hours when running on a 4 core
2.60 GHz CPU. The optimization results of the first spectrum can then be used to
constrain the optimization of the next spectra, decreasing subsequent computation time.
Applying our core-shell algorithm to the phase-separated experiments will allow us to
retrieve more details regarding the solubility, volatility, and diffusion coefficients of the
components in the two phases.

3. Results



3.1 Assessment of Trapping Chamber Performance

The chamber design was first prototyped by 3D printing out of ABS polymer to
test the validity of the design before the final version was machined from aluminum. We
were able to successfully tweeze droplets within the 3D printed chamber but it had one
important drawback. The porous nature of the 3D printed polymer structure made
humidity control impractical as the chamber walls acted as a capacitor for changes in
relative humidity (RH). Thus, with minor modifications the final design presented here
was fabricated out of aluminum in the Mechanical Engineering machine shop at Carnegie
Mellon University. The experimental data shown here were all obtained using the
aluminum chamber.

To assess the equilibration timescale of our chamber we tweezed a saturated
aqueous NaCl droplet as a responsive probe to humidity changes. An NaCl droplet has
a low viscosity, similar to that of water, and equilibrates promptly with changes in the
relative humidity of the surrounding gas phase. This equilibration is much faster than the
calculated bulk equilibration timescale of the chamber (1.44 min). Thus by fitting the size
of a rapidly responding droplet to an exponential decay after a step change in RH we can
determine the actual equilibration timescale of the chamber. We nebulized droplets from
a saturated solution of NaCl in water because this produces the largest droplet sizes and
facilitates trapping. Once we trapped the droplet we ramped the RH up and down in
approximately 4% RH steps from 65% to 88% RH, holding the RH constant for 20 min at
each step. We cycled RH up and down 6 times, for a total experimental length of almost
20 hrs. We show a segment of the experimental data in Figure 3. This figure is also a good
reference for the typical scatter in the retrieved refractive index and size from the Mie
titting of a homogenous droplet as the droplet’s size and composition changes in
response to changes in its surrounding gas-phase. Note that the WGMs are sometimes
lost in the initial portion of an RH step change as the rapid change in droplet size blurs
the wavelength positions of the WGMSs, which results in a decrease in the accuracy of the
position and quantity of WGMs observed. We only show the WGMs that resulted in a
successfully retrieved fit. We isolated the retrieved droplet diameter for each RH step and
performed an exponential fit to the change in diameter to determine the equilibration
timescale as the e-folding decay time. The average equilibration timescale was 1.83 + 0.36
min for RH below 82% (the uncertainty is the standard deviation of 36 timescale
measurements, see the supplemental for the full 20 hour dataset). Above 82% RH we
observed an increase in the measured timescale, which we attribute to partial wetting of
the chamber walls and a consequent slow equilibration of water with the walls. We
typically performed equilibration experiments at less than 80% RH to avoid this lag.

We applied the same exponential decay fit to the measured RH of the
conditioned airflow immediately before it entered the mixing chamber; this yielded an
average equilibration timescale for the RH probe (Vaisala) of 0.50 min. The same
exponential fit can be applied to the slope of the Raman shift positions of the WGMs
instead of to the retrieved d,. This resulted in an equilibration timescale of 2.08 £ 0.85



min for RH below 82% (the uncertainty is the standard deviation of 28 timescale
measurements). This method has an increased uncertainty as we fit the derivative of the
WGM wavelength position, which amplifies the scatter in the data. By taking the
derivative we can then combine the individual WGMs into a complete dataset filling in
possible gaps in a single WGM trace. We use this equilibration timescale estimation
method for core-shell droplets where the complete diameter time series is not retrieved.
Finally, from the middle panel in Figure 3 we can see there is a 30 s delay between
onsets of changes in the droplets radius and when the RH probe responded. Therefore,
when analyzing the data, onset delays of changes in droplet diameter (or WGM Raman
shift) following a step change in RH should be greater than 2 minutes before we
consider that the delay may be caused by droplet equilibration limitations, such as
caused by low particle-phase diffusivity that impedes the rate of mass transport.

3.2 Determination of Partial-Engulfing Morphology for Mixed Droplets Composed of
Simple Hydrocarbons

We used dioctyl sebacate (DOS) to test our ability to trap pure organic particles
produced with the CMAG. Dioctyl sebacate is a long-chain 26 carbon molecule with two
internal ester groups. It is a hydrophobic liquid and thermally stable with a boiling point
of 256 °C; these thermal properties make it suitable for use in the CMAG. To demonstrate
our AOT system’s ability to create phase separated droplets by the addition of a second
phase through coagulation, aqueous glycerol aerosol was generated using the medical
nebulizer and allowed to coagulate with the tweezed DOS droplet. Based on bulk phase
observations of phase separation when DOS and aqueous glycerol were mixed in a
beaker, and the known hydrophobic properties of dioctyl sebacate, it would be expected
that phase-separation would occur in the aerosol phase but the specific morphology
cannot be predicted from these bulk phase observations alone. The surface and interfacial
tensions required to predict the resulting morphology are not available in the literature.

The experiment started by trapping a dioctyl sebacate droplet which then slowly
evaporated into the conditioned airflow. The evaporation is evident by the negative slope
in the WGM traces in Figure 4a indicating decreasing droplet diameter as the WGM
positions blue shift to shorter wavelength, apparent in the reported spectrum from the
shift to smaller Raman shifts. As the WGMs are only created from Raman scattered
photons this presents some unique challenges for fitting d,, and n to the WGMs when a
pure organic droplet is trapped. The hydrocarbon C-H stretch mode is much narrower
than the broad O-H water stretch mode observed in aqueous systems. Therefore, there
are fewer WGM peaks present in the C-H mode to fit droplet diameter (d,,) and n, as few
as two WGMs in some cases as seen in the WGM traces in Figure 4a. As such only a few
frames could be fit for d,, and ngsg nm for the pure DOS droplet.

At zero minutes in Figure 4a, nebulized droplets of the glycerol solution (50% DI
water and 50% glycerol) were flowed into the chamber, coagulating with the DOS
droplet. Immediately after the coagulation began the WGMs were no longer observed.
This indicates that the liquid droplet phase separated into a partially-engulfed



morphology, where the non-spherical structure and presence of phase inclusion
quenches the surface-resonant WGMs. The aqueous glycerol phase of the droplet then
appeared to slowly evaporate over a 115 minute period, after which the WGMs returned
indicating the restoration of a homogeneous droplet. The return of the WGMs indicates
evaporation of the aqueous glycerol phase and thus the droplet composition returning to
the original dioctyl sebacate. Before the glycerol(aq) addition, the average diameter of the
DOS droplet was 8.281 pm and ngsgnm wWas 1.4441. The refractive index is similar to
refractometer measurements for DOS of ngsg = 1.4463 (Rheims et al., 1999). After the
evaporation of the glycerol(aq) the average d, was 7.97 pm and ngsgnm was 1.4453,

indicating the droplet’s composition had returned to that of primarily dioctyl sebacate.

We determine ngsg , from the dispersion (3—;) retrieved from the WGM fit, and report n

at 650 nm (see the supplemental for the full WGM fit results). This is the wavelength
where n is typically reported from AOT experiments as it corresponds to the center of the
aqueous O-H Raman mode (3412 cm) where most of the WGMSs reside in aqueous
droplets (Cai et al., 2015a; Preston and Reid, 2013, 2015; Stewart et al., 2015). Small
amounts of water and/or glycerol may have also been partitioned into the DOS phase
when the WGMs returned. However, the similarity of the droplet’s refractive index of
Nesonm = 1.4441 before versus 1.4453 after the WGMs disappeared indicates that the
composition was still that of DOS, as the small change in n is within the uncertainty of
the fit (ng50 nm = 1.4441 + 0.0016).

This experiment demonstrates the phase separation of dioctyl sebacate and
aqueous glycerol into a partially-engulfed morphology, and also showcases the
simplicity of determining this type of morphology. It also demonstrates the successful
tweezing and retrieval of the diameter and refractive index of a pure hydrocarbon
droplet. Organic droplets present new challenges due to the smaller number of WGM
peaks available in the narrow C-H Raman mode to use in fitting the droplet’s parameters.

The second experiment we conducted to explore a partially-engulfed morphology
was the addition of oleic acid to a trapped aqueous NaCl droplet. We show in Figure 4b
that the coagulation of oleic acid to the NaCl(aq) droplet formed a partial-engulfing
morphology, quenching the WGMs due to interference from the lens of oleic acid on the
surface of the aqueous droplet. This resulting morphology was also observed using AOT
for the same system by Dennis-Smither et al. (2012), and this similar result helps to
validate the successful performance of our new tweezing chamber and the proper
interpretation of the acquired Raman spectra. After a second longer oleic acid coagulation
period, the droplet still remained in a partially-engulfed morphology. This was
performed to test the trapped droplet’s stability during prolonged aerosol coagulation,
and also to explore if the addition of a large amount of immiscible oleic acid might
produce a uniform film around the aqueous droplet and a core-shell morphology. The
droplet remained stably trapped during the 2 minute coagulation period, with no user
intervention (such as adjusting the trapping laser power) required. The lack of WGMs
clearly indicates that the morphology remained partially-engulfed. The addition of oleic



acid during both coagulation events is observed by the increase in the signal in the
hydrocarbon mode’s C-H stretch region between 2850-3000 cm-!. From the spreading
coefficient framework described above, the morphology will not change simply due to
the addition of more mass of one of the phases (Dennis-Smither et al., 2012; Kwamena et
al., 2010; Reid et al., 2011). This partially-engulfed structure minimizes the Gibbs free
energy of this system through reducing the interfacial surface energy, and thus the
partially-engulfed morphology would be expected to persist despite the addition of more
organic phase.

3.3 Determination of Core-Shell Morphology for Mixtures of Simple Aqueous and
Hydrocarbon Components

Hydrophobic squalane (a saturated long-chain 30 carbon triterpene, purity 99%)
droplets produced by nebulization of the pure liquid were added by coagulation to a
trapped aqueous NaCl droplet. This mixed system was observed to produce a core-shell
morphology, and it is used to distinguish from the previous experiment using a DOS
droplet mixed with aqueous glycerol that exhibited a partially-engulfed morphology.
This experiment was also used to confirm that our new core-shell fitting algorithm
produced valid fits. An aqueous NaCl droplet was trapped and stabilized at 75% RH for
20 minutes to assess the starting droplet size before a short pulse of nebulized squalane
aerosol was injected. Figure 5 shows the progression of the WGMs and the Raman
spectrum after the first squalane pulse was added at 0 minutes. Note that after 0 minutes
the WGMs were still present, and there was almost no change in the background
intensity of the broad C-H Raman band. The hydrocarbon immersion oil used with the
microscope objective is the cause of the weak background C-H Raman signal. That rules
out a partially-engulfed morphology, and the small signal for the C-H band suggests very
little squalane was added compared to the amount of water in the droplet (observed from
the O-H Raman band). As the homogenous fit produced an unrealistic refractive index
and high fit error after the first squalane addition, the morphology was likely core-shell
(Figure 6). A thicker squalane coating was produced by adding more squalane aerosol at
42 minutes and then a clear increase in the C-H Raman band was observed, with
prominent WGMs on both the aqueous O-H and hydrocarbon C-H stretch modes. The
retrieved refractive index and size from the homogeneous fit are now even more
unphysical, as the scatter in the diameter and refractive index and a high fit error
demonstrate in Figure 6. Taken together these observations indicate the presence of a
phase separated droplet with a core-shell morphology.

To confirm that a core-shell morphology was formed, a one spectrum frame at 60
minutes was fitted with the new WGM core-shell algorithm. The derived parameters at
60 minutes indicate a core of aqueous NaCl (1650 nm = 1.3715, d, = 8.41 um) and a shell of
squalane (7650 nm = 1.4450, d, = 10.26 um, shell thickness = 0.925 nm). The core and shell
refractive indexes, and the different fit diameters, confirm that the squalane was coating
the NaCl(aq) phase. Pure squalane has n = 1.4474 + 0.0002 at 589.3 nm (Dubey et al.,
2005). After 60 minutes the relative humidity was increased from 83% to 93% and we



observed droplet growth from the positive slope of the WGMs. The equilibration
timescale we retrieved from the slope of the WGMs was 4.11 + 0.10 min, which is within
the 1.5 to 5.1 min range observed for an uncoated NaCl(aq) droplet at a RH greater than
82% (see Supplemental Information for more details). This water uptake response
indicates that the aqueous NaCl core still responds promptly to gas-phase humidity
changes even though it is coated by a hydrophobic shell, and the squalane has no
measurable effect on the equilibration timescale. Prior AOT experiments have used an
increase in the RH equilibration timescale to assess diffusion limitations of water through
viscous droplet phases (Cai et al., 2015b; Tong et al., 2011).

To further support this proposed squalane shell on NaCl(aq) core morphology we
can use the surface active nature of the WGMs to explain why the homogeneous fit
performed poorly and gave unphysical changes in n and d,. We use the droplet fractional
radial penetration depth of the WGMs, which is approximately one minus the inverse of

refractive index, (1 - %) (Hulst, 1981). For most materials we can use an upper bound of

30% of the droplet radius. This means that the WGMs do not probe the droplet from its
center to 70% of its radius and only exist in the outer 30% of the droplet’s radius.
Therefore, the refractive index retrieved from fitting the WGMSs corresponds to the
composition of the droplet in the outer 30% layer of its radius. Taking this into account,
and considering the small amount of squalane that was added to the droplet initially, the
squalane must have formed the coating, and not the core of the droplet. In other words,
for squalane to have formed the core phase it would have to compose a volume equal to
greater than 70% of the droplet’s radius, which would require adding the equivalent of a
7.7 pm droplet of squalane. This logic chain can be used in future phase-separation
experiments to determine which phase is the shell coating versus at the core, along with
the retrieved values of n. The results from the new core-shell fitting algorithm discussed
above provide additional information that further validates the determination of a core-
shell morphology.

4. Discussion of Results

We have demonstrated how the uniformly mixed gas phase flow delivered to the
trapped droplet’s position in our new aerosol optical tweezers chamber design facilitates
trapping and stability during the addition of a second phase through aerosol coagulation.
This enables optical tweezers experiments on more complex aerosol systems that more
realistically mimic atmospheric aerosol compositions. Additional material can also be
added through vapor condensation. The chamber is also designed to facilitate the in situ
production of secondary organic matter inside the tweezing chamber through the
oxidation of precursor vapors; we will demonstrate these new capabilities in a
subsequent manuscript. The drawback to the chamber’s current large size is the long
equilibration timescale of the tweezers chamber’s air volume to changes in RH and gas-
phase composition. The shortest timescale we can theoretically achieve by adjusting the
airflow rates is 0.55 minutes. For future tweezing chambers based on this design where



shorter equilibration timescales are desired, the whole height of the chamber could be
compressed by at least half. The only limitation with that change is the airflow fields
around the droplet must be stable and uniform so as to not push the droplet out of the
optical trap. This would be largely determined by the height of the trapping chamber and
providing enough distance for the airflow to expand and relax as it enters the lower
tweezing chamber so it achieves a symmetrical and low velocity as it approaches the
droplet. By having a shorter chamber equilibration timescale, we could also determine if
there are any mass transport delays from the droplet, to the boundary layer, and then to
the bulk air flow. A boundary layer to bulk air flow mass transport limitation could
explain why the theoretical equilibration time (1.44 min) is lower than what we observed
(1.83 £ 0.36 min). Future experiments of droplet evaporation will determine if there is a
mass transport limitation of the droplet to the bulk air flow, by observing evaporation
rates.

Using three liquid-liquid phase separation experiments we demonstrated that our
chamber can reliably and stably combine two immiscible phases by coagulation of a
second phase to the initial aqueous or hydrocarbon droplet and subsequently determine
the resulting morphology. The analysis and precise interpretation of the Raman spectra
and their WGMs is limited by the use of a homogenous Mie scattering model to fit the
WGM positions. We have demonstrated that our core-shell Mie fitting algorithm can
retrieve physically realistic properties of both the core and shell phases, when the
experimental evidence indicates that a core-shell morphology exists. The algorithm is
currently computationally expensive, requiring 24+ hours to analyze a single Raman
spectrum frame, and thus was only used to analyze isolated periods of the experiments.
The details and capabilities of our new algorithm will be fully described and explored in
a forthcoming manuscript. From these fits of both the core and shell phase properties
(diameter and refractive index) we are now able to proceed in determining important
quantitative properties from complex mixed aerosol experiments such as component
vapor pressures, hygroscopicities, and diffusion coefficients. This can be done by
trapping core-shell droplets whose two phases evaporate at different rates (measuring
diffusion of the core through the shell), or have differing hygroscopicity (measuring
water diffusion through the shell) (Ray and Tu, 2013).

5. Conclusions

Our study of the morphology of immiscible aerosol systems has assembled the
advanced methodology that enables future experiments on more complex
atmospherically relevant droplets. We show that a squalane shell creates no measurable
impedance on the uptake of water by the underlying aqueous NaCl core, determined
from its measured prompt growth following a humidity ramp. We also highlight the need
for an algorithm to fit unlabeled whispering gallery modes to a core-shell Mie model, and
our preliminary results that can fulfill that need. Through the improvement and
assessment of our core-shell algorithm these same phase separation experiments would
reveal more details about the solubility, volatility, and diffusion coefficients of the



components in each of the two phases. This facilitates the analysis of more complex and
realistic aerosol systems, which often adopt a core-shell morphology following phase
separation.

Future experiments will investigate secondary organic matter produced in situ in
the tweezing chamber and determine if the SOM mixes or does not mix with different
trapped core droplet compositions. We can then determine key properties of the
secondary organic matter using the core-shell fitting of tweezed droplets that are difficult
to determine using other methods such as are applied to large aerosol chamber reactor
experiments (Abramson et al., 2013b; Robinson et al., 2015; Vaden et al., 2011). We have
highlighted the importance and common occurrence of phase separation and its resulting
morphology, and presented a methodology for using the aerosol optical tweezers to
determine critical properties of complex aerosols following the addition of new material
through coagulation.
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Figure 1. The interior design and external gas and aerosol ports of our aerosol optical
tweezers chamber, designed in SolidWorks. The blue dot at the chamber bottom just
above the coverslip represents the position of an oversized trapped droplet. The color
scale displays the relative humidity field from computational fluid dynamics simulations
of the humid conditioned airflow mixing with the drier aerosol airflow, in the chamber.
The simulation shows the mixing of the various flows at the top of the trapping chamber.
The mixing chamber flow is 0.15 L/min of 100% RH air and the vacuum exhaust flow is
0.3 L/min, resulting in 0.15 L/min coming in from ambient pressure at the aerosol port
at 50% RH. The black and white arrows show the direction of the characteristic airflows.
The lower images display three different rotations of the outer chamber design, with each
machined part having a separate color.
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Figure 2. Example Raman spectra from tweezed droplets with whispering gallery modes
(WGMs) indicated by arrows. Top: A homogenous, aqueous NaCl droplet has only the
broad O-H Raman band (spectral range indicated by the bottom right blue bar). Middle:
The squalane coated aqueous NaCl droplet has both the O-H and C-H Raman bands,
where the C-H Raman band is caused by the squalane (spectral range indicated by the
bottom left green bar). Both broad modes support WGMs. Note the circular tipped
pointers indicate narrower Raman features indicative of squalane, on top of which
WGMs can also form. Bottom: A spectrum from a partially-engulfed morphology of oleic
acid and aqueous NaCl, where both the broad C-H and O-H modes are observed, but no
WGMs are present.
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Figure 3. Timescale of changes in droplet size and refractive index, determined from
titting the Raman shift positions of the WGMs, as the chamber RH was stepped, to
determine the chamber’s equilibration timescale. An aqueous NaCl droplet was used,
nebulized from a saturated solution of 0.4 g/mL. An excerpt of the experiment is shown
here - see the Supplemental Information for the full 20 hour experiment. The RH steps
were in increments of 5% in the humid air flowrate, while holding the total conditioned
air flow at 0.35 Lpm. Each RH condition was held for 20 minutes before stepping to the
next.
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Figure 4. A) Raman spectra time series for a tweezed dioctyl sebacate droplet that was
then coagulated with small droplets produced from a 1:1 solution of glycerol and water.
The C-H Raman mode appears in the spectra between 2825-2975 cm-!, and the color scale
indicates the intensity of the Raman signal at that Raman shift position. The bright white
points indicate the positions of the whispering gallery modes (WGMs). Negative slopes
(decreasing Raman shift) indicate decreasing droplet size. The glycerol:water aerosol was
added at 0 minutes, indicated by the gray bar; the RH was 75%. This caused an almost
immediate disappearance of the WGMs, indicating a partially-engulfed morphology was
present between 5 min and 115 min. A faint O-H mode from water also appeared between
~3000 and 3300 cml. After 115 minutes the O-H Raman band faded and the WGMs
appeared, indicating the loss of the aqueous phase and the restoration of a homogenous
droplet morphology. The evaporation of the glycerol:water phase explains these
observations. B) Raman spectra for a tweezed NaCl(aq) droplet being coagulated with
small droplets of oleic acid, at an RH of 77%. A short 25 second coagulation at 0 minutes
resulted in a partially-engulfed morphology. The oleic acid addition is also evident by
the increase in the C-H Raman mode between 2850-3000 cm!. After a longer 145 second
coagulation period at 4 minutes the partially-engulfed morphology was still present.
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Figure 5. Raman spectra time series for a tweezed aqueous NaCl droplet coagulated with
squalane aerosol. A NaClaq droplet is shown at -20 minutes, and at 0 minutes squalane
droplets were coagulated for the period indicated by the gray bar at the bottom. WGMs
are still observed, indicating the squalane formed a thin shell coating. Following the
second coagulation period of squalane at 42 minutes a strong C-H Raman band is
observed between 2800-3000 cm!, and WGMs are present in this hydrocarbon mode. This
indicates the addition of significant amounts of squalane, which formed a homogenous
shell surrounding the aqueous core. A negative trend in the WGM location (bright white
points/lines) indicates droplet shrinkage while a positive trend indicates growth. The
chamber humidity is plotted on the top, and WGMs have a positive trend after the RH is
increased. That indicates the aqueous NaCl core still can uptake water through the
hydrophobic squalane shell.
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Figure 6. Droplet homogeneous Mie fit parameters for the tweezed aqueous NaCl droplet
that was then coagulated with squalane aerosol from Figure 5. Top panel shows the
reduced y2 fit error from fitting the WGM positions to a homogenous Mie scattering
model - note the log scale. The middle panel plots the fitted droplet refractive index (+)
and diameter (o) from the Mie fit. The bottom panel shows the wavenumber position of
the WGMs. The gray bars at the bottom indicate periods of squalane addition. After the
first squalane addition at 0 min the fit error increased and an unrealistic change in
diameter and refractive index are observed. This indicates that the WGMs do not
represent a homogenous droplet. This result was further confirmed after the second
squalane addition at 42 min. where the fit error increased and the retrieved parameters
change unrealistically. This is explained by the formation of a shell of squalane around
the aqueous core.



