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Abstract

Aerosol particles are known to exist in highly viscous amorphous states at low relative humidity
and temperature. The slow diffusion of molecules in viscous particles impacts the uptake and loss
of volatile and semi-volatile species and the rate of heterogenous chemistry. Recent work has
demonstrated that in particles containing organic molecules and salts, the formation of a two-phase
gel states is possible, leading to observations of rigid particles that resist coalescence. The way
that molecules diffuse and transport in gel systems is not well characterized. In this work, we use
an electrodynamic balance to levitate sample particles containing a range of organic compounds
in mixtures with calcium chloride and measure the rate of water diffusion. Particles of the pure
organics have been shown to form viscous amorphous states, while in mixtures with divalent salts,
coalescence measurements have revealed the apparent solidification of particles, consistent with
the formation of a gel state facilitated by ion-molecule interactions. We report in several cases that
water transport can actually be increased in the rigid gel state relative to the pure compound that
forms a viscous state under similar conditions. These measurements reveal the limitations of using
viscosity as a metric for predicting molecular diffusion, and that the gel structure that forms is a
much stronger controlling factor in the rate of diffusion. This underscores the need for diffusion
measurements as well as a deeper understanding of non-covalent molecular assembly that leads to

supramolecular structures in aerosol particles.
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1. Introduction

Aerosols in the atmosphere serve an important role in regulating climate through reflecting and
refracting solar radiation and serving as cloud nucleation sites." In urban environments, aerosols
contribute to the reduction of air quality, with significant negative impacts on health and visibility,
and serve as vectors for disease transmission.’™ In engineering application aerosols are used to
produce dry powders by spray drying and for the dispersal of chemical constituents in agriculture,
household products and cosmetics.®’” Underpinning the role and impact of aerosol in these fields
are the physical and chemical properties of the constituent aerosol particles, such as their
hygroscopicity, viscosity, diffusion, and phase morphology, all of which depend upon the
composition of the aerosol.® Additionally, if a particle contains hygroscopic compounds, such as
salts and oxygenated organic molecules, the environmental relative humidity (RH) will control the
extent of water equilibrium, which in turn controls the phase state of the particle and its rheological

properties.!013

In particles containing mixtures of organic compounds and salts, the hygroscopic behavior is
typically assumed to be driven by the salt, and the resulting behavior follows a contribution-
weighted average of the components. For example, when a salt is added to an organic particle, it
is usually expected that the viscosity of the resulting mixtures will decrease due to the addition of
hydrophilic ions that increase the water content of the particle. However, recent work has clearly
demonstrated that this is not always the case and it has been shown that when atmospherically-
relevant amounts of ammonium sulfate (AS), a common inorganic component of the atmosphere,
is added to citric acid particles, the hygroscopicity decreases while the viscosity significantly
increases.'* Interestingly, the rate of water diffusion, inversely related to the viscosity according
to the Stokes-Einstein relationship, was found to increasingly decorrelate from the viscosity as
more AS was added. In mixtures of AS and sucrose, the viscosity has been shown to decrease
when AS is added, as would be expected given the increased hygroscopic growth.'” Dications
(Ca*", Mg?" etc. that are common in sea water'®) have been shown to induce the formation of a gel
state in particles containing oxygenated organic molecules, leading to sharp increases in the
viscosity of the system.!”!® It should be noted that these effects have not been observed with NaCl.

In general, there are two characteristic responses on the addition of inorganic components: (1) a



decrease in viscosity due to additional water uptake, where the water acts as a plasticizer; or (2)
an increase in apparent viscosity due to interactions between organic molecules and the ions in
solution. In the latter case, these ion-molecule interactions can lead to long-range supramolecular
assembly and the formation of a gel structure. The nature of the organic functional groups and the
specific ions will determine which of these responses will dominate the behavior. Gel states have
also previously been observed in particles containing just MgSO4 and water, and diffusion
measurements show a sharp decrease in the rate of diffusion that is effectively modelled using
percolation theory.'""!° In general, the broader connection between viscosity and diffusion in gel

states is not well-characterized.

In general, to measure viscosity in bulk liquids, rheometric and flow-based methods are used.
However, these bulk measurements cannot measure material properties of aerosol particles due to
the strong influence of supersaturation and changes in phase state that occur at low RH. Instead,
aerosol-based methods for characterizing viscosity have been developed that use methods such as

1720 impaction,?! fluorescence imaging,?? and flow-based methods.?** Of these, only

coalescence,
coalescence measurements allow for the viscosity and phase state of levitated amorphous particles
to be probed in the absence of contact with surfaces. Using aerosol optical tweezers and
electrodynamic balance (EDB) methods for particle levitation, coalescence can be performed in
controlled environmental conditions, allowing for a rigorous exploration of the phase and rheology

of particles.

While viscosity is relatively easy to measure in aerosol, the physical quantity of interest for
predicting the chemical lifetime of a particle is the rate of molecular diffusion. Diffusion, which is
typically inversely related to viscosity, regulates the rate of which molecules move within the
particle along a chemical activity gradient. This impacts the uptake and loss of volatile and semi-
volatile chemical species, the rate of penetration by gas phase oxidants, and the rate of chemical
evolution.?>~28 There are several ways to measure diffusion in aerosol particles, though efforts have
broadly been limited to the diffusion of water.!!**3! Measuring the diffusion rate of other
molecules in a viscous medium is challenging, and has been achieved only in a few cases, such as
for isotopically labeled sucrose or for semi-volatile species evaporating from viscous 233,

Measuring the diffusion rate of water is more common, but still presents significant challenges due



to the fact that the diffusion coefficient is heavily dependent on the amount of water in the particle.
Therefore, any method that disturbs the amount of water in the aerosol must account for this. In
our previous work we demonstrated a method to measure the diffusion coefficient with minimal
RH perturbation, yielding results that agreed well with other methods, such as isotope exchange,

that do not impose a change in the total amount of water.'*

To connect viscosity and diffusion, a first approximation is the Stokes-Einstein (SE) relation,
which assumes a large sphere diffusing through a viscous continuum. This approximation is known
to breakdown when a small molecule, such as water, is diffusing through a viscous matrix
consisting of finite sized molecules. A modification to SE, known as the fractional Stokes-Einstein
(fSE), includes an exponent as a scaling factor that has been shown to scale with the ratio of the

size of the diffusing molecule to the size of the molecules in the viscous matrix>3>.

Although gel states have been shown to slow transport that is interpreted with a reduced effective
diffusion coefficient, the unique phase state of a gel leads to much more complex behavior
involving both diffusion and percolation.'"'** Furthermore, the ability to measure a true viscosity
in a two-phase system is limited and gels can exhibit non-Newtonian behavior whereby they
cannot be fully described with a single dynamic viscosity. Nevertheless, effective diffusion
coefficients and apparent viscosity are relatively easily measured quantities, even for particles that
form gel states, and reveal important information on how a system will behave as a function of
RH. However, for a two-phase system, simple viscosity measurements using, e.g., particle
coalescence, might not fully reflect the underlying molecular details. For example, a highly-
viscous, rigid aerosol particle that does not coalesce might still have liquid pores through which
species can readily diffuse'*!7. To understand diffusion in gel states, it is necessary to expand
beyond aerosol viscosity measurements. The application of SE or {SE to the properties of gels has
not been explored and we lack a rigorous exploration of how viscosity and diffusion are related in

these systems.

In this work, we report measurements of the effective diffusion coefficients of water in particles
that are known to form gel states under certain environmental conditions. We first explore

magnesium sulfate as a single component gel forming system, and then explore mixtures of



oxygenated organic molecules with CaClz. Previous work has reported the apparent viscosity of
pure glucose (Glu), sorbitol (Sor), gluconic acid (GluA), and glucuronic acid (GlucA) as a function
of relative humidity (RH), in addition to the corresponding mixtures with CaClz. Richards et al.!”-%’
revealed that the addition of CaCl: led to the formation of rigid gel particles that resisted
coalescence at mid-ranged RH’s. In this work, we measure the hygroscopicity and effective
diffusion coefficients of water in particles containing oxygenated organic molecules and CaClz. A
linear quadrupole electrodynamic balance (LQ-EDB) was used to levitated sample particles and
Mie resonance spectroscopy (MRS) was used to characterize size and response to changes in
environmental conditions. From existing data characterizing the apparent viscosity of these

samples, we explore the correlation between the phase state and viscosity and the rate of diffusion.

2. Materials and Methods

2.1 Sample Preparation and Safety

The chemicals used in this study were purchased and utilized without additional purification.
Sample particles containing pure MgSOu4 (Fisher Chemical 99%), and glucose (Glu, Sigma-Aldrich
>99.5%), sorbitol (Sor, Sigma-Aldrich >98%), gluconic acid (GluA, Merck 50% w/w water), and
glucuronic acid (GlucA, Sigma-Aldrich >98%), along with their mixtures with CaClz (Sigma-
Aldrich >93%), were prepared from aqueous solutions. Lithium chloride particles, used as a probe
to measure RH within the chamber, were trapped simultaneously with the sample particles in
accordance with our previously described dual-droplet method. Particles were generated following
solvent evaporation from droplets produced using a microdroplet dispenser (Microfab MJ-ABP-
01), as described in our previous work and described briefly here. Dilute aqueous solutions with a
total solute concentration of 4 to 6 g/L were prepared and transferred to the microdroplet dispenser.
Solutions of pure components and equimolar mixtures of organic samples with CaCl> were
prepared. Individual droplets with diameters on the order of 50 um were generated by application
of a voltage pulse to the dispenser and excess solvent evaporated to yield particles with a radius of
3 to 8 um. A charge was induced on the droplets during their formation leading to a net charge on

the particle, allowing them to be levitated using the electric fields of the LQ-EDB.3%°,

For all measurements, safety procedures were followed according to established best practices. No

unexpected or unusually high safety hazards were encountered.



2.2 Particle Levitation

A linear quadrupole electrodynamic balance (LQ-EDB) was used to levitated multiple particles
for extended periods of time using electric fields. Sample droplets produced from the microdroplet
dispenser were given a net charge on the order of 10 to 100 fC by inductive charge separation due
to the presence of an electrode operated at a voltage of 200 to 500 V. Droplets travel horizontally
into the trapping chamber and become confined in the central axis of the linear quadrupole due to
the electric fields. A 532 nm laser with an operating power of <5 mW was used to visually verify
introduction and trapping of droplets. Droplets fall vertically along the axis of the linear
quadrupole due to a gravitational force and drag force from an air flow, at 200 sccm, and reach a
stable trapping position when the vertically acting forces are balanced by a repulsive electrostatic
force generated by an applied DC voltage (10 to 300 V) applied to a disk electrode. A CMOS
camera was used to image particles in the trap to verify and stabilize the vertical position using a
PID feedback loop, programmed using LabVIEW software, to control the DC voltage applied to

the balancing electrode.

The RH in the chamber was controlled by introducing a mixture of dry and humidified nitrogen.
The RH was monitored using the dual-droplet method with LiCl as a probe particle.*’ The probe
acts as an accurate in-sitzu measurement of the RH in the chamber and reveals both the magnitude
of the RH and the time dependence of any changes. To achieve the dual-droplet configuration, two
dispensers and two induction electrodes were used to introduce the sample and probe droplets into
the LQ-EDB simultaneously. The probe and sample particles were periodically moved up and
down in the trap to measure the broadband scattering spectra of both particles in a consecutive

manner.

2.3 Broadband Spectroscopy

A red LED was used to illuminate a single particle and the backscattered spectrum was collected
by optical fibers and delivered to a spectrometer (Ocean Insight HR4000). Spectra were collected
with 1 s of exposure time, with both the probe and sample droplet switching every 10 s to collect
both simultaneously. Photons of light with specific wavelengths, according to the size and
refractive index of the droplet, form standing waves within the droplet and propagate around the

circumference to form whispering gallery modes (WGM’s). The backscattered spectrum contains



sharp peaks that correspond to WGM’s that are analyzed offline to determine the wavelength
positions. These are compared with Mie theory predictions using the algorithms developed by
Preston and Reid and allow the size and RI to be determined.*'*? To validate the output, the full

spectrum is compared to a simulated spectra using Mie theory and agreement is verified by-eye.

2.4 Water Diffusion Measurements

The full procedure to characterize water diffusion was discussed in our earlier work.!* Briefly, a
sample particle was brought to the measurement RH and allowed to equilibrate. Once equilibrated,
the RH was raised or lowered in a 1% step, initiating either water uptake or loss, and the particle
responded accordingly via a change in size. The response of a particle was characterized using the
time-dependence of the wavelength of peaks in the Mie resonance spectra. A half-life (7) was

determined by fitting a stretched-exponential function to the response (s) using Equation 1:4

t

B
S(6) = (5o — s.)elD +s., (1)

The numerical values of T and B from either Equation 1 were used to solve for half-life of the
response:

t1/; = |tin (0.5)] )

The half-life is related to the diffusion rate of water in the particle according to:

_a?in(2)

D=—— 3)

w2t1),
where a is the radius of the particle and ;2 is the half time from Equation 3. It should be noted
that this procedure assumes that the response to a step-change in RH has a single timescale. In a
gel, which is a two-phase system, it might be reasonable to assume multiple timescales as the fluid
and solid portions of the gel respond on fast and slow timescales, respectively. Our data do not
clearly show multiple timescales and throughout this manuscript we report effective diffusion

coefficients that assume a single timescale controls the response.

2.5 Hygroscopic Growth Measurements:
To measure the hygroscopic growth of the samples, a probe and sample droplet were trapped, and

the dry size was found by holding the sample at 0% RH. The RH was then raised to the



measurement RH, and the droplet was allowed to equilibrate. The size was recorded at 5% RH
intervals over the relevant RH range for each system. Measurements were performed on both pure
organic particles and mixtures of organic with CaClz. The calculated radial growth factor (rGF)
was then compared to the AIOMFAC model, which predicts particle behavior based on the
composition and functional groups of the chemicals that make up the particle.*** A simple
volume-additive approach was used to estimate the density of the particle to convert the model

output to a comparable metric to the experiments.

3. Results

3.1 Water Transport in Binary Gel Particles

To verify the methodology is consistent with previous work on water diffusion in gels, we explored
water transport in MgSOs particles as a function of RH. Sample particles were exposed to a 1%
step increase and decrease in RH and the response was determined based on the change in the
wavelength of individual peaks in the Mie resonance spectrum. An example of the time
dependence for a 1% step in RH for MgSOs is shown in Figure 1A and Figure 1B, revealing very
different timescales depending on the RH. A stretched exponential function was fit to the data and
the half-life time was determined, assuming the process occurs with a single timescale, as
discussed in Section 2.4. The effective diffusion coefficient of water estimated from these data are
shown in Figure 1C as a function of RH, along with previous measurements from Davies and

Wilson!!' and Price et al.**

. Although there is some discrepancy in the RH at the gel transition,
identified by the sharp decrease in Dw as the RH decreases, the current work shows behavior
consistent with rapid onset of a gel structure leading to slowed water transport. These data are
consistent with percolation theory, which describe how material can move in a porous systems

based on the pore size, packing efficiency, and porosity of the material 284

Measurements of the apparent viscosity of MgSO4 gel particles were performed using the

coalescence approach detailed by Richards et al.?’

Here, the range of viscosity values measured
was extended to higher RH than was possible in Richards et al. by incorporating a high-speed
camera. These data also show behavior that is characteristic of a phase transition, with the viscosity
showing a clear change in its trend versus RH at a point consistent with the onset of gel formation.

These data are shown in Figure 1D.
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Figure 1: Characteristic response of MgSOj4 particles at A) 15% RH; and B) 35% RH. C) Diffusion coefficients determined using
Equation 3 showing the sudden onset of slowed diffusion, consistent with previous data. D) The viscosity of MgSOs shows a sharp
upward inflexion as the RH decreases through the gel transition RH. Note that data at 70% represents a single trial using a new
high-speed camera applied to the experimental platform reported by Richards et al.



3.2 Water Transport in Binary Viscous Particles

Previous work has demonstrated the formation of viscous amorphous states at low RH for pure
organic particles containing oxygenated species. In particles containing sucrose, citric acid, and a
range of other organic species, high viscosity is associated with reduced rates of water
diffusion.!*!"?* The viscosity data of Richards et al.*” for pure gluconic acid, glucose, sorbitol and
glucuronic acid are reproduced in Figure S2, revealing that these samples also experience a clear
increase in viscosity as the RH decreases. In this work, we characterized the diffusion coefficient
of water in these samples, and the data are shown as a function of RH in Figure 2A-D (solid
symbols). In all cases, a slowing of water transport was observed to correlate with decreasing RH
with an approximately linear decrease in the logarithm of the diffusion coefficient with RH. This
dependence is typical of a transition to a viscous state and the sharp decrease in diffusivity
associated with gel formation is not observed. These data support the assertion that binary particles
containing only organic molecules and water will form viscous amorphous states at low RH.
Across these samples, glucose particles are observed to yield the slowest rate of diffusion, with D

=10 m? s at 20% RH, while sorbitol particles only reach around 4x10°'% m? s! at the same RH.
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Figure 2: Diffusion coefficients for binary (solid circles) and ternary (open circles, with CaClz) systems of A) gluconic acid; B)
glucose; C) sorbitol; and D) glucuronic acid.

The monotonic decrease in the rate of water diffusion coincides with a decrease in the size of the
response of the particles to the 1% step in RH, shown in Figure S3A as the magnitude of the change
in the wavelength. These data further demonstrate that no phase transition is occurring and the
change in the viscosity and diffusion rates can be attributed to a steady decrease in the amount of

water present as a function of RH (reported in Section 3.4).

3.3 Water Transport in Ternary Particles Containing CaCl>

Following the addition of CaClz in equimolar quantities to these organic particles, the apparent
viscosity has been shown to increase significantly. Previous work using coalescence to measure
the viscosity of ternary particles of the samples was performed by Richards et al..*” and we
summarize the results in Figure S2. At low RH, particles were observed to reach states in which
coalescence is not observed over measurement timescales. These observations are attributed to the
formation of a gel state that forms as a result of strong ion-molecule interactions between the

oxygenated function groups of the organic molecules and the divalent Ca®" ions in the mixture.

In this work, we characterize the rate of water diffusion in these samples. The addition of CaClz to
the organic systems results in observed behavior that is highly system specific. In general, the 1%
step changes in RH yielded larger magnitudes of change in the peak positions at high RH compared
to the pure particles, and lower changes in the magnitude of the change at low RH, following the
formation of a gel state. These data are shown in Figure S3B. The same fitting procedure was
applied to the response and the analysis was carried out as described earlier. In Figure 3A-D, we
show the resulting effective diffusion coefficients as a function of RH measured for equimolar
mixtures of CaClz with each organic. In the case of sorbitol, a clear slowing of water transport is
observed relative to the pure organic component, consistent with our previous work using a
different method.?” The diffusion coefficients decrease by up to two orders of magnitude at low
RH compared to pure sorbitol, although the trend does not exhibit the marked step-change within
the RH range that was characteristic of MgSOas gel particles. In gluconic acid particles, the addition

of CaClz leads to an increase in the measured rates of water diffusion, with diffusion occurring



between 10 and 50X more rapidly than in the pure component case within the RH range studied.
For glucuronic acid and glucose, the addition of CaCl: has a less clear effect on diffusion. Ternary
glucose particles show diffusivity that varies minimally with RH and remain at the upper end of
the resolvable range for D, and above the measured rate of diffusion in the binary system. Ternary
glucuronic acid particles show the most variable behavior, with an initial decrease in D, below that

of the binary system, as the gel range is entered, with a subsequent plateau.

Examination of the magnitude of the wavelength response as a function of RH, shown in Figure
S3B, reveals some interesting observations when comparing against the binary data in Figure S3A.
The ternary systems (except glucose) show a step change in the magnitude of the response — for
sorbitol this occurs at 25 to 30% RH and glucuronic acid at 50 to 55% RH, both consistent with
the RH at gel formation indicated by viscosity. For gluconic acid, the response shows this decrease
at 25 to 30% RH, which is lower than indicated by viscosity measurements (around 50%). The
viscosity data indicate gel formation in glucose at around 25%, while the wavelength change
magnitude indicate we do not observe gel formation for this system in these measurements or the
gel state does not behave in a way that is consistent with other aerosol gel states that have been

studied.

3.4 Hygroscopicity of Binary and Ternary Particles

To characterize how the composition of the particles are influenced by the addition of CaClz, we
characterized the hygroscopic growth of each sample using a dual-droplet approach. Briefly,
sample particles were levitated alongside an RH probe particle (LiCl) and the change in size of the
sample was correlated with the change in RH determined from the probe. Particles were left at
each RH for sufficient timescales to achieve equilibrium, as established from the diffusion
measurements. The pure organic particles show limited hygroscopic growth, as seen in Figure 3,
in agreement with the predictions from the AIOMFAC model.**** The AIOMFAC model
calculates the activity coefficients of each component in a mixture of known composition. The
contributions to the excess Gibbs energy from short-range, mid-range, and long-range interactions
are determined and the partial derivative of the Gibbs energy with respect to the concentration of
each component is found. The model output reports the composition in terms of mass and mole

fractions, and the activity of each component. To convert the mass fraction of the AIOMFAC



model to a radial growth factor, we calculate the volume contribution of each component in the
mixture using the respective pure component densities. Then, the sum of the volumes is used to
calculate the spherical-equivalent radius and the growth factor is estimated. Although there are
some discrepancies, for example the hygroscopic growth of glucuronic acid is slightly over-
estimated, the generally good agreement is validation that the model accurately accounts for the
behavior of individual species. We further measured the hygroscopicity of CaClz (Figure S4),
which exhibits efflorescence and deliquescence behavior that makes measurements of the absolute
radial growth factor challenging. In comparison to the AIOMFAC model, if we assume a
measurement dry size to yield a radial growth factor in agreement with the AIOMFAC model at
an arbitrary RH (40% was used here), then good agreement across the full range of measured

values is observed.

Having established that binary systems of the components of interest are well-characterized by
AIOMFAC, we go on to compare the results for the ternary mixtures. These are shown in Figure
3. From the measurements, the change in hygroscopicity on addition of CaClz is low, with gluconic
acid showing the largest increase in hygroscopicity while the other compounds show a decrease
(glucose) or a small increase (sorbitol and glucuronic acid). The AIOMFAC predictions show
significant over-estimation of the hygroscopic growth in all cases, with the predicted behavior
showing much more bias towards the hygroscopic growth of CaCl> than is observed
experimentally. This discrepancy may be associated with the strong interactions of Ca** with the
oxygen functional groups present in the organic molecules, leading to less favorable interactions

with water.

Although the discrepancy between the predicted rGF and measured likely arises from an inaccurate
representation of the interactions between ions and molecules in the AIOMFAC model for these
systems, another source of error that may contribute arises from how the density is used to convert
the model output to a radial growth trend that is comparable with the measurements. Here, we
assume density is ideally additive, and we use the density of the pure component. However, CaClz
is a strong electrolyte, and the solvation of Ca?* may lead to an increase in the density of the
solution relative to the simple assumption. This would lead to modelled data overestimated the

radial GF. The partial molar volume of CaClz in dilute solutions is known to be less than the



estimated molar volume of the solid,*’ but these data are far from the concentrations encountered
in this work. It is unlikely that the range of possible values of the real partial molar volume would

change the overall radial growth factor trend to any significant degree.
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Figure 3: Hygroscopic growth measurements for binary (solid circles) and ternary (open circles, with CaClz) systems of A)
gluconic acid; B) glucose; C) sorbitol; and D) glucuronic acid. The gray solid line indicates the AIOMAC prediction for the binary
system while the black solid line indicates the AIOMFAC prediction for the ternary system.

4. Discussion

4.1 Correlating Diffusion and Viscosity in Binary Viscous Particles

The Stokes-Einstein relationship describes the connection between viscosity and diffusion under
the assumption of a large diffusing sphere, with radius r, in a continuous medium of viscosity p,

according to:
kgT
D=—"
é6nnr

While this relationship effectively describes the inverse-correlation between viscosity and

diffusion, it has been shown inaccurate, by several orders of magnitude, when accounting for the



diffusion of small molecules such as water. Small molecules exhibit diffusion rates that are much
faster than expected based on this equation. As an empirical correction to the Stokes-Einstein

relationship, the fractional Stokes-Einstein relationship introduces an exponent to yield the

- (%)
Dy n

where D and , are the diffusion coefficient and viscosity at a known point, here taken to be that

equation:**

of pure water and ascribed the values 10 m? s and 0.001 Pa s, respectively. The value of the
exponent, ¢, was parameterized against the ratio of the size of the diffusing molecule (here, H20)

and the average size of molecules in the viscous matrix, Rgifr/Rmatrix-

To compare the measurements of viscosity and diffusion that span different RH points, we apply
an empirical parameterization to obtain a function that describes how the two RH-dependent
variables vary with each other. Using these derived relationships, we plot the diffusion coefficient
of water as a function of the viscosity in Figure 4 for all the binary systems explored in this work.
We further show in the plot fraction Stokes-Einstein contours as a comparison. For the organic
systems, the rate of diffusion is higher than expected based on SE, and indeed the data follows the
fSE prediction with exponents that range from around 0.6 to 0.8 over the measured span of both
datasets. Based on the estimated molecular radii derived from the density and molecular mass
(Table 1), the corresponding R gifr/ Rmatrix 1S around 0.55 for all of these compounds. These data
fall within the 95% confidence interval reported by Evoy et al.** for the parameterization of &

versus Rdiff/Rmatrix~

Table 1: Molecular weight, density, molar volume, molecular radius, radius ratio of water (0.2 nm) with respect to each component,
and the gel forming RH according to coalescence measurements. *Gel formation RH as indicated by this work, where different
from Richards et al.

Mw | p/gem? | Vu/em®mol! | R/nm | Rgig/Rmarix | Gel RH/ %

Sorbitol 182 1.49 122 0.36 0.55 25
Gluconic acid 196 1.46 134 0.38 0.53 48, 25*
Glucuronic acid 194 1.7 114 0.36 0.56 48
Glucose 180 1.56 115 0.36 0.56 25, N/A*

MgSOq 120 2.66 45 0.26 0.76 30




CaCl, 111 2.15 52 0.27 0.73 N/A

For the gel-forming MgSOQu4, the rate of diffusion is much faster than expected based on SE, and
the fSE exponent ranges from around 0.4 to 0.5. From the density and molecular mass,
Rgifr/ Rmatrix for MgSOu4 is ~0.76 nm. Based on the parameterization of Evoy el al., these data fall
outside the 95% confidence interval and such a ratio would be expected to show ¢ values around
0.8. Given that the parameterization here was developed only with viscous systems and not gels,
it is not surprising that the result for MgSOu4 is physically unreasonable. In the case of the gel, the
rate of water transport is limited by diffusion and by the structure of the gel, with fluid constrained
to travel through pores and channels of a finite size. In previous work, percolation theory was used
to describe the change of diffusion coefficient as a function of RH.!! With the assumption that the
diffusion coefficient of water in the fluid phase was the same as in a saturated aqueous solution,
the effectiveness of this model showed that water transport was only limited by the gel structure
and was not connected to the apparent viscosity of the system. This is broadly consistent with
known theories on diffusive transport in gels that connect the diffusion coefficient to a function of
the size of the diffusing molecule and the correlation length of the gel, a parameter that describes
the gel structure in cross-linked polymer systems.*® Thus, although fSE is a useful framework to
apply to explore diffusive behavior in viscous systems, it does not appear capable of producing
meaningful insights into the behavior of gels. In the case where the fluid is viscous, transport
within a gel structure becomes more complicated. We explore this concept further for the case of

ternary systems.
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Figure 4: Stokes-Einstein plots of diffusion versus viscosity for: A) binary; and B) ternary systems. Solid lines represent
parameterized experimental measurements using data from this work and Richards et al., while the dashed lines represent an

extrapolation of the pre-gel viscosity data of Richards et al. to the gel forming point identified in this work. Gray dotted lines show
fractional Stokes-Einstein predictions with varying values of the exponent §.

4.2 Correlating Diffusion and Viscosity in Ternary Mixtures

The apparent viscosity was used to characterize the onset of the gel transition by the rapid increase
in the viscosity by several orders of magnitude for a small decrease in RH. These onset RH values
are shown in Table 1. For glucuronic acid and gluconic acid, the gel state was present for all
measurements of water diffusion, and no diffusion limitations were measured above the gel
forming RH, indicating sufficient water present to fully plasticize the particles. Following
formation of the gel, gluconic acid particles show a monotonic decrease in the rate of water
diffusion while the viscosity data indicate the particle is fully rigid. In glucuronic acid, the rate of
water diffusion appears to plateau and a limited dependence on RH is not observed outside of
experimental error. A similar plateau was observed in glucose particles above the gel transition,
and no notable change in diffusion was observed following gel formation. However, it may be the
case that the glucose does not form gel in the measurements reported here, evidenced by a lack of
clear change in the wavelength response magnitude, as discussed earlier. Finally, sorbitol shows a
monotonic decrease in diffusivity with decreasing RH but with no notable change in the trend
when the gel transition is reached. A Stokes-Einstein plot for the gel states is shown in Figure 4B.
The samples that were in gel states across all diffusion measurements are ascribed a constant

viscosity of 10'° Pa s.



In ternary mixtures of components that form gel states, it is clear that effective diffusion and
apparent viscosity become drastically disconnected. When compared to the fS-E relation, the
relationship between these parameters is not accurately represented and, in conditions where the
particles are rigid, the unchanging apparent viscosity is fully decorrelated with diffusion. This
breakdown comes from the more complex nature of mass transport in two-phase gel particles,
where a stiff network can exist that prevents particle coalescence, but mass transport may still
occur readily through liquid contained within the pores of the rigid gel structure. Prior to a gel
transition, the strong interactions between organic molecules and ions that give rise to elevated
viscosity do not appear to strongly reduce the rate of diffusion in a consistent manner. Only in
particles containing sorbitol and CaCl: is true viscous behavior observed prior to the gel state.
After gel formation, the concept of viscosity breaks down and the applicability of correlating

diffusion with apparent viscosity becomes limited.

Based on how the hygroscopicity varies in these systems on additional of CaClz, the amount of
water present is also not a useful indicator of the viscosity and/or diffusion. In gluconic acid, for
example, the hygroscopicity is increased relative to the pure organic species on addition of the salt,
and the corresponding diffusion coefficients are larger than in the binary case. However, this
system also shows the onset of gel formation at high RH, when the water content is still relatively
high. This may point towards a gel structure that contains a significant fluid phase in large pores
that do not inhibit water diffusion, while the presence of the CaCl: that remains in solution
increases the hygroscopicity of the fluid phase, leading to both more water and faster diffusion. In
contrast, ternary sorbitol particles show very little increase in their hygroscopic growth, while the
rate of water diffusion is much slower than in the binary particles, even before the onset of the get.
This indicates that ion-molecule interactions are important to consider even before any phase
transitions occur. In ternary glucose particles, gel formation is expected at a similar RH as in the
sorbitol system, however for glucose the rate of diffusion is faster in the ternary system than in the

binary system, even though the water content is reduced according to the hygroscopicity data.

Although the amount of water likely plays an important role in the formation of the gel network
and influences the rheological properties of the fluid entrained with the gel structure, it is not

predictive or indicative of the resulting physical properties of the system. Instead, the rate of



diffusion will be a complex function of the gel structure and the rheological properties of the
entrained fluid. Knowledge of the composition of both phases within the gel would be required for

a more complete understanding of how the fluid moves within the gel.

Conclusions

In this work we report the diffusion coefficients of water in four binary organic systems and
connect the measured values to previously measured viscosity. Although it is widely known that
the Stokes-Einstein relationship between diffusion and viscosity breaks down for water diffusion,
we demonstrate that the fractional Stokes-Einstein relationship is appropriate in these binary
systems in which the particles form viscous states at low RH. We measure the hygroscopic growth
of these organics and show agreement to the AIOMFAC model. In ternary systems, where the third
component is CaClz, previous work has established the formation of rigid gel states associated
with a significant increase in the apparent viscosity. We report the effective diffusion coefficients
of water in these systems and show that correlations with viscosity break down, even when
applying the fSE relationship. The hygroscopicity in these systems is suppressed relative to the
AIOFAC predictions, but the amount of water does not appear to be strong indicative of the phase

state or physical characteristics of the particles.

Our broad interest in understanding the connection between these fundamental physical properties
is rooted in the need to correlate easily measurable parameters, such as viscosity, with hard to
measure parameters, such as diffusion coefficients, that inform the chemical evolution of aerosol
in the atmosphere. Our results indicate that for particles that form traditional viscous states, the
fSE approach is effective in allowing diffusion and viscosity to be correlated. However, in organic-
inorganic mixtures that exhibit gel transitions, the strong ion-molecular interactions that drive the

phase behavior prohibit such a simple relationship from being applicable.

The microscopic structure plays a much larger role in regulating the rate of molecular transport in
gel systems, and gel behavior is likely to be an important process due to the prevalence of
oxygenated organic species and divalent ions in the atmosphere. This points towards a limitation
in the use of viscosity as a metric for predicting molecular transport and a potentially significant

underestimate of the rate of molecular transport in many amorphous systems. To explore diffusion



in gel structures further, it will be necessary to better understand the microscopic structure of the
particle and the composition of the fluid and solid portions of the gel. Knowledge of both the
viscosity and the pore and channel sizes should allow a rigorous analysis of how material transports
in a gel structure. Further work is planned using computational methods to provide a molecular-
level interpretation of transport in gels. From these data, it will be necessary to develop empirical
or semi-empirical relationships that allow the rate of diffusion in gels to be predicted from readily-
measured particle parameters. More broadly, this work points to a need to further understand gel
states and how they affect the physical properties and transformation processes of aerosol particles.
This work provides further evidence that molecular interactions are responsible for significant

deviations from expected behavior that cannot be explained through simple mixing rules.
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