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ABSTRACT: Organic aerosol can adopt a wide range of viscosities, from
liquid to glass, depending on the local humidity. In highly viscous droplets,
the evaporation rates of organic components are suppressed to varying
degrees, yet water evaporation remains fast. Here, we examine the
coevaporation of semivolatile organic compounds (SVOCs), along with
their solvating water, from aerosol particles levitated in a humidity-
controlled environment. To better replicate the composition of secondary
aerosol, nonvolatile organics were also present, creating a three-component
diffusion problem. Kinetic modeling reproduced the evaporation
accurately when the SVOCs were assumed to obey the Stokes−Einstein
relation, and water was not. Crucially, our methodology uses previously
collected data to constrain the time-dependent viscosity, as well as water
diffusion coefficients, allowing it to be predictive rather than postdictive.
Throughout the study, evaporation rates were found to decrease as SVOCs deplete from the particle, suggesting path function type
behavior.

I. INTRODUCTION

Key transformations undergone by organic aerosol as a result
of atmospheric processing remain poorly characterized.1,2 It is
important to rectify this; the ability of climate and air quality
models to make predictions about the future of our
atmosphere is coupled to the level of detail used to represent
particulate matter in such models. At present, few dynamic
phenomena are included, due to computational limitations or a
lack of available parametrizations for physicochemical
processes and properties. A further complicating factor is
that atmospheric aerosol themselves are influenced by the
meteorological conditions that they, in turn, can influence,
creating a form of feedback that is challenging to predict.
Current research at the interface of climate science and

aerosol science is multifaceted, because the impacts of aerosol
can be wide ranging, influencing for instance cloud cover,3,4

pollution in cities,5 and the radiative balance of the
atmosphere.6 The incorporation of the fundamental phys-
icochemical properties of aerosol as more accurate measure-
ments become available, including evaporation rates, into the
prediction of weather and climate, is challenging. It is
important to identify instances where gaps in the current
scientific understanding of aerosol microphysics limit our
ability to predict atmospheric phenomena, such as those
mentioned above, and focus particular attention on those
areas.7 The time-dependent proportion of the particle-phase
organic material that is able to partition into the gas phase as a

function of viscosity is a key parameter in predicting the
evolution of secondary organic aerosol (SOA). Consider a
three-step process: First, the volatility of an organic species is
reduced as it is oxidized in the atmosphere, forming a
semivolatile organic compound (SVOC).2,8 Next, the molecule
partitions into an existing aerosol SOA particle, or nucleates a
new particle, and becomes solvated by a condensed phase
matrix. Finally, chemical reactions, or changes in the local
atmospheric conditions, promote the re-evaporation of the
species. The rate of this evaporation is strongly influenced by
the viscosity of the surrounding particle matrix, as any
molecule must first diffuse to the surface before it can
evaporate.9

At present, the extent to which molecular diffusion within
aerosol particles is slowed by a given increase in viscosity is the
subject of some debate: different experimental techniques
disagree about the limiting value of diffusion coefficients as a
particle approaches a glassy state.10−12 Indeed, diffusion in
ternary-component mixtures is a challenging problem in
chemical physics more broadly and has been little explored
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in the current literature, wholly separate even from its utility in
understanding the evaporation of SOA from aerosol in the
atmosphere.13 However, especially at the solute concentrations
accessed in organic aerosol, molecular diffusion becomes
complex and highly sensitive to slight changes in solubility or
intermolecular interactions.
Often, a complex array of chemical and physical processes

can be approximated by a simpler, heuristic quantity. For
instance, one can represent the oxidation state of ambient
organic aerosol using the mean oxygen to carbon (O:C) ratio
of the organic constituents. As a particle is aged by the gas-
phase species it encounters, the organic backbones of the
constituent molecules are gradually functionalized with C−O,
C−OO, or CO bonds, and the ratio approaches (or
exceeds) 1. Generally, larger and more highly oxidized
molecules possess higher pure component viscosities,14,15

leading to a significant disequilibria developing in composition
between the interior of the particles and the gas phase.
Processes such as diffusion or further oxidation are then slowed
to an increasing extent. Decreasing vapor pressure16 or
changing cloud nucleation ability17 are exhibited by the
particles as they are processed by the atmosphere.
While a complete representation of the chemistry and

microphysics occurring in viscous aerosol would be too
computationally expensive to explicitly represent in large-
scale models, very few regional or global climate models
currently include any representation of gas-particle disequi-
libria. One possible method to capture such effects may be to
use structure−activity relationships, which seek to find
empirical correlations by amassing large amounts of exper-
imental data.15 Indeed, the O/C ratio is the only metric which
large scale atmospheric models use to represent aerosol
composition. Other complicating factors are the strong
influences of moisture18−20 and temperature,21 in addition to
environmental processing, on particle viscosity.
Perhaps the most recognized relationship between viscosity

and diffusion is the Stokes−Einstein equation:

D
kT

a6πη
=

(1)

which equates the diffusion coefficient of a species, D, to the
ratio of the thermal energy, kT, supplied by the surroundings,
to the friction that that species experiences (via Stokes’ Law). η
is the dynamic viscosity, and a is the molecular radius.
It has been known for some time that the relationship

between viscosity and diffusion reflected in the SE equation is
not universally applicable (i.e. under certain conditions it fails),
and the macroscopic viscosity η no longer predicts the
microscopic diffusion D. This “breakdown” has been observed
to occur in various chemical systems, such as those containing
a high degree of hydrogen bonding,22 polymeric substances,23

those undergoing supercooling,24−26 those exhibiting confine-
ment of small molecules within porous networks,27 or in
systems which are close to undergoing a glass transition.26,28

Strikingly, the internal structuring of a tropospheric organic
particle is thought likely to depend on every one of these
factors.29−32 It is therefore not surprising that the SE equation
routinely fails to predict the observed relationship between
diffusivity and viscosity in different types of SOA. Indeed, in
our previous publication33 we proposed to directly link the
nanoconfinement of water to the failure of Stokes’ Law, by
invoking a new mechanism of water transport, which proceeds
via hopping between discrete sites. In addition, there is

evidence that significant heterogeneities exist in the concen-
tration and rotational motion of organics in particles from
fluorescence imaging studies.34 Such “dynamic heterogeneity”
may be significant enough to influence the mean diffusion rate,
averaged over the droplet. More generally, it is a common
feature of molecular glasses,35 whose dynamics are known to
be inconsistent with Stokes’ Law.
On the other hand, many publications within the aerosol

science field report exclusively on the failure of the SE equation
to describe the diffusion of water and other small, polar
molecules. In the context of the atmospheric literature, there is
an emerging consensus that water transport remains “fast”
(particle mixing times <1 h) under most conditions, at least in
the planetary boundary layer.36,37 This has been corroborated
recently by observations of aerosol sampled from both urban38

and rural39 sites. However, the diffusion of organic species in
viscous multicomponent aerosol, and the extent to which the
Stokes−Einstein equation can represent transport, remains a
focus of research.40 On a molecular level, organic compounds
tend to be larger than the solvent through which they move
and this promotes Brownian trajectories which are broadly
consistent with the derivation of Stokes’ Law. Further, time-
dependent changes in the molar ratio of different organic
species as they evaporate can alter the overall composition and
particle viscosity. Yli-Juuti et al.41 recently studied the
evaporation of α-Pinene SOA in a batch operated smog
chamber. They found that, for the evaporation rate to be
accurately modeled, a viscosity increase of at least 3 orders of
magnitude in the early seconds of the experiment needed to be
assumed.
Building upon an extensive library of laboratory data we

have accumulated on binary water−organic aerosol droplet
viscosities,42 we consider here the complex behavior of ternary
mixtures containing two organic solutes. In all measurements
discussed here, the most concentrated solute by mass is always
a high molecular weight viscous sugar. The sugars are intended
to replicate the physical and chemical properties of highly
oxidized8 or oligomeric31 constituents of aged SOA. Also
present in the droplets are semivolatile organic solutes, chosen
such that they will slowly evaporate, along with their solvating
water. As in our previous studies,10,33,43 ambient humidity is
controlled, influencing particle viscosity, which in turn affects
the time scale of evaporation.
We discuss and implement two methods to predict three-

component particle viscosity in situations where the ratio of
nonvolatile to semivolatile components is changing. We find
that the evaporation rate, and hence diffusion rate, of the
SVOCs from SOA can be predicted accurately using eq 1,
without any of the modifications44 or fractional terms28 that
are occasionally discussed in the literature.45,46 This appears to
be a general trend, i.e. not dependent on the initial volatility of
the SVOC, since the two investigated here (glycerol and
malonic acid) possess vapor pressures that differ by
approximately a factor of 20. More precisely, we can say that
this holds across all studied humidities (25−75%, at room
temperature), assuming a rigorous parametrization of ternary
composition is included within the kinetic model. We will
describe the parametrizations further in section III, before
comparing the experimental data with the model predictions in
section IV.
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II. METHODS

The experiments discussed herein were conducted on
individual droplets using a combination of optical and
electrodynamic trapping methods. As most of the data were
acquired using optical tweezers, this technique will be
introduced first. These techniques have been described
extensively in previous publications,47 and only a brief
summary will be provided here.
II.a. Aerosol Optical Tweezers (AOT). A small volume of

solution is prepared and loaded into an Omron U22 MicroAIR
nebulizer. The aerosolized plume of solution then flows across
a focused 532 nm wavelength laser until one of the particles
strays close to the focal point and becomes trapped by the
optical forces. Once this occurs (as observed by brightfield
imaging), the nebulization is ceased, and the particle is isolated
from the laboratory atmosphere. It is then exposed to a
nitrogen gas flow of controlled humidity. Some droplets are
captured directly at the humidity under consideration, whereas
others are dried consecutively and evaporated multiple times.
Once a droplet is trapped, or following to a step-change in

relative humidity, the water activity in the particle is allowed to
equilibrate with the water content in the gas phase, after which
point the dominant process controlling mass loss is the
evaporation of the semivolatile dicarboxylic acid or alco-
hol.10,48 Here, the radius decrease rather than mass loss is
inferred, as determined by the cavity enhanced Raman
signature from the droplet. Within the Raman scattering
spectral range, Mie scattering occurs within the interior of the
particle, leading to enhanced resonances at wavelengths that
shift in accordance with circumference, and hence radius. The
Mie theory differential equations are solved via a core−shell
fitting program (more details provided in the supplement),
producing estimates of refractive index in addition to radius.
These estimates are refined to produce the radius data shown
in section IV.
II.b. Electrodynamic Balance. Electrodynamic trapping is

also used to levitate particles in this study. As detailed in a
previous publication,49 single charged droplets can be
generated from an initial solution with desired chemical
composition by using a droplet on-demand dispenser (Micro-
fab MJ-ABP-01). Accessible droplet radii with this exper-
imental setup range from to 4 to ∼30 μm, which contrasts with
3−7 μm for the optical tweezer apparatus. Once dispensed, a
single droplet is delivered to the center of the electrodynamic
field generated by a set of concentric cylindrical electrodes,
which allows indefinite levitation of the droplet within a
nitrogen flow with controlled temperature and relative
humidity (in this study T = 293 K, RH from 0 to 90%). In
addition, a 532 nm wavelength laser illuminates the trapped
droplet; the elastic light scattering arising from it is collected
with a camera (Thorlabs CMOS camera, DCC1545M) and
used to infer the droplet evolving size by applying the
geometric optics approximation.50

II.c. Identifying a Bulk-Diffusion Limitation on
Evaporation. By using our previously employed method-
ology, based on the Maxwell treatment of evaporation,10 it is
possible to determine the partial pressure of semivolatile
compounds, ρsvoc, above the surface of a levitated droplet from
the recession of its radius, either from the optical tweezers or
electrodynamic trapping measurements. In the case that there
is no kinetic impairment from high viscosity on the rate of

evaporation, the value of ρsvoc would increase with the surface
concentration of solute as the droplet dries.

p x psvoc svoc svoc svocγ= · · ⊖
(2)

Any deviations from this Raoult’s law type behavior can be
attributed to a kinetic slowing of the resupply of the
evaporating species to the particle interface. It therefore
follows that, if the mole fractions xsvoc and activity coefficients
γsvoc are accurately known across the RH range of the
experiments, the pure component vapor pressure, psvoc

⊖ , can
be calculated for each particle at each potential RH. The
humidity at which a reduction in the value is observed will
indicate the onset of the bulk diffusion limited regime.
Throughout this paper we refer to the reduced values of psvoc

⊖

calculated as the effective pure component vapor pressure, or
effective vapor pressure.
A complicating factor we wish to investigate is the path

dependence observed in the evaporation of viscous organic
droplets. That is to say, the fact that the humidity that a
particle currently experiences does not fully determine the rate
of evaporation. In fact, the entire processing history of a
particle since its formation must be considered to fully
understand the influence of viscosity and particle phase
concentration on the loss of semivolatile species.43 If there is
an influence of semivolatile depletion on the observed
evaporation rate, then comparisons of particles experiencing
the same RH, but with different drying trajectories, will reveal
it.

III. KINETIC MODELING
Here we use a modified version of the KM-GAP model, first
described by Shiraiwa et al.51 to forward simulate the portion
of the experiment where organic evaporation dominates,
following the initial equilibration in water content between
the particle and gas phases. It has been observed in several
studies41,52 that the microphysical treatment of particle phase
diffusion employed is crucially important to accurately model
the evaporation data. In contrast to the Monte Carlo−
Genetic−Algorithm procedure that is usually applied in KM-
GAP,53 whereby multiple diffusion constants are varied in
order to optimize the model output to the data, here we have
fixed diffusion constants according to independent viscosity
measurements. The organic compounds have been assumed to
follow the Stokes−Einstein relation, with η determined
through aerosol coalescence and shape relaxation measure-
ments across the range of relative humidities for single solute
systems.42

The viscosity of a ternary mixture is parametrized from the
constituent solutes using mixing rules that will be the subject of
the detailed discussion in section IV.a. Once a parametrization
of η has been produced, we can convert it to a diffusion
constant for the organic compounds via the SE relation (eq 1).
The Stokes radii used were calculated from the volume of a
single molecule at the pure melt density54 and are as follows:
8.2 Å for raffinose, 7.2 Å for sucrose, 5.0 Å for glycerol, and 4.7
Å for malonic acid. Additionally, we model water transport
using the sigmoidal dependence of its diffusion coefficient on
water mole fraction determined in our methodology paper.10

The resulting relations between diffusion coefficients and
relative humidity for each component in a water−raffinose−
malonic acid ternary mixture are shown in Figure 1. As
predicted, the organic molecules diffuse between 2 and 4
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orders of magnitude slower than water, with the ratio widening
toward the lower end of the RH range presented. The
“curvature” of the two organic parametrizations in log-space
are identical, as they only differ by a constant factor. The
absence of a bulk diffusional limit on organic and water
transport at high moisture content diminishes the sensitivity of
the model to the parametrization of all of the diffusional
constants at high limiting RH, particularly above ∼75% RH;
we do not consider this high RH regime here.
Another modification to the KM-GAP model is the

introduction of Raoult’s law (eq 2) to correct the equilibrium
partial vapor pressure of the semivolatile component according
to the surface mole fraction. This is updated at every time step
that the model is evaluated, to capture the time evolving nature
of the droplet chemical composition and, therefore, its
volatilization. The length of the input model time steps is
varied over the course of one simulation: the solution of the
differential equations governing diffusion is calculated for a
1000 element time vector that increases logarithmically from
0.1 s to the length of the experiment (range 5000−35 000 s).
When comparing predicted to observed radius data, other

model details are as follows: the particle density has been
calculated from the experimental RH using polynomial
dependencies published previously54 for the relevant binary
aqueous−solute systems along with an assumption of ideal
mixing when calculating the density of a complex mixture.
Where available, the starting mole fractions and activity
coefficients of the various organic species and water have
been determined by employing the statistical thermodynamic
treatment of Dutcher et al.55−57 Their values are presented as a
function of water activity in Figures S1 and S2. Other model
parameters and modifications are also provided in the
supplement.

IV. RESULTS AND DISCUSSION
IV.a. Estimation of the Viscosity of Two Solute

Systems Based on Hygroscopic Growth. While it is

possible to determine the viscosity of simple, one solute
systems in the aerosol phase, or of SOA particles, systems of
intermediate complexity represent a challenge. If data are not
available, we require a methodology to predict the viscosity of
a mixture from its constituent parts. Ternary aerosol therefore
represents a stepping stone between binary systems, the
viscosity of which can be inferred from reliable and
reproducible measurements,42,58 and the incredibly complex
task of probing atmospheric aerosol in the natural environ-
ment. Indeed, a methodology is required that can accurately
predict the viscosity of a mixture if the constituent molecules
and their molar ratios are known. We discuss below the
method used to predict particle viscosity in situations where
the ratio of nonvolatile to semivolatile components is changing
over time, due to the volatilization of one of the organic
components and water.
A group contribution based method for the prediction of

multicomponent aerosol viscosity was published recently by
Gervasi et al.,59 which has shown remarkable accuracy,
suggesting this may become an active area of research. In the
present work, we implemented the approach described by
Rovelli et al., weighting the viscosity contributions from each
species present in each particle according to its hygroscopic
properties.60 Conversely, when considering time-dependent
changes in viscosity as plasticizing organic molecules become
depleted from the particle, a simpler mole fraction mixing rule
is found to provide a sufficient level of detail. Both kinds of
dependence can be considered types of the so-called Bosse
mixing rule. The procedure involves a sum over the logarithms
of the pure component viscosities of each component i:

a x aln( ( )) ln( ( ))
i

n

i imixture w w∑η η=
(3)

where each compound is weighted by its mole fraction xi.
Here, the hygroscopic growth of each solute is considered
separately, allowing the water mass present to be divided
between the two. Each pure component viscosity is replaced
with the binary mixture viscosity of i and water, at a
recalculated water activity, ηi(aw,i).
It is assumed that each solute does not influence the

association of water to other solutes. Therefore, the local
environment of either solute within the droplet is considered
to be a binary solution with a separate water activity to the
other. Each new aw,i value for a solute i is calculated using
partial mass fractions of water, mH2O,i, taken from the
hygroscopic growth factor measurements of the relevant binary
solution aerosol, as discussed in ref 60.
Several examples of mixing rules for viscosity in three-

component aerosol are shown in Figure 2. Panel (a) presents
the viscosities of raffinose and glutaric acid measured in our
previous publication (purple and yellow respectively).42 A
simple mole fraction based mixing rule prediction for a droplet
prepared with a 3:2 molar ratio of nonvolatile to semivolatile is
shown in green. To illustrate the sensitivity of the viscosity to
composition, the viscosity is also shown following a 90%
depletion of the glutaric acid component from a hypothetical
particle (green dashed line), a highly vitrified case. The
difference in magnitude caused by such a change in
composition is significant and will be of crucial importance
when interpreting the experiments described in section IV.c.
In Figure 2 we also present the application of eq 3 to

predictions of the viscosities of a 1:1 molar mixture of glycerol

Figure 1. Composition-dependent diffusion coefficients of the
components of ternary aerosol droplets investigated in this work.
Water (purple line) is represented by a sigmoidal parametrization fit
in our previous publication.10 Raffinose and malonic acid (red and
orange dashed respectively) are determined using eq 1, assuming a
3:2 molar ratio in conjunction with viscosity data from Song et. al
2016.42
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and sucrose. Panel (b) contains a static representation of the
mixture viscosity as a function of dehydration, alongside the

binary solute parametrizations for the semivolatile and
nonvolatile species, showing similar trends to panel (a).
Glycerol is a semivolatile molecule with a low molecular
weight, and so does not achieve a glassy state under dry
conditions (black line), in contrast to sucrose (green). The
vertical line represents the humidity at which the evaporation
experiment interpreted in a later subsection (IV.c) was
conducted. Panel (c) presents three time-dependent viscosities
estimated from evaporation measurements using the EDB for
the same system for three single droplet measurements starting
with initial molar ratio of 1:1 glycerol/sucrose at three different
RHs. As glycerol evaporates from each ternary droplet, the
droplets become increasingly rich in sucrose and the viscosity
increases in time. The viscosity shown in Figure 2c is estimated
using the mixing rule described above based on radius changes
measured at three fixed RHs, 70%, 60%, and 25%. The
evolving concentrations of water, glycerol, and sucrose were
estimated from their initial concentration and the measured
particle volume change. Data were averaged over logarithmic
time bins, and the larger uncertainty observed for the lowest
RH experiment reflects the uncertainty on the sizing of this
particular droplet. In all three cases, we observe two entirely
separate time scales where the viscosity of the droplets
increases. The first, from 1 to 10 s, is caused by the loss of
water from the droplet during equilibration with the RH. The
second, from 103−105 s, is caused by the much slower
evaporation of glycerol.

IV.b. Predictions of Kinetically Limited Evaporation.
As a result of the resupply of the humidified nitrogen gas flow
within the trapping cell, there is no saturation of semivolatiles
within the immediate atmosphere of the levitated droplets in
this study. This maintains a continuous thermodynamic driving
force for evaporation, and the particle-phase concentration of
any semivolatiles monotonically decreases over time. Thus, an
upper limit of the mass flux due to volatilization can be
determined as a function of the pure component vapor
pressure:

m
t

M D

RT
p

d
d

4
( )

svoc gas
svoc

π
=

(4)

where Msvoc is the molecular mass of the evaporating species in
kg and Dgas is its gas diffusion constant in m2 s−1. R is the gas
constant and T is the temperature in K. As an example,
assuming a 4.5 μm droplet composed entirely of a single
semivolatile species whose properties are psvoc = 10−3 Pa and
Msvoc = 100 g mol−1, and with no kinetic limitation, the above
equation predicts that approximately 14% of the droplet mass
will be lost per hour.
In a ternary mixture, as discussed in the previous section,

viscosity increases by many orders of magnitude as the
concentration of water approaches zero, i.e. as the relative
humidity is reduced and as the SVOC is lost from the particle.
This has the effect of kinetically limiting the resupply of
semivolatiles to the surface and quenching the mass loss. We
have shown this in Figure 3 by comparing radius data extracted
from the Raman signals of optically levitated raffinose
(involatile) + malonic acid (semivolatile) particles in different
RH environments. As the humidity decreases, the rate of
evaporation also decreases. While the surface concentration of
organics is higher at 45% compared to 68% RH, in both cases
this layer will be enriched in the involatile species after a few
minutes of exposure to the N2 flow. If the initial viscosity is
high enough then, once the outermost few nanometers of the

Figure 2. Viscosity parametrizations of ternary particles investigated
in this work, showing increasing complexity. (a) Mole fraction
weighted mixing rule predicting the viscosity of particles containing
raffinose (purple) and a semivolatile organic compound (glutaric acid,
yellow). (b) Bosse mixing rule (see main text) predicting the viscosity
of particles containing sucrose (green) and glycerol (black), taking
into account the differing hygroscopic properties of the two
compounds. The vertical line indicates the RH at which the
experiment described in section IV.c was conducted. (c) A time-
dependent Bosse mixing predicting the viscosity of particles
containing sucrose and glycerol at three RHs, using compositions
determined from the optical properties.
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particle are depleted of malonic acid, the surface becomes a
“crust” that increasingly traps the remaining SVOC molecules
in the particle bulk.61

Under the gas diffusion limited regime, by contrast, the
radial concentration profile within the particle remains flat as
the concentration of semivolatiles decreases, and any molecule
can diffuse from the particle center to the surface without
impediment.52 In that case the above equation (4) will provide
an estimate of the amount of semivolatile species that may be
depleted during each period the droplet is held at a constant
RH. A more thorough discussion of what is occurring
internally in particles with multiple chemical systems will be
presented in section IV.c. For now, it is the transition between
these two regimes that is most central to our discussion.
To illustrate the effect of particle water content on the

evaporation regime for an organic component, we constructed
a model system to simulate the behavior of SOA using KM-
GAP. Hypothetical particles of radius 200 nm were initialized
at different RHs and allowed to evaporate. This small size
provided us with evaporation rate data of more relevance to
the sizes of tropospheric aerosol particles. The particles were
modeled to contain water and two organic solutes, with the
starting composition defined such that the organic matter is
25% by volume semivolatile, 75% nonvolatile. The densities of
the organic components have been fixed at 1.5 g cm−3, and the
viscosity of the particle is assumed to be the same as that of
SOA formed from the oxidation of Toluene.14,19 The
hygroscopic growth of the particle has been included and
was represented using the κ-Kohler representation,62 according
to which the changing volume of water within the droplet,
Vwater, can be represented by the equation

V
V a

1
1water

dry w
κ = −

i
k
jjjjj

y
{
zzzzz

(5)

where aw is the particle phase water activity. κ values of 0.1 and
0.25 were chosen for this simulation. These values are
consistent with a recent parametrization of toluene SOA
hygroscopicity by DeRieux et al.,14 who found that 0.2 < κ <
0.25 could be assumed. While κ is generally considered to be

dependent on RH,63 we have used fixed values, as this
modeling is intended as a sensitivity study; i.e., we wish to
calculate an envelope bounded by the two extreme cases of κ,
within which most SOA particles can be considered to reside.

The mean evaporation rate from the model, r
t

d
d

2
, was then

calculated from the radius responses across the humidity range
from 100% to 0%, in increments of 4% RH. Instead of
representing this rate as an effective vapor pressure, we more
accurately relate the semivolatile flux directly to the mass
loading of vapor immediately above the surface of the particle.
This is achieved by substituting the definition of mass
concentration into the Maxwell treatment of the vapor
pressure at a receding particle surface, producing the following:

fC
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F

D
d
d 2

2
droplet svoc

gas

ρ γ
* = ·

(6)

where ρdroplet is the density of the particle and f C is an ef fective
(or f ractional) C*, that is linearly related to the effective vapor
pressure above the surface. Fsvoc is the mole fraction and γ the
activity coefficient of the semivolatile organic compound under
consideration, and Dgas is as defined in eq 4. We have assumed
ideality in this modeling, meaning that all compounds have a γ
value of 1. Equation 6 is simply a conversion of psvoc into the
units of mass concentration, and so the above equation is
analogous to the vapor pressure equation described in our
previous works.9,10 In this way, the switch from gas phase to
particle phase diffusion limited evaporation52 can be assessed
quantitatively, and represented as a change in the effective
saturation of the organic components.
Six curves of the fractional f C*(RH) are reported in Figure

4. Recall that the absolute value of f C* is an estimate of the
saturation concentration established directly above the
droplets surface as it recedes. In this case the intrinsic
saturation mass concentrations of the evaporating compounds

Figure 3. Comparison of the relative changes in particle radius due to
malonic acid evaporation from optically tweezed raffinose particles.
Decreased intraparticle diffusion causes slower evaporation as the
humidity is lowered, from 45% (blue points) to 53% (purple points)
to 68% (dark green points). Each curve is normalized to its initial
radius.

Figure 4. Modeled impact of humidity on mass loading of SVOC
molecules evaporating from a 200 nm particle. Viscosity is taken from
a log−linear representation of toluene SOA from Song et al.19 The
unsuppressed volatilities of the compounds were defined to
correspond to mass loadings of 100, 10, and 1 μg m−3 (top to
bottom respectively). Note that the simulations converge to each of
these values at RH = 100%.
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were set to 100, 10, and 1 μg m−3; i.e., we consider them as
representative of three adjacent bins of a volatility basis set
(VBS). A VBS is a common method used in the literature to
represent the evaporation of highly complex particles by
producing a histogram of component concentrations in
logarithmic bins.41 We are therefore charting how the observed
volatility of each compound can deviate from its pure
component value and how it may “end up” in different bins
as the particle vitrifies. As described earlier, each compound
was simulated twice, assuming two different values of κ.
The evaporation rate of all three compounds was found to

be significantly restricted by the vitrification of the particle
below an RH of approximately 50%. At both κ values (purple
and orange lines), the compound with an equilibrium C* of
100 μg m−3 crossed into an adjacent “volatility bin” in a more
humid environment than the 10 μg m−3 compound, which in
turn crossed over before the 1 μg m−3 compound. Therefore,
we can say that the onset of a bulk diffusion limitation will
become apparent earlier (if one starts at 100% humidity and
dehydrates) in the evaporation rate of organics possessing a
higher saturation concentration C*.
It was initially expected that the suppressed evaporation

rates of the compounds would each be unique as a function of
RH. However, this is not observed. In fact, the trend in mass
loading of all compounds at a given κ value collapses onto one
dependence at around 30% RH. This suggests that once an
SOA particle achieves a certain viscosity, the diffusive
limitation is so severe that the evaporation rate ceases to be
dependent on the inherent volatility of the organics
evaporating: the partial pressure of an organic species above
the surface of a sufficiently viscous particle will be suppressed
proportionally to how volatile it is at equilibrium. Therefore, if

volatility is measured by r
t

d
d

2
, all organic compounds will appear

to reside in the same volatility bin, regardless of their
saturation concentration. It should be noted that we have
not accounted for changes in the density and molecular cross
section of different volatility species, which may also influence
the diffusional flux in a way that separates out the different
curves. However, all other parameters being equal, the
statements above hold, and viscosity can be considered the
primary determinant of evaporation rate at low RH.
When the assumed hygroscopicity is low (the κ = 0.1 case),

the transition between the gas and bulk diffusion limited
regimes occurs near the point at which the viscosity reaches
104 Pa s. This is within the range commonly described as
“semisolid” in the literature (see, for example, refs 14, 15, and
21). While the viscosity required to limit bulk diffusion is
dependent on the particle size, this modeling suggests that, at
least for the smallest SOA particles, the onset of slow
evaporation occurs well below the viscosities accessed in the
glassy state. This result is significant as, in reality, SOA particles
contain an array of organic solutes that can plasticize (reduce
the viscosity of) their surface shells, even at low RHs.
IV.c. Observations of Kinetically Limited Evaporation.

We now explore the path function dependent behavior
observed in the evaporation of viscous organic droplets in
the high viscosity, slow diffusion regime. By path function
behavior we mean any situation in which the humidity that a
particle currently experiences does not fully determine the rate
of evaporation. Instead, the entire processing history of a
particle since its formation must be considered to fully
understand the viscosity and particle phase concentration of

semivolatile species.43 If there is an influence of semivolatile
depletion on the observed evaporation rate, then comparisons
of particles experiencing the same RH, but with different
drying trajectories, will reveal it.
More specifically, we consider two different ternary systems.

Measurements of the evaporation of malonic acid have been
made from aqueous−malonic acid−raffinose particles with
optical tweezers at 14 RHs, between 75% and 38%, each of
which remained constant through the experiment. The lower
humidity bound probed by these measurements is close to the
glass transition humidity of the saccharide, meaning the
potential viscosities achieved by the particles ranged from
semisolid to approaching glassy (see Figure 2). As a second
system, a particle containing a large volume of glycerol was
trapped in an electrodynamic balance at a constant RH of 25%,
and its evaporation through an aqueous−glycerol−sucrose
matrix was observed over the course of several days.
Here we aim to accurately predict changes in the particle

radii during these evaporation events and consequently to
quantify the influence of varying the water activity in the gas
phase on the internal dynamics within the particles. The pure
component vapor pressures of the semivolatiles employed are
approximately 10−2 and 4.3 × 10−4 Pa for glycerol and malonic
acid,64 respectively, roughly corresponding to C* values from
20 to 160 μg m−3. We consider the two systems separately.

Malonic Acid Evaporation from Aqueous−Raffinose
Particles. In Figure 5 we report effective pure component

vapor pressures measured for raffinose−malonic acid particles.
Unlike Figure 4, we choose here to explicitly to represent the
change in apparent volatility with moisture content by an
effective vapor pressure reported in Pa. The measurements are
bounded by an envelope produced by the KM-GAP model for
different limits of the starting concentration. Raffinose is a
trisaccharide with a large molecular mass, and as such, raffinose
particles should increase in viscosity strongly with decrease in
RH.42 The modeling confirms this more rigorously, as a steep
gradient of the effective vapor pressure, psvoc, versus RH is
predicted in the regime where particles experience bulk
diffusion limited evaporation. In contrast to the effective C*

Figure 5. Comparison of observed (purple points) and predicted (red
points and envelope) effective pure component vapor pressures of
malonic acid evaporation from raffinose droplets. The envelope is
bounded by two KM-GAP simulations, beginning from extremes in
starting composition.
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values we used to chart changes in individual VBS bins in
Figure 3, psvoc is estimated from the measurements using the
Maxwell treatment of a receding particle surface:

r
t

M D

RT F
p

d
d

2
( )

2
svoc gas

droplet svoc
svocρ

=
(7)

Here, Fsvoc is the mass fraction of the evaporating species, and
all other parameters are as defined in eqs 4 and 6. The
relationship between eqs 4 and 7 can be found in the
supplement to our previous publication.10 The upper and
lower bounds are calculated from the KM-GAP model,
accounting for the interplay of a gas diffusive limitation at
high RH and a condensed phase diffusive limitation as the RH
is lowered, as described above, as discussed for Figure 4.
In the optical tweezers experiments, the solution was

prepared with a 3:2 molar ratio of the sugar to the acid. It
should be expected that almost all the malonic acid would
evaporate within 3 h of aerosolisation if the viscosity remained
sufficiently low, based on an estimation using eq 4 (assuming a
4.5 μm radius particle, of density 1.5 gcm−3, at 300 K). The
modeling confirms this more rigorously, with the 90% relative
depletion bound (i.e., a 24:1 molar ratio) encapsulating the
data in the figure. The associated change in the particle
viscosity based on this compositional change/depletion has
already been presented and discussed in Figure 2a. Readers
interested in the sensitivities of the model to these kinds of
effects are directed to the supplement where we have provided
intermediate contours modeled for 30 and 60% depletion
(Figure S3a), as well as the influence of the uncertainty in
viscosity on the predicted vapor pressure (Figure S3b).
Returning to the experimentally determined effective vapor

pressures, they vary by just over a factor of 10 between the
highest and lowest humidities. Meanwhile, we can infer from
Figure 2a that a binary raffinose/water particle would increase
in viscosity by 7 orders of magnitude. This discrepancy
between the magnitudes by which the viscosities and
evaporation rates change may be due to a rapid surface
enrichment of raffinose, leading to a high surface viscosity that
is not plasticized by malonic acid even at high RHs. This would
not be detectable by our coalescence technique of measuring
aerosol viscosity,42 on which the model inputs are based, as the
value extracted is an average over the entire volume of the
particle.
Note that, at high RH, both the data and model converge to

the pure component value of the vapor pressure for malonic
acid in the absence of a bulk condensed phase kinetic
limitation to its volatilization. The variance in observed values
of psvoc is also noticeable. In our methodology paper,10 we used
refractive index as a proxy for droplet composition and
proposed that increasingly saccharide rich particles would
evaporate more slowly at the same RH. Here, we have used
KM-GAP to directly understand the enrichment of raffinose as
a function of the conditioning each particle has experienced.
As discussed in the introduction, water in viscous aerosol

diffuses faster than the Stokes−Einstein relation predicts,
sometimes by many orders of magnitude.10,11 The evaporative
dynamics of the particles under consideration in the present
study reflects fast water diffusion occurring in concert with slow
diffusion of organics. We have found that there is a range of
intermediate humidities in which markedly different internal
concentration profiles are observed for the two volatile species
during the same experiment. Figure 6 presents the clearest

example of this phenomenon. The loss of malonic acid from a
raffinose particle at 53% RH was observed over nearly 2 h in
the AOT (panel (a), orange points). Subsequently, the same
experiment was simulated by KM-GAP (blue line), showing
very good agreement between the measured and simulated
change in radius over time. It is important to appreciate that
there is no fitting in this comparison but simply a forward
simulation for the ternary system. The starting radius for the
simulation was chosen as the approximate moment the particle
equilibrated with the ambient RH, determined by the abrupt
change in the experimental evaporation rate, observable when
the radius data are presented on a log time scale. Diffusion
coefficients for the three components were calculated

Figure 6. (a) KM-GAP prediction of the radius change (blue line)
due to evaporation of malonic acid from a raffinose particle at 53%
RH. Bulk concentration profiles of (b) water and (c) malonic acid are
also presented (see main text for description of how they are
calculated).
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according to water activity as presented in Figure 1 and
described in sections III and IV.a.
Differences in the bulk concentration profiles of the water

and malonic acid depletions were calculated from the model by
normalizing the concentrations of both within each shell to
their initial values at t = 0. The resultant matrices varied
between 1 and 0 as a function of radial coordinate and time,
which we present as color maps in Figure 6b and 6c. Water loss
(panel (b)) was found to be rapid, occurring from everywhere
in the particle at once, while a gradient was quickly established
in the concentration of malonic acid between the surface and
the center (panel (c)). This observation is remarkable given
that the water volatilization in the experiment takes place at a
constant particle phase aw, meaning that we can assume it is a
coevaporative process caused by the loss of malonic acid with a
commensurate amount of solvating water. A similar trend in
internal dynamics was observed at humidities as low as 20%
when the saccharide present was sucrose (see Figure S4), albeit
with less close agreement between the predicted and observed
radii. In effect, water transport throughout the particle is rapid,
responding to changes in SVOC concentration more rapidly
than the SVOC itself volatilizes. By contrast, there is
considerable heterogeneity in SVOC concentration throughout
the particle, with a depletion near the surface kinetically
impeding the transport of malonic acid to the surface and
volatilization.
A second example of water diffusion producing an

intraparticle concentration profile distinct from that of malonic
acid was observed is at 45% RH, presented in Figure 7 in the
same format as Figure 6. The initial ratio of malonic acid to
raffinose at t = 0 was just over 10% depleted from the starting
solution. This was determined by simulating exposure to the
ambient conditions experienced by the particle immediately
before the experiment began: 77% RH for 5000 s. The total
radius change is very small, only 6 nm over approximately 6000
s. Clearly, at a humidity so close to the moisture driven glass
transition of the saccharide (40%), water loss will be
exceptionally small (only 1% of the initial value, shown in
the color scale of panel (b)). Similarly, the concentration
gradient of malonic acid is found to be much more steep in the
near-surface region than in the 53% RH case, with loss
localized only to the surface layer (panel (c)). If these
simulations are accurate in reflecting the true internal
structures of the droplets, it would mean that a surface
depletion of a compound can cause a “sympathetic”
coevaporation of solvating water from regions within aerosol
particles far from the surface and experiencing no depletion.
We hesitate to confidently assert the mechanism by which this
occurs, although the cavity hopping process we described
recently33 may play a role.
Another key result of this study is that it is possible to

improve the accuracy of the radius predictions by tracking the
effects of multiple experiments conducted on the same particle
consecutively. The approach we have adopted is as follows: the
mole fractions of the two organics are output at the final time
step of each simulation as a normalized ratio, excluding water.
For example, a ratio of 0.7:0.3 would be generated if one-
fourth of the malonic acid had evaporated from the particle.
When the humidity is stepped down to begin the next
experiment, a new viscosity is then calculated: Using the Bosse
mixing rule (eq 3), the output ratio is multiplied by
parametrizations of prototypical involatile and semivolatile
compounds, η1 and η2. As before, the water content of the

particle is determined from the model of Dutcher et al.56 at the
new RH, and total organic content is scaled accordingly.

Glycerol Evaporation from an Aqueous Sucrose Particle.
Next, we attempted to simulate the EDB data for glycerol
evaporation, which is about 25 times more volatile than
malonic acid. Despite the increased volatility, the experiments
are performed over a similar time frame to the malonic acid
measurements, partly a consequence of measurements on
much larger particles than with optical tweezers, but also
indicating the extent of the bulk diffusive kinetic limitation
imposed even for this system.

Figure 7. (a) KM-GAP prediction of the radius change (blue line)
due to evaporation of malonic acid from raffinose particles at 45%
RH. Bulk concentration gradients of (b) water and (c) malonic acid
are also presented (see main text for description of how they are
calculated). Note that the y axis in panel (c) has been zoomed in, in
contrast to 6c.
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The experimental data are reported in Figure 8a, showing
that the interface recedes by several hundred nanometers over
the course of 30 000 s. The droplet was dispensed from a
solution prepared at a molar ratio of 1:1 sucrose/glycerol, and
the evaporation takes place at 25% RH. The data have a
pronounced curvature and appear exponential, or perhaps
stretched exponential,10 in nature, reflecting a second- order
phenomenon whereby the flux itself changes in a time-
dependent manner. It was decided that a time-dependent
viscosity parametrization was the most appropriate way to
model the changes in composition throughout the experiment.
It was found that the ternary viscosity prediction for 25% RH,
as presented in Figure 2c (blue points), was not appropriate to
insert directly into the kinetic modeling: it is not a smooth or
monotonically increasing function of time. A number of
functional forms were used, but it was found that a
biexponential function reproduced the shape of the para-
metrizations most accurately. We should note here that this
representation lacks radial resolutionthat is to say, viscosity
is assumed to be the same everywhere in the particle at each
time step.
Practically, we would like to predict the time scale over

which evaporation takes place, rather than its precise
thermodynamic end point. For this reason, our previous
publications10,43 have converted radius data into response
functions before interpreting them, as this allows a comparison
to be made between model and experiment without needing to
define the precise thermodynamic end point of the
evaporation, among other quantities. The experimental data
have regular gaps in time where no radii are reported, a result

of the geometric optics approximation applied for sizing this
droplet (as described in the supplement) in the electrodynamic
balance,49 which causes perturbations in the extracted radius
whenever the number of recorded peaks changes. This is not
believed to impact the accuracy of the fit of any of the orange
points in Figure 8a.
The time-dependent particle viscosity was estimated using

eq 3 and is presented in panel (b) (orange points). Since the
ηmixture(t) calculation is dependent on the particle’s volume and
refractive index, there are numerical instabilities in the solution
arising from the measurement of its optical properties, as
discussed above. Therefore, direct insertion of the raw viscosity
data into KM-GAP resulted in the ODE stiffening each time a
step change was encountered. It was found that a lower
resolution, smoothly varying function had to be used instead.
Of the functions tried, it was found that a biexponential
dependence on time (yellow line) best reproduced the shape
of the mixing rule prediction. Further details are provided in
the supplement.
The KM-GAP radius change underpredicts and overpredicts

the experimental data by tens of nanometers at different points
in time (blue line, Figure 8 panel (a)), but generally captures
the magnitude of the evaporation. Additionally, both the initial
gradient and the aforementioned “folding” time as the glycerol
is depleted from the particle are reproduced accurately. We
reiterate that these simulations only rely on information that
has been determined experimentally, namely the starting radius
and the compositional dependence of the viscosity of the
system, in this case estimated from water-activity-dependent
single component measurements. The success or failure of the

Figure 8. (a) Comparisonof KM-GAP predictions of the radius change (blue line) due to evaporation of glycerol from a sucrose particles at 25%
RH with electrodynamic balance data (orange points). (b) Time-dependent viscosity over the same interval: The Bosse treatment of sucrose and
glycerol (orange points) was converted into a smooth function biexponential fit (yellow curve) before inclusion in the model simulation. Bulk
concentration gradients of (c) water and (d) glycerol are also presented.
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approach, then, relies on the validity of the assumptions
inherent to the model rather than fitting and optimization of
the parameter space.
The internal concentration gradients of water and glycerol

produced by the model (panels (c) and (d) respectively)
suggest a relatively balanced contribution of each to the overall
evaporation. Unlike in the malonic acid + raffinose experiments
(Figures 6 and 7), water cannot diffuse to the surface quickly,
and it takes approximately 1 h before any is depleted from the
center of the droplet. Nonetheless, the evaporation of water
remains significantly faster than that of glycerol, which
volatilizes only from the outer half of the droplet radius-wise.

V. CONCLUSIONS
We conclude that the evaporation of small organic components
in SOA can be accurately described, within a kinetic multilayer
model, by assuming their diffusion follows the Stokes−Einstein
relation. The number of evaporation experiments that have
been successfully reproduced by KM-GAP, and the range of
RHs investigated, give us confidence in this statement. It has
also been shown that the practice of optimizing model
parameters in order to fit diffusion models to experimental data
is not required when interpreting experiments of this kind if
compositionally dependent viscosities for mixtures can be
estimated or measured. The results were reproduced by the
KM-GAP model with a small number of physically realistic
assumptions, namely, eq 1, Raoult’s Law, and a mole fraction
based mixing rule for viscosity. Therefore, we can say that the
simulations described here are predictive rather than
postdictive. In this context, the modeling of aerosol properties
in which diffusion of semivolatile organics is important, such as
growth rate, surface chemistry,16 and eventually refractive
index,33 can be simplified.
The apparent volatility of a compound depends strongly on

the water content of the particle it is evaporating from once
organic droplets have achieved a sufficient level of drying, and
the range of observed evaporative fluxes can be explained
quantitatively by a path function type dependence of viscosity
on composition. Modeling sequential experiments conducted
on the same particle have provided corroborating evidence,
since the depletion of semivolatiles that was predicted to occur
in previous steps leads to a more accurate simulation of the
subsequent evaporation rate. By extrapolating this to
atmospheric aerosols, such an effect would manifest most
strongly in conditions where organic aerosol undergoes glass
transitions, namely low temperature and/or RH conditions.36

The results of several experiments suggest there may be a set
of atmospheric conditions in which the equilibration of SOA
with ambient humidity will be thermodynamically controlled,
yet the diffusion of organics within the same particles will be
kinetically controlled. On the basis of the systems investigated,
we believe that the rate of water evaporation can be considered
decoupled from organic evaporation in all but the most viscous
particles (>1010 Pa s).
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