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Abstract. Recent research suggests that under certairl Introduction

temperature and relative humidity conditions atmospheric

aerosol may be present in the form of a glassy solid. In or-Water-soluble compounds are ubiquitous in atmospheric
der to understand the impacts that this may have on aerosof@erosol, which are important for the planet's climate and
cloud interactions and atmospheric chemistry, knowledgdydrological cycle. The ability of aerosol particles to scat-
of water diffusion within such aerosol particles is required. ter and absorb light impact earth’s radiation budget directly,
Here, a method is described in which Raman spectroscopnd they also influence climate indirectly by mediating cloud
is used to observe 4D diffusion in high-viscosity aqueous properties through their action as cloud condensation nuclei
solutions, enabling a quantitative assessment of water difful CCN) and ice nuclei (IN). Itis therefore of vital importance
sion coefficients Dwater, @s a function of relative humidity. 0 understand aerosol particle phase transitions and interac-
Results for sucrose solutions compare well with literaturetions with water vapour, and the consequences of these for
data at 23.5-0.3°C, and demonstrate that water diffusion aerosol optical properties, chemical reactions and health ef-
is Slow (Dwater ~5 x 10-17m2s~1), but not arrested, just fects (Péschl, 2005).

below the glass transition at a water activity of 0.2. Room |n some aqueous solutions, solute crystallisation at low
temperature water diffusion coefficients are also presentedelative humidity (RH) or temperature can be inhibited, either
for aqueous levoglucosan and an aqueous mixture of raffipartially or completely (Prenni et al., 2001; Parsons et al.,
nose, dicarboxylic acids and ammonium sulphate: at low hu2004; Murray, 2008; Murray and Bertram, 2008; Zardini et
midity, diffusion is retarded but still occurs on millisecond @l-» 2008; Bodsworth et al., 2010; Murray et al., 2012). This
to second timescales in atmospherically relevant-sized partican be due to an increase in viscosity and associated decrease
cles. The effect of gel formation on diffusion in magnesium in the rate of diffusion within the solution as it supersaturates
sulfate solutions is shown to be markedly different from the OF Supercools. A semi-solid state may form, the definition of
gradual decrease in diffusion coefficients of highly viscousWhich often includes ultra-viscous liquids, gels and rubbers
liquids. We show that using the Stokes—Einstein equation tdMikhailov et al., 2009). If the viscosity of the solution in-
determine diffusion timescales from viscosity leads to valuescreases above 1®Pas it is said to have formed a glass, or
which are more than 5 orders of magnitude too big, which@morphous solid, which may exist out of equilibrium with its
emphasises the need to make measurements of diffusion cgurroundings for long timescales (Debenedetti and Stillinger,
efficients. In addition, comparison of bounce fraction data for2001). It has been proposed that atmospheric aerosol may be
levoglucosan with measured diffusion data reveals that eveRresent in the form of amorphous solids and semi-solids over
when particles bounce the diffusion timescales for water ared Wide range of temperature and relative humidity conditions
a fraction of a second for a 100 nm particle. This suggests 4Bahreini et al., 2005; Roth et al., 2005; Murray, 2008; Zo-

high bounce fraction does not necessarily indicate retarde®rist etal., 2008; Mikhailov etal., 2009; Virtanen et al., 2010;
water diffusion. Murray et al., 2012; Perraud et al., 2012; Saukko et al., 2012;

Renbaum-Wolff et al., 2013).
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The consequences of the existence of atmospheric aerosblation timescales at 3€, Saleh et al. (2013) reported
in an ultra-viscous or glassy phase are wide-ranging. Highlyno substantial gas-particle partitioning inhibition due to ki-
viscous aerosol particles have been found to act as heteraretic limitations within particles. The discrepancies between
geneous IN and may play an important role in cirrus cloudevaporation- and equilibration-rate measurements highlight
formation (Murray et al., 2010b; Wagner et al., 2012; Wil- the need for more direct measurements of potential kinetic
son et al., 2012; Wang et al., 2012; Baustian et al., 2013)limitations in aerosol particles.

Heterogeneous nucleation of ice on glassy aerosol particles Current techniques used to determine the formation and
well below water saturation may lead to less, but larger, iceproperties of semi-solid and glassy aerosol often involve
crystals which have a greater sedimentation velocity; thissome method of establishing the viscosity, quantitatively
may be particularly important in the very cold and dry top- or qualitatively (Virtanen et al., 2010; Wang et al., 2012;
ical tropopause region where clouds play a key role in wa-Renbaum-Wolff et al., 2013). The Stokes—Einstein relation
ter transport into the stratosphere (Murray et al., 2010b).is then sometimes used to estimate the diffusion coefficient.
Reduced diffusion coefficients result in delayed interactionsHowever, there is evidence to suggest that this hydrodynamic
with the gas phase and may impact a particle’s optical prop-description is not generally applicable: the mobility of water
erties through its ability to take up water (Tong et al., 2011; and larger molecules deviate near the glass transition (Cham-
Bones et al., 2012; Murray et al., 2012). Upon increasingpion et al., 1997; Rampp et al., 2000; Zhu et al., 2011; Power
RH, water uptake by amorphous solids occurs at the surfacet al., 2013). In addition, diffusion coefficients do not vary
of a particle, proceeding to the interior of the particle only with temperature in the same way as viscosity@f > 0.8
when the outer layer has softened and the rate of diffusior{Parker and Ring, 1995). Since it is diffusion, rather than vis-
increased (Koop et al., 2011; Zobrist et al., 2011). In thiscosity, which is key to quantifying the response of aerosol to
way, the viscosity gradually decreases as the particle underehanging conditions, it is advantageous to directly measure
goes continual deliquescence, and hygroscopic growth octhe diffusion coefficients of the species of interest, rather than
curs at lower relative humidity than for the particle’s crys- inferring them from the viscosity.

talline counterpart (Mikhailov et al., 2009). When RH is de-  The diffusion coefficient of watemyate, in atmospheric
creased, a core-shell structure may develop as a glassy cruaerosol is an important parameter because water is often
forms around a less viscous interior. In this way water may bethe most mobile component of a glassy aqueous solution
trapped inside the particle, even under dry conditions (Koop(Roberts and Debenedetti, 1999), it is crucial in cloud forma-
etal., 2011; Zobrist et al., 2011). tion processes, and it can act as a plasticiser (Zobrist et al.,

Several studies have suggested that atmospheric aeros®011; Koop et al., 2011). The uncertainty in the current best
particles are not in equilibrium with surrounding gas phaseestimate ofDyater in a-pinene SOA spans 4 orders of mag-
compounds (Roth et al., 2005; Perraud et al., 2012; Abram#itude at RHs below 80 % (Shiraiwa et al., 2013). Further-
son et al., 2013), which may lead to errors in the evaluationmore, the plasticising effect of water leads to considerable
of particle-phase and gas-phase concentrations (Liu et aldifficulties in measuring the diffusion coefficient of water in
2012; Shiraiwa and Seinfeld, 2012; Shiraiwa et al., 2013).glassy aerosol undergoing hygroscopic growth or shrinkage
The phase of an aerosol particle has been found to affect reabecause the diffusion equation becomes non-linear (Tong et
tivity (Knopf et al., 2005; Kuwata and Martin, 2012), and the al., 2011). Zobrist et al. (2011) used a model to overcome
chemical lifetimes of condensed organics can be significantithe issue of non-linearity, and were successful in determin-
increased if diffusion is limited (Shiraiwa et al., 2010, 2011, ing diffusion coefficients from water uptake on aqueous su-
Pfrang et al., 2011). Highly viscous aerosol may undergocrose particles with electrodynamic balance and optical tech-
diffusion-limited growth, which would result in a different niques.
size distribution to that produced by the quasi-equilibrium We have used a similar technique to Zhu et al. (2011) to
growth of liquid aerosol (Zhang et al., 2012). In laboratory or determine the diffusion coefficient of water in aqueous solu-
field measurements, timescales for equilibration longer thartions. Zhu et al. (2011) brought axB-maltose and a £D-
typical thermodenuder residence times may also lead to erromaltose droplet together until they touched, and used a Ra-
neous volatility results (Saleh et al., 2011), while slow hygro- man microscope to quantify diffusion between the droplets.
scopic growth may affect hygroscopicity tandem differential Our approach relies upon the observation of the diffusion of a
mobility analyser (HTDMA) values (Hersey et al., 2013).  gas phase isotope tracer into a disk of aqueous solution. This

Vaden et al. (2011) and Cappa and Wilson (2011) ob-involves equilibrating the solution at a chosen RH ipCH
served slow evaporation rates of secondary organic aerosalapour and then switching toJ® vapour of almost the same
(SOA) and attributed this to condensed phase kinetic limi-RH. The progression of D into the solution disk is then
tations to gas-particle partitioning. However, slow evapora-monitored as a function of time and distance which allows
tion would also be seen in particles containing low volatil- a quantitative assessment of the diffusion coefficient. The
ity compounds, such as aged SOA in which low volatil- advantage over techniques which involve changing RH in a
ity oligomers may form (Cappa and Wilson, 2011; Saleh stepwise fashion is that the solution to the diffusion equation
et al., 2013). In an experiment directly measuring equili- is greatly simplified since the water contenpb@+ H2O) of
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the disk remains constant throughout the experiment — therelisk of solution was prepared such that its circumference (but

is no radial solute concentration gradient. neither face) was exposed to the surrounding gases (Fig. 2a).
The kinetics of water transport in amorphous inorganic In this way, diffusion only occurred horizontally in the radial

aerosol have previously been investigated by Li et al. (2011)direction.

who used Raman spectroscopy to observe the exchange of Assuming that a disk is homogenous (i.e. the diffusion co-

deuterium with hydrogen, but did not determine diffusion efficient does not depend on radial position) Fick’s second

coefficients. Ahlgvist and Taylor (2002) also used H/D ex- law is

change to observe diffusion in crystalline and amorphous

sugars. The method outlined here allows for the quantitativeM = DV?p(r,1), (1)

determination of the diffusion coefficient of water in aque-

ous solutions relevant to atmospheric aerosol over a widgyhere ¢ is the concentration of the diffusing molecule in

range of RH and temperature conditions, assuming Fickiany,q, m-3, ¢ is time and D is the diffusion coefficient in

diffusion. Here, sucrose is studied to allow direct compari- ;2 -1 A solution to the above equation for a disk of radius

son with literature data for method validation. Measurements,, \,hose edge is maintained at concentratigiis

are then extended to (i) levoglucosan (a major component

of biomass burning aerosol, Decesari et al., 2006), (ii) raf-

finose/M5AS (a mixture of raffinose, dicarboxylic acids and ¢ -1 = 9o +2(@1—%0) )

ammonium sulfate, Zobrist et al., 2008) and (iii) magnesium *

sulfate (present in seawater aerosol and known to have th@nerey, is the concentration at= 0 everywhere in the disk

interesting property of gel formation at low RH; Zhao et al., except at the edge = a) att = 0, Jo and J; are Bessel's

2006). functions of order 0 and 1, respectively, andre the positive

roots of the equatiotdy (x) = 0 (Bowman, 1958).

1 —a?Dr or
o

on1(ot)e ’ 7)’ )

2 Experimental methods 2.3 D0 diffusion measurements

2.1 Raman microscopy Dilute aqueous solutions were prepared with pure wa-

A Renishaw InVia Raman spectrometer with a 514 nm lasef€’ (Milli-Q 18'% Mgcm). The solutes used were sucroose
and motorised XYZ stage was coupled to a temperature an&>'9mMa, >99.5%), levoglucosan (Acros Org?mcs, >99 %),
relative humidity controlled chamber (Fig. 1). A dry zero Magnesium sulfate (Sigma-Aldrich, >99.5%) and raffi-

grade N flow was humidified as it passed through ag0or ~ N0S€/MSAS (S0 wt% D-f)-raffinose pentahydrate (Alfa
D,0 bubbler, whose temperature was regulated by a chiIIer';‘esoar’ >99%), 15.4 wt% malonlc; acid (A!)fa Aesar, >99 %),
and then diluted to the desired dew point with additiongl N /-1 % maleic acid (Fluka, >999%), 7.4% DL-malic acid

The dew point of the outflow from the chamber was recorded(Aldrich, >99%), 3.7% methylsuccinic acid (Aldrich,
using a GE Optica hygrometer with model 1311DR sensor.> 99 %), 8.9% glutaric acid (Alfa Aesar, >99 %) and 7.7 %

The stage temperature was maintained at 2053°C using ammonium sulfate (Fluka, >99.5%). For each experiment,

a separate recirculating chiller and measured using a PT108 ~ 0-5 HL droplet of solution was placed on a hydropho-
platinum resistance thermometer. This temperature was chd2¢ Siliconised glass slide (Hampton Research) using a mi-
sen for the present study to facilitate comparison with litera-CroPipette and allowed to adapt its size as it equilibrated with
ture data and to reduce experimental duration: experiments 4f€ Surrounding air. Similarly coated glass slides have been
lower temperatures will be the subject of future work. Spec-USed previously and shown not to trigger nucleation (Murray
tra containing information on the chemical composition of €t &l 2010a, 2011, 2012; Broadley et al., 2012; Atkinson et
the sample could be continually acquired at predetermined!-» 2013). A smaller piece of hydrophobic glass was placed
locations on the sample with a laser spot size of 1.3 um. ACN top of the droplet, supported by a pair of 25 pm-thick
600 lines mnT? grating was used, enabling Raman intensi- Teflon film spacers, in order to create a disk of 200—-300 pm
ties to be simultaneously collected across the wavenumbei@dius (Fig. 2a). The slide was then placed in z;ttemperature
range of interest. All spectral and environmental data were2nd humidity controlled chamber, initially at 90 % RH.

computer-logged for subsequent analysis. For egch experime_nt, the solution dis_k was exposed to a
flow of nitrogen gas with a controlled partial pressure CH
2.2 Diffusion in a disk vapour in order to achieve the water activity corresponding

to the chosen RH. In these experiments it was essential that
The two separate locations of the O-H and the O-D bondthe water activity across the disk was constant, so it was im-
stretch bands in the Raman spectrum were used to monitgoortant that the disk was exposed te@Hvapour for a suf-
the diffusion of 3O from the gas phase into a8 solu-  ficient period of time. This time required for equilibration
tion droplet. In order to avoid inhomogeneity in the vertical depended on solute and RH; the lower the RH, the longer the
column of sample which contributed to the Raman signal, aH2O equilibration time. Hence, it was necessary to estimate

www.atmos-chem-phys.net/14/3817/2014/ Atmos. Chem. Phys., 14, 3&B3¢ 2014
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Fig. 1. Humidity and temperature controlled Raman spectroscopy setup. Nitrogen gas flows were regulated using two mass flow controllers
(MFC1 and MFC2) and either remained dry or were humidified in a bubbler. The two flows were mixed at a known ratio to produce the
desired relative humidity at the stage, which was also temperature controlled. A hygrometer logged temperature and humidity data.

(@  From above Hydrophobic andy; was the water concentration corresponding to a water
°°ﬂ‘:1‘i*d‘:"ass From side activity of 0.9 (i.e. the concentration at the start, defined by
the starting RH of 90 %). Water concentrations were calcu-
o —= 1 lated using relations between water activity and solute mass
|:| : D» Tlﬁon fraction given in the literature (Ha and Chan, 1999; Zobrist
spacers et al., 2011; Lienhard et al., 2012; Wagner et al., 2012), and
Diskof oo o(r,1) densities estimated assuming the volume additivity of pure
component densities (Tong et al., 2011). The diffusion coef-
ficient used in this estimation was a best initial estimate of
® © the diff_u_sion (_:oefficient of water in _the disk at the target wa-
ter activity, either taken from the literature or based on the
trends of previous measurements. By solving Eq. (2) with
these conditions, the time after which the water mass frac-
tion in the centre of the disk corresponded to a water activity
within 0.01 of the target water activity could be determined —
Fig. 2. (a) Arrangement of a disk on the slide in theO diffu- this was used to_deflne theZB_ exposure .tlme' Thls process
sion experiment. The slide was placed in the RH and temperature?'pm‘:"_t'meS re‘_ll%”fed several iterations: if the final measur_ed
controlled chamber. A typical disk of solution had a size of around diffusion coefficient was found to be lower than that used in
200-300 um, and the laser spot had a size of 1.3 um. The 25 unthe calculation, the experiment was repeated, this time leav-
thick spacers and top slide were held in place using vacuum greaséng the disk exposed to 4D for a longer time period. The
Each Raman spectrum was obtained at a predetermined location caquilibration time varied between minutes at high humidity
a grid, whose size and spacing was chosen to suit the rate of difto weeks at low humidity. In Sect. 3.1 we show that the mea-
fusion in each experiment. Other spacer thicknesses were tested & red diffusion coefficients are in good agreement with liter-
ensure that results were the same and there were no edge effecigre data.
(t_)) Spectral collection config_uration f_or diffysion me_asu_rements at | most experiments, equilibration was done at 2&5
high RH. (c) Spectral collection configuration for diffusion mea- but for low water activity experiments which would require
surements at low RH. impractical HO exposure times at 23°&, the sample was
heated to between 40 and 80 to speed up diffusion. Once
the necessary exposure time at this temperature had elapsed,
the diffusion coefficient and solute concentrations at a particype sample was cooled back to 23Gover a period of sev-
ular water activity so that the time required for equilibration g4 hours, with the RH (and thus water activity) kept con-
could be estimated using the solution to Fick's second law forgiant to within 1 % RH. Any uncertainty in water activity as-
a cylindrical geometry (Eq. 2). In this casg was the wa-  gocjated with this procedure was accounted for in error bars.
ter concentration corresponding to the target water activity,
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To confirm that this treatment did not alter the diffusion prop- concentration gradient changing significantly, it was less im-
erties of the sample, two measurements of the water diffusionportant to cover the entire radius of the disk in a short space
coefficient in sucrose were made at around 80 % RH, one beef time. This allowed us to collect clusters of more spectra
fore exposure to higher temperatures and one after a week att higher spatial resolution (typically witk andY spacing
50°C. They were in good agreement (see Sect. 3.1). of 5 um), with time breaks between each cluster (Fig. 2c). As
To determine disk size and location on the motorised XYZ diffusion progressed, and the O-D band was visible across
stage, the positions of three points on the disk’s circumfer-greater proportions of the radius, the size and number of
ence were found. This was done by taking three series ofpectra in each cluster was increased to cover more of the
spectra along radial tracks traversing the edge of the partiradius.
cle, with 1 pm spacing between each spectrum and a laser The time taken to collect each spectrum was typically 1s,
spot size of 1.3um. For each of these three spectral seriesyith a further 1s period required between spectra for the
the points at which peaks originating from the sample firstmotorised XYZ stage to move to the next location. This
appear in the spectra were used to calculate an upper limitherefore defined the upper limit to the diffusion coefficients
on the disk’s radius. Similarly, the three points at which the which could be measured where diffusion occurred on a
sample peaks reach their maximum intensity were used taninute timescale. Some spectra were longer in duration (up
determine a lower limit on the disk’s radius. The difference to 40 s per spectrum) — these longer acquisitions were used
between these upper and lower limits was typically aroundwhere the extra duration did not compromise the time resolu-
20 um. The best estimate for the disk radius was taken to bé&on but did improve the quality of the spectral data. For very
the mid-point between the upper and lower limits. slow experiments (e.g. sucrose 20 % RH, which involved a
Once the water activity of the disk was estimated to be3-week DO exposure), there were breaks between several
within 0.01 of RH/100, the HO vapour was replaced with series of spectral acquisitions in order to avoid wear on the
a flow of D,O vapour of the same dew-point. Due to the laser.
lower saturation vapour pressure 0@, this led to a de- The number of points used in each surface fit varied ac-
crease in RH of up to 1.25% (Matsunaga and Nagashimagording to the duration of each experiment, which was di-
1987). We estimate that the complete exchange of gases irectly influenced by the rate of diffusion at each relative hu-
the pipework and chamber around the solution disk takesmidity. Experiments where diffusion coefficients were large
124 2s, although in a worst-case scenario where th® D typically involved the collection of several hundred spectra
and HO vapours mix only via gas-phase diffusion in the (and thus data points in the surface fit); experiments with
RH-controlled chamber this exchange may take up to 95s. the smallest diffusion coefficients usually generated several
The spectrometer was configured to collect Raman spectréghousand spectra.
after chosen time intervals at locations across a grid covering After the exchange had taken place, the process of deter-
a portion of the sample disk (see Fig. 2). The spatial and temmining the disk radius by finding the positions of three points
poral separations of the spectra were chosen such that, as fan the disk edge was repeated. Decreases in radius of up
as possible, a broad range o$®@ concentrations could be to 3% were noted; this can be accounted for by the com-
observed over the entire disk radius during the experimentbined effects of a change in volume due to isotope exchange
Each spectrum was measured at a hew XY coordinate (an(Bartell and Roskos, 1966), and a change in water activity
hence radial position), chosen according to the rate of diffu-due to the lower saturation vapour pressure gbQMat-
sion in each experiment. The;D exposure time required to  sunaga and Nagashima, 1987). The shrinkage was included
collect enough information to determine a diffusion coeffi- in the calculation of the error bars associated with each data
cient was about 10 min for yater of 10°1°m2s~1, about  point.
2 h for a Dyater of 10722m2s~1, about 20 h for aDyater Of Raffinose/M5AS was seen to fluoresce at the lowest wa-
10-1*m?s~1, and about 8 days for Byaterof 107°m2s~1. ter activity investigated (0.22), which meant the Raman scat-
The Raman software could be used to define a rectangulaering bands were partially obscured (no significant fluores-
grid across which spectra could be collected in a raster fasheence was observed at other humidities or in the other sam-
ion. At high diffusion coefficients, it was important to collect ples). To minimise these effects, the Raman laser was used
data across the entire radius of the disk in a short space ab photobleach the sample for 500 s prior to each spectral
time. For this reason, a grid such as that shown in Fig. 2bacquisition. Since any photobleaching-induced effects would
was configured, with a 25 pm spacing in thelirection and  have been concentrated in a small area due to the small laser
a small (up to 5um) spacing in thedirection. Limitations  spot size, and given that each spectrum was acquired in a
existed at low RH because diffusion was so slow as to makeiew position, we do not expect any effects on the determined
it impractical to wait for high RO concentrations at the disk diffusion properties from the bleaching technique.
centre; it was nevertheless possible to determine diffusion
coefficients using the concentration measurements near the
edge of the disk (see Fig. 2c). At these slow diffusion coef-
ficients, where many spectra could be collected without the

www.atmos-chem-phys.net/14/3817/2014/ Atmos. Chem. Phys., 14, 3&B3¢ 2014
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T T T T . The sole purpose is to achieve a reasonable, background-
O-D stretch O-H stretch ] corrected quantification of the relative integrated band inten-
sities of the broad O-H and O-D bands.

For sucrose, levoglucosan and raffinose/M5AS, the param-
eters describing these Gaussian functions (i.e. peak height,
width and wavenumber) were constrained so that variable in-
tensity peaks were fitted to the O-H, fHO-D and NI}
bands, and fixed intensity peaks were fitted to the C-H band.
A satisfactory fit with a reduceg? value close to 1 was
achieved by fitting up to three Gaussians to the O-H band
(or the combined O-H and I\Q’-|bands in the case of raf-
finose/M5AS), up to three Gaussians to the O-D band (or
the combined O-D and NP bands in the case of raffi-
nose/M5AS), and up to five Gaussians to the C-H band. Con-
Fig_ 3. Raw Raman data showing the gradual decrease in the ostraining the parameters describing these peaks was particu-
H stretch (at 3100 to 3500 cnd) band and increase in the O-D larly important in the overlap region between the O-D and
stretch (at 2300 to 2700 cnt) band after switching from pD to C-H bands. So that no C-H intensity was attributed to O-D
D0 vapour. The central band (at 2800 to 3100¢mis the C-H  vibrations, the C-H stretch bands were initially fitted before
stretch. any DO exposure. As the C-H band would not vary during
the experiment, the parameters found in this initial fit to the
corresponding Gaussian peaks were used to constrain the C-
H band fit when RO was present. For magnesium sulfate
(Fig. 4d), up to four Gaussians were fitted to the O-H stretch

The Raman spectra of aqueous solutions of organics such 441d Up to four to the O-D stretch, as well as a weak Gaussian

. . l
sucrose and levoglucosan are characterised at high wavenurjR account for a slightly ralseq background\aﬂ450 et
bers by C-H stretch bands at2800 to 3100 cm and O- The results of the spectral fitting procedure were used with

H stretch bands at 3100 to 3500 cml. The C-H stretch  Ed- (2) to find the diffusion coefficient of f in the sample.
band originates entirely from the organic molecules, whilst Unlike in Sect. 2.3y is now the RO concentration. Because
the O-H band originates from hydroxyl groups both in the the total amount of water (@ plus HO) and solute remain
organic and in water. The magnesium sulfate spectrum lack§onstant throughout the experimepican simply be written
the C-H stretch, whilst the raffinose/M5AS spectrum also @S the fractional concentration of O-D bonds re_:latlve to_the
features a band arising from the IjIH;pecies which is sit- total O-D and O-H bonds at each spectral location and time.
uated around 3100 cm. This band was small (due to the hus,

relatively small amount of ammonium in the mixture) and
overlapped with the O-H stretch. The O-D stretch band is® =
located at~ 2500 cnT!, which is\/% times the O-H stretch

frequency, and has a lower integrated intensity than the O'HwhereAOD is the integrated intensity of the O-D stretch (i.e.

stretch band by a factor Oj}_é (Kohen and Limbach, 2010). the summed areas of the Gaussian curves representing the

Similarly, the NQ{ band is located at-2200cnt®. After broad band between 2300 ctand 2700 cml) andAon is

switching from HO vapour to RO flow, the O-H stretch  the integrated intensity of the O-H stretch (i.e. the summed

band decreased in area, whilst the O-D band appeared argleas of the Gaussian curves representing the broad band

grew (Fig. 3). In raffinose/M5AS, the NHband was also  between 3100 cm' and 3500 crmt). The progression of

seen to decrease whilst the ﬁ][mand grew. The area of the with time at fixed radial positions is shown in Fig. G&. is

C-H stretch band did not decrease: hydrogen atoms on oxyhere set to 1 (the fractional O-D concentration maintained at

gen or nitrogen may exchange with deuterium due to the pothe edge of the disk) angh is here set to 0 (the O-D concen-

larisation of the electron density within the bond, whilst C-H tration everywhere except the edge at 0).

bonds do not exchange as they are not sufficiently polarised. To determineDyater at a given RH, a surface fit of Eq. (2)
Using the Levenberg—Marquardt technique (Markwardt, with the diffusion coefficient as the sole variable parameter

2008), a set of Gaussian peaks were fitted to the speds performed to the measured valueg@fr), again using the

tral bands (Fig. 4). The background was accounted for usitevenberg—Marquardt technique. Figure 5b shows an exam-

ing a constant plus a broad, high-frequency Gaussian whiclple of this surface fit to a set of data, where each measured

smoothly matched the low- and high-frequency ends of thedata point is connected to the fitted surface by a black line

spectra. It should be emphasised that the spectral fits prafor comparison. Due to the finite size of the laser spot (esti-

duced here are not intended as accurate band assignmentsated by the manufacturers as 1.3 um), measured values of

Intensity

1 1 1 1

2000 2500 3000 3500 4000

-1
Wavenumber / cm

2.4 Analysis of Raman data to determine diffusion
coefficients

Aop
—_— ©))
Aop+ 7544,
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Fig. 4. Example fits to the Raman spectra(aj sucrose(b) levoglucosan(c) MgSO, and(d) raffinose/M5AS. Raw data is shown in black,

green peaks are fitted to the O-H (and J{illrh raffinose/M5AS) stretch, blue peaks are fitted to the O-D (anq NiDraffinose/M5AS)

stretch, orange peaks are fitted to the C-H stretch, and the background fit is shown in purple. The sum of all fitted peaks is shown in red.
Green and blue peaks were allowed to vary as H/D exchange took place; orange peaks were more tightly constrained.

@ are least reliable where the radial concentration gradient i§able 1.Fit parametera to d used in Eq. (4) foDwatel(aw)-

changing rapidly.

It is evident from the complete disappearance of the O-H a b c d
stretch band in Fig. 3 that H/D exchange occurs not only in Sucrose 2089 2592 —2697 13.25
the water molecules of the sample, but also in the hydroxyl Levoglucosan  —18.41 3110 —44.43 23.12

groups of the organics. A large difference between the rates  Raffinose/M5AS —17.21 24.00 —32.50 17.02
of these two exchanges would complicate the determination
of the diffusion coefficient. However, at 90 % RH, complete
H/D exchange at the centre of a disk was observed on th?h
. : . ree edge measurements before exposure,® &mpour),
timescale of minutes. Given that measurements at RHs Iowe\;vith a time delav of 95s. and include the random error in
than~ 70 % took significantly longer than this, and that the ceray o

) - the surface fit due to errors in The lower error bars shown
calculated diffusion coefficients were several orders of mag—]cor D represent the value ab calculated using the
nitude lower, we conclude that the limiting step here is dif- water [€p water g

. lowest value measured for lower limit on the disk’s radius
fusion, not H/D exchange rate. We note, however, that for usually that calculated from the three edge measurements
measurements between 70 and 90 % RH the procedure m y g

introduce some uncertainty. The determined diffusion coeffi-a{:zr i?éﬁ?j;ﬁéorgﬁ d\gargoeurrrz),rvgg?haetgffg(iaf)i/ t%fuleots(’)’ 2:1:”3
cient may thus be slightly lower than the true value.

in ¢. Lines are fitted to the data as follows:

10919 Dwater= a + bay, + cavzv + da\:;’v, 4)
3 Results and discussion

whereaq, b, c andd are empirically fitted parameters detailed
The determined diffusion coefficients 0§D in sucrose, lev- in Table 1. The fits for all substances converge to the diffu-
oglucosan, magnesium sulfate and raffinose/M5AS as a funcsion coefficient for water in water at a water activity of 1.0
tion of water activity, at 23.3C, are shown in Fig. 6. The up- (Holz et al., 2000).
per error bars shown faDyater represent the value ddyater The diffusion of DO is expected to be slightly slower than
calculated using the highest value measured for the uppethat of HbO. As a guide, the ratio of the self-diffusion coef-
limit on the disk’s radius (usually that calculated from the ficients of O and DO have been found to lie in the range
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Fig. 6. Measured water diffusion coefficients of sucrose, levoglu-
cosan, magnesium sulfate and raffinose/M5AS. Lines are fitted to
the data with an empirical polynomial fit (Eq. 4). The arrow indi-
cates a measurement performed on a sucrose disk which had previ-
9 k 59 o S 54 N A ously been held at 50C for a week. We infer from the fact that this
\\“‘:‘:‘\}:‘:& e G Ve data point agrees well with its neighbour that equilibrating the sam-
& ples at high temperatures does not alter their diffusion properties.

.
BRI S
TN

1.10 to 1.25 (Mills, 1973; Svishchev and Kusalik, 1994; Liu
and Macedo, 1995). However, given that the measured val-
ues cover 6 orders of magnitude, the diffusion coefficient of
© ‘ - D,0 can be taken as a good approximation for that g®H

3.1 Sucrose — comparison with literature data

The diffusion coefficients of water in agueous sucrose solu-
tions are compared to literature data in Fig. 7 and are in good
agreement for water activities between 0.5 and 0.7. Below
a water activity of 0.5, where the He et al. (2006) and Zo-
brist et al. (2011) parameterisations deviate from each other,
the fit to our data lies between the available literature val-
; ues, but seems to follow the trend of the free-volume model
00 02 04 06 08 10 (He et al., 2006). This is consistent with the observation by
Measured © Tong et al. (2011) that the diffusion coefficient reported by
Fig. 5. (a) Plot of fractional concentration of O-D bondg, as a qurist etal. (_2011) fora 95% sugrose .‘_solution (a water ac-
function of time after switch from KO to D,O vapour in a 278 ym  tivity of 0.28) is too large to explain their observed droplet
(radius) levoglucosan disk at 60 % RH. Colours indicate radial dis-Siz€ changes.
tance (where = 0 um is the centre of the disk): red data points are ~ The slight deviations from literature values at high water
near the edge, blue are near the centre. This was a one-off experactivities may be due to a number of factors. When diffu-
ment in which data was repeatedly collected at five specific radialsion is fast, the radial progression of the concentration gra-
positions, for the purpose of visualising how concentration changedjient may be limited by something other than water diffu-
at a fixed location over timgb) Plot of the fractional concentra- sion, possibly the slower H/D exchange in hydroxyl groups
tion of O-D bondsg, as a function of radial distance and time after (as discussed in Sect. 2.4). The fractional concentration of
switch from HO to D>O vapour in the levoglucosan disk at 50 % O-D bonds (relative to the total O-D plus O-H bonds) in the

RH. The grid shows the surface fit to the data, the collected data h t the ed f the disk t instant v b
points are joined to the grid by black lines. The colour correspondsgas phase at the eage of the disk cannot Instantaneously be-

to the value ofp. (c) A one-to-one plot showing the measukeds. come 1 when the switch is made from®i to D,O. There

¢ according to the fit, also for levoglucosan at 50 % RH. will be an unavoidable period of time in which a mixture of
H,O and DO vapours is present; the nearer the duration of
this switchover is to the timescale of the measurement, the
more likely it is to lead to errors.

@ calculated using D from surface fit
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is not necessarily arrested. Nevertheless, the kinetic limita-
tion could be important for growth measurements in aerosol
instruments which operate on short timescales, such as the
HTDMA (Hersey et al., 2013). In addition, diffusion coef-
ficients decrease with temperature and thus under common
atmospheric conditions these timescales are expected to be
This study | far greater.

Zobrist et al. (2011) -« - - - - - - Water diffusion coefficients measured in this study have

Diffusion coefficient (m’/s)
S

10" / | Heetal 2006) = — = been used to calculate water diffusion timescales as a func-
; Ekdawi-Sever et al. (2003) X . . . . .
ook , Rampp etal. 20000 A | tion of RH in a droplet of 100 nm radius, according to Eq. (5);
v . . . these are plotted as red dots in Fig. 8b. These timescales have
0.2 0.4 0.6 0.8 1.0 also been calculated using the water diffusion coefficients
Water activity given in Zobrist et al. (2011) for comparison. To illustrate the

. - o . magnitude of error that would be encountered when estimat-
Fig. 7. Measured diffusion coefficients of water in aqueous sucroseing these water diffusion timescales from a viscosity mea-

solutions, with comparison to the parameterisations for sucrose so- = . . - .
lutions given in Zobrist et al. (2011) and He et al. (2006), and thesurement, the Stokes—Einstein relation was used with the vis

NMR measurements of Ekdawi-Sever et al. (2003) and Rampp eFOSlty measuremepts Qf Power et al. (2013) to estiniabe

al. (2000). Eq. (5)_. The _resul'ung timescales are shown as black crosses.
There is a discrepancy of more than 5 orders of magnitude
between the two data sets-at30% RH and~ 2 orders at

3.2 Timescales for water diffusion 62 % RH. Again, this demonstrates the importance of quan-
tifying diffusion in atmospheric aerosol.

The characteristic half-time for diffusion into a spherical par- _ .
ticle of radius- at constant water activity is given by Seinfeld 3.3 Levoglucosan — relationship to bounce factor data

and Pandis (2006):
Diffusion coefficients of water in levoglucosan were found to

r? be significantly higher than those in sucrose for the same RH
T2 = 72D-In2) (®) and correspond to diffusion in a high-viscosity liquid. This is
consistent with the glass transition curve given by Lienhard
Note that this is the diffusion timescale for water diffusing et al. (2012) which shows that the glass transition temper-
into a droplet at constant water activity and therefbrdoes  atures of aqueous levoglucosan solutions of water activities
not change. It may be of interest to know the timescalesabove 0.2 are below 236 K.
over which a droplet would respond to changes in RH un- Saukko et al. (2012) determined the bounced fraction of
der certain atmospheric circumstances. This is not a simplaqueous levoglucosan aerosol by impacting the aerosol onto
calculation due to the plasticising effect of water in thesea substrate and counting the number of particles which re-
agueous solutions — the diffusion coefficient is a function of bounded — a high bounce fraction is considered to indicate
concentration and would vary radially as a droplet increasechigh viscosity, whilst a low bounce fraction implies low
or decreased in size. In order to model the response of aiscosity. As noted by Saukko et al. (2012), high-viscosity
droplet to a change in humidity a model of the time responsdiquids and semi-solids have similar bounce behaviour to
of a droplet undergoing water uptake and loss would be reglasses and crystalline solids: bounce fractions of around
quired. This is the subject of ongoing work and beyond the0.8 were measured for both high-viscosity liquid levoglu-
scope of this paper. In this study, we usg to give basic  cosan and crystalline ammonium sulfate. Figure 9 shows dif-
information about the rate at which water molecules diffusefusion half-lives of 100 nm radius levoglucosan droplets as a
within a droplet at a given relative humidity. function of water activity, as calculated using Eq. (5), com-
Figure 8a shows these timescales for water diffusing intopared with bounce fraction data. Even at low RH, this char-
sucrose, levoglucosan and raffinose/M5AS aqueous sphegcteristic timescale for diffusion in levoglucosan is less than
ical droplets of radii between 100nm and 1 mm at 20%0.1s. Zobrist et al. (2011) measured water diffusion coef-
RH. For levoglucosan and raffinose/M5AS, water diffusion ficients in glassy particles (which would presumably have
timescales are faster than 1 s in particles smaller than 250 nreimilarly high bounce fractions to low RH levoglucosan) as
in radius at room temperature. For sucrose these timescaldew as 10-2*m2 s, which, according to Eq. (5), would have
are on the order of minutes to hours. Under these conditionsliffusion half-lives of over 100 years. Thus, these results re-
the calorimetry data presented by Zobrist et al. (2008) sugiterate what is already accepted about the bounce technique:
gest that aqueous sucrose exists in a glassy state. As Zalthough bounce fraction measurements are useful in deter-
brist et al. (2011) point out, even though particles may ex-mining particle phase in the relevant size range, they alone
ist in what is by definition a glassy state, water diffusion cannot yet distinguish between particles in which diffusion
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(b) Fig. 9. Characteristic timescales for diffusion oD in 100 nm
T ' aqueous levoglucosan aerosol particles (red dots), compared with
s I ) .
10°r Fr _ From diffusion measurements C ] bounce fraction data from Saukko et al. (2012) (black diamonds).
From viscosity data of Power et al. (2013) X
« 10tk From diffusion parameterisation — — — |
> 3 of Zobrist et al. (2011)
2 ok - ] on D,O diffusion. Figure 11b shows a map gffor the area
g T * highlighted in Fig. 11a after 1 day’s exposure tgdvapour.
= I~ — . . . .
: 0 N F 1 Within the approximately triangular structure© replaced
£ el = R | the H,O, whereas very little or no exchange occurred in the
G % other regions.
10°F T e g . Magnesium sulfate is known to form a gel due to the
: : : 2 formation of a complex ion-induced network; this network
20 40 60 80 100

structure has been shown to inhibit water mass transfer
within the gel (Chan et al., 1998; Zhang and Chan, 2000).
Fig. 8. (a) Water diffusion timescales as a function of radius for The transition to a gel has been variously reported to occur
spherical droplets at 20 % RH, calculated according to Eq. (5). Subetween 55 and 30 % RH (Wang et al., 2005; Zhao et al.,
crose is shown in red, levoglucosan in blue and raffinose/MSAS in2006; Lj et al., 2011; Davies et al., 2012), in agreement with
orange(b) Water diffusion timescales (Eq. 5) as a function of rel- ,, findings. The marked change in the water diffusion pro-
ative humidity for 100 nm particles. Red dots show timescales caI-Cess atthe gel transition is completely different to the gradual
culated using water diffusion coefficients measured in this StUdy’pecrease in the diffusion coefficient seen in the aqueous or-

the dashed black line shows these timescales using the water di ic liquids. For thi itis i tant t te the cl
fusion coefficient parameterisation given in Zobrist et al. (2011) ganic liquias. For this reason, 111S Important to note the cliear

Black crosses are calculated using the Stokes—Einstein relation witdiStinction between semi-solids such as gels or rubbers and
viscosity data from Power et al. (2013) (error bars correspond to d1ighly viscous liquids.
water molecular diameter uncertainty of &2.1 nm).

% RH

4  Summary

of a small molecule such as water occurs on timescales of ) ) ) o
milliseconds and those in which it takes years (Saukko et al..| "€ existence of aerosol as highly viscous liquids and amor-
2012). This underlines the importance of quantitative diffu- Phous glassy solids may have a profound effect on their in-

sion measurements for the understanding of high-viscositf€ractions with water vapour and other chemical species in
atmospheric aerosol. the atmosphere. It is therefore important to quantify diffu-

sion in ultra-viscous and amorphous solid states. In this pa-
3.4 MgSQ; gel formation per we describe a new experimental system for quantifying

the diffusion coefficient of water molecules in aqueous so-
Figure 10 shows the diffusion surface fits for magnesiumilutions, with diffusion coefficients measured betweenf0
sulfate between 82 and 51% RH. There is a distinct shiftand 101°m?s~1. This range corresponds to solutions from
from Fickian diffusion between 62 (Fig. 10c) and 51 % RH the glassy to liquid states. We show that this methodology,
(Fig. 10d), where it is no longer possible to find a fit to the which makes use of #D as an isotopic tracer, produces wa-
data using Eq. (2). There is also a corresponding structurater diffusion coefficients for sucrose solutions in good agree-
change in the sample. At 62% and higher RH, the sam-ment with those in the literature. New data for water diffusion
ple appeared homogeneous when inspected with an opticaoefficients in aqueous solutions of MggQevoglucosan
microscope, whereas at 51 % RH there was some structurand a mixture of raffinose, carboxylic acids and ammonium
within the disk (Fig. 11a). This structure had a strong effectsulfate are also presented for the first time.
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Fig. 10.Surface fits tap as a function of radial position and time, using Eqg. (2), at an Rt&p82+ 2 %, (b) 72+ 2 %, (c) 62+ 2 % and(d)
51+ 2 % for magnesium sulfate. The quality of the fit is poor at 51 % RH, which reflects the lack of homogeneity in the sample.

(b)

Fig. 11. (a)Visible inhomogeneities in the magnesium sulfate disk at 51 % RH. This disk was expose® teaPour for one day before a
Raman map was acquired across the grid sh@r-ractional concentration of O-D bonds after one day. It appears g@tdiffused faster
into the central triangular shape than the surrounding regions.

Using these measured water diffusion coefficients westill long in comparison to the timescale needed when us-
predict diffusion timescales for aerosol-sized particlesing thermodenuders and HTDMAS (seconds). Hence, some
(~100 nm) at room temperature under constant RH condi-caution must be applied to the interpretation of results from
tions, and show that just below the glass transition it takesmeasurements. In addition, we show for levoglucosan that a
minutes before equilibrium with water vapour is achieved. high bounce fraction does not necessarily mean long water
This is a vastly shorter timescale than one would expectiffusion timescales.
based on the Stokes—Einstein equation, which has been usedlt is important to note that we have only measured dif-
to relate diffusion to viscosity in the past. Our results rein- fusion coefficients for water, whereas diffusion of other
force previous studies showing that the Stokes—Einstein regaseous species (e.g. BlOSG, H,0, and Q) into
lationship is inappropriate in the regime of the glass tran-aerosol is important for chemistry, and diffusion of organic
sition (Champion et al., 1997; Rampp et al., 2000; Powermolecules is important for aerosol growth and evaporation. It
et al., 2013). Even though the diffusion timescale is muchis unclear how well (or poorly) the Stokes—Einstein equation
shorter than predicted by the Stokes—Einstein equation, it ipredicts diffusion of these other atmospherically important
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species and dedicated diffusion measurements are therefo@hampion, D., Hervet, H., Blond, G., Le Meste, M., and Simatos,

highly desirable. D.: Translational diffusion in sucrose solutions in the vicinity of
their glass transition temperature, J. Phys. Chem. B, 101, 10674—
10679, doi10.1021/jp971899i1997.
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