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Field and laboratory measurements indicate that atmospheric organic aerosol particles can be present
in a highly viscous state. In contrast to liquid state particles, the gas phase equilibration to ambient
relative humidity (RH) can be kinetically limited and governed by condensed phase diffusion. In water
diffusion experiments on highly viscous single aerosol particles levitated in an electrodynamic balance,
we observed a characteristic shift behavior of the Mie scattering resonances indicative of the changing
radial structure of the particle, thus providing an experimental method to track the diffusion process
inside the particle. Due to the plasticizing effect of water, theory predicts extremely steep, front-like
water concentration gradients inside highly viscous particles exposed to a rapid increase in RH. The
resulting quasi step-like concentration profile motivates the use of a simple core-shell model describing
the morphology of the non-equilibrium particle during humidification. The particle growth and reduction of the shell refractive index can be observed experimentally as redshift and blueshift behavior of
the Mie resonances, respectively. We can deduce the particle radius as well as a core-shell radius ratio
from the measured shift pattern and Mie scattering calculations. Using both the growth information
obtained from the Mie resonance redshift and thermodynamic equilibrium data, we can infer a comprehensive picture of the time evolution of the diffusion fronts in the framework of our core-shell model.
The observed shift behavior of the Mie resonances provides direct evidence of very steep diffusion
fronts caused by the plasticizing effect of water and a method to validate previous diffusivity measurements. © 2018 Author(s). All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5052216
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I. INTRODUCTION

The capability of water to drastically reduce organic
aerosol (OA) viscosity hints at a strong sensitivity of the
kinetics of OA processes to aerosol water concentration. This
is particularly relevant for hygroscopic growth, as low condensed phase water diffusivities in semi-solid particles can
impose kinetic limitations to the uptake of water. A detailed
discussion on atmospheric conditions under which these limitations become important can be found, e.g., in Ref. 1.
Due to the plasticizing effect of water, the water diffusivity Dw is not just a function of temperature T but in fact
also a function of the number density of water molecules n,
i.e., Dw (n(r), T ), generally depending on the radial coordinate r. Therefore, it is important to assess condensed phase
water diffusivities as a function of temperature and water
concentration.
Several techniques to directly determine water diffusivities in viscous systems have emerged. Zobrist et al.2 measured
the radius change in single aerosol particles in response to
changes in relative humidity (RH). To retrieve the translational
diffusion coefficient from the radius data, they developed an
Euler forward step method based diffusion model. As the diffusivity is a function of water concentration, the diffusion model
has to solve the nonlinear form of the diffusion equation. In
spherical coordinates, it reads
0021-9606/2018/149(24)/244506/11

(1)

A model-intercomparison by O’Meara, Topping, and McFiggans3 suggests a good agreement of the model of Zobrist et al.2
and other models. Other studies relying on this technique were
conducted by Tong et al.,4 Lienhard et al.,1 and Steimer et al.5
Price et al.6 used a Raman isotope tracer method to measure
water diffusivities over a large humidity range. Solution disks
that are covered on the top and bottom but are open to the gas
phase radially were exposed to a change from a H2 O to D2 O
gas phase while RH was kept constant. The diffusivity was
quantified based on the concentrations of D2 O relative to H2 O
within the disk at a given time and radial position as determined by Raman spectroscopy. Davies and Wilson7 applied
this water isotopic exchange approach to aerosol particles suspended in optical tweezers and studied the response of sucrose,
citric acid, and shikimic acid aerosol particles upon a switch of
the gas phase from H2 O to D2 O. The concentration gradients
observed in this type of measurements are isotopic in nature
because RH is kept constant. This facilitates the retrieval of
the diffusivities because there is no position dependence of
the diffusivity that has to be accounted for and the diffusion
equation simplifies to its linear form. But rather than the translational diffusion coefficient of H2 O, this technique probes the
self-diffusivity of D2 O under the assumption that its value is
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comparable to the diffusivity of H2 O. As the technique is based
on the Raman signal of H2 O to D2 O, it becomes less reliable
for low humidities when water content is low.
Recently, Preston, Davies, and Wilson8 developed a
method that retrieves condensed phase diffusivities based on
the frequency dependent radius response of a single aerosol
particle to oscillation in the gas phase concentration of the
diffusing molecule. They demonstrated the validity of their
approach using aqueous sucrose and citric acid particles and
found that their measurements were in good agreement with
previous studies. In passing, let us note that only very recently
these Fickian approaches have been extended to a more general
Maxwell-Stefan treatment.9
The Zobrist diffusion model and the isotopic tracer
method were shown to produce similar water diffusivity estimates for sucrose, citric acid, and shikimic acid.7 However,
the diffusion model based approach is inherently better suited
to probe the response of aerosol particles to changes in RH
and the plasticizing effect of water. For humidification processes, the diffusion model predicts steep, step-like diffusion
fronts that advance towards the center of the particle as illustrated in Fig. 1(a), cf. with Fig. 1 of O’Meara, Topping,
and McFiggans.3 This time-evolution is in stark contrast to
the smooth concentration profiles observed in the “conventional” case when diffusivity is independent of concentration

FIG. 1. Normalized water mole fraction-radius profiles during the humidification of a particle of radius r tot at different fractions of the total equilibration
time τ equ after an initial, instantaneous step increase in relative humidity. X w,eq
is the mole fraction of water in equilibrium with the new relative humidity. (a)
The diffusivity is assumed to depend exponentially on water concentration.
The resulting concentration profiles show a front-like behavior. (b) The diffusivity is assumed to be constant, independent of water concentration, resulting
in smooth concentration profiles.
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[see Fig. 1(b)]. Moridnejad, Preston, and Krieger 10 investigated the theoretical applicability of a Mie fitting algorithm for
concentric core-shell spheres11 on computed optical spectra
for synthetic water-sorption experiments on sucrose particles
that were simulated with a diffusion model analogous to that
of Zobrist et al.2 Other than a bulk study by Nowakowski
et al.12 and a study by Bones et al.13 which tentatively explores
the influence of different concentration profiles on the Mie
resonance spectra of a sucrose particle during humidification, little experimental evidence for such fronts exists and
the accuracy of the concentration profiles predicted by models
remains unclear. Here we provide direct experimental evidence
of sharp diffusion fronts as predicted by Eq. (1) in shikimic
acid particles, a model system chosen due to the availability of
thermodynamic and water diffusivity data.5,7 We explore the
sharpness of the diffusion fronts in depth based on modeling
of the Mie resonance spectra of the particle. The experimental data will be compared to the predictions of the Zobrist
diffusion model; details of the numerical model are given in
Ref. 2.
II. METHODOLOGY
A. Setup

A description of the electrodynamic balance (EDB) setup
was given in Ref. 14. In short, our EDB levitates charged single particles (radius ∼ 10 µm) in an electromagnetic field.
The temperature and pressure of the enclosing chamber can
be set within atmospheric range. The RH within the chamber is regulated by adjusting the ratio of a pure nitrogen
and humidified nitrogen flow entering the chamber. In this
study, the particles were characterized using high resolution Mie spectroscopy. The spectra were obtained with the
setup described in Ref. 5. The particle is illuminated with a
tunable diode laser, scanning a wavelength interval of 765–
781 nm with a scanning speed of 0.04 nm/s. We measure
angle averaged (opening angle ∼20◦ ) wavelength dependent
TE and TM polarization scattering spectra around a 90◦ scattering angle. Typically, the spectra will exhibit several Mie
resonances of different widths which can be attributed to a
certain order and mode number.15 By correctly identifying
the resonances, we can simultaneously determine the size and
refractive index of a homogeneous sphere.16 Ray and Nandakumar 17 showed that simultaneous determination of both
refractive index and size for the core and shell is possible for
particles with core-shell morphology and thin shell thickness.
Recently, Moridnejad, Preston, and Krieger 10 used synthetic
data of resonances of low order number to show that tracking water sorption in glassy aerosol particles may be possible.
Here, we use a different approach as we measure resonances
of higher order number angular averaged over a significant
range.
B. Experiment

We investigate the transition of single binary watershikimic acid particles from a very dry, viscous state to an
aqueous state at moderate humidities upon a step-increase in
RH. Aerosol particles were generated from a dilute binary
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aqueous solution prepared from Millipore water (resistivity >
18.2 MΩ cm, total organic content < 5 ppb) and shikimic acid
(≥99%, Sigma-Aldrich). While the bulk solubility of shikimic
acid is relatively low and the water activity of the saturated
solution is close to unity,5 shikimic acid can adopt an amorphous solid state in the aerosol phase. For the experiment
presented in Fig. 2, the particle was dried at 17.5 ◦ C by slowly
reducing RH from 50% over the course of ∼1 day and then
left to equilibrate under a pure nitrogen flow (30 sccm) for ∼2
days. Subsequently, the EDB chamber was cooled to −10 ◦ C
and the dry particle size was determined using high resolution Mie spectroscopy. Continuously recording Mie spectra,
the particle was exposed to a step increase in RH (Fig. 2,
upper panel). The particle was left to equilibrate at 41% RH
over a period of ∼4.5 days, after which no significant change
in the resonance positions was observed. The Mie resonance
spectra of both TE (upper panel) and TM polarization (lower
panel) recorded prior to the RH-step, shown in Fig. 3(a), feature resonances of different orders easily distinguishable by
their width. The sharpest and second sharpest resonances in
the TE panel were determined to be of order l = 5 and l = 6,
respectively.
Plotting the center position of each of these resonances
versus time uncovers their position shifts during the equilibration process. The lower panel of Fig. 2 features the center
positions of the three lowest resonance orders, i.e., the sharpest
resonances resolved in the TE spectrum, with the sharpest
depicted in red, the second sharpest in black, and the third
sharpest in blue. Before the RH step at ∼15 000 s, the resonance positions are stable. Resonance positions begin to slowly
shift to larger wavelengths (red-shift) as the humidity starts

FIG. 2. Humidification of a shikimic acid particle with initial radius ∼9.3 µm
at 263 K. Upper panel: RH versus time. Lower panel: Center positions of the
three sharpest Mie resonances resolved in the TE spectrum versus time. In
increasing order number l: sharpest resonance (l = 5, red), second sharpest
(l = 6, black), and third sharpest (l = 7, blue) as shown in the TE panel of
Fig. 3(a).
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to increase. When the humidity reaches >35% RH, the resonances undergo a distinct red-shift with resonances leaving
and resonances of the neighboring higher modes entering the
spectral window. At around 345 000 s, the positions stabilize
as the particle reaches equilibrium. Closer inspection reveals
that, while all resonances undergo the global red-shift, resonances do not shift uniformly during the first stages of the
humidification (from ∼40 000 s up to ∼160 000 s) and even
undergo a pronounced blue-shift starting from ∼110 000 s.
Remarkably, in contrast to resonances of the same order
which move synchronously, resonances of different orders
move asynchronously, leading the first and second sharpest
resonance orders to even cross spectral positions. Similarly,
the blue-shifts of the three resonance orders do not occur
simultaneously but in a sequence of increasing resonance
order.
C. Optical and diffusion modeling

This section deals with the interpretation of the resonance
shift behavior observed in Fig. 2 and will shed light on the internal concentration profile within the particle during humidification. In contrast to the Mie spectra recorded while the particle
was in a transient state during equilibration, the interpretation of the spectra after equilibration and before the RH step
(i.e., the dry spectra) is straightforward. After equilibrating at
the final, higher humidity for a prolonged time (∼75 000 s),
the water concentration within the particle is homogeneous.
Consequently, the refractive index is constant throughout the
particle. Equally, as the particle was carefully dried over a
long period of time at higher temperatures where diffusion is
relatively fast (∼10−12 cm2 s−1 ),5 we expect the particle to
have little internal inhomogeneity in the dry state. For these
two cases, we thus determine both size and refractive index
by fitting the particle resonance spectra to the calculated spectra for homogenous spheres neglecting dispersion18 depicted
in Fig. 3 as red curves. The dry size fit yields a refractive
index of 1.5500 ± 0.0025 and a radius of 9.2892 ± 0.015 µm.
For the humidified particle, we obtain a refractive index of
1.5275 ± 0.0025 and a radius of 9.682 ± 0.015 µm. Note that
we observe higher refractive indices compared to our previous
data at 290 K.5 However, this discrepancy in refractive index
can mostly be attributed to the higher density at lower temperatures, with corresponding higher refractive indices. The
growth of a homogeneous sphere with a fixed refractive index
observed in a confined wavelength range is equivalent to an
increase in the Mie parameter values, X, corresponding to the
spectral range, with X = 2πr/λ. As the position of a Mie resonance in Mie parameter space only depends on the refractive
index, this radius increase at a constant refractive index manifests itself as the redshift of the Mie resonance position in
wavelength space. The movement of an individual resonance
at λ(t) with initial position λ 0 translates to radius change from
r 0 to r(t) according to
r(t) =

λ(t)r0
.
λ0

(2)

Equation (2) also implies that, at constant refractive index,
the distance between two Mie resonances remains almost
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FIG. 3. Mie resonance spectra (black
line) of the dry (a) and humidified (b)
state from the experiment presented in
Fig. 2. The upper and lower panels show
the TE and TM polarization, respectively. The red lines show Mie calculations for homogeneous particles (a)
with a refractive index of 1.5500 and
a radius of 9.2892 µm and (b) with a
refractive index of 1.5275 and a radius
of 9.682 µm. The sharpest and second
sharpest resonances in the TE panel of
(a) were determined to be l = 5 and l
= 6, respectively, and labeled TE588 and
TE684 , respectively.

constant for small radius increases as expected in this experiment. Hence, to separate the effects of changing refractive
index profile and particle growth, we consider the distance
between the resonance positions of two adjacent orders. In
Fig. 4, we plot ∆λ = λ second sharpest − λ sharpest , the separation of
two resonances of the second sharpest (TE684 ) and the sharpest
order (TE588 ) from the experiment shown in Fig. 2(a) against
time. The green curve reveals an oscillating shift pattern with
several minima and maxima with increasing amplitude until
the marked blue-shift as shown in Fig. 2 occurs. (Note that we
did not measure the position of the resonances simultaneously
because of the finite scanning speed. However, the time interval needed for measuring ∆λ was much faster than the time
span of significant changes in ∆λ.) After t ∼ 150 000 s, the resonance pair leaves the spectral window. The neighboring pair
of resonances TE685 and TE589 (dark blue curve, pertaining to

the right axis) shows that ∆λ does not continue its oscillatory
behavior but approaches a constant value. The green and blue
curves are congruent when plotted slightly offset with respect
to each other. The observed offset is anticipated and can be
attributed to the fact that Mie resonances of different orders
are not equally spaced around a given Mie parameter range, the
very property that allows us to use Mie spectra to size particles
precisely. It is striking though that both the magnitude of the
shifts and their time dependence are the same. Optical modeling demonstrates that the feature of alternating maxima and
minima is completely absent when the particle slowly changes
its refractive index upon growth while remaining an optically
homogeneous sphere. The dotted grey curve (pertaining to the
left axis) in Fig. 4(a) corresponds to ∆λ of a particle of the same
size changing its refractive index from 1.5500 to 1.5275 at a
constant rate between 50 000 s and 150 000 s. In contrast, for
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concentric layers and follows an algorithm proposed by Yang
et al.20 To compare measured and modeled spectra, we convert the modeled resonance distance in Mie parameter space
to wavelength space using the inverse Mie resonance positions
assuming a constant radius of r ∗ = 9.2892 µm
1 +
1
/.
− l=5
∆λ ∗ = 2πr ∗ *. l=6
xsecond sharpest xsharpest
,

(3)

For an exact comparison of the magnitude of ∆λ, we
would have to account for the radius increase during humidification. However, given that the overall radius change is just
∼4%, we deem this effect negligible for our purposes. As
shown in Fig. 4(b), ∆λ ∗ varies as r core /r tot decreases (blue line),
retracing the pattern observed in the experiment. The modeled
spectra reproduce the number of minima and maxima seen
in the experiment. The amplitude of the maxima is slightly
overpredicted by the model curve, but measured and modeled
values agree within the error given by the uncertainties in dry
and humidified refractive indices (blue shaded region). Furthermore, Fig. 4 implies that the minima and maxima observed
experimentally can be attributed to a given morphology, thus
enabling us to identify the position of the boundary between
the core and shell, i.e., the position of the diffusion front within
the particle in its transient state. The reason for this modulated
shift behavior becomes clear when we examine the shift of the
TE588 (red solid line) and TE684 (black solid line) resonances in
Mie parameter space (see Fig. 5).

FIG. 4. (a) Experimentally observed separation of the second sharpest (TE684
starting from 768.3089 nm) and sharpest resonance (TE588 starting from
768.7133 nm) ∆λ versus time (green curve). The separation exhibits an oscillatory behavior. The neighboring pair of resonances TE685 and TE589 (dark blue
curve, pertaining to the right axis) follows the same behavior, but is shifted in
its absolute value. (b) The separation ∆λ∗ of the same resonances modeled for
a core-shell morphology using the refractive index of the dry and humidified
particle for the core and the shell, respectively (blue curve). ∆λ∗ is plotted
versus the ratio r core /r tot , where r core is the radius of the core and r tot is the
particle radius. The curve agrees with the measurement data within error as
given by the uncertainty in refractive index (blue shading).

thinly coated aerosol particles, the separation between adjacent pairs of TM- and TE-resonances was shown to oscillate
with increasing coating thickness.17 We thus interpret the shift
pattern of two TE-resonances of different order observed here
as an indicator of the changing inner structure of the particle
during humidification.
The steep concentration profiles predicted by solutions to
Eq. (1) for step-increases in RH motivate an analysis in the
framework of a simple core-shell model. In the transient state,
the particle is modeled as a 2-layer sphere, using the refractive index of the humidified particle for a homogeneous shell
(mshell ) and the refractive index attributed to the dry particle
for a concentric, homogeneous core (mcore ). The morphology,
i.e., the advance of the aqueous layer within the particle is
described in terms of the ratio r core /r tot , where r core is the
radius of the core and r tot is the outer radius of the particle.
Mie spectra were computed using the code by Pena and Pal,19
which is able to model the scattering of a sphere with nested,

FIG. 5. Upper panel: Position of the sharpest (TE588 , red curve) and second
sharpest (TE684 , black curve) Mie resonances resolved in the experiment for a
two layer sphere with mcore = 1.5500 and mshell = 1.5275. While the shell is
thin, the resonance positions shift to higher Mie parameter values in steps as
r core /r tot decreases. For thick shells, the resonance positions of the two layer
sphere are identical to a homogeneous particle with the refractive index of the
shell. Lower panel: Angularly averaged internal field intensity distribution of
TE588 (red dashed curve) and TE684 (black dashed curve) for a homogeneous
particle with dry refractive index m = 1.5500. The order number of the resonances equals the number of maxima. For clarity, the intensity curves were
plotted with respect to different scales. In both panels, vertical lines were
added to show that minima of the intensities of the internal field correspond
to the r core /r tot values where the Mie resonances reach plateaus. Maxima of
the intensity distribution are concomitant with r core /r tot values where the Mie
resonance positions steeply increase.
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The Mie resonances shift stepwise with decreasing
r core /r tot , featuring a number of increases and plateaus equal
to their resonance order l. Similarly, the intensity distribution
of the electric field within the particle (dashed curves) for each
mode has a number of maxima equivalent to the mode order.
The positions of the plateaus of the resonance shifts and the
minima of the intensity distribution overlap in r core /r tot . The
resonances shift while the front passes through a region where
a maximum of the intensity distribution is located, suggesting that the time-dependent experimental resonance shifts can
be attributed to a given morphology. The maximum closest to
the center provides the largest contribution, giving rise to the
strongest increase in x and the pronounced blue shifts visible in
the experiment (see Fig. 2). After this, when r core . r tot /mshell ,
the internal field corresponding to a given resonance declines
strongly, with higher resonance orders penetrating deeper into
the particle (see, e.g., Ref. 21). For core radii that are small, the
particle spectrum is indistinguishable from the homogeneous
case. Consequently, our technique loses its sensitivity to the
core-shell morphology and the position of the front within the
particle.
The existence and magnitude of the pattern seen in
Fig. 4(a) can also provide insight into the steepness of the
diffusion front. For this purpose, we compare ∆λ ∗ for several hypothetical refractive index profiles. In the case of a
strict core-shell morphology, the magnitude of the pattern
is determined by the optical contrast between the core and
shell refractive index. The higher it gets, the further the resonances will shift with respect to their original separation.
This is reflected in the error envelope of Fig. 4(b). Interestingly, varying the optical contrast strongly affects the maxima
of the pattern, while the minima of ∆λ are relatively insensitive to variations in refractive index. When optical contrast
is high enough, resonances are even likely to change their
order 22 as r core /r tot is decreased. As we depart from a strict
core-shell and assume mellower refractive index profiles for
the transition between the aqueous layer and the dry core, the
magnitude of the pattern is no longer solely dependent on the
total optical contrast. This is illustrated in Fig. 6, for which
the particle was modeled as a 3 layer system: A homogeneous
core using the refractive index of the dry particle, a homogeneous outer shell with the refractive index of the humidified
particle, and a transition layer in which the refractive index
decreases linearly from its core to its shell value. The shift
pattern erodes when the transition layer, which is the characteristic length that defines the steepness of the refractive
index profile, reaches a sufficient extent to average over individual minima and maxima of the radial intensity distribution
of a given mode (see the purple curve with transition layer
thickness ∼3.25% of r tot ). Notably the amplitude of the maxima as well as the minima is reduced. This differs from the
observation made in the core-shell case, where a reduction in
optical contrast reduces the height of the maxima, but does
not significantly affect the value of the minima. When the
thickness of the transition layer reaches ∼9.5% of r tot (orange
curve), the modulation of the pattern is obliterated. Given that
only very narrow transition layers adequately reproduce the
minima of the resonance shift pattern, we conclude that the
refractive index profile seen in the experiment must be indeed

J. Chem. Phys. 149, 244506 (2018)

FIG. 6. Modeled separation of the second sharpest and sharpest resonance
∆λ∗ versus r center /r tot , where r center is the center of a transition layer of varying
thickness over which the refractive index decreases from its core to its shell
value as described in the text. For small thicknesses of the transition layer
(∼3.25% of r tot , purple curve), the magnitude of the minima and maxima
seen in the core-shell pattern (blue line) is dampened but discernible. For
thicker transitions layers, the pattern is smeared out (∼6.5% of r tot , green
curve; ∼9.5% of r tot , orange curve).

step-like. Thus the core-shell assumption used here is a
reasonable simplification.
Precise quantification of the sharpness of the front from
our experiments is difficult because of the uncertainties in
refractive index. As discussed above [cf. Fig. 4(b)], the pattern is least sensitive to refractive index variations around the
minima of ∆λ. Thus, we compare in Fig. 7 the mean square
deviation between experimental and calculated ∆λ for different thicknesses of the transition layer with the center of the
transition layer varying between 0.777 < r center /r tot < 0.814
(cf. Fig. 6). It is evident from Fig. 7 that the mean square
deviation increases with increasing thickness of the transition

FIG. 7. Mean square deviation of ∆λ(exp) minus ∆λ(calculated) for different
thicknesses of the transition layer. The mean square deviation is calculated for
the center of the transition layer varying between 0.777 < r center /r tot < 0.814.
The gray shaded area indicates the range mean square deviation arising from
uncertainties in refractive index. The dashed line serves only as a guide to the
eye.
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layer. However, because of the uncertainties in the calculated
spectra arising from the uncertainties in refractive index, we
can only provide an upper limit for the thickness of the front,
which is approximately 3.25% of the particle radius, i.e., about
300 nm for the particle under consideration.
D. Diffusion model comparison

The optical evidence that a core-shell like morphology
is realized in the transient state suggests a direct comparison
of the time-dependent morphology predicted by the Zobrist
diffusion model with the morphology derived from the Mie
resonance data in the framework of the core-shell model. With
the exception of the studies of Bones et al.13 and Lienhard
et al.,23 previous experimental studies using diffusion models to retrieve diffusivities from radius data mostly relied on
the overall characteristic time needed to adapt to the new RH
conditions and the radii before and after equilibration to determine water diffusivities.2,4,5 The shift pattern of the resonances
enables us to track the core position in terms of r core /r tot up to
a value of 0.755 by attributing the time at which the minima
and maxima of the shift pattern from Fig. 4(a) occur to the
corresponding value of r core /r tot determined by optical modeling. After this, as previously mentioned, this technique is
insensitive to the core size, but in the core-shell framework,
the core radius can be inferred from the total radius using the
molarities attributed to the dry and humidified state. Equally,
we can use the molarities for the dry and humidified state to
determine r tot from r core /r tot . Hence, the core-shell model provides a comprehensive picture of the hygroscopic growth and
the advance of the front within the particle as shown in Fig. 8,
where it is compared to the concentration profile given by the
diffusion model.
Note that both the shift pattern in Fig. 4(a) and the resonance position tracks in Fig. 2 do not seem to indicate a

FIG. 8. Comparison between the solute mole fraction profile calculated by
the diffusion model (contour plot) and the internal structure of particle derived
from Mie resonance shifts (circles) in the framework of the core-shell model.
The color scale of the contour plot indicates the mole fraction of shikimic
acid x s . Light purple and light blue circles indicate the core and shell radius
as inferred from the Mie resonance shift pattern shown in Fig. 4, respectively. Dark purple and dark blue circles indicate the core and shell radius
as derived from the initial and final molarities in conjunction with the Mie
spectra.

J. Chem. Phys. 149, 244506 (2018)

significant uptake of water prior to ∼45 000 s when RH is
below ∼35%. No change in the inner structure is discernible
from ∆λ and the resonance positions only drift by ∼0.45 nm,
which, taking Eq. (2) as a rough estimate, corresponds to a
radius increase of merely 5 nm. The Zobrist diffusion model
which assumes instantaneous equilibration of the outermost
shell with the gas-phase does not reproduce this feature of the
experiments. This “resistance” to water uptake could be simply
ascribed to extremely low diffusivities for water concentrations
corresponding to <35% RH. But a diffusion model run with
a water concentration dependent diffusivity parametrization
that captures this feature for <35% RH will fail to reproduce the radius and core evolution at later times. The reason
for this is that the concentration dependent water diffusivity needs to be parametrized over the complete RH range
to solve Eq. (1). Thus extremely low diffusivities needed
to model the initial phase of the experiment correctly influence the time evolution at later times and growth becomes
too slow. Most importantly, the diffusivity parametrization
obtained in this way is incompatible with the behavior of
other shikimic acid humidification experiments for which
the initial humidity before the RH step was slightly higher
(see below).
To illustrate this mismatch between the experiment and
model, we present an additional experiment on shikimic acid
in the Appendix. A similar observation at low humidities was
previously reported by Lienhard et al.,23 who used the diffusion model to determine water diffusivities in citric acid
particles and found discrepancies between the diffusivities
inferred from drying and from humidifying cycles. Diffusivities retrieved from experimental humidifying cycles were
found to be up to two orders of magnitude lower than their
drying cycle based counterparts.
To compensate for the initial model mismatch, the model
run shown in Fig. 8 was offset with respect to the experimental
time by 26 823 s. Vertical sections in the contour plot correspond to radial profiles of the shikimic acid mole fraction x s
calculated by the diffusion model. Due to the concentration
dependence of the water diffusivity, the diffusion model predicts a very sharp decrease in x s between the core and shell. The
time evolution given by the diffusion model agrees well with
the time evolution of the internal structure of the particle that
we derived from the Mie resonance shifts in the framework of
our core-shell model. In Fig. 9, we compare the experimentally
observed separation between the TE588 and TE684 resonances
∆λ (green curve) with the separation ∆λ ∗ from optical modeling for the core shell assumption (blue curve) and a diffusion
model based profile (red curve). The modeled curves are plotted with respect to r core /r tot , while the experimental curve is
plotted with respect to time. The agreement between the position of the minima and maxima for modeled and experimental
curves suggests an approximately linear relationship between
the advance of the diffusion front into the particle and time.
As evident from Fig. 8, the diffusion front has a similar shape
throughout the whole humidification process. For simplicity,
the modeled diffusion fronts were used to construct a representative refractive index profile that was scaled according
to the advance of the diffusion front into the core. The diffusion model based curve is a slightly better match for the
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FIG. 9. Comparison of the modeled separation ∆λ∗ of the resonances TE588
and TE684 with the measurement (green curve). Blue curve: Core-shell model
from Fig. 4(b). Red curve: Refractive index profile based on the concentration
profile calculated by the diffusion model in Fig. 8.

amplitude of the maxima in the experimental shift pattern than
the core-shell curve.
In another experiment, we probe the influence of the
magnitude of the humidity step on the shift pattern of the
sharpest and second sharpest resonances ∆λ. In contrast to
the experiment discussed above, for which the particle was
dried under a pure nitrogen flow, the particle shown in Fig. 10
was equilibrated at 12% RH (upper panel). The initial size and

FIG. 10. Humidification of a shikimic acid particle at 263 K. In contrast to the
previously shown experiment (Fig. 2), the particle was dried at 12% RH. Upper
panel: RH versus time. Lower panel: Center positions of the three sharpest Mie
resonances resolved in the TM spectrum versus time. The sharpest resonance
is depicted in red, the second sharpest in black, and the third sharpest in
blue.

J. Chem. Phys. 149, 244506 (2018)

refractive index were determined to be 10.8115 ± 0.015 µm
and 1.5480 ± 0.0025, respectively. As in the previous experiment, we recorded the shift of particle’s three sharpest Mie
resonance positions in response to an increase of RH to 41%
(lower panel). The Mie spectra after equilibration indicate
a radius of 11.1130 ± 0.015 µm and a refractive index of
1.5275 ± 0.0025. Due to a slightly noisy wavemeter, the resonance positions scatter somewhat more than in the previous
experiment. It is evident from Fig. 10 that there is no significant time-delay between the response of the particle and
the increase in humidity and the resonances immediately start
to shift to higher wavelengths. The Mie resonances undergo
strong blue-shifts between 150 000 and 225 000 s. Because the
humidity is not completely stable, we cannot exactly determine
when the particle reaches equilibrium. However, the Mie resonance positions still increase between 325 000 and 425 000 s
even though the humidity slightly decreases and are stable
after ∼500 000 s. We thus assume that the particle’s core fully
dissolves between 425 000 and 500 000 s.
A model run fulfilling this requirement is shown in Fig. 11,
where the color scale of the contour plot indicates x s . The
model correctly reproduces the onset of hygroscopic growth.
As before, x s sharply decreases in the dilute layer. But compared to the experiment discussed earlier, the x s profile within
the particle shows a much larger deviation from a core-shell
profile (see Fig. 12). The normalized mole fraction profiles
shown here were chosen such that the front advanced to
r core /r tot ∼ 0.5. While x s of the previous experiment (purple
curve) and the experiment shown in Fig. 10 (green curve) are
not the same for r core /r tot < 0.5 due to the differences in initial humidity, their surface values coincide. Compared to the
previous experiment, the “front” at r core /r tot ∼ 0.5 is less steep
and x s slowly trails off as we approach the surface. Therefore,
we forgo a detailed analysis attempt in the core-shell model
framework.
As shown in Fig. 13, the flattening of the front is reflected
in the behavior of the separation of the Mie resonances ∆λ
(green points), which now refers to the separation of TM797
and TM6101 as indicated in Fig. 10 (lower panel). The values
of ∆λ slightly scatter due to the above-mentioned wavemeter

FIG. 11. Diffusion model prediction of the evolution of radial x s profile
during humidification for the experiment shown in Fig. 10.
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For both experiments presented here, the diffusivity
parametrization obtained from the detailed analysis of the optical data agrees with the 263 K diffusivities determined by
Steimer et al.5 within one order of magnitude. This suggests
that the diffusivity can be sufficiently well determined by the
general time scale of equilibration itself without a detailed
analysis of the time-dependent morphology in the transient
state.
III. CONCLUSION

FIG. 12. Shikimic acid mole fraction profiles calculated by the diffusion
model for the experiments shown in Fig. 2 (magenta curve) and Fig. 10 (green
curve) as well as a core-shell profile (blue curve) for comparison. The depicted
profiles correspond to an advance of the front of r core /r tot ∼ 0.5.

noise. The order number of the resonances implies six maxima in ∆λ. Whereas the last four maxima are clearly visible,
the small amplitude of the first maximum and missing data
between 55 000 and 65 000 s obscure the first two maxima. Due
to the smaller optical contrast, we do not expect ∆λ to reach
the same amplitudes as seen in the previous experiment. The
upper limiting case for the amplitude is ∆λ ∗ for the core-shell
(Fig. 13, blue curve). Indeed, the experimental maxima consistently fall below the blue core-shell curve and only reach about
half of the core-shell amplitude. The large deviation from the
core-shell curve arises from the flattened diffusion front. The
refractive index profile derived from the concentration profile
given by the diffusion model (Fig. 13, red curve) provides a
better fit, but does not fully capture the reduced amplitude of
∆λ. The deviation is most likely attributable to the uncertainty
given by the initial and final refractive index.

By analyzing the changes in separation of the Mie resonances in the transient state, we showed that the concentration profiles within the particle are very steep and can be
approximated assuming a core-shell morphology. This is consistent with diffusion model prediction of sharp fronts for step
increases of the relative humidity. The creeping diffusion tails
expected from solutions to the linear diffusion equation are
incompatible with the strong oscillatory behavior of the spectral separation of resonances of adjacent order. For the shikimic
acid system, our data indicate that the characteristic dimension
of a front can amount to less than 3.25% of the particles radius.
As the magnitude of the step-increase in humidity decreases,
the amplitude of measured ∆λ curves decreases and the coreshell description breaks down. This observation is consistent
with the flattening of the radial concentration profiles predicted
by model calculations.
The diffusivities derived in this detailed analysis of the
inner structure in the transient state and the parametrization
given by Steimer et al.5 for 263 K agree within one order
of magnitude. Steimer et al.5 however neglects the optical
data from the transient state. This suggests that water diffusion coefficients in systems for which only water partitions
are sufficiently well determined by the equilibration time of
the particle alone.
The “resistance” to hygroscopic growth observed for very
dry particles as seen in Fig. 2 cannot be accurately reproduced
by the Zobrist diffusion model. In contrast, when particles with
slightly higher initial water content are humidified, no discrepancies between the time-dependence of the initial water uptake
in experiments and the diffusion model emerge. While the
underlying microphysical reasons remain unclear, this implies
that the diffusion model in its present form does not correctly
describe the kinetics of the initial uptake of water by very dry
particles.
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APPENDIX: INITIAL “RESISTANCE”
TO HYGROSCOPIC GROWTH
FIG. 13. Comparison of the modeled separation ∆λ∗ of the resonances TM6101
and TM797 with measurement ∆λ (green curve) from Fig. 10. Blue curve: Coreshell model. Red curve: Refractive index profile based on the concentration
profile calculated by the diffusion model in Fig. 11.

To illustrate the unexplained mismatch of the diffusion
model and experiment pointed out in this work, we present an
experiment on a dry shikimic acid particle in which RH has
been increased in three small consecutive steps (see Fig. 14).
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FIG. 14. Humidification of a dry shikimic acid particle in three RH (dark
cyan) steps from 0% to 40%. We observe a shift of the Mie resonances (black)
and modelled radius (purple) in response to the RH change. At about 860 000 s,
the Mie resonances show a blueshift similar to what is seen in the experiments
shown in Figs. 2 and 10.

The particle response was investigated using Mie resonance
spectroscopy in backscatter geometry with a broadband lightemitting diode (LED) light source.5,24 In the following, we
will compare the Mie resonance shift (black curve) with
the diffusion model radius output (purple curve) based on
the initial size of the particle and the measured RH profile
(dark cyan).
In step I, RH is increased from 0% to 17%. For such
a small RH step, the diffusion model predicts little growth
∼12 nm. This is consistent with the radius increase estimated
from the LED spectra using Eq. (2). Due to the limited growth,
it is not discernible whether the timing predicted by the diffusion model agrees with the experimental response time of
the particle or not. Furthermore, model calculations for step I
indicate concentration profiles more akin to Fickian diffusion
profiles as opposed to the diffusion fronts observed for larger
RH increases (see Fig. 15).
A closer inspection of step II reveals a deviation in the
behavior of the diffusion model from the particle response

FIG. 16. (a) Humidification step II from Fig. 14. Upon increase in RH (dark
cyan), the diffusion model radius responds immediately while the observed
resonance shift indicates a delay in particle response of more than 1 h. (b)
Humidification step III. The diffusion model radius response is in agreement
with the shift of the Mie resonances of the particle.

seen in the experiment [Fig. 16(a)] similar to what has been
observed in Fig. 2. Although the model predicts an immediate
radius increase (purple curve) following the change of RH from
17% to 33%, the Mie resonances indicate a delayed (>1 h)
response, which is significantly larger (by at least one order
of magnitude) than any delay that could be attributed to RH
equilibration within the experimental chamber. Experimental
response times were tested using aqueous polyethylene glycol
particles.
In step III, however, the particle and the model radius
respond simultaneously without time lag [see Fig. 16(b)]. It is
obvious from the blue shift of the Mie resonances following the
RH step that the particle is not fully equilibrated and still has a
dry core. This mismatch of model and experimental response
for a certain RH step range has also been observed in other
systems such as α-pinene derived OA. At this time, we cannot
offer an explanation.
1 D.

FIG. 15. Diffusion model shikimic acid mole fraction profiles for step I
(655 000 s, blue curve), step II (843 000 s, red curve), and step III (900 000
s, green curve). The concentration profile predicted for step I is much flatter
than the concentration fronts expected in steps II and III.
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