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Abstract. Atmospheric ice nucleation on aerosol particles separated particles are nearly as efficient at ice nucleation as
relevant to cirrus clouds remains one of the least understoogure crystalline ammonium sulfate.
processes in the atmosphere. Upper tropospheric aerosols as
well as sub-visible cirrus residues are known to be enhanced
in both sulfates and organics. The hygroscopic phase transi-
tions of organic-sulfate particles can have an impact on bothl  Introduction
the cirrus cloud formation mechanism and resulting cloud
microphysical properties. In addition to deliguescence andCirrus clouds are ubiquitous in the upper troposphere and are
efflorescence, organic-sulfate particles are known to underganown to have a large effect on the Earth’s climate. For ex-
another phase transition known as liquid—liquid phase sepample, it has been shown that sub-visible cirrus clouds are
aration. The ice nucleation properties of particles that havepresent in the tropical tropopause layer (TTL) 50-80 % of
undergone liquid—liquid phase separation are unknown. the time (Jensen et al., 2010). These clouds are of atmo-
Here, Raman microscopy coupled with an environmen-spheric importance because they can dehydrate air ascending
tal cell was used to study the low temperature del-through the TTL and, therefore, effectively regulate strato-
iquescence, efflorescence, and liquid—liquid phase sepspheric humidity. Despite their ubiquity in the upper tropo-
aration behavior of 2:1 mixtures of organic poly- sphere, ice cloud formation remains one of the least under-
ols (1,2,6-hexanetriol and 1:1 1,2,6-hexanetriol +2,2,6,6-stood processes in the atmosphere and one of the largest
tetrakis(hydroxymethyl)cyclohexanol) and ammonium sul- uncertainties in the prediction of climate change (Forster,
fate from 240-265 K. Further, the ice nucleation efficiency of 2007). This is in large part due to the fact that particles
these organic-sulfate systems after liquid—liquid phase sepaavailable for ice nucleation are complex and that ice num-
ration and efflorescence was investigated from 210-235 Kber concentrations are low-( in 1¢P particles in the up-
Raman mapping and volume-geometry analysis indicate thaper troposphere nucleate ice, Rogers et al., 2001), making
these particles contain solid ammonium sulfate cores fullyin situ measurements difficult. Recently, single particle mea-
engulfed in organic shells. For the ice nucleation experi-surements in the upper troposphere have shown that back-
ments, we find that if the organic coatings are liquid, wa- ground aerosols as well as sub-visible cirrus residues are en-
ter vapor diffuses through the shell and ice nucleates on théaanced in sulfates and organics and have little aerosol typ-
ammonium sulfate core. In this case, the coatings minimallyically assumed to be excellent ice nuclei (IN), like min-
affect the ice nucleation efficiency of ammonium sulfate. In eral dust (Froyd et al., 2009; Froyd et al., 2010). Further-
contrast, if the coatings become semi-solid or glassy, ice infmore, it was shown that the average organic fraction of
stead nucleates on the organic shell. Consistent with recerthese particles ranged from 30-80 % by mass in the con-
findings that glasses can be efficient ice nuclei, the phasevective region as well as the TTL (Froyd et al., 2009).
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These measurements, however, do not provide any informathe ozonlysis ofx-pinene required a higher supersaturation
tion about the phase state and/or the distribution of chemito nucleate ice than for the bare dust particles at tempera-
cals within these organic-sulfate particles. Thus, the identitytures between 205 and 210 K. Koehler et al. (2010) observed
of the ice nuclei in this region of the atmosphere is still un- similar results for coating ATD particles with SOM from the
certain. ozonolysis ofa-pinene for temperatures between 218 and
The hygroscopic phase transitions of organic-sulfate233 K. In contrast, Wise et al. (2010) have shown that coating
aerosol can influence the ice nucleation mechanism. If theammonium sulfate with palmitic acid minimally affected the
particles are in an aqueous liquid phase, they are expecteide nucleation efficacy of ammonium sulfate over a similar
to nucleate ice homogeneously. Here, a critical ice germ igemperatures range to Koehler et al. (2010). Raman analysis
formed within the aqueous matrix of a supercooled liquid of these particles, however, revealed that this behavior could
droplet. Homogeneous nucleation has been studied exterbe attributed to uneven coating by the organic material. Thus,
sively in the past and has been well parameterized (Kooppartial coatings are shown to minimally affect the ice nucle-
et al., 2000). Conversely, if the organic-sulfate particles areation behavior of their cores; it is not clear, however, if full
crystalline or amorphous solids, then they can act as heterosrganic coatings would inhibit ice nucleation by ammonium
geneous ice nuclei. Here a foreign surface acts as a cataulfate.
lyst for ice germ formation. Previously, it was thought that Generally, ambient organic material has been anti-
homogeneous nucleation dominated cirrus cloud formationgorrelated with ice nucleation efficacy (Cziczo et al., 2004;
however, combined field (Lawson et al., 2008; Kramer et al.,Baustian et al., 2012a); some crystalline subsets, however,
2009) and modeling studies (Jensen et al., 2010) have indief organic aerosol may very well be efficient ice nuclei (Zo-
cated that ice number and ice size distributions in the up-bristetal., 2006; Kanji et al., 2008; Schill and Tolbert, 2012).
per troposphere are sometimes better explained by heterog&eal organic aerosol will most likely be composed of thou-
neous nucleation. sands to hundreds of thousands of species (Goldstein and
Recently, it has been shown that mixed organic-sulfateGalbally, 2007), and likely be in an amorphous liquid, not
particles can undergo another hygroscopic phase transitionrystalline state (Marcolli et al., 2004). Recently, there has
termed liquid—liquid phase separation (LLPS) (Marcolli and been evidence that organic aerosol may in some cases be in
Krieger, 2006; Ciobanu et al., 2009). Here the inorganic com-semi-solid or solid amorphous states such as rubbers, gels,
ponent ammonium sulfate effectively salts out the less solu-or glasses (Zobrist et al., 2008; Mikhailov et al., 2009; Vir-
ble organic components. Bertram et al. (2011) have showranen et al., 2010; Koop et al., 2011). The work of Murray
that if the organic component of mixed organic-sulfate par-and coworkers has shown that, in general, highly oxygenated
ticles has an O:C ratie:0.7, then it will generally phase glassy organic aerosols are good heterogeneous ice nuclei,
separate; moreover, it has been shown that complex organi@nd can heterogeneously nucleate ice up to temperatures as
sulfate particles studied by Song et al. (2012), consisting othigh 218.5K (Murray et al., 2010; Wilson et al., 2012). Fur-
three separate dicarboxylic acids, always phase separated, tger, the work of Knopf and coworkers suggests that chamber
long as their combined O: C ratio wa€.7. LLPS has also generated SOM can heterogeneously nucleate ice to temper-
been observed with real-world organic-sulfate particles col-atures as high as 240K (Wang et al., 2012a) and that glassy
lected in the Atlanta, GA region (You et al., 2012). Finally, organic coatings may be responsible for the efficient nucle-
it has been shown that particles that have undergone LLP&tion of ice by ambient particles collected in Mexico City
minimally affect the deliquescence and efflorescence behavand the Los Angeles Region (Wang et al., 2012b). Labora-
ior of ammonium sulfate (Bertram et al., 2011; Smith et al., tory work in our group has shown glassy sugars are excel-
2011). lent heterogeneous ice nucleators (Baustian et al., 2012b).
Past work has shown that phase-separated particles cof-hese combined works suggest that (semi-)solid amorphous
taining two liquids can assume a number of partially en-organic coatings may enhance, not deactivate, the ice nucle-
gulfed morphologies (Kwamena et al., 2010; Reid et al.,ation ability of phase-separated particles.
2011). Partial engulfment has also been shown for mixed In the present work, we studied the low temperature
organic-sulfate particles that have undergone LLPS and subdeliquescence, liquid-liquid phase separation, and efflo-
sequently effloresce (Song et al., 2012). However, it has beerescence behavior of mixed organic-sulfate particles us-
shown from 2D projections that many phase-separated, effloing 1,2,6-hexanetriol or an equal mass ratio of 1,2,6-
resced organic-sulfate systems assume a fully engulfed cordrexanetriol/2,2,6,6-tetrakis(hydroxymethyl) cycohexanol as
shell morphology, with an evenly thick organic coating and the organic species. Additionally, we studied the heteroge-
a crystalline ammonium sulfate core (Ciobanu et al., 2009;neous ice nucleation behavior of the pure organics and mixed
Bertram et al., 2011; Song et al., 2012). There have beemrganic-sulfate particles to help elucidate the role of phase-
many studies looking at the effects of organic coatings onseparated particles in ice cloud formation.
the efficiency of ice nucleation. &hler et al. (2008) found
that coating Arizona test dust (ATD) and illite dust parti-
cles with secondary organic material (SOM) produced by
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Fig. 1. Schematic representation of the Raman microscope setup.

2 Experimental 2.2 Raman microscopy and environmental cell

2.1 Sample Preparation
A schematic of the experimental system used to probe deli-
Agueous solutions containing organics and organic-sulfateyuescence, liquid-liquid phase separation, efflorescence, and
mixtures were prepared by dissolving pure substances ifice nucleation is shown in Fig. 1. This system has been de-
high purity water. Pure 1,2,6-hexanetriol (C6, molecu- scribed in detail previously (Baustian et al., 2010; Wise et
lar weight=134.17 gmot') was made as a 1% solution. al., 2010). Briefly, a Nicolet Almega XR Dispersive Raman
C6 was chosen because it has been previously shown tepectrometer has been outfitted with a Linkham THMS600
phase separate at 273 K for various organic-to-sulfate raenvironmental cell and a Buck Research CR-1A chilled-
tios (Bertram et al., 2011) and the conditions under whichmirror hygrometer. Coupled to the spectrometer is an Olym-
it forms a glass have been quantified (Zobrist et al.,pus BX51 research grade optical microscope with 10x, 50x,
2008). The other pure organic system consisted of a 1:Jand 100x magnification abilities.
mixture of C6 and 2,2,6,6-tetrakis(hydroxymethyl) cyclo-  Particles were deposited and viewed on a hydrophobically
hexanol (C10, molecular weight=220.26 gmbl melting  treated quartz disc (1 mm thick). To generate particles, a so-
point=123-127 C), and was also made as a 1% solution. Jution sample was aspirated into a Meinhard TR-50 glass
C10 was chosen because the conditions under which is formgoncentric nebulizer. Nebulized droplets were directed at
aglass are also known (Zobrist et al., 2008). Further, C10 wasghe quartz disc and allowed to coagulate into supermicron
chosento act as a vitrifier in the C6/C10 system because of it§iroplets. The sample disc was then transferred into the envi-
high molecular weight and high glass transition temperatureonmental cell and exposed to a low humidity environment.
(Ty, 258.6+£5.2K) in relation to C6 5= 1935+ 1.3 K).  This evaporated the water, resulting in organic/AS droplets
Each of these organic systems was also mixed with ammoranging from 1 to 40 um in lateral diameter.
nium sulfate (AS) in a 2: 1 organic-to-sulfate ratio. It should  The temperatureT() of the particles was controlled with
be noted that the O : C ratio of pure C6 as well as the C6/C1& Linkham TMS94 automated temperature controller. The
mixture was 0.5. temperature controller was calibrated against the melting
point of ice, the deliquescence relative humidity (DRH) of
NaCl, and the ferroelectric phase transition of ammonium
sulfate as described by Baustian et al. (2010), which yielded
an uncertainty irf" of < £0.2 K. Water vapor inside the cell
was controlled by continuously flowing dry and humidified
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sizes of 1.3 and 1.1 um, respectively (Everall, 2010). Spec-
tra were collected from 1504000 cr with a typical spec-

tral resolution of~2—4 cnTl. Raman mapping was utilized

to gather information about the spatial distribution of chem-
icals within individual particles. Raman line and 2D maps
were acquired by taking a spectrum every 1 um in the Y and
XY directions, respectively. An automated mapping program
and high-precision motorized stage ensured accurate particle

mapping.
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2.3 Deliquescence, liquid-liquid phase separation, and
efflorescence experiments

240 20 260 270 280 290 300 Figure 2a shows the experimental trajectory of a typical del-

Temperature (K) iquescence experiment. A typical deliquescence experiment
was started by exposing wet impacted particles (point A) to
~0 % relative humidity (RH) at 298 K for at least 10 minutes
to ensure that all particles were effloresced and completely
dry (point B). In each experiment, a collection of 10 to 20
random particles were monitored visually under 50x magni-
fication using the video output from a CCD (charge coupled
device) camera mounted on the optical microscope. The rela-
tive humidity experienced by the particles in the environmen-
tal cell was controlled by keeping a constant dew point and
steadily decreasin@. Specifically, after the dew point was
stable for 10 min,I" was decreased at a rate of 10 K min
from room temperature until Rk 60 % (point C); the sam-
ple was then cooled at a rate of 0.1 K min corresponding
to a change in RH of approximately 0.6 % min until deli-
Temperature (K) guescence was observed visually (point D). An example of a
deliquesced particle is shown in Fig. 3. Raman spectroscopy
and (b) ice nucleation shown in relative humidity and ice satura- was used to verify deliquescence had occurred. Spectra were

tion ratio (Sice) space, respectively. Each trajectory line has beentake_n at the center an d edge _Of particles to ensure that the
labeled with an experimental heating/cooling rate. The solid andp":lrt'(:leS Wgre well mixed. TYP'C?' spectra of & dehqugsced
dashed black lines ita) correspond to the deliquescence and ef- C6/AS particle can be seen in Fig. 3a and b. The main fea-
florescence RH of ammonium sulfate, respectively. The thick solid,tures of the spectrum are a sharp peak at 972'cfdue to
dashed, and thin solid black lines (h) correspond to water sat- the symmetric stretching mode of %O a broad band cen-
uration, theSjce values for homogenous nucleation of an aqueoustered at 2900 cmt (due to the C-H stretching vibrations of
droplet, and ice saturation, respectively. The capital letters in thece,), and a broad band centered at 3400 ¢1aue to the the
pe_mels indicate points that are of special interest; see text for desymmetric and anti-symmetric O-H stretching modes of lig-
tails. uid water). The spectra taken at the center and edge of the
particle are nearly identical, verifying that the particle is one
homogeneous aqueous phase.
N>. At the exit of the cell, the CR-1A hygrometer measures Liquid—liquid phase separation experiments (not shown in
dew point with an accuracy af0.15 K. The relative humid-  Fig. 2) started from deliquesced particles. The sample was
ity with respect to water and ice experienced by the particlesvarmed at a rate of 0.1 K mirt until liquid—liquid phase
was derived fron¥" and the dew point employing the param- separation occurred. Initial phase separation occurred in the
eterizations of Murphy and Koop (2005). A Gast mechanicalform of schlieren (Ciobanu et al., 2009), which coalesce to
diaphragm pump ensured that the flow through the systenfiorm AS inclusions that diffuse into each other to eventually
was kept constant at 1 L mi. form two distinct phases. Raman spectroscopy was utilized to
In the present study, both individual Raman spectra andverify spectrally that the two distinct phases had formed. An
spectral maps were acquired on a point-by-point manner. Amage of a phase-separated particle and its subsequent spec-
frequency-doubled Nd: YAG laser operating at 532 nm wastra can be seen in Fig. 3c and d. As shown, the inside phase
used for molecular excitation. Spectra were obtained usinds enhanced in ammonia, sulfate, and water peaks, while the
50x and 100x objectives, which have diffraction limited spot outside phase is enriched in organic peaks. After two distinct

Sice

200 220 240 260 280 300

Fig. 2. Experimental trajectories f¢a) deliquescence/efflorescence
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phases had formed and were yerlfled spef:trally, the sample 4000 3000 2000 1000
was cooled at a rate of 0.1 K mif to determine the separa- Lo

tion relative humidity by increasing the RH. These particles
then underwent similar visual and spectral analysis to ensure i/\/L___Novj
that the particle had merged back into one aqueous phase.

Figure 2a also shows the experimental trajectory of a typ-
ical effloresce experiment. Efflorescence experiments were M
conducted on particles that had already undergone deliques

cence (point E). The particles were cooled at a rate of
10 Kmin~t until RH was~45 % (point F). Then, the par-
ticles were warmed at a rate of 0.1 Kmihuntil efflores-
cence was observed visually (point G) and verified spec- -
trally (Fig. 3e and f). Inside/outside spectra were taken to
ensure that the particles remained in a core-shell configura-
tion after efflorescence. An additional, broad peak centered ai
3175cnt? (due to the N-H stretching vibrations of the am-

monium ion), previously masked by the broad water peak, e

also appears in the spectra of the effloresced core.

Intensity (A.U.)
E

For all deliquescence, liquid-liquid phase separation, and
efflorescence experiments, at least three experiments wer: f —
performed at each temperature on at least two independen [ . I . | . e
sets of particles. Error bars in RH and temperature are re- 4000 3000 2000 1000
ported as one standard deviation. Wavenumber (cm )

Fig. 3. Raman spectra df) the center of deliquesced C6/A®)

the edge of deliquesced C6/A& the core of a C6/AS particle after

. . . . LLPS,(d) the shell of a C6/AS patrticle after LLP&)the core of a
Figure 2b shows the experimental trajectory of a typical cg/as particle after efflorescence, affifthe shell of a C6/AS par-
ice nucleation experiment. Each ice nucleation experimenticie after efflorescence. The mixed particle used for Raman analysis
started by exposing wet impacted particles (point A%  is shown on the right. All measurements were taken at 260 K. The
relative humidity to ensure all particles were effloresced andsize bar in the optical microscope image corresponds to 10 pm.
completely dry (point B). The ice saturation ratiSict =

PH,0/VPice) value over the particles in the environmental cell R

was controlled by keeping a constant dew point and steadily EKi0id Gt Atiase) SOpersg
decreasing’. Specifically, after the dew point was held sta- 100  coms

ble for at least 10 minT was decreased from room tempera- b cenene

ture until Sice ~ 0.88 (point C). The sample was then cooled 80 __E_r_‘. - O
at a rate of 0.1K mint, corresponding to a change fixe [ L ] O
of approximately 0.01 mint, until the onset of ice (point D) 60
was observed at the critical ice saturation ratigi{). This
experimental procedure is essentially the same as the del-% .
iquescence experiment, but at lower temperatures; thus, in® S SR L L S A WA AN
these experiments, depositional nucleation is only possible
before deliquescence occurs. Ice nucleation was monitored
at 10x magnification. Great care was taken to ensure that

2.4 Ice nucleation experiments

ve Humidity (%)

20

the first ice nucleation event was observed: if multiple events o5 25 a5 260 273
were observed, those points were omitted and the experimen Temperature (K)
repeated.

After the first ice event was observed, the 50x objectiveFig. 4. Hygroscopic phase transitions of C6/AS and C6/C10/AS.
was used to verify the existence of ice both visually and specfor comparison, the DRH (RH=80%, solid line) and ERH
trally. The presence of water-ice was marked by the emer—(RH =35 %, dashed line) lines for pure AS have been plotted. Ex-

. perimental results from Bertram et al. (2011) for C6/AS in a 2.127
gence %fl.a brgid t_)and Ce.n tert()a d ;‘8 ?(r 32501(:21 eXt’dtTﬁ Ice organic-to-sulfate ratio have also been plotted (open squares). Error
Yi\;laesri:p I(r)rf]?he rﬁé?}?tr;risitfngclei Wa(g?zl;lrllen) gi?1allyetr(]) ?estbars in RH and temperature are reported as one standard deviation.
whether ice preactivation influenced these results, the sample
was warmed to 298 K and dried 160 % RH before the next
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Fig. 5. Two-dimensional Raman spectral map of a phase-separated,
effloresced C6/AS particle at 298 K. The sulfate-containing region
is shown as a color map where warmer colors refer to a higher intenfig. 6. Possible morphologies of particles after phase separation
sity of the Sci_ peak (972 cml). The organic-containing region and efflorescence from Ciobanu et al. (200@): half-sphere in a
has undergone a similar analysis using the C-H peak (2908g¢m half-sphere(b) half-sphere in a spherical calotte (contact angle of
however, this map has been gray-scaled for clarity. As shown, thespherical calotte= 77°), (c) spherical calotte in a spherical calotte
particle is fully coated laterally. (same height, contact angle of outer spherical calotte’¥ and(d)
half of an ellipsoid in a spherical calotte (same height, contact angle
of outer spherical calotte = 7). Also shown(e) are the calculated
experimental run. In our threshold freezing experiments, thgatios of effloresced AS volume to the total vqlume for e_zach parti-
same particle was never observed to be the first particle t§!¢ morphology compared to bulk volume ratio for particles from
nucleate ice more than once. 10-35 um diameter used in the present study.
For all ice nucleation experiments at least three experi-
ments were performed at each temperature on at least two

independent sets of particles. Error bars in RH and tempera:-/e\zlndbthl'.S ge?ﬁriltﬁghSVIr?r t'o belowt;[he mellt!ngdpck))mttﬁf |;:e.t
ture are reported as one standard deviation. ¢ believe that this benhavior can be explained by the fas

diffusion of water vapor through the liquid organic coating.
Differential scanning calorimetry experiments by Zobrist et

Size (microns)

3 Results al. (2008) have shown that C6 is expected to be in a lig-
uid state at the DRH and ERH of AS for the temperatures
3.1 Low temperature deliquescence/efflorescence explored in this work. The diffusion coefficient for a small
and liquid—liquid phase separation of organic- molecule like water diffusing through a liquid organic matrix
sulfate particles is ~107°to 10~/ cn? s1 (Ciobanu et al., 2010; Shiraiwa et

al., 2011). Thus, a small molecule like water should be able
The results from the deliquescence/efflorescence and liquidto diffuse through a 1 um liquid organic coating on the order
liquid phase separation experiments are shown in Fig. 4. Als@f milliseconds to hundreds of milliseconds.
shown are lines corresponding to the DRH (RH=80%) and Similar to the data shown in Fig. 3c and d for C6/AS,
ERH (efflorescence RH; RH=35%) of pure AS (Martin, the C6/C10/AS mixtures were also found to undergo liquid—
2000). Comparing the deliquescence and efflorescence rdiquid phase separation at the temperatures explored in this
sults from this work to those of pure AS, we find that lig- study. Figure 4 includes the liquid—liquid phase separation
uid organic coatings minimally affect the deliquescence andRH (SRH) for these mixtures as a function of tempera-
efflorescence behavior of ammonium sulfate. This has beeture. To the authors’ knowledge, this is the first example of
noted in the past for particles from 273 to 298 K (Bertram liquid—liquid phase separation at these temperatures; previ-
et al., 2011; Smith et al., 2011); however these results exous work was conducted at 273 to 298 K. These results are
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_—— proximately 6 um AS core surrounded -3 pum of an or-
= Co/AS ganic coating at all points.

Unfortunately, the present experimental setup gives only
the top view of the particles and yields no quantitative
------------ information about the side view. To determine the three-

..... dimensional morphology of the particle and ensure that
no portion of the effloresced ammonium sulfate core was

--------- AS parameterization (Baustian et al., 2010)

Scrit

137 h " exposed, we used a volume-geometry analysis similar to
1.2 + Ciobanu et al. (2009) to reconstruct the particle shape on
11 — the experimental substrate. To do so, we determined the con-
1.0 tact angle of several 2 uL C6 droplets on the silanized quartz

disc using ImageJ software (Schneider et al., 2012) at 298 K.
The average contact angle measured for these droplets was
205 210 245 290 o925 230 235 240 774+ 3°. Using this value we were able to calculate the height
Temperature (K) of any droplet by measuring its lateral dimensions; however,
this does not give us information about the configuration of
Fig. 7. Scrit as a function of temperature for homogeneous freezingthe AS core. Thus, we assumed several possible arrange-
of pure C6 and immersion freezing of C6 by the AS core (C6/AS). ments put forth by Ciobanu et al. (2009) for two immisci-
The thick and thin solid .Iines refer to water and ice saturation re-ple liquids (Fig. 6a—d). Two of these arrangements, spherical
spectively. The dashed line represents gg values for homoge- _calotte in a spherical calotte (Fig. 6¢) and half of an ellip-

leation of let (K I, 2 Al - . : .
neous nucleation of an aqueous drop e_t_( oop etal., 00.0) S0Mohid in a spherical calotte (Fig. 6d), constrained the AS core
cluded is a parameterization for depositional ice nucleation on pure

AS from Baustian et al. (2010), as indicated by the hatched Iine.to have the same height as the organic shell; here a small

Error bars inSeriy and temperature are reported as one standard dePOrtion Qf the AS core could b? exposed. In the remaining
viation. two configurations, half-sphere in a half-sphere (Fig. 6a) and

half-sphere in a spherical calotte (Fig. 6b), the AS core was

fully engulfed in an organic shell. In cases b—d, the contact
in agreement with Bertram et al. (2011), who have reportedangle of the outer spherical calotte was assumed to be 77
that binary organic and sulfate mixtures will generally phaseTo determine which of these configurations was most likely,
separate if the O:C ratio of the organic species<®.7.  we measured the radius of the AS core and C6 shell to calcu-
Furthermore, the SRH of the mixtures in this study showlate the ratio of the volume of AS/s) to the total volume
no temperature dependence within error; indeed the SRH ofViota) for each arrangement. These calculations were done
the C6/AS mixture in a 2:1 organic-to-sulfate ratio in this for ten particles ranging from 10-35 um in diameter (Fig. 6e),
work at 245K is consistent with the SRH measurements ofwhich were diameters typical of ice nuclei in this work. We
Bertram et al. (2011) taken at 273 K for C6/AS in a 2.127: 1 then calculated the experimental ra@as/Viotal Using the

organic to sulfate ratio (Fig. 4). 2:1 organic-to-sulfate mass ratio of the bulk solution and a
bulk density of 1.106 and 1.77 g cthfor pure C6 and efflo-
3.2 Particle morphology of effloresced organic- resced AS, respectively. As shown in Fig. 6e, the bulk density
sulfate particles calculationVas/Viotal matches best with the half-sphere in a

spherical calotte configuration and is inconsistent with both
Previously, Wise et al. (2010) showed that mixed organic-configurations that constrain the inner and outer particles to
sulfate particles are efficient at nucleating ice due to incom-the same height. Using this half-sphere in a spherical calotte
plete organic coatings. There, it was concluded that any smainorphology, the difference in heights between the top of the
portion of uncoated AS could act as the catalyst for newC6 calotte and the top of the effloresced AS half-sphere was
ice formation. To ensure that our particles were fully coateddetermined for the particles in Fig. 6e and ranged from 1.3
laterally, we utilized 2D Raman mapping to investigate sev-to 3.6 um. Thus, from these measurements, we conclude the
eral particles. An example 2D Raman map of an efflorescedparticles used in this study are effloresced AS cores fully en-
phase-separated C6/AS particle can be seen in Fig. 5. Hergulfed in organic shells.
the sulfate containing region is mapped using the intensity of
the S(j‘ stretch (972 cm?) in the Raman spectrum where 3.3 Ice nucleation experiments
warmer colors correspond to higher intensities. Similar anal-
ysis was done for the organic containing region using theThe ice nucleation behavior of the pure C6 and C6/AS sys-
intensity of the C-H stretch (2900 cth), however, the or- tem can be seen in Fig. 7. Also shown is a parameteriza-
ganic color map was grayscaled to differentiate between theion for depositional ice nucleation on pure AS from Baus-
organic and sulfate containing regions. Thus, for a phasetian et al. (2010). As seen, pure C6 is a poor ice nucleus at all
separated 9 um particle we see that it will consist of an aptemperatures explored. Indeed, at the lower temperatures, C6
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Fig. 8. Optical microscope images of ice nucleating on the effloresced AS core of a C6/AS particle that has undergone LLPS at 215K. Ice
forms around 20 s at the AS-organic interface. As the ice grows beyond the dimensions of the organic shell, the shell spreads around it to
reduce the surface tension over the entire system, indicating that the shell is a flowing liquid. The size bar corresponds to 10 pm.

tends to nucleate ice near or even above the Koop homogeaiucleus and is still stretching out the organic coating with it.
neous freezing line. This is expected, as pure C6 is expectetihis is more easily seen in Fig. 9, where a line map of the
to be a liquid at each of the temperatures and RH probed ince particle after ice has nucleated and grown is shown. As
this study and the Koop line is for homogeneous nucleationdescribed previously, spectra are taken every 1 um in the Y
from aqueous solutions. It should be noted that the slope ofiirection; thus, every notch on the red line in the image of the
our homogeneous nucleation points is slightly skewed fromparticle corresponds to the location of a spectrum. The spec-
the line of Koop et al. (2000) for a homogenous nucleationtra are shown as a function of distance, and their intensities
rate of 5x 10° cm3 s~1. This could be the result of our low- are shown as a color map, where warmer colors correlate to
est temperature points being slightly outside of our temper-a higher intensity. From the line maps of the ammonia and
ature calibration curve as the lowest point in our calibrationsulfate stretches, we can see that an ammonium sulfate par-
curve is the ferroelectric phase transition of ammonium sul-ticle exists between-21 and 30 um. Around that particle,
fate at 223.1 K; however, groups studying the homogeneoubsetweern~9 and 35 um, there is a large water-ice signature at
ice nucleation of sulfuric acid (Bhler et al., 2003) and or- 3250 cnT!. Correlated with the ice stretch is the C-H stretch
ganics (Wilson et al., 2012) using the AIDA (Aerosol Inter- (2900 cnT?!) that corresponds to the presence of C6. Thus,
actions and Dynamics in the Atmosphere) chamber have obrot only can we visually see that the liquid organic coating is
served slopes similar to ours. spreading out as the ice grows, but we can verify that spec-
In contrast, for the C6/AS system we find that these phasetrally. Similar to our finding that liquid organic coatings min-
separated particles are very efficient ice nuclei. In fact, thesémally affect the deliquescence and efflorescence behavior
mixed organic-sulfate particles tend to nucleate ice nearly asf AS, we conclude that the water vapor must be diffusing
efficiently as pure AS despite their full organic coatings. To through the liquid coating and ice is nucleating on the AS
elucidate why these phase-separated particles are such effiore. Thus, for the C6/AS particles, we are observing im-
cient ice nuclei, we took several videos at 50x magnificationmersion freezing of the organic solution in contact with the
of ice nucleating on a larger particle. Select frames from oneAS cores. This explains why, even though these mixed par-
example video are shown in Fig. 8 and the entire video isticles are fully coated, these particles are almost as efficient
available in the supplementary online material. The particleice nuclei as pure, effloresced AS in the deposition nucle-
before ice nucleation is shown at 0s. At 20, ice nucleatesition mode. To verify these findings with a more complex
inside of the coated particle at the AS-organic interface (bot-system with the same O: C ratio, we conducted ice nucle-
tom right side of the inner part of particle). The initial ice ation experiments on C6/C10 and C6/C10/AS mixtures. The
crystal appears as a bright spot and grows outwardly fronresults of these experiments are shown in Fig. 10. At tem-
that point; by 80s, the ice has grown beyond the lateral di-peratures=220K, the C6/C10 and C6/C10/AS systems have
mensions of the organic coating. As the ice grows, the orsimilar flow behavior to pure C6 and C6/AS. Furthermore,
ganic coating spreads over it to reduce the surface tensiotheir ice nucleation behavior is qualitatively similar. Here,
over the entire system. In the last frame, we see that the icéhe pure organic system tends to be a poor IN; however, it is
particle has now grown beyond the size of the original iceimportant to note that the pure organic mixture nucleates ice
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Fig. 9. Optical microscope image and corresponding Raman line map of C64&88ite at 215 K. Raman spectral maps, taken every 1 um
as indicated by the horizontal notches in the microscopic image, are shown as a function of distance and blended using a smoothing function
Raman intensities are shown as warm colors.

below the Koop homogeneous nucleation line and, thereforemental setup, we attribute this ice nucleation efficacy to the
the particles are likely acting as heterogeneous IN. For thencorporation of water molecules into the glassy matrix. Prior
C6/C10/AS system, the particles were again seen to nucleat® undergoing a glass transition, the organic will be in a lig-
ice almost as efficiently as pure AS in the depositional modeuid state that is in equilibrium with its surrounding water
Again, we find that at these temperatures we are observingapor (Mikhailov et al., 2009). Upon approaching the glass
immersion mode nucleation by the AS core. Thus, water va-{ransition, the diffusion of water in the organic matrix will
por diffuses through the liquid organic shell, ice nucleates onslow, and water could become entrenched in the viscous or-
the ammonium sulfate core, and the organic coating stretcheganic matrix (Zobrist et al., 2011). These entrenched water
out with the ice as it grows (not shown). Not only was this molecules could facilitate the formation of ice by providing
confirmed visually, but video and line map analysis similar a template similar to the crystal structure of ice (Pruppacher
to Figs. 8 and 9 were also performed (not shown). and Klett, 1996).

At 215K, we found that ice nucleates differently for both
C6/C10 and C6/C10/AS. This is accompanied with an in-3.4 Ice nucleation on solid amorphous organic particles
crease in ice nucleation efficiency of the pure C6/C10 sys- above the glass transition line
tem. Here, we found that ice nucleates at the organic-air in-
terface for both the pure organic and the organic-sulfate sysThe experimental glass transition lines determined using dif-
tem. This is shown in Fig. 11 for select frames, with the full ferential scanning calorimetry by Zobrist et al. (2008) for
nucleation movie available in the supplementary online ma-aqueous glasses of C6 and C10 are shown in Fig. 13. The
terial. Here, the images clearly show that ice is nucleatingcorresponding shaded areas around each of thgsarves
on the outside of the particle and not the inside. In addition,are the associated errors calculated using the parameteriza-
after ice nucleates on the organic, the organic shell does naions found in Zobrist et al. (2008). Also shown is the pre-
spread out around the ice, suggesting that the organic shedlicted 7, curve for a 1:1 mixture (by mass) of C6 and
is no longer a flowing liquid. This is verified by a line map C10 using a mixing rule that depends on the molar masses
taken of the ice particle (Fig. 12). Here we see there is a suland weight fractions of the individual polyols (Zobrist et al.,
fate core betweer16 and 31 um surrounded by an organic 2008). Since this predicted curve does not have an associated
coating (~12.5 to 37 um); the ice, found betweess.5 and  error, the orange shaded region is simply bound by the pure
12.5um, however is not in contact with the sulfate core, andC6 and C1y curves. Plotted with the experimental and pre-
only grows from the organic shell. Furthermore, we see thatdicted 7 curves are the threshold ice nucleation points for
the ice stretch is not correlated with the organic stretch. WeC6/C10 and C6/C10/AS at 210 and 215 K, where the organic
believe that at these temperatures and relative humidities, thgarticles/coatings were visually and spectrally shown to be-
organic mixture is no longer a liquid, but rather a highly vis- have like highly viscous (semi-)solids or glasses (Figs. 11
cous (semi-)solid or glassy patrticle. and 12). As shown, these points are above the predicted glass

Despite the change in the heterogeneous nucleation sitggansition line for a 1 ; 1 mixture of C6 and C10.
the (semi-)solid or glassy organic IN in this work nucleate  To explain this behavior, we set out to approximate
ice depositionally nearly as efficiently as pure AS. Although the viscosity of the C6/C10 at the onset freezing condi-
we are unable to probe this effect with our current experi-tions. The steep dependence of viscositydn temperature
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relevant to this study. Shiraiwa et al. (2011) have measured

m C6/C10 . .
1.8 m CB/C10/AS the diffusion of the small molecule ozone through an amor-
rdl TT— e AS parameterization (Baustian et al., 2010) phous semi-solid matrix at room temperature to~aE)~’
164 to 102 cn? s 1. If a similar, strong temperature dependence
. BB followed for amorphous semi-solids, the time for a water
. @ molecule to diffuse thrqugh alpm semijsolid shell may take
U‘J% 1'3_ . 8 much longer than that timescales of our ice nucleation exper-
: P iments.
12‘ L . 5 As mentioned before, the pure C6/C10 mixture nucleated
114 I g ice below the Koop homogeneous nucleation line from 220—
1.0 230K. Experiments similar to Fig. 8 have confirmed that
0.9 these particles are able to flow and stretch with the grow-
08 . J ‘ . . ‘ . ing ice particle (not shown). Analysis of the ice nuclei were
205 210 215 220 225 230 235 240 also conducted to confirm that solid impurities, capable of
Temperature (K) acting as immerions mode nuclei were not present visually

_ _ or spectrally. Although it is beyond the scope of this paper
Fig. 10. Serit @s a function of temperature for pure C6/C10 and tg gscertain the mechanism behind these results, the authors
C6/C10/AS. The thick and thin solid lines refer to water and ice Sat'postulate that these particles may have the flow behavior of

uration respectively. The dashed line representsSghevalues for a liquid, but are still sufficiently viscous to provide a sur-
homogeneous nucleation of an aqueous droplet (Koop et al., 2000)race template for heterogeneous ice nucleation. To support
Also included is a parameterization for deposition ice nucleation ’

on pure AS from Baustian et al. (2010), as indicated by the hatche&hIS postulation, the V'Scos_'ty of th_e pure organic mlxture_ at
line. The shaded regions split the experimental data into two viscostN® temperature and relative humidity of the ice nucleation
ity regimes based on flow. Green shaded region: C6/C10 observed tgvent has been calculated using Eq. (1). For the 220, 225, and
flow over growing ice crystal; here we observed immersion freezing230 K experiments ice formation was noted at approximately
of the organic solution in contact with the AS core. Purple shaded79.8, 80.2, and 85.3 % relative humidity with respect to wa-
region: C6/C10 observed to be in low-flowing, semi-solid state; hereter, respectively; this corresponds to an estimated viscosity of
we observed depositional freezing on the C6/C10 shell. Error barg 2 x 103, 1.5x 103, and 1.2x 1(? Pass, respectively. These
in Scrit and temperature are reported as one standard deviation. \jiscosities correlate to highly viscous liquids like ketchup
(Koop et al., 2011). While these calculations provide only
can be described by the Williams—Landel-Ferry equationa rough estimation .Of these particles’ viscosity, they suggest
(Debenedetti, 1996); that the pure organic mlxt_ure at these temperat!,lres and rela-
tive humidities might be viscous enough to provide a surface
log(n) = log(n1,) - [17.44T — Tg)1/[516+ (T — Tg)l, (1) for heterogeneous ice nucleation.

Thus, for phase-separated organic-sulfate particles studied
where ny, is the viscosity at the glass transition tempera- here, we find that if an organic coating is in its liquid state,
ture, taken to be T8 Pas. For the ice nucleation experi- then water vapor diffuses through the organic shell and nu-
ments at 215K, ice nucleated on C6/C10 and C6/C10/AS atleates on the AS core. If the organic coating become suffi-
70.7 % RH. At this RH, the predictefi; for 1:1 C6/C10is  ciently viscous, however, then the water vapor can no longer
185K. Using Eqg. (1) for 1:1 C6/C10 is approximately diffuse through to the AS core, and ice nucleates on the or-
6.4x 10° Pas. Similarly, at 210K, ice nucleated on C6/C10 ganic shell. Two things should be noted here. One, the AS
and C6/C10/AS at 74.0% RH, which correlates to a pre-core does not seem to affect the ice nucleation behavior of
dictedTy of 181 K and am of approximately 3.% 10° Pass. the semi-solid organic; thus, the ice nucleation properties of
Thus, at 210 and 215K, pure C6/C10 and the C6/C10 coatthese particles may depend almost entirely on the properties
ings are considered amorphous semi-solids (Shiraiwa et algf the organic species. Two, for mixed organic-sulfate par-
2011). ticles with liquid organic coating, the organic species mini-

Zobrist et al. (2011) have shown that the diffusion coef- mally affects not only the deliquescence and efflorescence,
ficients for a small molecule like water diffusing through but also the ice nucleation behavior of AS.
a glassy matrix at room temperature €10~ %cn?s1;
however, the diffusion constant was observed to decrease
strongly with decreasing temperature. For example, at 200 K4  Atmospheric implications
the diffusion coefficient for water through a glassy matrix
drops 10 orders of magnitude to 89 cn?s~1. Similartem-  Recently, several studies have underlined the importance of
perature dependence could be expected for highly viscousLPS and its effect on the hygroscopic phase transitions
semi-solids above the glass transition. To the authors’ knowl-of complex organic-sulfate aerosol. Song et al. (2012) have
edge, no such measurements have been made at temperatuseewn that mixtures of three dicarboxlyic acids and AS will
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Fig. 11. Optical microscope images of ice nucleating on the shell of a C6/C10/AS particle that has undergone LLPS at 215K. Ice forms

around 10 s at the organic-air interface. As the ice grows, the organic shell does not spread around it, indicating that it may be in a highly
vicious (semi-)solid or glassy state. The size bar corresponds to 10 um.
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Fig. 12.Optical microscope image and corresponding Raman line map of C6/C10jQ94¢ at 215 K. Raman spectral maps, taken every
1um as indicated by the horizontal notches in the microscopic image, are shown as a function of distance and blended using a smoothing
function. Raman intensities are shown as warm colors.

undergo LLPS as long as their average O : C value w@93. AS that do not undergo LLPS, have a DRH of 36.4 %, and
It was also shown that these phase-separated particles minmay inhibit efflorescence in these particles altogether. The
mally affect the deliquescence and efflorescence behavior aduthors concluded that ambient organic-sulfate aerosol may
pure AS at 298 K, which is in agreement with results from exist predominantly in a liquid state. Similar behavior was
Bertram et al. (2011) taken at 273 and 290 K. This behaviorfound for complex, chamber made SOA produced by the
has also been seen with complex organic-sulfate particles gihoto-oxidation of isoprene (O: C ratios of 0.67 and 0.74)
298 K that were generated by condensing secondary organicondensed onto AS seed particles (Smith et al., 2012). Here,
aerosol (SOA) produced by dark ozonolysissepinene on  efflorescence was completely inhibited for organic volume
AS seed particles (Smith et al., 2011). Here, the SOA wadractions above 0.6, and the DRH was as low as 40 % for
likely comprised of tens to hundreds of different organic organic volume fractions approaching 0.9. These results are
molecules with average O : C ratios of 0.39 and 0.44 as meain good agreement with the parameterization of Bertram et
sured by the Aerodyne aerosol mass spectrometer (AMS). al. (2011), who have shown that phase separation is gener-

The deliquescence and efflorescence behavior of thesally inhibited for organics with an O: C ratie 0.7, and that
phase-separated particles is in stark contrast with uniphaskarge organic-to-sulfate ratios in uniphasic particles will de-
organic-sulfate aerosol. For example, Marcolli et al. (2004)press both the DRH and ERH of organic-sulfate particles.
have shown that particles consisting of five organic acids and
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70 C6 Giass Transiton Line 8 cocto ke Nuckation [ bgen established (Abbatt et gl., 2006; Baustian et aI.,_2010,
Tee D TGt G Tranaion Line . C/C10AS oo Nucleaton [ Wise et al., 2010). Upon cooling or drying, atmospheric or-

ganics have been shown to undergo a glass transition (Koop
et al., 2011), which often acts as a surface for heterogeneous
ice nucleation (Wilson et al., 2012). In this work, C6/C10
was observed to nucleate ice $ite = 1.2 to 1.3 from 210

to 215 K. It should be noted, however, that the particles used
in this study are larger than potential ice nuclei expected to
be found in the upper troposphere (Froyd et al., 2009); in
fact, particles used in this experiment have volumes a factor
of hundreds to thousands larger than a typical accumulation
mode particle. This could induce a size effect, especially with
regard to the diffusion of water to the particle core. Since
water diffusion times will be longer for thicker organic coat-
Fig. 13. The glass transition temperatures of C6, C10, and 1:1ings/larger particles, the particles used in this study could ex-
C6/C10 shown as a function of water activity. The pure C6 and hibit glassy behavior at warmer temperatures than smaller
pure C10 glass transition curves are experimental data from Zoparticles typically found in the upper troposphere. Despite
brist et al. (2008) using differential scanning calorimetry. The 1:1 this size effect, these results are still in accordance with pre-
C6/C10 glass transition curve was calculated using a mixing rU|evious work on ice nucleation on Simp'e Organic g|asses using
that depgnds on weight percent and molar mass. Also .plotted arg different size range of particles. For example, Murray et
thg conditions (temperature and RH) for depos[tlonal_ ice nuc_le—aL (2010) saw ice nucleate on glassy citric aciSiat= 1.23

ation on C6/C10 and C6/C10/AS, where the organic partlcle/coatlngror 210K. In a follow-up study Wiison et al. (2012) saw

was visually and spectrally shown to behave like a highly viscous. leat inal ¢ ic al
(semi-)solid or glass. For clarity, the ice melting curve (black dashed C€ NUCI€ale On single component aqueous organic glasses

line) and homogeneous freezing line (black solid line, Koop et aI.,a_‘t Sice = 1.2 t0 1.55 from 190.8 to 2_18'5 K. Finally, Baus-
2000) are also plotted. tian et al. (2012b) have shown that ice nucleates on glassy

glucose, sucrose, and citric acid between 210 and 235K at
Sice = 1.1 to 1.4. Glassy, chamber generated SOM from the
oxidation of naphthalene nucleated ice only slightly higher,
Many recent studies of ambient organic aerosol, howeverfrom Sice = 1.36 to 1.52, af”" < 230K (Wang et al., 2012a),
show an average O: C ratio of the organic fraction as meabut the authors state their minimusie values for this tem-
sured by the AMS<0.7, even in heavily polluted areas like perature range was 1.23.
Mexico City (Aiken et al., 2008). Furthermore, factor anal- Thus, the combined ambient O: C ratios, deliquescence,
ysis of 43 AMS data sets show that all semi-volatile oxy- liquid—liquid phase separation, and efflorescence behavior
genated organic aerosol (SV-OOA) had an average O: C raef organic-sulfate mixtures, even when the organic frac-
tio of 0.344 0.14 and low-volatility OOA (LV-OOA) had an tion is multi-component, indicates that phase-separated parti-
average O: Cratio of 0.780.14 (Ng et al., 2010). Thus, all cles could exist in the upper troposphere. Our measurements
of the SV-OO0A and a part of the LV-OOA fall into the O: C show that phase-separated, effloresced organic-sulfate parti-
range where LLPS is expected. Indeed, You et al. (2012)cles can be efficient IN regardless of the phase state of the
have observed LLPS at 291 K in real-world, organic-sulfateorganic species, suggesting that these particle types are of
particles collected the Atlanta, GA region. Finally, model- significance for atmospheric ice nucleation.
ing work from Jensen et al. (2010) have shown that deli-
quesced ammonium sulfate particles that detrain from deep
convective updrafts in the cold tropical tropopause layer car6 Conclusions
undergo efflorescence and be dry 20-80 % of their lifetime;
however, it is important to note that these results only holdWe have shown that particles consisting of mixtures of AS
if the organic coatings or mixtures do not inhibit efflores- with C6 and C6/C10, both having an O: C ratio of 0.5, will
cence. These two combined effects indicate that efflorescedhhase separate at temperatures from 245 to 260 K. At these
phase-separated particles can exist in the upper troposphetemperatures, it was also seen that these organic coatings
and could provide potential ice nuclei. minimally affect both the deliquescence and efflorescence
Our measurements show that phase separation in mixetklative humidities of AS.
organic-sulfate particles can occur at temperatures as low as We have also shown that pure C6 is a poor ice nucleus, ini-
245K, and that liquid organic coatings minimally affect the tiating the formation of ice near or above the Koop homoge-
ice nucleation efficiency of effloresced ammonium sulfateneous nucleation line. Pure C6/C10 behaved similarly from

Temperature (K)
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220 to 235K; however, at 215 K, this system became a moreBaustian, K. J., Cziczo, D. J., Wise, M. E., Pratt, K. A., Kulkarni,

efficient ice nucleus. We attribute this to the particle mov-
ing from a liquid to a highly viscous (semi-)solid or glassy
state. Ice nucleation on the particle exterior was confirmed
both visually and spectrally using Raman line maps.

For the mixed organic-sulfate particles, we saw that if that

particles underwent phase separation and efflorescence, and

that if the coating was liquid, water vapor diffused through
the liquid organic shell and nucleated on the AS core; here,

G., Hallar, A. G., and Tolbert, M. A.: Importance of aerosol com-
position, mixing state, and morphology for heterogeneous ice nu-
cleation: A combined field and laboratory approach, J. Geophys.
Res., 117, D0621d0i:10.1029/2011jd016782012a.

Baustian, K. J., Wise, M. E., Jensen, E. J., Schill, G. P., Freedman,

M. A., and Tolbert, M. A.: State transformations and ice nucle-
ation in glassy or (semi-)solid amorphous organic aerosol, At-
mos. Chem. Phys. Discuss., 12, 27333-27868,10.5194/acpd-
12-27333-20122012h.

we were observing immersion freezing of the organic shellgertram, A. K., Martin, S. T., Hanna, S. J., Smith, M. L.,

by the AS core. If the organic coating becomes semi-solid

or glassy, however, then water vapor may no longer be able

to diffuse through the organic on timescales relevant to even

the atmosphere; here, ice can depositionally freeze on the or-

ganic shell.

In conclusion, we find that phase-separated mixed organic-
sulfate particles can be excellent ice nuclei whether or not
the organic coating is a liquid or a glass. If the coating is

similar Sice as pure AS in the depositional mode. If, however,
the coating becomes semi-solid or glassy, then it still may

- L . - Ciobanu, V. G., Marcaolli,
liquid, then the AS nucleates ice in the immersion mode at . Liquid-Liquid Phas

Bodsworth, A., Chen, Q., Kuwata, M., Liu, A., You, Y., and
Zorn, S. R.: Predicting the relative humidities of liquid-liquid
phase separation, efflorescence, and deliquescence of mixed par-
ticles of ammonium sulfate, organic material, and water using the
organic-to-sulfate mass ratio of the particle and the oxygen-to-
carbon elemental ratio of the organic component, Atmos. Chem.
Phys. Discuss., 11, 17759-1778Ri:10.5194/acpd-11-17759-
2011 2011.

C., Krieger, U. K., Weers, U., and Peter,
e Separation in Mixed Organic/Inorganic
Aerosol Particles, J. Phys. Chem. A, 113, 10966-10978,
doi:10.1021/jp905054R009.

be good ice nucleus, possibly due to the retention of wateiCiobanu, V. G., Marcolli, C., Krieger, U. K., Zuend, A., and Pe-

molecules in the organic matrix.
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