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Sea spray aerosols contain a large array of organic compounds that contribute to high viscosities at low
relative humidity and temperature thereby slowing translational diffusion of water. The Stokes—Einstein
equation describes how viscosity is inversely correlated with the translational diffusion coefficient of
the diffusing species. However, recent studies indicate that the Stokes—Einstein equation breaks down at high
viscosities achieved in the particle phase (>10" Pa s), underestimating the predicted water diffusion coefficient
by orders of magnitude and revealing the need for directly studying the diffusion of water in single
aerosols. A new method is reported for measuring the water diffusion coefficient in single suspended
charged sucrose—water and citric acid (CA)-water microdroplets in the 30-60 micron diameter range.
The translational water diffusion coefficient is quantified using the H.O/D,0 isotope exchange technique
between 26 and 54% relative humidity (RH) for sucrose and 7 and 25% RH for CA using a recently devel-
oped mobile electrodynamic balance apparatus. The results are in good agreement with the literature,
particularly the Vignes-type parameterization from experiments using isotope exchange and optical
tweezers. Below 15% RH, CA droplets show incomplete H.O/D,O exchange. This mobile electrodynamic
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1 Introduction

Atmospheric aerosols are capable of scattering and absorbing
solar radiation directly as well as interacting indirectly through
cloud formation, and thus they have great impact on climate and
the hydrological cycle. Recently, the discovery of highly viscous
and amorphous biogenic aerosols"” has attracted attention due
to the prospect of very slow kinetics governing chemical change
in these systems.”” While aqueous droplets with low viscosities
establish equilibrium with the surrounding environment rapidly,
the reduced translational mobility of molecules in high viscosity
droplets reduces the rate of equilibration. This inevitably leads to
reductions in heterogeneous reaction rates,” impedes hygroscopic
growth,*** and enhances ice nucleation.'"'* In order to quantify
and model these phenomena, an understanding of water diffusion
within such aerosol particles is essential as water is often the most
mobile component in a viscous aqueous solution. This work
presents a method for spectroscopically measuring water diffusion

Department of Chemistry and Biochemistry, University of California San Diego,
9500 Gilman Drive, La Jolla, California 92093-0340, USA.

E-mail: rcontinetti@ucsd.edu; Tel: +1-858-534-6402

T Electronic supplementary information (ESI) available. See DOL 10.1039/

c8cp07052k

15062 | Phys. Chem. Chem. Phys., 2019, 21, 15062-15071

balance will allow future studies of atmospherically relevant chemical systems, including field studies.

using isotope exchange in single model aerosols using an electro-
dynamic balance.

The Stokes-Einstein relation describes the diffusivity of
solutes as a function of viscosity. A number of experimental
techniques have been developed®**™* to measure the viscosity
of individual aerosol particles both in the field and in the
laboratory. In particular, recent studies have examined the
impact of chemical composition and oxidation state of a variety
of organic compounds on viscosity spanning a dynamic range
from 10" Pa s to values above the glass transition of 10'* Pa 5.*°
Experimental techniques for measuring viscosity are important
for improving our understanding of how chemical and environ-
mental factors impact the phase state and heterogeneous reac-
tion rates of ambient aerosols. Saccharides, in particular
sucrose, have been used as model systems for validating new
techniques to measure single aerosol viscosity”'® because they
can undergo a change in viscosity of greater than 10 orders of
magnitude between 0 and 100% RH, allowing for the compar-
ison of methods over a wide dynamic range. Sea spray has been
shown to contain a significant fraction of organic materials,
particularly in the smaller size range (d < 1 pm)."” Sucrose-
water and CA-water can serve as benchmark systems to study the
impacts of oxidized organic solute sea spray aerosols on varying
RH. However, application of the Stokes-Einstein relationship to
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aerosols using viscosity measurements alone has been shown to
provide only a lower bound to the estimation of the diffusion
coefficient because of the ability of water molecules to percolate
through channels in viscous matrices.'®'®'? Therefore, techniques
that measure water diffusion independent from viscosity are
necessary to accurately predict evaporation, condensation, and
cloud activation processes.

The development of methods to measure slow water diffusion
directly has been a challenge, and only in recent years have several
complementary methods been reported. Zhu et al quantified
maltose diffusion using Raman microscopy and isotopic labeling
by compressing a non-deuterated and deuterated drop of
maltose between two glass slides, creating an interface between
the droplets.”® The Raman C-D and C-H stretches were used to
monitor the diffusion of the molecules across the interface as a
function of temperature and humidity. Price et al extended the
method of Zhu to measure the diffusion coefficient for water
in a sucrose-water disk by isotopically labeling the gas phase
molecules and monitoring the substitution of D,0 for H,O in the
solution via Raman microscopy.>!

However, compared to studying water diffusion of atmo-
spheric aerosols on a substrate, contactless single particle
techniques are preferred, because the aerosol is free from
impacts of surface perturbations at concentrations above the
solubility limit. In addition, single particle measurements are
preferred over ensemble-averaged experiments, because com-
position and local chemical environments vary from particle to
particle. Optical tweezers are one technique for spectroscopic
studies of single, spherical particles from 1-10 pm in diameter
trapped at the center of a tightly focused laser beam by a
balance of photon gradient forces that are insensitive to charge
state.?” Scattering from the focusing laser is collected to provide
high resolution size measurements using cavity enhanced
features of the light scattering such as morphology dependent
resonances,”>** as well as chemical identity from the Raman
scattering or fluorescence. The response of a single particle to
changes in humidity or ambient gaseous composition provides
measurements of chemical kinetics>®*® and hygroscopicity.>”
For example, Davies et al combined the isotopic exchange
technique with an aerosol optical tweezer for single-particle
confinement*® allowing for a reduction in the sample size to
less than 6 pm radius, speeding up the experimental timescales
from weeks to hours. Isotopic tracer experiments have been
carried out at a constant relative humidity (RH) leading to a
constant size and solute concentration. Using Fick’s second law
of diffusion, Davies et al. modeled the time-dependent inten-
sities of the 1(O-D) and »(O-H) Raman peaks to quantify the
diffusion coefficient as a function of concentration or water
activity.”®

The electrodynamic balance (EDB) is a single particle technique
that offers similar advantages including contactless levitation.
However, it is not limited by size or morphology, as the
trapping potential depends solely on the mass-to-charge ratio.
EDBs have been used extensively to measure physicochemical
properties of single aerosol particles such as evaporation rates*®>?
and nucleation,**?’ and provide complementary results to those
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obtained using optical tweezers. For example, Zobrist et al. used an
EDB to conduct water diffusion measurements by creating a step
change in the RH and observing the change in particle size via
Mie resonance spectroscopy.*® The result was interpreted using a
theoretical framework based on principles of mass transport by
dividing the particle into a discrete number of shells, within which
water molecules transladonally move to establish equilibrium.
The flux of water molecules between shells, along with dynamic
adjustment to the time-steps and shell thickness, was calculated to
extract a concentration-dependent diffusion coefficient. Under high
viscosity conditions, the particle was assumed to be in a core-shell
phase state as the surface established equilibrium rapidly while the
core remained viscous, creating a non-inear radial concentration
gradient. This led to the refractive index becoming a fit parameter
along with the radius, decreasing the accuracy of the model at low
RH. Despite differences in experimental setups, the isotope tracing
model and mass transport model produce similar water diffusion
coefficients in sucrose over a wide range of RH.>'7%**

The present work reports a technique that combines the
Raman spectroscopic isotope tracing method previously applied
on single aerosols in optical tweezers by Davies et al.>® with a RH-
controlled EDB to trap single charged aerosol droplets for
measuring water diffusion. Sucrose-H,O and CA-H,O micro-
droplets are serially trapped and equilibrated at a specific RH,
and then exposed to D,0 at the same RH. Raman spectra of the
droplet are acquired as a function of time, in order to assess the
progression of D,O diffusion into the droplet. In the analysis of
these measurements, it is assumed that the entire droplet is
irradiated with the laser and the total content of water remains
constant throughout an experiment so that a volume-averaged
Fickian diffusion model can be used to describe the exponential
growth of the 1{O-D) Raman peak. In the case of sucrose, D,O
was observed to eventually replace all H,O, as indicated by the
complete disappearance of the :{O-H) asymmetric stretch peak
in the Raman spectrum. At RH below 10%, CA was not observed
to completely exchange, indicating a kinetic limitation. In
the following section, the experimental approach is described
followed by presentation of the data for sucrose-water and
CA-water.

2 Experimental

Water diffusion in single, charged aqueous microdroplets was
studied using a D,0/H,0 isotope exchange method in a new
electrodynamic balance (EDB). Schematics of the experimental
setup and optical layout are shown in Fig. 1. The geometry of
the electrodynamic balance electrode is based on the design of
Schlemmer et al.*® later characterized in detail by Trevitt et al.*
The balance is composed of two conical endcap electrodes
separated by 5.3 mm with a 2.5 mm axial channel for laser
optical access. Eight concentric rod electrodes replace the ring
electrode in a traditional Paul trap, allowing for optical access
over a wide range of angles. Each rod is electrically isolated,
however an external DC levitation voltage is applied to the two
rods directly below the trap center to counterbalance the
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Fig. 1 (A) Experimental setup of the electrodynamic balance (EDB) apparatus contained in a secondary Teflon housing inside an environmental chamber
and equipped with a droplet generator and dual bubbler RH control (B) Optical layout for a trapped droplet irradiated using a pulsed 532 nm laser. The
forward Mie elastic scattering is collected on a CCD camera and the back-scattered Raman signal is passed through a beamsplitter and focused into a

monochromator.

gravitational force of the trapped microdroplet. The AC voltage
is applied to the endcap electrodes only, at typical values of
Vp=1500 Vand f= 150 Hz. During an experiment, the levitation
voltage is adjusted using an automated LabView feedback
control loop for maintaining the droplet in the trap center,
while the AC frequency is maintained approximately constant.

The balance is mounted on a DN63CF Conflat flange
equipped with electrical feedthroughs as well as a 1/8” OD
copper gas-line feedthrough for introducing humidified or dried
nitrogen gas directly into the trap. The balance is constructed on
two octagonal plates, and is isolated from air in the chamber by a
set of stainless steel plates outfitted with windows, serving to
electrically shield the high voltage electrodes that may otherwise
interfere with the trajectory of incoming charged droplets.
The plates also isolate air in the center of the balance from the
surrounding chamber, reducing the surface area and thus the
time for equilibration of the RH. The isolation of the balance is
augmented by a secondary Teflon housing that provides a direct
channel from the opening of the chamber. The droplet generator
is located above the balance, allowing droplets to be injected
directly into the trapping volume. An electronic shutter is located
at the opening of the chamber that opens for the introduction of
a new droplet. A piezoelectric droplet generator (Engineering
Arts DE03) is connected to an electronic syringe pump for precise
control of the production of the aqueous droplets. Filtered
aqueous sucrose or CA solutions are aspirated into the capillary
of the droplet generator from which single droplets approxi-
mately 40 pm in diameter are generated on demand using
computer-controlled pulse generation to drive the piezoelectric
element. A charging ring located above the shutter and electrically
connected to the grounded piezoelectric tip inductively charges the
droplets using an electrostatic potential. Occasionally, multiple
droplets are trapped simultaneously and the frequency of the AC
is adjusted until all but one droplets are ejected.

15064 | Phys. Chem. Chem. Phys., 2019, 21, 15062-15071

The relative humidity in the balance is controlled using
digital mass flow controllers (Alicat MC-500SCCM) by mixing
N, with the humidified vapor headspace of a bubbler containing
water. Humidified nitrogen is subsequently directed through
copper tubing wrapped around and welded to a copper standoff
in thermal contact with a Stirling free-piston coldhead cooler
(Sunpower Cryotel CT) and resistive heaters, which serve to
maintain a constant temperature and thermalize the air before
entering the trap. However, the temperature control was not
used in these experiments and the trap was maintained at the
laboratory temperature, approximately 20-23 °C. The tempera-
ture is recorded using a temperature probe (Vaisala HMP60) with
=+1 °C accuracy. Two bubblers, one containing distilled H,O and
the other containing high purity D,O (>99.8% D atom, Acros
Organics), are arranged using 3-way valves as shown in Fig. 1A so
that air from one bubbler is selected to flow into the chamber
while the other bubbler is exhausted. Experiments are carried
out at constant RH by first trapping a single sucrose or CA
droplet in H,O and allowing sufficient time for equilibration.
Then, D,0O vapor at the same RH is introduced to the chamber,
replacing the gas-phase H,0 in the balance and eventually
diffusing into the H,O droplet. During each experimental run,
the H,O humidified air is initially directed into the chamber for
droplet equilibration while the D,O bubbler is exhausted to fill
intermediate tubing lines, minimizing changes in RH during the
gas transition in the trap. The relative humidity and temperature
are monitored using a humidity probe (Vaisala HMP60) with
+3% RH accuracy located approximately 25 mm downstream of
the RH flow. For each water diffusion measurement, the relative
humidity is maintained constant to £1%, or within the error of
the probe. When the chamber atmosphere is switched to D,0O,
the humidity probe measurement must be corrected for the
difference in equilibrium vapor pressure of D,0O versus H,0,"!
as shown in eqn (1), where A = —0.30661, B = 9.14056, and
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C = 75.753 and T is in Celsius.
Pho B
ln(pgzo)_A+C+T (1)

Two spectroscopic methods are used to characterize a trapped
particle: Mie scattering for determining the particle size and Raman
spectroscopy for chemical analysis. As shown in Fig. 1B, the
trapped droplet is irradiated using a focused 80 kHz, 532 nm
Nd:YAG laser beam (RPMC Wedge XF). The elastic Mie scattering is
collimated using an /72 lens with a solid angle of 24.5° centered at
457 in the forward-scattering direction and imaged onto a mono-
chromatic CCD camera. The morphology of the trapped droplet is
determined by the Mie scattering pattern. Spherical droplets exhibit
evenly spaced bands and crystalline or amorphous solid particles
exhibit an irregular pattem.*® Fig. 2 shows an example Mie image
of a single droplet and the resulting angular intensity spectrum,
previously demonstrated in the literature to follow closely with
Mie theory.” The diameter of droplets in these experiments is
significantly larger than the wavelength of light, allowing a
geometric optics approximation to be applied. The intensity
spectrum is processed using a fast Fourier Transform (FFT) to
compute an average band spacing, Af, (rad™"). The band spacing

is used in conjunction with the index of refraction, n, to calculate
the particle radius, r, using eqn (2):**

. [0
r=—|cos - (5) (2)

Ag (E)Jr\/HHZMOS(E)

2

where 1 is the laser wavelength (um) and 6 is the median
scattering angle (rad). The parameterization of the index of
refraction with concentration of sucrose is described further in
the Results section.

The evolving chemical composition of the trapped droplet
from H,0 to D,0 is analyzed using the intensity of the stretches
(O-D) ~ 2500 cm™" and 1(O-H) ~ 3400 cm™ ' in the Raman
spectrum. A representative Raman spectrum for a sucrose
droplet is shown in Fig. 2, and a representative spectrum for

#(C - H) ——Data
L B — Simulation T

Intensity {a.u.)

Intensity

a5 40 45 50 55 ZEI'CID 25‘00 3DIDD 3500 4000

Scattering Angle (°) Raman Shift (cm™")
Fig. 2 (A) Mie scattering image collected on a CCD camera for a 54 um
sucrose droplet and the associated angular intensity spectrum used to
calculate the droplet size. (B) Representative Raman spectrum for a
sucrose droplet undergoing isctope exchange contains overlapping vibra-
tional peaks that are simulated with a series of Gaussian peaks shown as
the sum (red) and individual peak contributions (grey dashed).
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a CA droplet is shown in the ESL{ in Fig. S3. The integrated
intensity of the O-H and O-D stretch features allows calcula-
tion of the fractional concentration of D,O in the droplet over
time. The back-scattered Raman signal is collected using fj2
optics, transmitted through the 532 nm laser edge beam
splitter, and focused into a fiber optic cable coupled into a
monochromator (Acton SpectraPro 275) with an open-electrode
TE-cooled CCD detector (Horiba Syncerity). The spectrometer is
equipped with a 600 g mm™ " grating with a 750 nm blaze for
optimized quantum efficiency between 620 and 660 nm. The
integration time for each spectrum is 30-120 s to achieve an
adequate signal-to-noise ratio. The LabView control and data
acquisition program records the Mie and Raman spectra at a
designated interval along with trap settings and conditions.

3 Results and discussion

In this work, the time-dependent intensity of the 1{O-D) Raman
peak is modeled using Fick’s second law of diffusion to
calculate the water diffusion coefficient in sucrose and CA
microdroplets for a range of RH. The timescale for diffusion
is highly dependent on the droplet radius and therefore an
accurate size measurement is necessary for incorporation
into the diffusion model. In order to calculate the droplet size
using the angular intensity spectrum produced by the Mie
scattering, the index of refraction was calculated as a function of
sucrose or CA concentration, which varies with water activity or RH.
The method of parameterization of the index of refraction will be
presented, followed by a discussion of how the Raman spectra
were analyzed to determine the rate of isotopic substitution as D,O
diffused into the suspended droplet. With these results, the solute-
concentration-dependent water diffusion coefficients were
calculated and modeled using a Vignes-type fit for comparison
with the literature and validation of this method.

Parameterizations of the index of refraction

Calculation of the index of refraction for the droplet as a
function of varying RH requires parameterization of the mass
fraction solute (MFS) and density (p). The dependence of MFS on
water activity, a.,, has been well studied for sucrose solutions and
the treatment by Norrish** has been shown to correlate with
experimental measurements over the entire RH range:

aw = X exp (kxs’) (3)

where x,, and x; are the mole fractions of water and the solute,
respectively, and k is an empirical constant equal to —6.47 for
sucrose.** While other parameterizations have been proposed,****
the Norrish parametrization was shown to be most appropriate
for sucrose solutions over a wide range of RH.'®*® The
density of a sucrose-water mixture can be taken as the volume
additivity of pure component densities (VAD), with the pure
component density of water, p,, = 1000 kg m >, and sucrose,*
ps = 1580.5 kg m™ giving:

1 1-MFS MFS
=+

p P Ps

(4)
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The refractive index of a sucrose solution varies with MFS and
is parameterized using a linear fit with the refractive index for
water, n = 1.33, at MFS(0) and n = 1.558 at MFS(1).*® The
calculated index of refraction of the sucrose droplet at a given
RH is then used in eqn (2) to calculate the droplet diameter.
The uncertainty in droplet size (10 nm) due to wavelength-
dependent dispersion is negligible compared to the experi-
mental error (+£500 nm) from the RH probe,® making it
unnecessary to implement the highly accurate parameteriza-
tion for sucrose solutions reported by Rosenbruch et al.*’ For
CA, comprehensive parametrization of MFS with g, and the
refractive index of CA solution by Lienhard et al. was adopted.*®

Diffusion of D,0 using Raman spectroscopy

The coefficient for translational diffusion of water, D, as a
function of water activity, or RH, is extracted using a solution to
Fick’s second law of diffusion as applied to a sphere.*® Con-
sidering sucrose, since the total amount of sucrose is constant
throughout each experiment, all spectra are normalized to the
sucrose 1{C-H) peak at 2930 cm ™", allowing for correction for
fluctuations in spectral intensity due to low amplitude motions
of the droplet in the laser beam. A seven-Gaussian fit is applied
to the spectrum between 2000 and 3800 cm™' to determine
individual peak contributions and therefore calculations of
relative abundances of chemical species present. One Gaussian
contributes to the O-D band, two Gaussians contribute to the
C-H stretch, one Gaussian contributes to the weak C-H over-
tone peak (), two Gaussians contribute to the O-H band, and a
weak, broad Gaussian accounts for the background signal.
Fig. 2B shows the contributions of the seven Gaussians, for
example, in the Raman spectra of a sucrose droplet approxi-
mately halfway through an isotope exchange experiment when
distinct peaks associated with both H,0 and D,O are present.

In the case of CA droplets, 8 Gaussians are used to fit the
spectra. The values of the fit parameters are adjusted relative to
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sucrose due to the distinct Raman spectra. Typical fit para-
meters are given in the ESL{ Three Gaussians are assigned to
the O-D and O-H band each and two Gaussians represent C-H
stretch peaks. For the spectra of the CA droplets, overall broad-
ening of O-D and O-H stretch bands was observed and the
o peak was found to be negligible compared to the sucrose
droplets. We note that multiple Gaussians for fitting the
0O-H/O-D bands are necessary, because of the multiple con-
figurations of the hydrogen bond network in liquid water.>
Typical CA spectra and examples of the Gaussian fitting para-
meters for CA droplets are presented in the ESLt

At a constant relative humidity, the total amount of water in
the droplet is assumed to be constant and equal to the sum of
the contributions from H,O and D,O. Fig. 3A shows the
progression of Raman spectra collected during an experiment,
starting from the top where only »(O-H) is observed and over
time, the intensity of :{O-H) decays and {O-D) appears. The
spectrum is decomposed using a multiple Gaussian peak fitting
as discussed earlier, from which the peak areas for O-D and
O-H are used to calculate the fractional concentration of D,0 in
the droplet:

bob = A+ (5)

Aop + EADH
where the O-D stretch located at 2500 cm ' has a lower
integrated intensity by a factor of 1/,/2 based on the difference
in reduced mass.”* When the gas manifold valves are rotated to
switch from H,0 to D,0, there is a time delay until the chamber
is sufficiently filled with D,O and the isotope exchange begins.
Fig. 3B shows the concentration fractions of D,O and H,O at
44% RH that are initially constant as the droplet equilibrates
and then abruptly change from baseline values. It can be
assumed that for a period of time, approximately 30-480 s over
the RH range from 54% to 7%, respectively, the droplet is
undergoing isotope exchange while the chamber atmosphere is

e ——
- * 44%RH
= —Dw =3.2e-14
< amd
g - 1 -‘ -
=
Sost
= + - + + -+ + E 0
2200 2400 2600 2800 3000 3200 3400 3600 3800 0 5000 10000 15000
Raman Shift (cm™) Time (s)

Fig. 3 (A) An example set of Raman spectra for a 54 um sucrose droplet undergoing isotope exchange at 44% RH shows the decrease in peak intensity
of {O—H) at ~ 3400 cm~* and the growth of »(O—D) at ~ 2500 cm™L (B) The fraction of water concentration of D50 and H;O in the droplet over time is
modeled with Fickian diffusion to determine the concentration-dependent water diffusion coefficient.
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a mixture of H,0, HOD, and D,0. Formation of HOD in a H,O/
D,O mixture does not cause any detectable peak shift, and
intensity changes from spectral features for the pure D,O/H,0O
mixture, e.g., the spectral peak intensity of 50/50 H,0/D,O
(that is composed of 25% H,0, 25% D,O and 50% HOD), agree
with theoretical spectral features composed of 50% H,O and
50% D,0, confirming that a method based on eqn (5) is still
valid to determine the original fractional concentration of
D,0.%° During this time, the vapor-liquid interface does not
meet the condition that the gas-phase concentration of D,O is
constant, assumed by the diffusion model derived from Fick’s
second law. In addition, we have neglected the difference in
diffusion coefficients as H,O and D,0 are assumed to have
identical physical properties, within the reported error.** We there-
fore introduce a systematic approach for determining when con-
stant D,O RH is reached by fitting the time-dependent fractional
concentration of OD with a three-parameter S-shaped curve where
A, B, and C are empirically determined:

¢op ©)

1

14+ Aexp(—B+CY)
The time at the inflection point of the Sshaped fit is selected as
t = 0 for D,O diffusion and indicates the time at which D,0
vapor has sufficiently replaced H,O in the trapping volume, and only
the successive O-D fractional concentration data (eg, the region
where the green line spans Fig. 4b) are used in the calculations.
The solution to Fick’s second law of diffusion applied to a
sphere is used to model the time-dependent dimensionless
fractional concentration of the diffusing D,0:***

6\ 1 22Dy, f
dpo=1— (?) Zn_gexp(_a—g) )

where a is the particle radius and D, is the translational
diffusion constant. A three-term expansion of eqn (7) using a
single adjustable parameter is used to calculate Dy, for each of
the experimental runs at a different RH. The upper limit for
diffusion coefficients measured using this technique is calculated

10-11
- 1 0—1 3] L
‘v
o~
£
D 1 0_1 5 - 3
Zobristetal. T=295K
Price et al.
= = -Davies et al. a=1
- HH  This work
10° - ' ' -
0 20 40 60 80
% RH

Fig. 4 Calculated water diffusion coefficients in sucrose droplets at
varying RH studied in this work compared with parameterizations provided
by Zobrist et a£,39 Price et al.** and Davies et al.?®
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as ~5 x 107" m? s, The sources of the upper limit include
the rapid diffusion in the droplet sizes at high RH, the
acquisition time required for adequate spectral signal-to-
noise, and the time delay associated with fully replacing the
composition of the atmosphere in the trapping volume.*®

Water diffusion in aqueous sucrose droplets

The water diffusion coefficients measured for sucrose-water
droplets at RH between 26 and 54% at room temperature are
shown in Fig. 4. The RH is reported with the absolute error of
the probe, +3%, and the error in the D,, measurement is
estimated as 50%, calculated from an uncertainty of £20% in
the model fit, £1 pm uncertainty in the size calculation,
differences in self-diffusion between H,O and D,0 (10-24%),*!
the RH fluctuation (+1%) and temperature stabilization (+1 °C)
over the course of an experiment. The results are compared with
parameterizations from the literature reported by Zobrist et al,**
Price et al.,”* and Davies et al.*® Over the range where data were
obtained, the results agree well with the Vignes-type para-
meterization that describes the variation of the water diffusion
coefficient, D,,, with composition in a binary mixture:*!

po () ()"

where x,, is the mole fraction of water, D?q,w is the translational
diffusion coefficient in pure water (2 x 107° m* s™%), and DY
is the self-diffusion coefficient of water in pure solute (1.9 x
107*” m® s, reported by Davies et al.>®). Excellent agreement
was found between the present results using the EDB and
previous reports using various techniques,”****® showing
the viability of this method for quantifying the translational
diffusion coefficient over a range of water activities. However,
the agreement deviates when approaching the high RH limit. At
54%, the timescale for diffusion is comparable to the turnover
time for replacing the air in the chamber, allowing for isotopic
exchange to occur rapidly in the droplet while exposed to an
effectively lower D,O concentration because the air is still a
mixture of H,O and D,O. The resulting D, at high RH,
approximately 1 x 10" m”> s, is lower than the Vignes-type
trend followed by other published results and serves as an
upper bound to the dynamic range of the diffusion coefficients
that can be quantified using this experimental setup.

The results in Fig. 4 are consistent with measurements
carried out using isotope exchange on 6-300 pm diameter
samples, which suggests that there is not a significant impact
of droplet size on the water diffusion coefficient in the
35-60 pm size range studied. The droplet diameters studied
in this work were significantly larger than the <10 pm dia-
meter droplets used by Zobrist et al*® and Davies et al*® and
significantly smaller than the 200-300 pm diameter substrate-
supported disks used by Price et al®" This suggests that the
droplet size does not have a significant effect on the diffusion
coefficient as a correlation between D, and diameter across
these different size ranges is not observed. The D, of sucrose
solution below 25% RH is of great interest because prediction
using two methods (isotope exchange and mass transport)
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diverges by orders of magnitude. The large discrepancy is due
to different assumptions used in the two models. In the mass
transport model, the radius of the droplet changes as it
experiences sorption and desorption of water with the RH
change. On the other hand, the isotope exchange model
assumes a constant radius of the droplet held at fixed RH.
Thus, the mass transport model involves a moving and non-
linear boundary condition while the isotope exchange model
assumes a fixed linear boundary condition.*”** Measuring D,,
at RH below 25% in the case of sucrose was beyond the scope of
the current measurements due to the diffusion timescales.>*>®

The present results can be compared with both charge-
neutral particles in the case of the isotope-exchange measure-
ments of Price et al>! and Davies et al.?® and charged particles
in the mass-transport measurements of Zobrist et al.*®* The
comparison suggests that the surface charge density on the
droplets in this work (<40 elementary charges per um?) does
not significantly influence D,O diffusion into droplets. If the
charge state significantly impacted the diffusion of D,0 into
the droplet, the best agreement would be expected between the
results conducted in EDBs, which is not the case. Instead, the
best agreement was found with the optical tweezer measure-
ments on neutral microdroplets using the isotope labeling
technique. These results can be understood in the context of
studies on the influence of charge on both ice nucleation and
efflorescence. Homogeneous ice nucleation rates of pure water
droplets were measured in a temperature-controlled EDB as a
function of temperature and absolute charge and it was con-
cluded that while temperature strongly influenced the nuclea-
tion rate, no correlation with the surface charge was observed
over a range of +200 charges per pm?3*7¢ Charged droplets
with 10x greater surface charge density compared to the
droplets in the current work were examined and no effect of
the charge on nucleation was found, supporting the conclusion
that excess charges are not interfering with bulk processes such
as diffusion within a droplet. Another recent study measured
the dependence of the efflorescence relative humidity on the
magnitude of the surface charge in sodium chloride microdro-
plets and found no correlation below 500 elementary charges
per um>.*” Molecular dynamics simulations showed that above
this charge density threshold, the charges interact with dis-
solved ionic species to form stable critical cluster sizes neces-
sary for overcoming the energetic nucleation barrier at higher
RH compared to neutral droplets. In the present work, the
sucrose droplets contain surface charge density significantly
below the threshold suggested by Hermann et al.*’ to impact
efflorescence behavior. Thus, the present work demonstrates
an alternative way that can be used to study particles incompa-
tible with optical trapping techniques, e.g., amorphous (or
glassy) aerosols or solid particles that have non-spherical
morphology.

Water diffusion in aqueous citric acid droplets

Water diffusion in citric acid solution droplets was measured
over a lower RH range (7-25%) compared to sucrose. The RH-
dependent refractive index of a CA solution was parameterized
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Fig. 5 RH dependent D,, for CA droplets compared to other experiments.
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using the MFS of CA and water to deduce the droplet size.*® The
RH dependent D, values of CA droplets are shown in Fig. 5,
revealing good agreement with the other isotope exchange
measurements using optical tweezers>® and a significant devia-
tion from D,, values measured by mass-transfer®” as well as the
predictions of the S-E equation.’® Isotope-exchange derived D,,
values of CA below 10% RH at room temperature are reported
here for the first time, and it is found that in this regime, the
intensity of the Raman O-H band at 3400 cm™' does not
diminish to zero in the exchange process. This may arise from
inhibited diffusion of water in CA droplets under very dry
conditions. In addition, the results at RH lower than 15%
reveal that the aqueous CA droplets do not undergo full isotope
exchange, with all labile hydrogens replaced by deuterium, over
a period up to 65 hours. This observation may be a result of the
much larger size of the droplet compared to the study of Davies
and Wilson.>® Because eqn (7) assumes complete H,0/D,0
exchange, it is no longer valid for describing water diffusion
at RH < 15%. To analyze incomplete H,0/D,0 exchange for CA
at lower RHs, we introduce a modified solution to Fick’s 2nd
law, eqn (9). The equation contains an additional parameter
y that represents the fractional exchange as a function of RH, and
reveals the kinetic limitation of water diffusion. For instance, y = 1
means complete exchange of H,O to D,O and eqn (9) is analogous
to eqn (7), while ¥ = 0.7 indicates that 70% of the total H,O in the
droplet is exchanged to D,O.

$p,0 = X(l - (:—2) ;%ﬁp(_%f)w)) ©)

Application of the two eqn (7) and (9) to the isotope
exchange data at low RH is illustrated in ESI,{ Fig. S5, showing
that eqn (9) represents the physical phenomena significantly
better than eqn (7). Fig. 6 shows the strong observed depen-
dence of y on RH, illustrating the incomplete H,0/D,0
exchange at lower RH (¥ < 1) and full exchange of H,O to
D,0 at RH higher than 15% (y ~ 1). It is not surprising for CA
droplets of this size to develop a radial concentration gradient
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Fig. 6 Kinetic limitations of water diffusion are evident at RH below 15%
shown as nonunity ¢'020 values given by eqn (9). Error bars represent the
95% confidence interval of the fitting parameter y.

under dry conditions. Consequently, the true values of D, are
expected to be smaller than the values calculated using eqn (9)
because the diffusion of D,0 into the droplet core is not complete.
The Fickian diffusion model assumes a homogeneous mixture
after sufficient equilibration time, which is not truly achieved here
owing to the kinetic limitation, but it was chosen for the analysis of
Dy, in the CA droplets as well owing to its simplicity and applic-
ability to both sucrose and CA data. A kinetic multi-layer model*® or
Maxwell-Stefan diffusion model® may be used in future studies to
describe the formation of the concentration gradient within the
droplet as these models explicitly consider the droplet as a series of
spherical shells.

Similar kinetic limitations of diffusion have previously been
observed for ambient organic aerosols, particularly in highly
viscous or glassy state aerosols where formation of a significant
radial concentration gradient in the droplet inhibits reaching
thermodynamic equilibrium."®* The inhibited diffusion of water
in CA droplets may be attributed to the formation of molecular
clusters in the supersaturated solution. It is worth comparing the
results of H,0/D,O exchange at the lower RH bound for sucrose
(26%) and CA (7%). The exchange was incomplete for CA over
several days while sucrose showed full exchange (y = 1) even
though the D,, value of CA (9.19 x 10 '®* m® s™) is notably
higher than that of sucrose (4.52 x 107'® m® s™') under the
stated conditions. In addition, the viscosities of the droplets
show orders of magnitude difference (~10' Pa s for sucrose vs.
~10* Pa s for CA). Taking these observations into account, one
can suppose that CA has a much higher propensity to form
organized molecular structures with water than sucrose does
within the highly-saturated solution (MFS > 0.9). This is sup-
ported by studies that observed solute clustering in supersatu-
rated CA solutions.’>®® From a chemical perspective, citric acid
is a tricarboxylic acid that will have much stronger interactions
with water through the acidic hydrogens and the polar -COOH
groups compared to sucrose. Similar kinetic inhibition of diffu-
sion of reactive condensed-phase species has been reported for
glassy aerosols at low RH*?#7 but our result explicitly shows the
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strong dependence of this phenomenon on RH. Aggregation of
solute-water clusters in supersaturated droplets may lead to
radial concentration gradients that promote the formation of a
core-shell morphology, preserving the unreacted core species
with potential implications for surface-sensitive phenomena
such as cloud condensation nucleation (CCN) and ice nucleation
(IN) activities.*® Mie scattering measurements remained consis-
tent with liquid droplets even at these low RHs, so the question
that arises is how ‘liquid’ or ‘solid’ a particle needs to be to
distinguish the particle phase by Mie scattering.®”**

4 Conclusions

The translational water diffusion coefficient was measured in
single charged sucrose and CA droplets as a model system for
sea spray aerosols at humidities ranging from 26-54% RH for
sucrose and 7-25% RH for CA at room temperature. Water
diffusion has been quantified using H,0/D,0 isotope tracing
measured via Raman spectroscopy of a single charged droplet
trapped in a humidity-controlled EDB. The measured water
diffusion coefficient-molar concentration relationship follows
an exponential dependence, described as a Vignes-type para-
meterization. The data were compared with previous studies of
the sucrose-water and CA-water systems using the isotope
exchange technique on neutral samples and a mass transport
method on charged droplets. The comparison between our
results and those of other Raman spectroscopy based methods
shows a good agreement of water diffusion coefficients across a
wide range of sample sizes and volumes, suggesting that the D,
values are not size-dependent. The agreement of this work
using charged droplets in an EDB with neutral particles in an
optical trap suggests that charge does not play a significant role
under the conditions studied.

The Raman spectroscopic technique for isotope exchange
analysis is limited to particle sizes greater than 1 pm because of
the low signal to noise ratio. Improvement in the sensitivity of
the optical setup would be of great value in extending the
present measurements to smaller aerosols with diameters of
50-200 nm, which are the size population most efficient for
cloud activation®””® and therefore of large climate relevance.
Experimental modifications to control temperature and particle
charge will reduce uncertainties in the diffusion measurements
and allow a more detailed examination of charge effects.
Temperature control will also enable further comparisons of
the method over a range of atmospherically relevant tempera-
tures with the temperature-dependent D,, measurements made
using the mass transport method,*® as well as extending these
measurements to examine the effect of viscosity and chemical
composition on ice nucleation.

The present measurements further demonstrate the ability
to measure water diffusion independently from viscosity under
atmospherically relevant conditions. The isotope exchange
method for measuring water diffusion rates can be applied to
a variety of chemical systems and complexity including ternary
mixtures of atmospheric relevance, the influence of hygroscopic
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inorganic salts, and concentration-dependent effects of mono-
valent and divalent cations found in sea spray aerosols. One of
the first systems to investigate at reduced temperatures will be
the citric acid system to examine further the origin of the strong
kinetic limitation to isotope exchange.
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