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Abstract. Measurements of a single, levitated particle in an
electrodynamic balance are an established tool for deriving
thermodynamic and material data such as density, refractive
index and activities of components of an aqueous solution
under supersaturated conditions, where bulk measurements
are not possible. The retrieval relies on combining mass-to-
charge data and size data from light scattering. Here, we use
a combination of low- and high-resolution Mie resonance
spectroscopy to obtain radius data, enabling an accurate size
determination not only when the particle is in equilibrium,
but also when it is out of equilibrium due to kinetic limita-
tion of mass transport. With the data measured under non-
equilibrium conditions, it is possible to retrieve the water
diffusivity. A challenge is that the radius retrieval by com-
paring measured light scattering with Mie theory requires the
knowledge of refractive index as a function of concentration.
Here, we show an iterative retrieval of refractive index and
size for compounds for which data cannot be obtained in the
bulk either due to lack of sufficient amounts of sample or
limited solubility. We demonstrate the measurement strategy
and the retrieval of water activity, density, refractive index
and water diffusivity for aqueous shikimic acid. Water diffu-
sivity in concentrated shikimic acid decreases by 6 orders of
magnitude at 250 K compared to that at room temperature.

1 Introduction

In 1935 Millikan stated that his famous oil drop experiment
may be used as a very sensitive balance: “This device is sim-
ply an electrical balance in place of a mechanical one, and
it will weigh accurately and easily to one ten-billionth of
a milligram.” As early as 1960, Gucker and Rowell reported
light scattering experiments on single levitated droplets in
a Millikan-type setup. Since then, the techniques to measure
charge-to-mass ratio and to size single, levitated droplets us-
ing light scattering have considerably matured and have been
applied extensively to investigate atmospheric aerosols. For
example, Tang and Munkelwitz used light-scattering data of
single aqueous salt droplets levitated in an electrodynamic
balance (EDB) to determine water activity, density and re-
fractive indices (Tang and Munkelwitz, 1991, 1994). These
measurements were made in quasi-thermodynamic equilib-
rium, whereas measurements of organic aerosol particles are
often subject to kinetic limitations of water transport within
the condensed phase. They also could take advantage of hav-
ing enough sample material to perform bulk measurements,
which allowed them to tie the experiments on single droplets
to those obtained with more traditional techniques. Here we
present a measurement and retrieval technique to obtain these
data also for systems, which suffer from both: strong water
uptake impedance and low solubility and/or limited amount
of sample material.
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We will illustrate our approach using shikimic acid as an
example of a compound with comparably low solubility in
water (180 gL~ at 23 °C (Budavari, 1996), corresponding to
a mole fraction of 0.025 at saturation), so that the water ac-
tivity of the saturated solution is close to 1. Shikimic acid is
a carboxylic acid which has been detected in biomass burn-
ing aerosol (Medeiros and Simoneit, 2008). In recent years
it has been shown that atmospheric organic matter can adopt
an amorphous solid state (Zobrist et al., 2008; Virtanen et al.,
2010). In the case that organic aerosols host chemical reac-
tions, the gradual decrease in diffusivity from liquid to amor-
phous solid state is likely to cause a reduction in reaction
rate, an effect well known for crystalline material (Moise and
Rudich, 2002). First investigations of this effect for amor-
phous material have been made by Shiraiwa et al. (2011),
Kuwata and Martin (2012) and Zhou et al. (2013). As we
are using the ozonolysis of shikimic acid as a model system
to investigate the interplay of physical and chemical kinetics
(Steimer et al., 2014), we need a detailed understanding of
how relative humidity affects the physical state and diffusiv-
ity of water in shikimic acid. Additionally, the dependence
of the concentration on water activity has to be known to de-
termine initial bulk phase concentrations of shikimic acid for
rate law assessments.

2 Experimental setup

The basic setup of the electrodynamic balance (EDB) has
been described previously (Krieger et al., 2000; Colberg
et al., 2004; Lienhard et al., 2014). Here, we summarize its
basic features as follows: the EDB is placed in a double-
jacketed glass chamber, with a cooling liquid flowing be-
tween the inner walls and an insulation vacuum between
the outer walls. The temperature can be adjusted between
180 and 320 K, covering the entire atmospheric range. A gas
mixture is pumped continuously through the chamber to ad-
just/control relative humidity; the total pressure can be var-
ied between 150 and 1000 hPa. The EDB is loaded by a sin-
gle particle generator (Hewlett-Packard 51633A ink jet car-
tridge) filled with a dilute aqueous solution of the sample ma-
terial. Relative humidity (RH) is measured by a capacitive
RH probe with an integrated temperature sensor (U.P.S.1.,
France, model G-TUS.13R) mounted in the upper-end cap of
the EDB in close proximity to the levitated particle (< 10 mm
distance). The sensor was calibrated with deliquescence rel-
ative humidities of common salts and the saturation vapor
pressure over ice at several temperatures. Capacitive RH
probes are known to show some hysteresis and we conser-
vatively estimate the accuracy to be no worse than +3 %.
Four independent methods to characterize the aerosol par-
ticle are used: (i) the DC voltage applied to compensate the
gravitational force is proportional to and used as a mea-
sure for the mass of the particle. (ii) The two-dimensional
angular scattering pattern is measured over a scattering an-
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gle ranging from 78 to 101° and used to estimate the ra-
dius of the particle and to detect phase changes (Krieger and
Meier, 2011). (iii) Mie resonance spectroscopy with a LED-
“white”-light source for illumination is used to follow the
radius change of a spherical particle (e.g., a liquid droplet);
the wavelength of the LED is centered at the sodium D-Line
(589 nm). The back-scattered light from the LED is collected
by a spectrograph with a slow scan back-illuminated CCD
(charge-coupled device) array detector as an optical multi-
channel analyzer, for details see (Zardini et al., 2006; Zar-
dini and Krieger, 2009). (iv) High resolution Mie resonance
spectroscopy is used to measure size and refractive index si-
multaneously with high precision as described in more detail
below.

The pioneering work of Ashkin and Dziedzic (1977)
showed that size and refractive index of spherical parti-
cles may be obtained from Mie resonance spectra with very
high precision. These Mie resonances, also called whisper-
ing gallery modes, have been observed for both elastic (e.g.,
Chylek et al., 1983; Ray et al., 1991) and inelastic scattering
(e.g., Conwell et al., 1984; Preston and Reid, 2013). Con-
ventionally, those spectra have been measured using a fixed
wavelength, while drying or humidifying a particle and hence
changing its size. In this approach, the Mie parameter, X,
varies with time (X (t) = 2rr(¢) /A, with A being the wave-
length and r being the radius). This method becomes dif-
ficult to apply if the rate of size change is small, because
several resonances are needed to compare measured spectra
with Mie scattering computations. Hence, the technique can-
not be applied to compounds which need extended equilibra-
tion times because of low water diffusivity.

These problems do not arise when using a wavelength tun-
able light source. Huckaby et al. (1994) achieved relative
errors in radius and refractive index of 3 x 10~ and deter-
mined dispersion over the experimental spectral range. They
analyzed the elastic scattering of a levitated particle at a scat-
tering angle of 7z /2 and used two detectors in the planes par-
allel and perpendicular to the electric field vector of the inci-
dent beam stemming from a scanning ring dye laser. Con-
ceptually, our approach (Te, 2011) is similar, but we use
a narrow bandwidth tunable diode laser (TDL, New Focus,
model Velocity 6312, tuning range 765-781nm, linewidth
(5s) < 5MHz) instead of a dye laser and only one detector
(Si photo diode, New Focus femtowatt photo receiver, model
2151), also at a scattering angle of 7 /2. At this angle, trans-
verse electric (TE) mode resonances can be detected in the
plane perpendicular to the plane of polarization and trans-
verse magnetic (TM) mode resonances can be detected in the
plane parallel to the plane of polarization (Huckaby et al.,
1994). To observe both TE- and TM-mode resonances sepa-
rately, we use a A/2-wave plate to rotate the polarization of
the incoming beam and measure both polarizations sequen-
tially. The detector samples the scattered light through the
same optics that are used to collect the two-dimension an-
gular scattering pattern. This has the advantage of measuring

www.atmos-meas-tech.net/8/2397/2015/
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Figure 1. (a) TE and (b) TM spectra of shikimic acid particle under
dry conditions at room temperature. Black line: experimental data.
Red line: Mie calculation for a homogeneous particle with radius
7.756 um and refractive index of 1.540.

both phase function and Mie resonance spectra over the same
scattering angle range and the disadvantage of a rather large
collection angle for the Mie resonance spectroscopy. To ac-
count for intensity modulation caused by weak etaloning of
the laser during scan and by some residual interference at the
windows of the chamber we use a second detector to monitor
the intensity of the reflected incoming beam as reference.

To avoid being limited by the accuracy of the wavelength
reported by the commercial laser (approximately 0.1 nm) we
use a custom-made wavemeter, following the design of Fox
etal. (1999). As a reference laser we use a HeNe-laser (Stone
et al., 2009), which is frequency stabilized using the design
of Balhorn et al. (1972), yielding a relative uncertainty of the
frequency stabilization of about 1 part in 107. Overall, the
precision of the wavemeter is of the order of a few parts in
10°, which was verified by measuring the hyperfine structure
of the Rubidium D, line (centered at 780.04 nm), see Ap-
pendix A.

In the present application we need the high resolution
spectroscopy only to measure the radius and the real part of
the refractive index at a number of discrete relative humidi-
ties because we follow the radius change with the “white”-

www.atmos-meas-tech.net/8/2397/2015/

light resonance spectroscopy (see discussion in Sect. 3.2).
Hence, we do analyze the spectra without any advanced fit-
ting algorithm, but compare measured with calculated spec-
tra manually, as shown in Fig. 1. For an initial guess of
size we use the measured phase function and apply Chylek’s
approximation of the spacing between resonances (Chylek,
1976, 1990). We find the best fit in size at a fixed refrac-
tive index testing a reasonable range of refractive indices.
In this way, we can easily determine the real part of the re-
fractive index, mtpL, with an accuracy of better than 0.005
and a corresponding accuracy in size of about 2 x 1073 pm.
This is sufficient for the type of experiments we are dis-
cussing here, since the limiting factor in the analysis of the
data is the uncertainty in measured relative humidity. Since
at least two resonances should be fitted, there is a lower limit
in particle size of about 4-5um for the tuning range of our
laser. The spectra shown in Fig. 1 were recorded with a scan-
ning speed of 0.04nms™; i.e., a spectral scan took a little
less than 6 min. For a detailed discussion on the accuracy
of aerosol refractive index retrieval from single particle tech-
niques see Mason et al. (2012). As mentioned above, we con-
tinuously measure low resolution Mie spectra using the LED
centered at the wavelength of the sodium D-Line (589 nm).
These spectra are then used to track changes in the radius.
Since the radius at specific relative humidities is now known
from the concurrent high resolution measurements, the re-
fractive index at the sodium D-Line needed for retrieval of
these data, mp, can be determined by a Mie fit to the low
resolution spectrum using dispersion, mp > mtpL, and the
radius as a constraint.

3 Measurement strategy and data analysis

It has been shown previously that water diffusion constants
can be deduced by combining stepwise changes in relative
humidity with an accurate measurement of the response in
size of a levitated particle (Zobrist et al., 2011; Bones et al.,
2012; Lienhard et al., 2014). In these previous investigations,
additional data were available (refractive indices, densities)
helping to constrain the size retrieval. Here, we want to illus-
trate how we deduce the refractive index, density and water
activity of an aerosol particle if such data are either com-
pletely lacking, or only available for a very limited concen-
tration range. So far, we have restricted our measurements to
low-volatility compounds to simplify the retrieval of compo-
sition from size and mass change.

3.1 Retrieval of mass growth factor

Traditionally, water activity data have been obtained utiliz-
ing the DC voltage compensating the gravitation force in
the EDB (Tang and Munkelwitz, 1994; Zardini et al., 2008).
As the exact charge of the particle is not known, only rel-
ative changes in mass can being inferred; a reference state

Atmos. Meas. Tech., 8, 2397-2408, 2015
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Figure 2. Typical experimental run on a shikimic acid particle with
dry radius of 8.385um at T = 293.5 K. (a) Relative humidity mea-
sured close to the droplet. (b) DC voltage compensating gravita-
tional force. (c) False color map of intensity of Mie resonance spec-
tra measured with the LED (dark color low intensity, bright color
high intensity). (d) Shift in wavelength AA = A(z) — Ag of a res-
onance initially (¢ = 0) being observed at 1o = 578.99 nm. When
this resonance leaves the spectral window, we continue by follow-
ing another resonance as described by Zardini et al. (2006). Vertical
dashed lines indicate humidity change.

is needed to calculate a mass growth factor. If bulk data can-
not be obtained either because the amount of sample material
is limited, or because solubility is very low, the voltage mea-
sured under dry conditions may serve as reference point. Fig-
ure 2 shows a typical experimental run performed at a con-
stant temperature of 293.5K.

A closer look at the data of Fig. 2 shows that the accuracy
of the voltage data is limited by spurious signals when a rapid
change in relative humidity is applied. The DC voltage in our
apparatus does not only compensate the gravitational force
but also counteracts the Stokes force of the gas flow. Since
the relative humidity is adjusted by changing the gas flow
ratio of dry and humidified flow, very rapid changes lead to
a response in the feedback loop adjusting the DC voltage,
due to finite response of the mass flow controllers. This limits
the accuracy of the voltage data to about +2 V. The data in
panel d showing the shift in resonance wavelength are free
from this artifact.
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Figure 3. Data of Fig. 2 plotted vs. relative humidity. (a) DC voltage
compensating gravitational force. (b) Radius data, see text on how
to obtain those from the data of Fig. 2d. (c) Mass to dry mass ratio
(growth factor g) calculated from both voltage (gray) and radius
data (black).

For an aqueous aerosol particle with negligible vapor pres-
sure of the solute(s) (psolute < 10~7 Pa) only water is ex-
changed between gas and particle phase. Under these con-
ditions, the particle’s mass growth factor can be directly
inferred from the DC voltage compensating the gravita-
tional force once the voltage under dry conditions has been
measured. For aqueous organic systems, the kinetic uptake
impedance due to slow water diffusion in semi-solid or
glassy aerosol may substantially lengthen the time needed
to reach thermodynamic equilibrium (whereas the transport
of H,O molecules through gas phase by ventilation and
molecular diffusion is very fast). This becomes evident when
plotting the DC-voltage data of Fig. 2 vs. relative humid-
ity as done in Fig. 3a and the inferred mass growth as in
panel c. Below a relative humidity of about 0.3 the data show
hysteresis loops, indicating delayed water uptake upon hu-
midification and delayed water release upon drying (Zobrist
etal., 2011). (Note that growth factors smaller than 1 derived
from DC voltage data originate from the uncertainty of the
measurement.) However, these are not caused by deliques-
cence and efflorescence (i.e., the crystallization of shikimic

www.atmos-meas-tech.net/8/2397/2015/
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acid) but by kinetic limitations. Crystalline particles in the
size range of our particles show deviations from spherical
shape, which is easily detected in our setup when measuring
the 2-dimensional angular optical scattering pattern (Krieger
and Meier, 2011) or in fluctuations in the resonance spectra
shown in Fig. 2c (Zardini and Krieger, 2009). We detected
no sign of crystallization in our experiments even under the
driest conditions.

In this study, we determine the equilibrium data (e.g., of
growth factor) by considering the points where both branches
of the loop overlap. Such overlap occurs either at higher RH,
where equilibration within the particle phase is fast, or af-
ter prolonged waiting time at low RH. An important mea-
sure of the properties of the solution, which we measure
here, is its water activity ay =pﬁ|°2'O(T)/p‘,{|"zo(T), where
pf_?zlo is the H20 vapor pressure of the solution, and pfy
is the H,O vapor pressure of pure water, both at the same
temperature. Under equilibrium conditions, the water activity
(aw) of the aqueous solution is equal to the measured relative
humidity.

Note that the inverse of the mass growth factor (g =
m(RH)/m(RH = 0) = (ms + mn,0)/ms, with ms being the
mass of the solute and m,o being the mass of water) is equal
to the mass fraction of solute, ws, since the change in mass is
only caused by water uptake. We will use mass fraction data
to constrain the density as explained in the following section.

3.2 Conversion of Mie resonance data to size and
concentration

In Sect. 2 we explained how we obtain size and refractive
index at a fixed RH using the high resolution Mie resonance
spectra. When the particle radius is rg at time 7o, the LED
based resonance shift, A, shown in Fig. 2d can be used to
calculate the radius at other times, r (¢). If the refractive index
did not change with size, the radius were easily obtained by
noting that the Mie parameter, X, of a specific resonance,
Xo = 2mrp/ Ao, Stays constant, i.e., X (1) = Xg (Zardini etal.,
2006):

_ (Ao + AX(D)rg

r(t) o

D

However, when the radius change is accompanied by
a change in composition, e.g., uptake of water by an aque-
ous particle, the refractive index of the particle will change
as well. A change in the real part of the refractive index from
mp,o to mp(¢) leads to an additional shift in the wavelength
of a mode in the Mie resonance spectrum (Ray et al., 1991).
The combined effect can be accounted for by solving itera-
tively Eq. (2) for the radius as a function of time:
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An iterative calculation is needed because of the implicit
radius dependence of mp(¢). In general, the proportionality
factor, K, depends on refractive index and Mie parameter, but
Ray et al. (1991) have shown that K (mp, X) varies between
0.94 and 0.96 for 1.30 < mp < 2.00 when the Mie parameter,
X, is of the order of 100 as is the case in our experiments. In
this study, we take K as a constant factor of 0.95.

Neither the refractive index of the solute nor its concentra-
tion dependence in aqueous solution are known a priori. Our
approach for retrieving the concentration dependence of re-
fractive index is therefore as follows. The dependence of the
refractive index on concentration in aqueous solution is well
described using the molar refractivity of the solute (Born and
Wolf, 1980); i.e., the refractive index is linear with solute
molarity. Hence the refractive index, mp(ws), as a function
of mass fraction of solute, ws, is

p(ws)

S

mp (ws) = mp H,0 + (mp,s — MD,H,0) Ws, 3
with mp s being the refractive index of the pure solute, ps be-
ing the density of the pure solute and p (ws) being the density
of the aqueous solution at the concentration ws. To determine
mp s, first the refractive index of an aqueous solution close to
saturation concentration was measured using an Abbe type of
refractometer at the sodium D-Line wavelength and the den-
sity at this concentration was measured using a pychometer,
see Fig. 4. Since shikimic acid is not very soluble in water
(mole fraction at saturation 0.025), these data alone lead nei-
ther to accurate estimates of the density of the solute ps (or
the equivalent molar volume) nor to those of mp s (or the mo-
lar refractivity). For other samples of interest the amount of
material available may not be sufficient to perform these type
of bulk experiments at all. Therefore, we measure a high res-
olution Mie resonance spectrum and use the concurrent LED
spectrum as described in Sect. 2 at very dry conditions to de-
termine the refractive indices, mtpL and mp. This yields the
refractive index, mp s, of the solute as we assume ws = 1.

What remains to be determined is the density of the solu-
tion, p(ws). We assume that the density of binary aqueous
solutions can be adequately approximated using the density
of each the pure solute and water and the conventional vol-
ume additivity rule:

_ -1
P(ws)z(l ws+%) : 4

PH,0 Ps

with pn,o the density of water, and ps the density of the dry,
amorphous solute. For a number of selected aqueous organic

Atmos. Meas. Tech., 8, 2397-2408, 2015
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Figure 4. (a) Density vs. mass fraction parametrization of shikimic
acid, the data point at w = 0.2001, p = 1.072g cm—3 was measured
with a pycnometer, the density of the solute ps = 1.492 gcm™—3 was
determined as described in the text, the line is a plot of Eq. (4).
(b) Refractive indices vs. molarity. mtp from high resolution Mie
resonance spectra (black symbols), mp (red symbols), lines are lin-
ear fits for the two different wavelengths to Eq. (3): mtpL H,0 =
1.3292, mpLs = 1.541, mp n,0 = 1.3334, mp s = 1.574.

mixtures (e.g., citric acid) this approximation proved to be
accurate within 1 % of the data (Lienhard et al., 2012).

The density of the pure solute, ps, is the only remaining
unknown. To determine it we start using an initial guess,
which allows us to calculate the refractive index mp for all
concentrations using Egs. (4) and (3). Then r(¢) is computed
solving Eqg. (2). The mass growth factor can be calculated
using the corresponding density and compared to the mea-
sured data shown in Fig. 3c. If mass growth from the DC-
voltage data do not agree with the mass growth calculated
from the spectra, we update the initial guess of ps and cal-
culate again until the agreement is satisfactory. For aqueous
shikimic acid solutions this leads to densities and refractive
indices at a temperature of 293.5K as shown in Fig. 4. In
addition to measuring the refractive index at very dry condi-
tions, we measured the refractive index at several humidities
as shown in panel b. These measurements support the value
of the refractive index of the pure solute, mTpL s, and through
Eg. (3), also the density of the pure solute, ps.

Atmos. Meas. Tech., 8, 2397-2408, 2015
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Figure 5. Mass growth data retrieved from radius measurements of
Fig. 3c plotted as mass fraction of solute vs. ay (gray line). The
black circle marks a bulk data point of the saturated solution. We
pick some discrete data points at humidities at which the particle is
in equilibrium with the gas phase (open triangles) for fitting.

Note that we implicitly assume the particle to be homoge-
neous in the analysis outlined above. If there is a gradient in
concentration within a particle due to kinetic uptake limita-
tions, its refractive index will show a corresponding gradient.
Strictly, Eqg. (2) is no longer valid and a numerical modeling
of the Mie resonance spectra of the inhomogeneous parti-
cle is needed to calculate the radius. However, the difference
between the exact modeled results and those generated by
applying Eqg. (2) to an inhomogeneous particle is small com-
pared to the uncertainty in our experiments (mainly related
to the accuracy of relative humidity probe) (Lienhard et al.,
2014).

3.3 Parametrization of water activity

From the type of data shown in Fig. 3c we derive
a parametrization of water activity vs. concentration by not-
ing that the inverse of the mass growth factor is equal to the
mass fraction of solute (ws) provided that only water is par-
titioning between gas and particle phase. The data of Fig. 3c
are replotted as ws Vs. aw in Fig. 5. From these data we
select discrete data points at humidities at which the parti-
cle is in equilibrium with the gas phase by assuring that the
same ws was measured upon humidifying and drying. Such
data were measured at 293.5K for three different particles
injected from fresh solutions. In addition, we used a commer-
cial water activity meter (AqualLab, Model 3TE, Decagon
Devices, USA) to measure the ay, close to a saturated solu-
tion. As can be seen in Figs. 5 and 6, this data point does not
significantly constrain the parametrization because the water
activity of the saturated solution is very close to that of pure
water.

www.atmos-meas-tech.net/8/2397/2015/
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Figure 6. (a) Natural logarithm of water activity coefficient yy vs.
mole fraction of shikimic acid, symbols are data for three indepen-
dent particles, solid circle is the bulk data point, dashed line repre-
sents ideal behavior (Raoult’s law), red line is the fit of Eq. (5) to
the data. (b) The same data plotted as water activity vs. mole frac-
tion of water, the gray line is the prediction of the thermodynamic
model AIOMFAC (Zuend et al., 2011).

We convert ws to mole fraction, xs, and obtain the water
activity coefficients, yw, according to

Inpy = x2 {(E+3F+5G) - (4F+160)xs+1zcx§} (5)

(McGlashan, 1963), where E, F, G are fitting parameters
(see Fig. 6).

The advantage of this approach is that once the fitting
parameters are determined, it allows the direct calculation
of the activity coefficient of the solute, ys, via the Duhem—
Margules relations as (McGlashan, 1963):

Inys = x5 { (E+ F +G) — (4F +8G)xw +12Gx?} . (6)

For shikimic acid, we found £ = —0.182, F = —0.079
and G =0.349. It is evident from Fig. 6 that the water
activity of aqueous shikimic acid solutions deviate only
slightly from ideal behavior (Raoult’s law). The predic-
tion by the thermodynamic model AIOMFAC (Zuend et al.,
2011), namely lower ay, than ideal for high concentrations
of shikimic acid and crossing to higher ay, than ideal at low
shikimic acid concentration, is in agreement with the data.
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Figure 7. Temperature vs. ay for three different shikimic acid parti-
cles at fixed concentrations (as indicated in the legend). The dashed
lines serve only as a guide to the eye.

However, the magnitude of the deviation is smaller than pre-
dicted and the crossing is at higher concentration of shikimic
acid than predicted.

We did not study the temperature dependence of ay Sys-
tematically, but obtained some data with known concentra-
tion at low temperatures at which the particles where equili-
brated for a long time. We take the particle as equilibrated if
the growth factor at a particular relative humidity is the same
upon humidification and drying. The time required depends
on both, RH and temperature. Our data suggest a positive
slope of day/dT of about 4 x 103 K1, see Fig. 7. Since
our uncertainty in RH is almost as large as the shift in ay
over the temperature range considered in this study, we do
not correct for the temperature dependence of a, when ana-
lyzing the kinetic data at low temperatures.

3.4 Analysis of kinetic data

Having characterized the thermodynamics of aqueous
shikimic acid, we will proceed with analyzing the kinetic be-
havior, which is apparent in the raw data of Fig. 3 as hystere-
sis loops (cf. discussion in Zobrist et al., 2011). In Sect. 3.4.1
we briefly summarize the numerical diffusion model used for
analysis and report water diffusivity as a function of temper-
ature and concentration in Sect. 3.4.2.

3.4.1 Diffusion model

In aqueous organic solutions, water acts as a plasticizer
(Koop et al., 2011), and hence the water diffusion coeffi-
cient becomes concentration dependent. We solve the dif-
fusion equation in spherical coordinates to retrieve concen-
tration dependent water diffusion coefficients. Since our ap-
proach has been already described in depth by Zobrist et al.
(2011), we will give only a brief summary of the underlying
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Figure 8. (a) Data of Fig. 2 converted to radius vs. time
(gray crosses), equilibrium prediction of radius using the activity
parametrization of Sect. 3.3 (black line), diffusion model with a dif-
fusivity of log(Dn,0) = —8.7—7.5(1 —aw) using the same activity
parametrization (red line). Relative humidity (blue line) right axis.
(b) The same data plotted vs. relative humidity. At RH > 40% at
293.5K we observe no kinetic limitations to water uptake or re-
lease, while below that humidity kinetic limitations become clearly
visible by the hysteresis loops in water uptake and release.

principles. The diffusion equation is

on
= =V (D00, T)Vi)
19 (, on
—= 2 (Do, 1), 7
29, (r H,0(n )8r) ()

where n is the number density of water molecules in the par-
ticle, ¢ is the time, and r is the distance from the particle
center. Due to the concentration dependence of Dy,o, the
diffusion equation becomes non-linear. This leads to steep
diffusion fronts instead of the more commonly known creep-
ing diffusion tails (Crank, 1975). It also means that a general
analytical solution for Eq. (7) cannot be found, and the prob-
lem instead needs to be solved numerically. Our numerical
model separates the particle into up to several thousands of
individual shells. Growth and shrinkage of the particle are
then the result of water diffusion between those shells. The
change of the number of water molecules, AN;, within the
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shell i is described by the following:

ANy = (fiy = fip1) Ar, ®)

where fF% is the flux of water molecules from shell i — 1 to
shell i, whereas fH% describes the flux of water molecules
from shell i to shell i + 1. The time interval, At, is chosen
so that AN; does not vary by more than a specified amount
(usually < 2%) within one time step. Shell thickness was
adjusted dynamically to enable resolution of steep gradients
when necessary. However, a minimum thickness of 0.3nm
was chosen to represent the size of a water molecule. Note
that the surface layer of the particle (i.e., the outermost shell)
is kept in equilibrium with the gas phase at all times so that
mass transport is never limited by gas-phase diffusion. While
gas phase diffusion under our experimental condition is in-
deed significantly faster than liquid phase diffusion (Zobrist
et al., 2011), recent experiments have shown a difference be-
tween adsorption and desorption at low humidity (Lienhard
et al., 2014). These findings question the assumption of the
outermost shell always being in thermodynamic equilibrium,
but this does not alter the derived diffusion coefficients sig-
nificantly (Lienhard et al., 2014).

3.4.2 Water diffusivity parametrization of aqueous
shikimic acid

To obtain water diffusivity from data as shown in Fig. 2, we
first calculate radius vs. time as explained in Sect. 3.2 and
then run the numerical model with different test dependen-
cies of log DH,0 Vs. aw until the fit appeared satisfactory
upon manual inspection. An example of the fit to the data
of Fig. 2 is shown in Fig. 8.

As in Fig. 8 a typical experiment at constant temperature
covers a certain range of ay where deviations from instan-
taneous equilibration are detectable. For a global fit of dif-
fusivity we extract data points roughly spaced 0.15 in water
activity within the humidity range covered by the specific
experiment. The diffusivities at all investigated temperatures
and concentrations are shown in Fig. 9. We performed mea-
surements between 294 and 251 K and from dry conditions to
about 80 % RH. However, above about 50 % RH it is not pos-
sible to extract diffusion coefficients with our setup because
the rate of humidity change with time has an upper limit.
This mainly due to limitations in gas flow because higher
flow rates affect the stability of the particle in the EDB.

Analogous to Lienhard et al. (2014), we use a modified
Vignes-type equation (Vignes, 1966) to empirically fit these
data:

Do = (Dho) ™ (00) . ©

where Dﬂzo and DY are the diffusion coefficients for wa-
ter in pure water and pure shikimic acid, respectively. Their
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temperature dependence can be fitted to a Vogel-Fulcher—
Tammann expression:

387.4
and
542.8

where the numbers for Dﬂzo are taken from Smith and Kay

(1999) and the units for the temperature is K and m2s~1 for
the diffusion coefficient. To be consistent with our previous
work (Lienhard et al., 2014), we introduce an empirical cor-
rection parameter «, having the form of an activity coeffi-
cient:

In(e) = (1 — xw)?[C +3D —4D(1 — xw)], (12)
where C and D are temperature dependent:

C = —6.55+0.025T, (13)
D =17.122 —0.0261T, (14)

with C(T > 258 K) = C(T =258 K) and D(T > 273 K) =
D(T =273 K).

The resulting fit to Eqg. (9) with « calculated according
to Eq. (12) is shown in Fig. 9. The correction parameter «
stays close to 1 in this fit for the entire temperature and con-
centration range. Therefore, we plot in Fig. 9 also the con-
tours for the different temperatures without correction (i.e.,
a = 1). This leads to significant differences only for temper-
atures below 258 K. However, as only few data are available
in this temperature range and the fits are just starting to di-
verge, measurements at even lower temperatures would be
helpful for a more thorough comparison of the two fits. We
conclude that the three parameter fit without correction term
describes the water diffusivity satisfactorily.

Figure 9 also show water diffusivity in aqueous sucrose
(Zobrist et al., 2011) for the highest and lowest temperature
measured here. While the logarithm of diffusivity of water in-
creases with water activity almost linearly in shikimic acid,
sucrose shows less increase under dry conditions. In general
the diffusivity is smaller in sucrose, but at all temperatures
the diffusivity agrees within 1 order of magnitude for dry
conditions (up to a water activity of about 0.25) and deviates
at most by 2 orders (at water activity of about 0.5). Further
investigations are needed to determine whether water diffu-
sivity in aqueous organic compounds behaves similarly with
temperature and water activity for different compounds and
to which degree a model compounds like shikimic acid may
serve as a proxy for secondary organic aerosol.

4 Conclusions

We have presented a measurement and data retrieval tech-
nique to extract water activity, density, refractive index and
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Figure 9. Dn,0 as a function of ay for the investigated tempera-
tures indicated by different colors. Different symbols represent dif-
ferent particles. The lines represent fits to Eq. (9). Solid lines were
fitted with an « calculated according to Eq. (12), dotted lines with
« = 1. For comparison, the faint, short, dashed lines in correspond-
ing colors show the parametrization of Dy, o for sucrose of Zobrist
etal. (2011) for 250.5 and 293.5K.

water diffusion constants from mass-to-charge data and light
scattering data of single levitated droplets in an electrody-
namic balance. In particular, we have shown that an itera-
tive procedure combining mass-to-charge data with Mie res-
onance spectroscopy Yields robust data for parametrizing ac-
tivity as well as water diffusivity. If solubility and amount of
material available allow for bulk measurements of water ac-
tivity, density and refractive index, these measurements pro-
vide constrains for simple mixing rules and hence further in-
crease the accuracy of the parametrizations. However, even
if measurements in the bulk are not available or possible,
the technique presented here allows to constrain parametriza-
tions well enough to be of use for atmospheric applications.
We plan to use it to characterize secondary organic aerosol,
which was collected on filters during oxidation experiments
in which only about a milligram of material is available.

We studied aqueous shikimic acid aerosol in detail,
a model system for aged, oxygenated organic aerosol. Due
to its single carbon—carbon double bond it is especially well
suited for heterogeneous chemistry studies because the con-
sumption of this double bond can be easily monitored with
different spectroscopic techniques. Our study shows that its
activity in aqueous solution is close to ideal; i.e., it almost
follows Raoult’s law. In addition, the water diffusivity in
aqueous shikimic acid turns out to closely follow the sim-
ple empirical Vignes equation in contrast to other binary sys-
tems, e.g., aqueous citric acid. Comparison with secondary
organic aerosol samples in the future will show how well
shikimic acid represents the physical and chemical proper-
ties of atmospheric organic aerosol.
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Appendix A: Hyperfine spectrum of Rubidium

To determine the accuracy and precision of the homemade
wavemeter we measured the hyperfine structure of the Ru-
bidium Dy line. The laser emission of the TDL is split into
two beams by a 50/50 beam splitter. One beam is focused
into a Rubidium glass cell, and the other beam is fed into the
Michelson interferometer to perform the wavelength mea-
surement. A photodetector (New Focus Visible Femtowatt
Photoreceiver, model 2151) is used to detect the fluorescence
of the excited Rubidium. The fluorescence signal and the
wavelength measurements are simultaneously recorded; the
results are shown in Fig. Al.

The measured wavelength deviate from literature data by
no more than 0.001 nm.
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Figure Al. Rubidium spectroscopy using the piezoelectrically
tuned TDL (780.030-780.060 nm with 0.0004 nms~1 scan speed).
The red line depicts the fluorescence light intensity and the vio-
let line the Michelson interferometer wavelength measurement. The
gray dashed lines denote the measured wavelengths needed to excite
the D, transitions. With the resolution of our experiment the hyper-
fine splitting of the level 5P3; is not resolved, while the numbers
F denote the hyperfine levels of 5S /5.
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