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Environmental Significance Statement 

 

The morphology of atmospheric aerosol particles dictates their interactions with and 

effects on their environment, controlling their optical and cloud nucleation properties, 

and their heterogeneous reactivity. The new algorithm presented here enables direct 

measurements of the morphology of individual levitated droplets using aerosol optical 

tweezers. A full evaluation of the accuracy of the retrieved properties from the core and 

shell phases in biphasic droplets is presented. Phase-separated core–shell particles have 

recently been identified as prevalent morphologies in atmospheric aerosols, driving the 

need for further study of biphasic particles. This new methodology advances our ability 

to study and understand complex realistic aerosol systems directly relevant to 

atmospheric chemistry, by determining the morphology and phase properties of 

individual particles in real-time. 
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Abstract 7 

 We present a new algorithm for the analysis of whispering gallery modes (WGMs) 8 

found in the cavity enhanced Raman spectra retrieved from optically tweezed droplets. 9 

Our algorithm improves the computational scaling when analyzing core–shell droplets 10 

(i.e. phase-separated or biphasic droplets) in the aerosol optical tweezers (AOT), making 11 

it computationally practical to analyze spectra collected at a few Hz over hours-long 12 

experiments. This enables the determination of the size and refractive index of both the 13 

core and shell phases with high accuracy, at 0.5 Hz time resolution. Phase-separated core–14 

shell droplets are common morphologies in a wide variety of biophysical, colloidal, and 15 

aerosolized chemical systems, and have recently become a major focus in understanding 16 

the atmospheric chemistry of particulate matter. Our new approach reduces the number 17 

of parameters directly searched for, decreasing computational demands. We assess the 18 

accuracy of the diameters and refractive indices retrieved from a homogeneous or core–19 

shell droplet. We demonstrate the performance of the new algorithm using experimental 20 

data from a droplet of aqueous glycerol coated by squalane. We demonstrate that a shell 21 

formation causes adjacent WGMs to split from each other in their wavenumber position 22 

through the addition of a secondary organic aerosol shell around a NaCl(aq) droplet. Our 23 

new algorithm paves the way for more in-depth physiochemical experiments into liquid–24 

liquid phase separation and their consequences for interfacial chemistry—a topic with 25 

growing experimental needs for understanding the dynamics and chemistry of 26 

atmospheric aerosol particles, and in biochemical systems. 27 
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 2 

1. Introduction 28 

Liquid–liquid phase separation is an important phenomenon in many areas of 29 

chemistry and biology due to the unique properties that result after phase separation. In 30 

biochemistry, liquid–liquid phase separation (LLPS) can be used as a purification or 31 

extraction process for biomolecules such as proteins, enzymes, and viruses.1–7 The 32 

concentration of solutes resulting from LLPS can lead to the sequestering of toxic 33 

molecules or enhanced reaction rates.8 In the environment, LLPS can dramatically change 34 

the near-surface concentrations of species, either enhancing or reducing their availability 35 

for multiphase chemistry.3,9 For these reasons, accurate and direct measurements of LLPS 36 

an important observational need in biochemistry, environmental chemistry, and 37 

atmospheric chemistry. This work uses the aerosol optical tweezers to probe LLPS of 38 

atmospheric aerosols, but the new analysis method presented is not limited to 39 

atmospheric systems.  40 

The aerosol optical tweezers (AOT) has become a valuable technique to directly 41 

determine key physicochemical properties of individual aerosols including viscosity, 42 

diffusion coefficients, surface tension, morphology, optical properties, hygroscopic 43 

growth factors, phase transitions, and heterogeneous chemical reactivity.10–31 In a typical 44 

AOT system, a droplet is optically trapped by a focused laser beam, which also induces 45 

a cavity enhanced Raman spectrum (CERS).27 Accurate values for the droplet’s size and 46 

refractive index are retrieved from the wavelengths of the resonant Raman modes—47 

commonly called Whispering Gallery Modes (WGMs) or morphology dependent 48 

resonances—in the droplet.21,24,32 The WGMs arise as Raman scattered light is amplified 49 

in a spherically symmetrical droplet at discrete combinations of size, refractive index, and 50 

wavelength while the optical trap holds the droplet in air, acting as a low-loss resonating 51 

cavity. These two basic measurements of size and refractive index combined with the 52 

stable trapping of a particle enable direct real-time studies of aerosol physical properties 53 

with unprecedented precision and accuracy on levitated droplets surrounded by gas.  54 

Most studies thus far have focused on homogeneous single-phase droplets so that the 55 

Page 3 of 34 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3 

existing data analysis algorithms developed by Preston and Reid can be employed. 56 

However, there is evidence that a core–shell morphology is common in many aerosol 57 

systems,7,19,24,27,33–40 demanding an effective way to accurately retrieve physical properties 58 

from spherically symmetrical core-shell droplets.23,24,27,40 Core–shell morphologies 59 

dramatically change the particle’s interfacial chemistry and properties, thus altering its 60 

interactions with radiation and reactive gases, its equilibration timescale with the gas-61 

phase, and its ability to uptake water. Water uptake is a critical component of direct light 62 

scattering and also the activation of particles into cloud droplets and ice crystals.41–44 Here 63 

we present an efficient computational approach for retrieving the properties of core–shell 64 

droplets that improves upon the methods we briefly described in Gorkowski et al.24 and 65 

rigorously test the accuracy of this new algorithm.   66 

WGMs are morphological resonances inside a spherical droplet that form a standing 67 

wave around the droplet’s circumference. Since WGMs depend on the morphology of the 68 

droplet, they can be used to distinguish between a homogeneous droplet and a core–shell 69 

droplet. Further, the lack of WGMs can indicate a non-spherical partially-engulfed 70 

morphology.15,16,19,27,39 However, studies of core–shell droplets have to-date been limited 71 

to select cases with additional constraining information. A previous algorithm required 72 

a priori WGM labels specifying the mode number, mode order, and electromagnetic wave 73 

type (either transverse electric (TE) or transverse magnetic (TM)) for each WGM.45 74 

Another way to constrain the fit is to assign the refractive index (m) and chromatic 75 

dispersion (dm/d) of the core and shell a priori, and then fit the diameter of the core and 76 

shell, and the WGM labels.23,39 Clearly a priori knowledge of the droplet’s properties is 77 

not possible in many aerosol systems, especially realistic complex chemical systems. 78 

Lastly, in our previous work we implemented an exhaustive direct search approach that 79 

could fit an isolated set of WGMs with no additional constraints but which took 24 to 48 80 

hours for each Raman spectral frame measured every 2 seconds.27 This approach is too 81 

computationally expensive to analyze AOT experimental datasets that are often acquired 82 

over many hours. Here we present an improvement of our earlier algorithm that can now 83 
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 4 

fit an individual set of WGMs in one Raman frame in less than 10 minutes using a 84 

personal computer. However, a typical AOT experiment lasting 6 hours generates 11,000 85 

individual spectra, and so treating the entire experiment as a set of independent spectra 86 

would still require approximately of 51 days to analyze. Since the spectra are not 87 

independent, we use comprehensive fits of the WGMs in a small subset of the spectra to 88 

then assign the WGM labels for the rest of the spectra collected, reducing the total 89 

computation time to a day or less.  90 

2. Experimental 91 

2.1 Whispering Gallery Mode Theory 92 

The solutions for Mie light scattering from homogeneous droplets and core–shell 93 

droplets have been studied and used extensively.21,32,45–52 Using Lorenz-Mie scattering 94 

theory, we numerically solve for the whispering gallery modes, which are sharp 95 

resonances in the broader Mie scattering band. We follow the solution form presented in 96 

Bohren and Huffman,53 and shown in the Supplemental Information. The WGM 97 

resonances correspond to standing electromagnetic waves with an integral number of 98 

wavelengths that form around the circumference of a spherically symmetrical droplet. 99 

When the spherical symmetry is broken, the standing waves do not exist. 100 

The WGM resonances occur when the denominator of the Mie scattering 101 

coefficient vanishes. Therefore, to find the resonance position, we set the denominator 102 

equal to zero and solve for the Mie size parameter (𝜒) given a refractive index (m), mode 103 

number (n), and mode order (o). The Mie size parameter is a dimensionless number 104 

relating the circumference of the particle (πdp) to the wavelength (λ) of the light: 𝜒 = πdp/λ. 105 

The homogeneous case has an approximate analytical solution; however, we use this only 106 

as a starting point for the numerical solution, as Preston and Reid21 demonstrated that 107 

this analytical approximation has significant errors in the resulting resonance position. 108 

However, it is sufficient to constrain the mode order, which usually has a small integer 109 

range of o = 1, 2, or 3 (higher mode orders are typically too faint to measure). Given the 110 

mode order, we then solve Eqn. (1) for the transverse magnetic and Eqn. (2) for the 111 
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 5 

transverse electric resonances for a homogeneous sphere. The solution utilizes Riccati-112 

Bessel functions ξn, ψn, and χn , with a prime indicating the first derivative with respect to 113 

the argument. 114 

0 = 𝑚𝜓𝑛(𝑚𝜒) 𝜉𝑛
′ (𝜒) − 𝜉𝑛(𝜒) 𝜓𝑛

′ (𝑚𝜒) (1) 115 

0 = 𝜓𝑛(𝑚𝜒) 𝜉𝑛
′ (𝜒) − 𝑚𝜉𝑛(𝜒) 𝜓𝑛

′ (𝑚𝜒) (2) 116 

 For a core–shell system, the standing wave propagates in two distinct dielectric 117 

materials, and the solution is very sensitive to both materials when the thickness of the 118 

shell is comparable to the wavelength of the resonating light. For the core–shell solution, 119 

we again set the scattering coefficient’s denominator equal to zero. We then derive Eqn. 120 

(3) for the transverse magnetic resonance and Eqn. (4) for the transverse electric 121 

resonance. In the core–shell notation, we added subscripts for the shell (s) and core (c) 122 

refractive index, the core radial fraction (fc), and the Mie size parameter (𝜒) is defined by 123 

the shell diameter. The influence of the core is folded into two additional terms An and Bn 124 

which are defined in Eqns. (5) and (6). 125 

0 = 𝜉𝑛(𝜒)[ 𝜓𝑛
′ (𝑚𝑠𝜒) − 𝐴𝑛 𝜒𝑛

′ (𝑚𝑠𝜒)] − 𝑚𝑠𝜉𝑛
′ (𝜒)[ 𝜓𝑛(𝑚𝑠𝜒) − 𝐴𝑛 𝜒𝑛(𝑚𝑠𝜒)] (3) 126 

0 = 𝑚𝑠𝜉𝑛(𝜒)[ 𝜓𝑛
′ (𝑚𝑠𝜒) − 𝐵𝑛 𝜒𝑛

′ (𝑚𝑠𝜒)] − 𝜉𝑛
′ (𝜒)[ 𝜓𝑛(𝑚𝑠𝜒) − 𝐵𝑛 𝜒𝑛(𝑚𝑠𝜒)] (4) 127 

𝐴𝑛 =
𝑚𝑠𝜓𝑛(𝑚𝑠𝜒𝑓𝑐)𝜓𝑛

′ (𝑚𝑐𝜒𝑓𝑐) − 𝑚𝑐𝜓𝑛
′ (𝑚𝑠𝜒𝑓𝑐)𝜓𝑛(𝑚𝑐𝜒𝑓𝑐)

𝑚𝑠𝜒𝑛(𝑚𝑠𝜒𝑓𝑐)𝜓𝑛
′ (𝑚𝑐𝜒𝑓𝑐) − 𝑚𝑐𝜒𝑛

′ (𝑚𝑠𝜒𝑓𝑐)𝜓𝑛(𝑚𝑐𝜒𝑓𝑐)
(5) 128 

𝐵𝑛 =
𝑚𝑠𝜓𝑛(𝑚𝑐𝜒𝑓𝑐)𝜓𝑛

′ (𝑚𝑠𝜒𝑓𝑐) − 𝑚𝑐𝜓𝑛(𝑚𝑠𝜒𝑓𝑐)𝜓𝑛
′ (𝑚𝑐𝜒𝑓𝑐)

𝑚𝑠𝜒𝑛
′ (𝑚𝑠𝜒𝑓𝑐)𝜓𝑛(𝑚𝑐𝜒𝑓𝑐) − 𝑚𝑐𝜓𝑛

′ (𝑚𝑐𝜒𝑓𝑐)𝜒𝑛(𝑚𝑠𝜒𝑓𝑐)
(6) 129 

To initialize the numerical solution for the core–shell WGMs, we start with a core 130 

fraction of one and use the homogeneous solution. Then we incrementally decrease the 131 

core fraction in variable step sizes of 10-4 to 10-8. We decrease the step size when the 132 

numerical solution results in a non-smooth change from the previous result. 133 

 Using the numerical solutions to Eqns. (1-6) we generate a database of Mie 134 

resonances for both droplet morphologies. The homogeneous database returns a Mie 135 
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 6 

resonance given a refractive index (m) and WGM label (l), which corresponds to a specific 136 

transverse electric or transverse magnetic resonance, mode number, and mode order. The 137 

mode number corresponds to the number of standing wave nodes that are along the 138 

interior surface of the droplet. The mode order corresponds to the number of standing 139 

wave nodes in the radial direction from the surface of the droplet – these are essentially 140 

higher order resonances. Either the electric or the magnetic field can be transverse, 141 

indicating which field of the electromagnetic wave is propagating parallel to the droplet’s 142 

surface. The core-shell database returns a Mie resonance given a shell-refractive index 143 

(ms), core-refractive index (mc), core-fraction (fc) and WGM label. The core-fraction 144 

denotes where along the droplet’s radial axis the refractive index changes between the 145 

core and the shell phases. Refractive indexes change as a function of wavelength, 146 

therefore to constrain the refractive index dependence on wavelength we use a chromatic 147 

dispersion relation, Eqn. (7) following Preston and Reid,21 where m0 is the refractive index 148 

at a specified wavelength (typically 650 nm for a 532 nm trapping laser) and m1 is the 149 

dispersion term which accounts for the wavelength dependence. This refractive index 150 

dependence on wavelength is also used in the inverse fitting to constrain the fit as the 151 

WGM positions are measured across a range of wavelengths.  152 

𝑚𝜆 = 𝑚0 + 𝑚1 (
1

𝜆
−

1

𝜆0
) (7) 153 

 Using the database for the homogeneous case, we can generate WGM values 154 

simulating different experimental conditions. Shown in Figure 1 is a simulation of single-155 

phase particle growth at a constant refractive index. As the droplet grows, the WGM 156 

resonant frequencies increase in Raman-shift wavelength uniformly; the curves showing 157 

the resonances are parallel in the Figure. Nearly overlapping WGMs will result in merged 158 

peaks in the measured data, but this is not detrimental to the fitting. While for any given 159 

pair of indices the WGMs progress in sequence (i.e., TM162, TM163 TM164,...), the overall 160 

sequence of all of the WGM labels at a given diameter is not universal because the relative 161 

positions depend on refractive index. We show a similar plot to Figure 1 in the 162 
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 7 

Supplemental Information for refractive index and chromatic dispersion dependencies. 163 

For a homogeneous droplet, the diameter is the most sensitive parameter to WGM 164 

position, with a change of 0.66 nm in the retrieved dp per 1 cm-1 change in the WGM’s 165 

Raman shift. The refractive index (9.5 × 10-5 (m0)/cm-1) and a chromatic dispersion (0.004 166 

µm (m1)/cm-1) are less sensitive. These sensitivities are the average slopes of the WGMs 167 

across droplets of typical size and composition; see the Supplemental Information for 168 

more details.  169 

Figure 1. Calculated whispering gallery mode (WGM) positions as a 

homogeneous 10 m droplet grows by 500 nm in diameter, at a constant refractive 
index of 1.37. The WGM resonance wavelength is converted to a Raman shift from 
532 nm incident light, consistent with standard AOT experiments. Select WGM 
labels are indicated by TE for transverse electric (black) and TM for transverse 
magnetic (blue). The superscript is the mode order and the subscript is the mode 
number. Solid lines are mode order 1 and dashed lines are mode order 2. 
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 8 

 The parallel nature of the homogeneous WGM solutions shown in Figure 1 does 170 

not translate to the core–shell WGMs. We generated core–shell WGM values simulating 171 

the addition of a shell phase onto a core phase, shown in Figure 2. The WGM series do 172 

not evolve in parallel because the different mode orders of the standing wave have a 173 

different radial penetration depth and thus a different relative sensitivity to the dielectric 174 

properties of the shell and the core. This broken symmetry is a strong identifying 175 

characteristic of core-shell droplets. Mode order 1 is more sensitive to changes at the 176 

droplet’s outer surface where the shell resides than mode order 2 is, as this mode order 177 

traverses more deeply into the droplet. The transverse electric WGMs have a sharper 178 

radial intensity distribution than the transverse magnetic modes, which also contributes 179 

to the non-parallel evolution. From Figure 2 we also observe that WGMs that were 180 

overlapping in the homogeneous spectrum become resolvable because they split in their 181 

Raman shift positions when the shell grows. This WGM peak splitting and non-parallel 182 

Figure 2. Calculated WGM positions for a core–shell droplet with a constant 10 
µm diameter core with a constant refractive index of 1.37, as in Fig. 1. Growth adds 
a shell with refractive index 1.45 and the thickness indicated on the x-axis. The 
WGM labels follow the same notation as Fig. 1. 
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 9 

WGM evolution with changing size are qualitative patterns that can be used to 183 

distinguish core–shell WGMs from homogenous WGMs. More broadly, the non-parallel 184 

evolution indicates a radial gradient in properties near the droplet surface with a length 185 

scale of 10s to 100s of nm, smaller than the wavelength of the trapping laser.  186 

2.2 Inverse Algorithms for WGM Analysis: Overview 187 

We developed an inverse optimization algorithm that applies to both the 188 

homogeneous and the core-shell morphology. The goal of the algorithm is to efficiently 189 

and accurately match the WGM positions identified in the Raman spectrum to a specific 190 

combination of diameter and refractive index using Mie theory. In this inverse problem 191 

we are optimizing the diameter (dp), the refractive index (m0) along with dispersion (m1) 192 

as described in Eqn. 7, and the specific WGM labels (l) as displayed in Figures 1 and 2. 193 

We first describe existing algorithms and how the problem scales geometrically as the 194 

number of parameters increases. We then preceded to outlining the optimization of a 195 

single spectral frame of data, starting with how to internalize optimization of dp and 196 

therefore decrease the parameters directly searched for by one. We then discuss how the 197 

combinations of discrete WGM labels are found. Lastly, we present the procedure for 198 

optimization of the refractive index parameters (m0, and m1). We then take another step 199 

back and discuss how we can use a full time series of WGMs to further constrain each 200 

WGM label (l). As finding the optimum set of WGM labels constitutes a large fraction of 201 

the computational time, avoiding this attribution for most data frames makes the analysis 202 

significantly more efficient. 203 

2.3 Algorithm Optimization  204 

Existing algorithms for WGM analysis of homogeneous droplets are a 205 

combination of direct search and least-squares minimization.21,23,32,54 In a direct search the 206 

computation scales as the number of parameters (dp, m0, m1, and l); for a homogeneous 207 

droplet that is n4 for a single spectral frame (nframe). An improvement to this was first 208 

proposed by Preston and Reid32. Their algorithm uses a low-resolution search and 209 

subsequent refinement using an R-squared minimization. This results in a scaling of 210 
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 10 

approximately (n3+1)nframe, resulting in a one-second fit time per frame. To extend to a 211 

core–shell parameter space using a fully direct search across all the fit parameters would 212 

result in a (n7)nframe scaling (dp, fc, mC0, mC1, mS0, mS1, and l). Our initial implementation of 213 

this direct search resulted in a fit time of 24 to 48 hours per frame using a personal 214 

computer depending on step size and parameter ranges, making this approach 215 

unrealistic even if performed on a cluster.  This geometric scaling of the direct search 216 

algorithm makes the core–shell implementation unfeasible to analyze experimental data 217 

sets routinely, as nframe can typically exceed 10,000.  218 

Our algorithm overcomes this computational challenge through three 219 

innovations. First, we internalize the dp search via the Mie size parameter (𝜒 = πdp/λ) so 220 

that it is now an internal constraint, thus decreasing the scaling by one factor. Second, we 221 

employ a random search (nrand) over fc, mC0, mC1, mS0, and mS1 to find possible sets of WGM 222 

labels (npWGM). Third, we take the individual WGMs and group them temporally into 223 

WGM sequences (nseq), such that each sequence has a single WGM label (see the 224 

Supplemental Information for an example). This results in an approximate single-frame 225 

scaling for a homogeneous droplet of (nrandnseq+n2)npWGM and for a core–shell droplet of 226 

(nrandnseq+n5)npWGM. Once the labels are known for each of the ngroups then the scaling for 227 

the time series is n2nframe for homogeneous droplets and n5nframe for core–shell droplets. 228 

The resulting fit time for the homogeneous case is 2.6 seconds per frame for unlabeled 229 

WGMs and 9 ms per frame for labeled WGMs. For the core–shell case, it is 6.8 minutes 230 

per frame for unlabeled WGMs and 0.57 seconds per frame for labeled WGMs. We 231 

provide an outline of the complete algorithm in the Supplemental Information.  232 

2.4 Fitting a Single Raman Spectrum 233 

Our first efficiency gain was to convert dp into an internal constraint. This uses the 234 

Mie size parameter (𝜒) to relate the given WGM positions to each other. As dp can be 235 

assumed to be constant in a single spectral frame the positions of the first WGM (λ1) can 236 

be related to another WGM (λi) as shown in Eqn. (8), where 𝜒i is the Mie resonance for 237 

the ith WGM, and 𝜒1 is a possible Mie resonance for the first WGM. 238 
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𝜒𝑖 =
𝜆1

𝜆𝑖
𝜒1 (8) 239 

The possible values for 𝜒1 are determined by the search space of WGM labels (l); 240 

in this way, we constrain the range of possible dp. This approach is very sensitive to the 241 

accuracy of the initial λ1, which can be the location of any of the observed WGMs. 242 

Consequently, we initialize the search with several λi values, up to the full set of observed 243 

WGMs. In practice, a comprehensive search showed no systematic improvements over 244 

using only the first WGM, but to be cautious we initialize the search with the three largest 245 

amplitude WGMs. This method of relating one Mie resonance to another internalizes the 246 

diameter constraint so that we only need to search across the possible WGM label 247 

combinations.  248 

 The number of possible WGM labels combinations does not need to be exhaustive 249 

as we only need to track the best possible combinations. Consequently, we initiate the 250 

search with random values for m0 and m1 for a homogeneous droplet, or for mS0, mS1, mC0, 251 

mC1 for core–shell droplets, and using a direct search for fc. Then for each random guess 252 

we start with all possible WGM labels for the first WGM, l1, and then sequentially find 253 

the best label for the next WGM in the measured spectrum. The minimization for the next 254 

li follows by calculating the squared error for each possible l by setting Eqn. (8) equal to 255 

zero and squaring the result to get Eqn. (9). To account for neighboring WGM peaks, we 256 

keep the 3-5 closest WGM labels that minimize the squared error. We then repeat this 257 

process for the next WGM, etc. After a set number (i) of such WGM searches we remove 258 

a fraction (0.5 to 0.8) of the poorest WGM label sets to reduce the computational load; 259 

however, we keep a minimum of 100 WGM label sets. Consequently, the WGM sets that 260 

result in a high error are rapidly removed and are not propagated through the rest of the 261 

computation. This process results in the 100 best possible WGM-label sets for a given 262 

random guess. The random guess is then repeated until the probability of finding a new 263 

and unique WGM-label set is less than 0.25%. For a homogeneous system, we average 264 
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213 unique WGM-label sets and for a core–shell system we average 488 unique WGM-265 

label sets.  266 

We then globally optimize each of the possible WGM label sets across their droplet 267 

properties: m0 and m1 for a homogeneous droplet and mS0, mS1, mC0, mC1, and fc. for a core-268 

shell droplet. The global optimization proceeds in two steps. The first is a gridded 269 

minimization finding the minimum based on the squared error of the Mie-size parameter: 270 

𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑒𝑟𝑟𝑜𝑟 = ∑ (
𝜆1

𝜆𝑖
𝜒1 − 𝜒𝑖)

2𝑊𝐺𝑀 𝑐𝑜𝑢𝑛𝑡

𝑖=2

 (9) 271 

We use a gridded search because the error landscape is non-smooth and non-272 

convex with multiple local minima. We tested multiple gradient descent and global 273 

search algorithms, but to achieve reliable results they required more computational time 274 

than the simpler gridded search algorithm. We achieved an efficient gridded search for 275 

the many WGM-label combinations and higher dimensional parameter space in the core–276 

shell fit using GPU computations instead of CPU computations as we found that a 4-core 277 

CPU desktop with a GPU was 39% faster than a cluster of 32 CPUs.  278 

 After we complete an initial global search we carry out a local refinement of the 279 

putative optimal solution using a gradient decent algorithm optimizing the reduced chi-280 

squared value (𝛘2red) of the retrieved diameters (di) calculated from the Mie size 281 

parameter, shown in Eqn. (10). We find the optimal diameter (𝑑𝑝
̅̅ ̅) by taking the average 282 

of each di calculated from each Mie size parameter. We propagate the measurement error 283 

(σi) from the Gaussian fit of the WGM resonance peak in the spectrum. 284 

 𝝌𝒓𝒆𝒅.
𝟐 =

1

𝑊𝐺𝑀 𝑐𝑜𝑢𝑛𝑡 − 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑐𝑜𝑢𝑛𝑡
 ∑ (

𝑑𝑖 − 𝑑𝑝
̅̅ ̅

𝜒𝑖𝜎𝑖

2𝜋

)

2
𝑊𝐺𝑀 𝑐𝑜𝑢𝑛𝑡

𝑖=1

(10) 285 

 The optimum WGM-label set can now be found by ranking the retrieved 𝛘2red for 286 

each WGM-label set. From simulation results shown in Figure 3 the optimum WGM-label 287 

set is not always the correct one. Near the optimum each of the WGM-label sets tends to 288 
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only have one or two WGMs of differing labels, leading to a multiple minimum with 289 

similar physical properties. To account for that we use multiple Raman spectral frames 290 

containing the same WGM sequences, which is described below, or we take an average 291 

result of the multiple minima. This averaged result is the mean of all WGM-label sets that 292 

have a 𝛘2red error that is lower than the lowest 𝛘2red error plus a 1σ critical value. This 1σ 293 

critical value is based on the degrees of freedom and the cumulative probability of a chi-294 

squared distribution. For a homogeneous optimization, this 1σ critical value is 3.5 and for 295 

a core–shell optimization it is 7.0. We call this type of fitting the 1σ WGM labeled fit. This 296 

final averaging step in the 1σ WGM labeled fit increases the error in the fit but tends to 297 

gain a more self-consistent result because it averages the degenerate solutions caused by 298 

overlapping WGM labels. 299 

2.5 Fitting a Full Raman Spectral Time Series 300 

 The last improvement to the optimization algorithm is to sort the individual 301 

WGMs into sequences. This process starts with the first frame of WGMs and places 302 

neighboring WGMs in the next frame into sequences based on the previous frame. If there 303 

is no sequence within the variable threshold (typically 0.2 nm), then that individual WGM 304 

creates a new sequence. This process is then repeated for the full experiment resulting in 305 

100s to 1000s of WGM sequences; an example is shown in the Supplemental Information. 306 

The labeling of the WGM sequences follows the same random search process as described 307 

above, but in this case we average the 𝛘2red value across multiple Raman spectra that 308 

contain the same set of WGM sequences, and therefore the same WGM-label sets. This 309 

averaging of 𝛘2red helps resolve which WGM within the 1σ WGM labeled fit has a 310 

consistently low error across multiple frames and is thus more likely the correct label. For 311 

this averaging to be effective we typically use 10 frames for a homogeneous system and 312 

50 frames for a core–shell system. Even with this averaging of multiple frames there are 313 

sometimes still multiple WGM-label sets within the 1σ critical value – this is where our 314 

algorithm can misidentify a WGM label due to it being too close to another WGM. Further 315 

work in incorporating additional information into the algorithm is being pursed, such as 316 
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using the peak amplitude to constrain the possible WGM labels (TM peaks tend to be 317 

smaller than TE peaks) and using the initial fit to find additional WGMs of lower 318 

amplitude in the Raman spectrum.  319 

 Once the WGM series all have a WGM label, then we fit the full time series using 320 

the previously discussed global optimization of m0, m1, and dp for a homogeneous droplet 321 

and of mS0, mS1, mC0, mC1, dp and fc for a core–shell droplet. Since fitting a set of core–shell 322 

WGMs is much faster if the WGM labels are known, fitting the full time series can be 323 

achieved when the WGMs are grouped into sequences. Using the WGM sequences results 324 

there are fewer unlabeled fits that need to be completed. 325 

 326 

3. Results and Discussion 327 

3.1 Assessment of Algorithm’s Performance  328 

 To assess our new inverse fitting algorithm, we generated WGM positions for a 329 

simulated droplet and then added random Gaussian noise to the individual WGM 330 

positions. Our random noise used a sigma of 0.01 nm, shown by Preston and Reid21 to be 331 

typical for measured WGMs and consistent with the uncertainty of the Raman 332 

spectrograph used (Princeton Acton).  We simulated all possible WGM labels up to mode 333 

order 2 between 620 nm and 660 nm, which is representative of our typical Raman 334 

spectrum acquisition using a 532 nm trapping laser and a 1200 grooves/mm diffraction 335 

grating.24,27 After finding all possible WGMs, we randomly selected a subset to use in the 336 

fit. We progressively added WGMs to the initial random set to probe how the uncertainty 337 

changes with the number of WGMs used in the fit. We then repeated this process 300 338 

times by generating a new set of droplet properties randomly, based off of our typical 339 

range of observed parameters (these are listed in the Supplemental Infromation). This 340 

means that each simulation is a new droplet with a diameter between 9 μm to 11 μm and 341 

a refractive index between 1.37 to 1.42. For this assessment, we used the algorithm to fit 342 

a single Raman spectrum (frame) and did not incorporate any time evolution in the fit. 343 
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We describe the details of the simulation bounds as well as a comparison of computation 344 

times in the Supplemental Information.  345 

Using the simulation results we determined whether the calculated (presumably 346 

global) minimum fit gave the known correct WGM-label set. We also determined whether 347 

the correct WGM label set was within the 1σ critical value of the global 𝛘2red minimum 348 

(defined above) regardless of whether it was the optimal fit. We show these two cases in 349 

Figure 3 for both a homogeneous and a core–shell droplet. The solid curves in Figure 3 350 

indicate that the correct WGM label is not always at the minimum, but that the probability 351 

rises with the number of WGMs used in the fit. This result is less of a concern for a 352 

homogeneous droplet as there are usually more than 4 WGMs in a typical spectrum, 353 

where the attribution accuracy is over 95%. However, for the core–shell droplet the 354 

Figure 3. WGM labeling results for simulated droplets with a homogeneous (gray) 
or core–shell (black) morphology. The fraction of simulated fits that had the correct 
WGM label set at the minimum 𝛘2red error is shown with a solid line. The fraction 
of simulated fits that had the correct WGM label set within the minimum 𝛘2red error 
plus 1σ is shown with a dashed line.   
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additional fit parameters increase the degeneracy in fitting incorrect WGM labels and the 355 

attribution accuracy remains below 90% for even 12 WGMs. The increased probability 356 

for the minimum of a core–shell droplet to be incorrectly labeled is why we implemented 357 

the 1σ critical range of the global 𝛘2red minimum. Figure 3 also shows that the correct 358 

WGM-label set is near the minimum even if it is not at the minimum due to noise added 359 

and the inherent flexibility in the model. That is one reason why we implemented WGM 360 

grouping as it helps resolve which WGM label is consistently the minimum across 361 

multiple measured spectra.  362 

Using the simulated WGMs and their resulting fits we assessed the error in the 363 

resulting droplet parameters retrieved by the algorithm: diameter (dp) and refractive 364 

index (m). We examined two cases: (1) with the correct WGM label assignments what is 365 

the global minimum (solid lines); and (2) for all fit results that are within the 1σ critical 366 

range of the global 𝛘2red minimum (dashed lines), what is the average error. The first case 367 

applies if, by using multiple measured spectra (frames), we can determine which WGM 368 

label set is the most consistent, and therefore correct. The second case quantifies the 369 

variability in the 1σ range of the global 𝛘2red minimum. We report the error of the fitting 370 

as the standard deviation of the difference between the simulated parameter and the 371 

resulting fitted parameter. In Figure 4 we show the error in droplet diameter as a function 372 

of WGMs used. The error in the homogeneous droplet is consistent with the algorithm 373 

developed by Preston and Reid21, which achieved ±2.2 nm when fitting 12 WGMs. We 374 

now provide an error assessment of the core and shell diameters. Our error in the shell 375 

diameter (the total droplet diameter) is similar in magnitude to the homogeneous case, 376 

but the error in the core diameter (total diameter – shell thickness) is significantly higher. 377 

We attribute the increased error to the additional flexibility in the core–shell model. For 378 
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experimental systems we try to fit data with at least 2 more WGMs than the minimum 379 

required.  For a homogeneous droplet this means 5 or more WGMs, and for core–shell 380 

droplet this means 8 or more WGMs. Using that minimum threshold, we then averaged 381 

across the remaining fits to get a typical error for any one experiment, this is tabulated in 382 

the Supplemental Information. The fractional (percent) error of the various parameters 383 

puts them into context; for a homogeneous particle, the fractional error in dp is 0.045% 384 

and for a core-shell particle, the fractional error in dshell is 0.024% and the fractional error 385 

in dcore is 3.8%. When we fit experimental data we know the initial diameter of the 386 

homogeneous droplet and this helps to constrain the possible diameters of the core-shell 387 

fit once the outer shell phase has formed or been added.  388 

Figure 4. The fit error of a droplet’s retrieved diameter (dp) in a homogeneous or 
core–shell droplet versus the number of WGMs used in the fit. The error is the 
standard deviation of 300 simulated droplets with a dp between 9 μm to 11 μm at 
each set of WGMs used. The solid line is the minimum using the correct WGM 
labels. The dashed line represents the mean radius of the multiple minimums in 
the fits with a cut-off value of being everything within 1σ of the global minimum.  
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We evaluated the error in retrieving the refractive index using the same procedure. 389 

Our refractive index dispersion model has two fit parameters to account for the small 390 

change in refractive index as a function of wavelength. In Figure 5 we plot the error in 391 

the first parameter, m0, which for our simulation is equivalent to the refractive index at 392 

650 nm, m650 nm. We typically use m650 nm as that corresponds to our WGM observations of 393 

the broad O–H Raman mode with a Raman shift value of ~3400 cm-1.  The dispersion term 394 

(m1) plays a necessary, yet minor role compared to m0 and dp. We provide a plot of the 395 

error in the dispersion term in the Supplemental Information. The error in the refractive 396 

index for the homogeneous droplet is consistent with Preston and Reid,21 which achieved 397 

±0.00033 with 12 WGMs. In the case of the core–shell droplet, after nine WGMs the level 398 

Figure 5. The refractive index (m0) fit error of a homogeneous and core–shell 
droplet’s WGMs versus the number of WGMs used. The error is the standard 
deviation (STDV) of 300 simulated droplets with a m0 between 1.37 to 1.42 
(homogeneous) at each set of WGMs used. The core–shell droplet had a mC0 
between 1.37 to 1.42 and mS0 of 1.40 to 1.45. The solid line is the minimum using 
the correct WGM labels. The dashed line represents the mean radius of the 
multiple minimums in the fits with a cut off value of being everything within 1σ 
of the global minimum. 
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of improvement in the fit with each additional WGM diminishes. We interpret this as a 399 

minimum error asymptotic limit determined by the simulated noise added to the WGM 400 

positions. Some future improvements could incorporate the amplitude of the WGM as 401 

well as the width of the WGM as additional information, which may further improve the 402 

fit accuracy.  403 

So far we have focused on simulations of data from the O–H Raman scattering 404 

band. In some cases (i.e. a hydrophilic hydrocarbon shell) only the C-H Raman band 405 

shows significant features. There are limitations to the fitting of WGMs when only the C–406 

H Raman scattering band common to organic carbon phases is measured (much narrower 407 

than the broad O–H Raman mode for H2O), leading to  fewer WGMs available for the 408 

fitting.24,27 To still gain some insight into the pure organic carbon systems we use a priori 409 

information on the refractive index of the core phase to reduce the size of the feasible 410 

parameter space, but even then the fits are not as well constrained as fits for systems with 411 

the much broader O–H Raman signal present in aqueous phases.      412 

3.2 Spectral Response from Adding a Shell of Organic Carbon to an Aqueous 413 

Inorganic Droplet 414 

 We use the addition of α-pinene secondary organic aerosol (SOA) (formed by gas-415 

phase ozonolysis of α-pinene vapor) to an NaCl(aq) droplet to explore how the droplet’s 416 

Raman spectrum and WGMs transition from a homogeneous droplet to a core-shell 417 

droplet when a second phase (the SOA) is added.24 This experiment, shown in Figure 6, 418 

clearly demonstrates how the homogeneous fit becomes unrealistic for a core–shell 419 

droplet after just a thin shell forms on the droplet. Figure 6 also shows the WGM peak 420 

splitting caused by the growth of a shell on a previously homogeneous core as predicted 421 

from the theoretical results shown in Figure 2. The experiment began with a trapped 422 

NaCl(aq) droplet at roughly 75%  RH. We then flowed ozone (3.4 ppm) and α-pinene 423 

vapor (182 ppm) into the chamber, forming SOA at t=0 minutes. The experimental 424 

methods are described in the Supplemental Information, and in Gorkowski et al.24 The 425 

majority of the SOA shell growth was caused by coagulation of submicron SOA particles 426 
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onto the trapped NaCl(aq) droplet. A detailed assessment of this aerosol system was 427 

previously discussed in Gorkowski et al.24 We use the core–shell fit results as guides for 428 

Figure 6. Raman spectral time series for a tweezed aqueous NaCl droplet with the 
addition of an α-pinene SOA coating. Raman spectra are shown in the bottom 
graph, and the white points indicate the positions of detectable whispering gallery 
modes (WGMs). The decreasing slope of the WGM traces indicates the droplet is 
evaporating due to the RH decrease. The α-pinene SOA flow reaction started at 0 
min, indicated by the pink bar. The droplet’s effective refractive index (m650 nm) and 
diameter (dp) retrieved every two seconds from the WGM analysis are shown in 
the middle and top panels. The RH is shown in the top right panel. The decrease 
in the diameter of the droplet following coating is due to a decrease in the RH of 
the chamber, causing evaporation of water. The fit results of the WGM positions 
to a homogeneous Mie model are in the top two panel as black dots. The fit error 
for the homogeneous model is shown in the green/blue bar, where consistently 
blue indicates a valid fit and green indicates an invalid fit to the model. The core–
shell fitting is then used to retrieve the properties of the NaCl(aq) core (blue points) 
and α-pinene SOA shell (pink points) at 10 min. 
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this system due to the limited number of WGMs (6 per frame) and limited total number  429 

of frames (24) available to constrain the core–shell model. The retrieved refractive indices 430 

are consistent with a NaCl(aq) core and SOA shell, when compared to our previous 431 

work.24 The retrieved shell thickness was ~25 nm, which highlights the resolving power 432 

of the WGMs.  In Figure 6 we should also note that the downward trend in WGM position 433 

is also consistent with the decrease in size observed in the core–shell fit as well as the 434 

decreasing RH. Lastly, the decreasing intensity of the WGMs after 15 minutes is 435 

attributed to a formation of an emulsion of SOA in the aqueous NaCl core as discussed 436 

in Gorkowski et al.24 437 

3.3 Evaporation of an Organic Carbon Core through an Organic Shell 438 

 We investigated our ability to measure phase-separated particles and the resulting 439 

partitioning between the two phases using the coagulation of squalane (C30H62, a 440 

hydrophobic long-chain hydrocarbon) onto an aqueous glycerol droplet. We observed 441 

liquid–liquid phase-separation of these two compounds in beaker experiments, so we 442 

expect phase-separation in the AOT. However, the actual morphology of the phase-443 

separated droplets remained unknown until our AOT experiments. The persistent 444 

WGMs confirm a core-shell  morphology (as opposed to a partially engulfing lens), with 445 

glycerol forming the core.27,39  446 

In Figure 7 we show the core–shell fit results for an isolated part of the experiment 447 

after we coagulated the squalane and coagulated additional glycerol to grow the droplet. 448 

We used coagulational growth so that the droplet was large enough to identify more than 449 

6 WGMs per frame. The fits shown in Figure 7 are for the 270 minutes (6603 spectral 450 

frames) where the relative humidity (RH) was stable, and therefore composition was 451 

constant. Under these stable RH conditions the core of the droplet is predominantly 452 

glycerol, which continuously evaporates into the conditioned air due to its higher vapor 453 

pressure; to a lesser extent the squalane shell also evaporates. This evaporation is 454 

reflected in the fit as the diameter of the particle continuously decreases.  455 
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Our measurements are consistent with sparing but non-zero solubility of squalane 456 

and glycerol. The average shell refractive index, m650nm, was 1.4359 ± 0.0042 which is 457 

lower than pure squalane (m589nm = 1.4474 ± 0.000255). This indicates a measurable amount 458 

of the aqueous glycerol absorbed in the squalane shell phase. Though our measured 459 

refractive index is at a different wavelength than the reference value, these should still be 460 

comparable given that the difference in wavelengths is small and as such the dispersion 461 

would only decrease the refractive index by ~0.001 between 589 nm to 650 nm. The core 462 

is also not a just a glycerol and water solution as glycerol(aq). At 87.3% RH the pure 463 

Figure 7. Raman spectral time series for a tweezed aqueous glycerol droplet coated 
with squalane. The evaporation of the glycerol core is observed from the 
decreasing trend in droplet diameter (dp). The panels follow the same format as in 
Fig. 6. The retrieved two-second Raman spectral frames are averaged to 15 seconds 
for clarity.  

Page 23 of 34 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 23 

solution has mass fractions of 0.6 for wwater and 0.4 for wglycerol resulting in an effective 464 

m589 nm = 1.384 ± 0.008.56 In contrast we observed a core with a higher effective refractive 465 

index with at m650 nm = 1.4076 ± 0.0128 that must be due to mixing with squalane, which 466 

would increase the effective refractive index. The higher uncertainty in m relative to the 467 

simulated assessment (Fig. 7) is likely due to the simulation not matching the uncertainty 468 

of determining the peak positions from the Raman spectrum.  469 

We have used this same fitting algorithm in our previous work on the mixing of 470 

secondary organic aerosol phases with aqueous NaCl, aqueous glycerol and squalane 24. 471 

This algorithm allowed us to identify the morphology of the biphasic droplet and 472 

determine the shell of SOA did not limit equilibration of the core. We are working 473 

towards using the retrieved refractive indexes from the core–shell fitting to measure the 474 

phase composition of both the core and the shell, to directly study phase partitioning and 475 

solubility. Incorporation of a chemical thermodynamic equilibration model along with a 476 

refractive index mixing model will extend this analysis to more components and complex 477 

biphasic systems. With a method to determine the concentration of reactants we can 478 

probe the feedback between chemical reaction rates, compositions, and morphology with 479 

the biphasic system properties. This algorithm could probe the mechanisms behind the 480 

salting out effect of polymers from an aqueous inorganic phase and the elucidate the 481 

mechanisms behind the Hofmeister series that is widely-known in biochemical systems 482 

for describing the salting-in/out of proteins.4 Similarly, biphasic pH measurements could 483 

be performed with a sufficiently accurate refractive index model. 57 The combined AOT 484 

measurment system and new core-shell algorithm facilitates biphasic studies of 485 

compounds in supersaturated inorganic solutions, which are often difficult to access 486 

expermentally.27 Understanding how biphasic systems evolve and their effects is an 487 

active research topic in environmental chemistry, biochemistry, and atmospheric 488 

chemistry.  489 

 490 
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4. Conclusions 491 

 We have developed a practical and efficient algorithm for fitting WGMs for a core–492 

shell biphasic droplet. In the process, we have added to the understanding of how WGMs 493 

change as a second shell phase forms around a previously homogeneous trapped droplet. 494 

The major difference in WGMs in homogeneous and core–shell droplets is the peak 495 

splitting of adjacent WGMs which was predicted in Figure 2 and then demonstrated 496 

experimentally in Figure 6. We then tested our new fitting algorithm on simulated data 497 

for a homogeneous droplet achieving accuracies of ±4.6 nm (0.045%) in particle diameter 498 

(dp) for a ~10 m droplet and ±0.00067 (0.058%) in refractive index (m) for droplet with a 499 

refractive index of ~1.395. The same algorithm applied to a simulated core–shell droplet 500 

achieved accuracies of ±24 nm (0.24%) in shell dp, ±359 nm (3.8%) in core dp, and ±0.0055 501 

(0.37%) in core and shell refractive indices. Using our new algorithm, we analyzed an 502 

AOT experiment on a trapped core–shell droplet of squalane coating glycerol(aq). The 503 

retrieved refractive indices of the core and shell phases were used to inform the chemical 504 

composition of each phase. This improved efficient analysis method for core–shell 505 

droplets opens the door to future experiments that study the physicochemical properties 506 

and dynamics of biphasic droplets using aerosol optical tweezers, and the possibility for 507 

analysis in real-time. 508 
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