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Abstract. The hygroscopic phase transitions of ammonium
sulfate mixed with isoprene-derived secondary organic ma-
terial were investigated in aerosol experiments. The or-
ganic material was produced by isoprene photo-oxidation at
40 % and 60 % relative humidity. The low volatility frac-
tion of the photo-oxidation products condensed onto am-
monium sulfate particles. The particle-phase organic ma-
terial had oxygen-to-carbon ratios of 0.67 to 0.74 (±0.2)
for mass concentrations of 20 to 30 µg m−3. The deliques-
cence, efflorescence, and phase miscibility of the mixed par-
ticles were investigated using a dual arm tandem differen-
tial mobility analyzer. The isoprene photo-oxidation prod-
ucts induced deviations in behavior relative to pure ammo-
nium sulfate. Compared to an efflorescence relative humidity
(ERH) of 30 to 35 % for pure ammonium sulfate, efflores-
cence was eliminated for aqueous particles having organic
volume fractionsε of 0.6 and greater. Compared to a del-
iquescence relative humidity (DRH) of 80 % for pure am-
monium sulfate, the DRH steadily decreased with increasing
ε, approaching a DRH of 40 % forε of 0.9. Parameteriza-
tions of the DRH(ε) and ERH(ε) curves were as follows:
DRH(ε) = 6ici,dεi valid for 0≤ ε ≤ 0.86 and ERH(ε) =

6ici,eε
i valid for 0≤ ε ≤ 0.55 for the coefficientsc0,d =

80.67,c0,e = 28.35,c1,d = −11.45,c1,e = −13.66,c2,d = 0,
c2,e = 0, c3,d = 57.99, c3,e = −83.80, c4,d = −106.80, and
c4,e = 0. The molecular description that is thermodynami-
cally implied by these strongly sloped DRH(ε) and ERH(ε)
curves is that the organic isoprene photo-oxidation products,
the inorganic ammonium sulfate, and water form a miscible

liquid phase even at low relative humidity. This phase misci-
bility is in contrast to the liquid-liquid separation that occurs
for some other types of secondary organic material. These
differences in liquid-liquid separation are consistent with a
prediction recently presented in the literature that the bifur-
cation between liquid-liquid phase separation versus mixing
depends on the oxygen-to-carbon ratio of the organic mate-
rial. The conclusions are that the influence of secondary or-
ganic material on the hygroscopic properties of ammonium
sulfate varies with organic composition and that the degree
of oxygenation of the organic material, which is a measur-
able characteristic of complex organic materials, is an impor-
tant variable influencing the hygroscopic properties of mixed
organic-inorganic particles.

1 Introduction

The water content of atmospheric particles can influence het-
erogeneous chemistry, cloud activation, and radiative forc-
ing, among other phenomena (Seinfeld and Pandis, 2006).
The deliquescence and efflorescence transitions that switch
particles between crystalline and aqueous phases, altering
the equilibrium particle water content in the process, have
been widely studied, typically either for inorganic and or-
ganic components separately or for two- or three-component
mixtures of them (Tang and Munkelwitz, 1993; Virkkula
et al., 1999; Hameri et al., 2000; Martin, 2000; Parsons et
al., 2006; Varutbangkul et al., 2006). In the past few years,
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an additional transition of liquid-liquid phase separation be-
tween single and multiple liquid phases at a critical rela-
tive humidity has been a topic of increasing research inter-
est (Pankow, 2003; Marcolli and Krieger, 2006; Ciobanu et
al., 2009; Zuend et al., 2010; Bertram et al., 2011; Smith
et al., 2011; Song et al., 2012; You et al., 2012). The sep-
aration relative humidity depends both on the identity and
the relative concentrations of the organic and inorganic com-
ponents (Pankow, 2003; Zuend et al., 2010; Bertram et al.,
2011). The different morphologies of phase-separated par-
ticles, such as coating-core or other structures (Reid et al.,
2011), compared to single-phase homogeneous particles can
influence the availability of water for heterogeneous chem-
istry and cloud activation (Ravishankara, 1997), affect parti-
cle optical properties (Martin, 2000), and alter the deliques-
cence and efflorescence phase transition relative humidities
(Parsons et al., 2006; Chan and Chan, 2007; Smith et al.,
2011).

Laboratory particles of sulfate mixed with secondary or-
ganic material represent an important surrogate for a com-
mon class of atmospheric particles (Buzorius et al., 2002;
Murphy et al., 2006; Pratt and Prather, 2010). These mixed
organic-inorganic particles are believed to be produced in the
atmosphere by two principal mechanisms. In the first, low-
volatility molecules formed by the atmospheric oxidation of
volatile organic compounds (VOCs) condense as secondary
organic material (SOM) onto preexisting inorganic particles
(Hallquist et al., 2009). In the second, mixed residual parti-
cles remain after the evaporation of cloud droplets that con-
tained dissolved inorganic and organic components and in
which active scavenging of gas-phase species and subsequent
secondary organic chemistry took place during the cloud’s
lifetime (Ervens et al., 2011). The chemical nature of the
inorganic and organic components determines the extent of
their interactions and hence the governing organic-inorganic-
water phase diagram, including both stable and metastable
aspects.

To date, the effects of secondary organic material on the
phase transitions of the inorganic components of particles
such as ammonium sulfate have been characterized in only
a few studies. These studies show that SOM produced by
α-pinene, limonene, andβ-caryophyllene ozonolysis exerts
a minor influence on the deliquescence relative humidity
(DRH) and the efflorescence relative humidity (ERH) of
the ammonium sulfate component of the mixed particles
(Saathoff et al., 2003; Takahama et al., 2007; Bertram et al.,
2011; Smith et al., 2011). The implication is a biphasic mor-
phology for the aqueous inorganic and organic components
of the particles, at least for the range of water activities asso-
ciated with DRH and ERH. In the case ofα-pinene ozonol-
ysis, Smith et al. (2011) showed that DRH and ERH were
altered by less than 4 % RH from the values of pure ammo-
nium sulfate for organic volume fractions of up to 0.96. Al-
though these studies suggest the immiscibility of SOM with
an aqueous inorganic phase and thus a minimal influence of

SOM on DRH and ERH of the inorganic phase, the dark
ozonolysis products of these precursors represent only a nar-
row range of possible SOM types. Among other factors, the
chemistry and properties of SOM can change with oxidation
conditions (e.g., low compared to high NOx) and VOC pre-
cursor chemistries (e.g., short chain compared to long chain
species). For instance, in contrast with the aforementioned
ozonolysis studies, Meyer et al. (2009) provided evidence
that SOM produced byα-pinene photo-oxidation in the pres-
ence of NOx can decrease the DRH of ammonium sulfate
by at least 5 %, though the exact decrease was not quantified.
Bertram et al. (2011) likewise presented an initial data set for
the effects of SOM produced by isoprene photo-oxidation on
the phase transitions of ammonium sulfate, showing a de-
crease in DRH for organic volume fractions from 0 to 0.8
and a decrease in ERH for organic volume fractions from 0 to
0.6. Compared to the other SOM types studied, this isoprene-
derived SOM appeared to have a markedly different effect on
the phase transitions of ammonium sulfate.

In the present study, a comprehensive data set for the ef-
fects of SOM produced by isoprene photo-oxidation on the
phase transitions of ammonium sulfate was collected for a
broad range of organic volume fractions from 0.0 up to 0.86.
The data set is more comprehensive and the experimental
protocols and analysis are improved compared to our earlier
treatment in Bertram et al. (2011). These improvements al-
low a better assessment of phase miscibility, a more accurate
parameterization of DRH(ε) and ERH(ε), and a new account
of partial dissolution of ammonium sulfate for RH< DRH
(i.e., initial deliquescence) for these mixed particles. The in-
fluence of different conditions of SOM production, including
in the presence of aqueous compared to solid sulfate particles
at relative humidities of 40 and 60 %, is also explored.

2 Experimental

2.1 Particle generation

Particles of ammonium sulfate having isoprene-derived SOM
coatings were produced using the Harvard Environmental
Chamber (HEC) (Shilling et al., 2008; King et al., 2009). The
chamber was operated as a continuously mixed flow reac-
tor (CMFR), with balanced inflows and outflows and a mean
reactor residence time of 3.3 h. Ammonium sulfate parti-
cles (Fluka TraceSELECT,>99.9999 % purity), gaseous iso-
prene (200 ppb; Scott Specialty Gases, 50 ppm in nitrogen),
and gaseous hydrogen peroxide (ca. 10 ppm) were continu-
ously injected. The hydrogen peroxide was evaporated from
a solution (Sigma-Aldrich, 30 wt % solution) in a warmed
bulb. The sulfate particles, produced by atomization from
an aqueous solution, were equilibrated to less than 30 %
relative humidity (RH), unless stated otherwise, by passing
the aerosol through a diffusion dryer. Aqueous ammonium
sulfate particles in pure form effloresce between 30 % and
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35 % RH to form solidified particles (Martin, 2000). Prior to
entering the CMFR, the sulfate particles were classified us-
ing a differential mobility analyzer (DMA) that was set to
pass an electric-field mobility diameterdseed

m,+1 (i.e., +1 charge-
equivalent) of 68 to 72 nm (Knutson and Whitby, 1975). The
resolution of the DMA for the operating conditions corre-
sponded to singly charged particle diameters as small as
61± 2 nm and as large as 83± 2 nm. Doubly charged sul-
fate particles, characterized by a mode diameter between
99 and 103 nm and a total diameter range of 90± 2 to
120± 2 nm, were also transmitted through the DMA and en-
tered the CMFR. The +1 and +2 solid particles were present
in the CMFR inflow in an approximate ratio of 5:1. The
seed number-diameter distribution was measured using a TSI
Scanning Mobility Particle Sizer (SMPS) (Fig. S1) (Wang
and Flagan, 1990).

Within the CMFR, photolysis of H2O2 by ultraviolet
light produced OH radicals that initiated photo-oxidation
of the isoprene (Kroll et al., 2006). The OH concentration
was estimated as approximately 2× 106 cm−3 based on the
steady-state concentration of isoprene in the outflow from
the CMFR. Except when noted otherwise, experiments were
conducted at 40 % RH. Low-volatility gas-phase products of
the isoprene oxidation condensed onto the surfaces of the
particles present in the CMFR, increasing particle diameter.
The particles had a range of individual residence times be-
cause Poisson statistics governed particle loss in the CMFR,
both to the walls as well as in the outflow (Kuwata and
Martin, 2012). At steady state, the number-diameter distri-
bution of the particles in the CMFR outflow was controlled
by three main factors: (1) the number concentration and di-
ameters of the +1 and +2 particles in the CMFR inflow,
(2) the rate of condensable product generation by isoprene
photo-oxidation, and (3) the particle mean residence time
in the CMFR. For the conditions of the experiments, the
mode of the particle population in the CMFR outflow was
between 151 and 172 nm, and the lower and upper quartile
diameters were between 95 and 103 and 242 to 257 nm, re-
spectively, as measured by the SMPS at 25 % RH (Fig. S1).
The total number concentration in the CMFR outflow was
7± 1× 103 cm−3.

For a single seed diameter (i.e., either +1 or +2 seed parti-
cles), larger particles in the CMFR outflow corresponded to
longer residence times and thus higher organic volume frac-
tions. The particle population in the CMFR outflow consisted
of two sub-populations: for any outflow diameter equal to
or greater than 90 nm (i.e., the lower limit of +2 seed parti-
cles) there was one sub-population of organic volume frac-
tions associated with the +1 seed particles and another sub-
population associated with the +2 seed particles.

The steady-state organic particle mass concentration,
which is a measure of the rate of condensable product gener-
ation, ranged from 20 to 30 µg m−3. The concentration was
measured using an Aerodyne Aerosol Mass Spectrometer
(AMS) (DeCarlo et al., 2006; Aiken et al., 2007; Chen et al.,

2011). The AMS also provided information on the oxygen-
to-carbon elemental ratio of the particle-phase organic mate-
rial, which varied from 0.67 to 0.74 for the experiments de-
scribed herein. The uncertainty of the oxygen-to-carbon ele-
mental ratio by this method was±0.2 (Aiken et al., 2007).

2.2 Particle hygroscopic analysis

The hygroscopic properties of the particle population in
the CMFR outflow were analyzed using a dual-arm hygro-
scopic tandem differential mobility analyzer (TDMA) (Mar-
tin et al., 2008; Rosenoern et al., 2009; Smith et al., 2011).
Figure 1 shows schematically the flow path of the aerosol
from the generation system through the TDMA components,
along with the typical RH of each component, to be dis-
cussed below. Two different types of experiments, described
as transmission ratio and number-diameter distribution mea-
surements, were carried out.

2.2.1 Transmission ratio experiments

The transmission ratio experiments directly measured the
fraction of the particles in the test population that under-
went irreversible diameter changes as a result of RH cycling,
such as those associated with deliquescence and efflores-
cence phase transitions (Rosenoern et al., 2009; Smith et al.,
2011). In overview, the measurement consisted of selecting
a specific particle diameter with a differential mobility ana-
lyzer (DMA), perturbing the RH of the aerosol, and measur-
ing the number concentration remaining at the original diam-
eter (i.e., using a second DMA and a condensation particle
counter (CPC)). A drop in number concentration at the sec-
ond compared to the first DMA indicated that particles had
changed diameter in response to the RH perturbation.

More specifically, the measurement protocols were as fol-
lows. The incoming flow of the TDMA was conditioned
to RHmono by use of a Nafion tube (Perma Pure, PD50T-
12SS). A first differential mobility analyzer (DMAmono; TSI,
3081; 9.6:1 sheath:sample flow ratio; 25◦C) selected a frac-
tion of the particle population having an electric-field mo-
bility diameterdmono

m,+1 . The sheath flow RH was adjusted to
RHmono prior to entering the DMA. Following DMAmono,
the flow was split and directed into dual arms, labeledα and
β. Each of these arms consisted of the following compo-
nents in series: a Nafion tube (Perma Pure, MD 110-96SS)
set to a value RH1,α/β , a Nafion tube set to RHmono, a dif-
ferential mobility analyzer DMAfilter

α/β (TSI, 3081; ca. 9.6:1
sheath:sample flow ratio; 25◦C) set to pass the same electric-
field mobility diameter asdmono

m,+1 and maintained at RHmono,
and a condensation particle counter (CPC; TSI, 3010) to
measure the number concentrationNfilter

α/β of particles pass-

ing DMAfilter
α/β . The experiment consisted of measuring the

transmission ratioφ (calculated asφ = Nfilter
β

/
Nfilter

α ) while

holding RHnafion
1,α fixed to the same value as RHmono and
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Fig. 1. Schematic diagram of the experimental setup for the transmission ratio and number–diameter distribution measurements. Labeled
components include the sulfate seed particle generation system (SGS), the Harvard Environmental Chamber (HEC), a polonium-210 charger
(Po), relative humidity (RH) adjustments in Nafion tubes, differential mobility analyzers (DMA), and condensation particle counters (CPC).
The background color shading of each component represents the local relative humidity (see color bar). Rainbow shading within a single
component indicates that the relative humidity is scanned during the measurements. The gray dashed boxes enclose the components that
comprise the TDMA.

scanning RHnafion
1,β . The purpose of theα-arm was to pro-

vide a control for fluctuations in the number concentration
of dmono

m,+1 in the CMFR outflow by counting how many par-
ticles passed through the instrument in the absence of RH
perturbations.

For experiments designed to identify deliquescence tran-
sitions (Fig. 1, row 1; Fig. 2a), RHnafion

1,β was scanned up-
ward from 60 % to 90 % during the course of an experiment
while RHmonowas maintained at 60 %. In this way, the parti-
cles in theβ arm underwent an RH history described by the

Atmos. Chem. Phys., 12, 9613–9628, 2012 www.atmos-chem-phys.net/12/9613/2012/



M. L. Smith et al.: Deliquescence, efflorescence, and phase miscibility 9617

following:

60%→ dmono
m,+1 → 60%+ δ → 60% (1)

for 0 < δ < 30 %. For experiments designed to identify efflo-
rescence transitions (Fig. 1, row 2; Fig. 2c), the particle pop-
ulation in the CMFR outflow was deliquesced at 90 % RH
prior to entering the TDMA instrument. The transmission ra-
tio was recorded for a downward scan of RHnafion

1,β from 50 %
to 15 % while RHmono was maintained at 50 %. The RH his-
tory of the particles was thus as follows:

90%→ 50%→ dmono
m,+1 → 50%− δ → 50% (2)

for 0 < δ < 35 %. The lower limit of 15 % emerged as a
practical matter based on the time constant for Nafion mate-
rial to equilibrate and transfer local relative humidity, which
was longer at progressively lower RH, compared to the time
constant desired for an experimental scan of approximately
1 % RH min−1. A series of these deliquescence and efflores-
cence experiments was carried out in which stepwise changes
were made todmono

m,+1 between experiments. The range of
dmono

m,+1 values studied was between 75 and 120 nm, implying
an associated range of low to high organic volume fractions
(specified in greater detail further below). The RH histories
of Eqs. (1) and (2) are summarized in Table S1.

For the conducted experiments, the transmission ratioφ

responded to the fraction of particles in the population for
which an irreversible change in diameter occurred when ex-
posed to the cycle of RHmono

→ RHnafion
1,β → RHmono (Rose-

noern et al., 2009; Smith et al., 2011). A direct interpretation
of φ as the actual fraction of particles for which the diame-
ters changed irreversibly (i.e., a linear response factor) was
possible provided that the shift from one branch to the other
of the hysteresis curve changed the particle diameter suffi-
ciently to ensure negligible particle transmission through the
DMAmono–to–DMAfilter

β sequence. For the employed operat-
ing conditions, the minimum growth factorg required for full
separation was 1.12 (cf. Eq. (2) of Rosenoern et al. (2009)
and Figs. 5 and 6 of Smith et al., 2011).

2.2.2 Number-diameter distribution experiments

The transmission ratio experiments described in Sect. 2.2.1
were restricted by the experimental protocols to particles
that fully deliquesced above 60 % RH in the deliquescence
mode experiments and particles that had efflorescence points
greater than 15 % RH in the efflorescence mode experiments.
The number-diameter distribution experiments, as described
below, pushed these limits to as low as 48 % RH for deliques-
cence measurements and as low as 7 % RH for efflorescence
measurements. The experimental design and data analysis,
however, were more complicated.

The apparatus, when used in number-diameter distribu-
tion mode, is similar to a Hygroscopic Tandem Differen-
tial Mobility Analyzer (HTDMA) (Duplissy et al., 2009). In

overview, the protocol is to size-select quasi-monodisperse
particles under dry conditions, expose this aerosol to an ele-
vated RH, and measure the associated number-diameter dis-
tribution. Differences between the grown and initial distribu-
tions indicate water uptake (or loss).

A detailed description of the protocol is as follows: A
number-diameter distributionN(d) was collected in a sin-
gle arm for some fixed value ofdmono

m,+1 and a constant RHmono

value of 7 %, meaning particles classified by DMAmono had
minimal water content (Fig. 1, rows 3 and 4). To acquire
N(d), we recorded the number concentrationNfilter asdfilter

m,+1

was scanned. During a single scan ofdfilter
m,+1, the values

RHnafion
1 and RHnafion

2 of the two Nafion tubes remained con-
stant. Between scans, these RH values were changed, and a
data setN (d,RH) was thereby obtained for onedmono

m,+1 . The

RH histories that were employed for RHnafion
1 and RHnafion

2
are presented in Sect. 3.2 because of their close coupling
to the data interpretation. The value ofdmono

m,+1 , fixed during
the acquisition of a single data setN (d,RH), was adjusted
between experiments to a small number of selected values
(cf. Table S1) ranging from 75 to 190 nm so that data sets
of N(d,RH) for different regions of organic volume frac-
tion were obtained. The data setsN(d,RH) are reported as
recorded without any corrections for the presence of mul-
tiply charged particles (Wang and Flagan, 1990). Instead,
a forward-model was used that includes a treatment of the
particle sub-populations in the outflow from the CMFR (cf.
Sect. 3.1).

In comparison to the transmission ratio experiments, the
number-diameter distribution measurements could probe ef-
florescence to lower RH. In these experiments, RHmono was
set to a static value of 7 % RH, which could be achieved after
sufficient equilibration time of the Nafion material. Further-
more, measurements of deliquescence were also extended to
lower RH values by detailed interpretation of the data that
considered the several particle types present in the popula-
tion and the resulting contributions toN(d) (cf. Sect. 3.2)
in the number-diameter distribution experiments. Compared
to the theoretical lower limit of 40 % RH that is implied by
the experimental RH inside the CMFR, there was a practical
restriction to 48 % RH in these deliquescence experiments
because of a coupling of factors, including the accuracy of
sizing resolution by the instrumentation and the decrease in
diameter hysteresis for increasingε.

2.2.3 Other number-diameter distribution experiments

To extend the range of efflorescence measurements to
7 %< RH< 15 %, we collected a few number-diameter dis-
tributions following the protocol of the transmission ratio ef-
florescence experiments. Aqueous particles ofdmono

m,+1 were
selected at 50 % RH, and the RH cycling in the TDMA
was identical to that defined by Eq. (2). The measured
quantity, however, wasN(d,50 %) instead ofφ. The range
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7 %< RHnafion
1,β < 15 % was obtained by using 3 h equilibra-

tion times for each step of the Nafion conditioner. This pro-
tocol was also used in several control experiments to probe
ERH between 15 % and 50 % to test for and ultimately rule
out any possible bias introduced by scan time or alternate
approaches to data analysis.

3 Results and discussion

3.1 Particle population and sub-populations

The particle population in the outflow of the CMFR is statis-
tically described by first and third quartile diameters of ap-
proximately 100 and 250 nm, respectively, at 25 % RH. Indi-
vidual particles are composed of sulfate and organic compo-
nents. The sulfate component represents a mass-equivalent
diameter of either 61–83 nm or 90–120 nm, corresponding to
initial seed particles of +1 or +2 charge. The water content
at 25 % RH is small by volume compared to the sulfate and
organic components: the mixed particles on the lower branch
of the hysteresis curve had a hygroscopic diameter growth
factor of less than 1.02 at 25 % RH.

The particle population exiting the CMFR is re-charged
by a radiation source as it enters the TDMA (Fig. 1). Cor-
respondingly, by number concentration there are four signif-
icant particle types that enter DMAmono. In descending im-
portance, these sub-populations include: (A) singly charged
particles having 61–83 nm sulfate seeds, (B) doubly charged
particles having 61–83 nm seeds, (C) singly charged particles
having 90–120 nm seeds, and (D) doubly charged particles
having a 90–120 nm seeds. The relative concentration of each
particle type at the setpoint valuedmono

m,+1 determines the com-
position of the particle population that exits DMAmono. Parti-
cles of type C have non-zero concentrations after DMAmono

only for dmono
m,+1 > 90 nm.

The sub-population probability density functionsp(ε;T )

of organic volume fractionε for the four particle typesT
(i.e., A, B, C, and D) in the outflow of DMAmono are ob-
tained by use of a model. Model inputs include the mea-
sured number-diameter distributions of the seed particles in
the CMFR inflow and of the particle population in the CMFR
outflow. Further information about the model is presented in
the Appendix. Examples of the cumulative distribution func-
tion P (ε) of the entire particle population are plotted in pan-
els b and d of Fig. 2. Examples of the probability density
functionsp(ε;T ) of the four different sub-populations are
represented by the colored lines in panels b and d of Fig. 3.

3.2 Deliquescence and efflorescence

3.2.1 Transmission ratios

Solid ammonium sulfate particles in pure form deliquesce
at 80 % RH to form purely liquid particles (Martin, 2000).
When mixed with other components, ammonium sulfate and

those components can form a mixed aqueous phase at a rela-
tive humidity less than 80 %, often called the initial deliques-
cence RH or eutonic RH. The mixed phase persists in equi-
librium with pure ammonium sulfate (alternatively, in equi-
librium with the other components depending on the relative
initial mass of each) across a finite RH range prior to full
dissolution into a mixed phase, often referred to as final deli-
quescence. Particles in the RH range of partial dissolution lie
on the lower side of the hysteresis curve because the resid-
ual pure phase solid material typically grows and dissolves
without an activation barrier, leading to reversible changes in
particle diameter with RH cycling. By comparison, full dis-
solution at final deliquescence shifts a particle from the lower
to the upper side of the hysteresis curve. Irreversible changes
in particle diameter are associated with RH cycles that pass
through full dissolution. A pictorial representation of partial
and full dissolution is illustrated in Fig. S3.

The organic volume fraction at which final deliques-
cence occurs for a fixed RH value is denoted byεD(RH).
The Gibbs-Duhem thermodynamic relationship describes the
curve εD(RH) for decreasing RH (Berry et al., 2000). The
particles in the CMFR outflow havingε < εD(40 %) are on
the lower side of the hysteresis branch because the seed par-
ticles in the CMFR inflow are injected as solid sulfate par-
ticles at 40 % RH. This sub-population havingε < εD(40 %)
can be probed for deliquescence transitions by cycling RH.

An example of a data set of transmission ratios used to
identify deliquescence transitions is plotted in Fig. 2a. The
drop from unity of the transmission ratioφ for increasing
RH is proportional to the fraction of the particle popula-
tion that has undergone irreversible deliquescence. The curve
φ(RH) of Fig. 2a can then be interpreted as DRH(ε) by point-
to-point matching ofφ(RH) to the cumulative distribution
function P (ε) of organic volume fraction of Fig. 2b. The
data of Fig. 2a, plotted fordmono

m,+1 = 90 nm, show that the

transmission ratio drops from unity to 0.19 as RHnafion
1,β is

scanned from 73 % to 79 %. The interpretation is that par-
ticles deliquescing at the highest RH values, corresponding
to the green point of Fig. 2a, have the lowest organic vol-
ume fraction, corresponding to the green point of Fig. 2b. The
pink point in Fig. 2a and b shows that particles ofε = 0.58
have a deliquescence point of 73 % RH. This result is writ-
ten in shorthand asεD(73 %)= 0.58. The conclusion from
Fig. 2a and b is that DRH drops from 80 % for pure ammo-
nium sulfate to 73 % forε of 0.58. The set of pointsεD(RH)
for 73 %< RH< 80 % of Fig. 2a and b represent a curve of
εD(RH) across the domain 0< εD < 0.58. Swapping the de-
pendent variableε and the independent variable RH, the line
DRH(ε) is constructed and appears in Fig. 4. Examples of
other data sets are shown in Fig. S4.

The pink point of Fig. 2a and b represents the beginning
of a gap in the continuity ofε, separating particles of types
A and D from those of type B. As a result, there are very few
particles in the range 0.6 < ε < 0.7. Fig. 2a and b show that
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Fig. 2.Examples of data sets and associated analysis for transmission ratio experiments.(a) Transmission ratioφ of the particle population as
RH1,β is scanned upward. These experiments are designed to identify deliquescence transitions. The ratio drops from unity as the particles
deliquesce.(b) Cumulative distribution function of organic volume fractionε for this particle population. The colored circles of(a) and(b)
show points of correspondence between theφ(RH) andP (ε) curves (i.e., the green circle shows that the highest DRH value matches with
the lowest value ofε). The corresponding points of each curve are the basis of the DRH(ε) curves shown in Fig. 4. Panels(c) and(d) are as
described for(a) and(b) with the difference that RH1,β is scanned downward in experiments designed to identify efflorescence transitions.
The corresponding data points of(c) and(d) are the basis of the ERH(ε) curves shown in Fig. 4.

the particles in the range ofε = 0.7 to 0.85 do not show an
irreversible change in diameter upon RH cycling. The im-
plication, given that the RH cycle is of 60 %→ dmono

m,+1 →

60 % +δ → 60 % for 0< δ < 30 %, is that the mixed parti-
cles of ammonium sulfate and isoprene-derived SOM fully
deliquesce at 60 % RH for some value ofε that lies between
0.6 and 0.85, meaning 0.6 < εD(60 %)< 0.85.

An example of a data set of transmission ratios used to
identify efflorescence transitions is plotted in Fig. 2c. The cu-
mulative distribution functionP (ε) of organic volume frac-
tion for the particle population is plotted in Fig. 2d. In this
population, all particles begin as aqueous because of expo-
sure to 90 % RH prior to entering the TDMA. The data of
Fig. 2c show that 82 % of the particles effloresce between
15 % and 30 % RH and that no particles effloresce above
30 % RH. The particles efflorescing at the highest RH values,
corresponding to the pink point of Fig. 2c, have the lowest
organic volume fractions, corresponding to the pink point of

Fig. 2d. The green point in Fig. 2c and d shows that particles
of ε = 0.43 effloresce at 15 % RH. This result is written in
shorthand asεE(15 %)= 0.43 and means that for an efflores-
cence relative humidity of 15 % the organic volume fraction
is 0.43. As for Fig. 2a and b, this analysis is extended to ob-
tain a curveεE(RH), and this curve is represented in Fig. 4.

Figure 2d shows that there are very few particles in the
population having 0.43< ε < 0.8. Forε > 0.8, particles do
not show an irreversible change in diameter upon RH cy-
cling (Fig. 2c). Given that the RH cycle is 90 %→ 50 %→

dmono
m,+1 → 50 %−δ → 50 % for 0< δ < 35 %, possible ex-

planations are (a) that these mixed particles of ammonium
sulfate and isoprene-derived SOM are already fully efflo-
resced at 50 % RH, (b) that ERH is below 15 % for parti-
cles ofε > 0.8, or (c) that the solubility of the ammonium
sulfate within the organic material exceeds (1− ε) even be-
low 15 % RH. In other words, ammonium sulfate is not su-
persaturated even below 15 % RH for aqueous solutions of
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Fig. 3. Examples of data sets and associated analysis for number-diameter distribution experiments. The black squares of(a) correspond
to a population in which the ammonium sulfate components of all particles are fully deliquesced because of exposure to 90 % RH and the
absence of efflorescence at 52 % RH. The gray squares correspond to a population in which the ammonium sulfate components of some
fraction of the particles are fully deliquesced (i.e., those particles ofε > εD(52 %)). That fraction, as well asεD(52 %), are unknown prior to
measurement and analysis. The solid colored lines represent model results for the different particle sub-populations represented in(b). The
dashed lines represent model results for the entire particle population, with the red dashed lines as the sum of the other four colored lines,
the short-dashed gray lines as a population in which the ammonium sulfate components of the particles are crystalline, and the long-dashed
gray lines as a population in which the ammonium sulfate components of the particles are aqueous. A comparison between the data and the
dashed lines is the basis of the DRH(ε) points shown in Fig. 4 (cf. main text for additional explanation).(b) Probability density functions
p(ε;T ) for the different particle types that constitute the four particle sub-populations. Cartoons A through D represent these four particle
types, for which organic material is in green and sulfate is in red. The background shading represents the dissolved fraction of ammonium
sulfate, ranging from zero in white to unity in black (cf. Eq. A3). The ordinate ofp(ε;T ) for each particle type is scaled to the fractional
contribution to the totalp(ε) (i.e., to the number concentration of the particle sub-population). Panels(c) and(d) are as described for(a) and
(b) but for efflorescence measurements. Other differences, especially as related to the gray squares, are described in the main text. For all
panels,dmono

m,+1 = 90 nm.

ε > 0.8. Casea seems untenable because the ERH of the
mixed material should not, under most circumstances, be
greater than that of the pure material (30–35 %), though co-
operative nucleation cannot be ruled out beyond possibility.
The more expected phenomenon is a mix of casesb andc,
with caseb holding true forε → 0.8 and casec for ε → 1.

3.2.2 Number-diameter distributions

The number-diameter distribution measurements were used
to probe the deliquescence transitions of the particle popula-

tion for DRH< 60 %, thereby extending the transmission ra-
tio measurements. Data were also collected for DRH> 60 %
to test for confirmation of the results obtained by the trans-
mission ratio measurements.

The hygroscopic response of the number-diameter distri-
bution of a particle population to changes in RH depends on
the organic volume fraction distributionp(ε) of that popu-
lation. For our analysis, the hygroscopic response is mod-
eled (described in detail below), and the model result is
compared to the measurement. In this analysis, the valueε

above which ammonium sulfate fully dissolves (i.e., final
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deliquescence) is optimized until the model result converges
with the measurement. This optimized value ofε for final
deliquescence is associated with the RH value of the mea-
surement.

Figure 3a shows an example ofN(d) at 52 % RH, mean-
ing δ = 45 %, xa = 52 % (gray squares),xb = 90 % (black
squares), andy = 52 % in the following protocols:

40%→ 7%→ dmono
m,+1 → xa : 7%+ δ

→ y : 7%+ δ → N(d,y) (gray squares) (3a)

40%→ 7%→ dmono
m,+1 → xb : 90%

→ y : 7%+ δ → N(d,y) (black squares) (3b)

for whichxa/b represents RHnafion
1 andy represents RHnafion

2 .
The size distribution represented by the gray squares (Eq. 3a)
corresponds to a population in which the ammonium sul-
fate components of some fraction of the particles are fully
deliquesced (i.e., those particles ofε > εD(52 %)). The size
distribution represented by the black squares (Eq. 3b) corre-
sponds to a population in which the ammonium sulfate com-
ponents of all particles are fully deliquesced because of expo-
sure to 90 % RH and the absence of efflorescence at 52 % RH.
A series of experiments of the type represented by Fig. 3a
was carried out by scanningδ from 33 % to 73 %, corre-
sponding to 40 %< y < 80 %.

Shifts between the size distributions plotted as gray or
black squares in Fig. 3 indicate that at least some parti-
cles are not fully deliquesced (i.e., particles ofε < εD(y) are
present). For a single value ofy, the specific value ofεD(y)

can be determined by scanningε and observingN3b(d,y;ε)
compared toN3a(d,y;ε). This statement is explained by the
following line of reasoning. The RH histories of Eqs. (3a)
and (3b) begin at 40 %. Depending on the overall compo-
sition ε of a particle, the ammonium sulfate component at
40 % RH in the CMFR outflow is, by definition, either par-
tially solid for ε < εD(40 %) or completely dissolved for
ε ≥ εD(40 %). For a particle population characterized by a
single organic volume fractionε, a comparison ofN(d,y;ε)
of Eq. (3a) to that ofN(d,y;ε) of Eq. (3b) has sixteen pos-
sible outcomes to consider based on whether the following
conditions are true or false: DRH(ε) > 40 %, ERH(ε) > 7 %,
DRH(ε) > y, and ERH(ε) > y. Evaluation of these 16 cases,
however, shows that there is redundancy among the cases,
and a condensed statement can be written as follows (cf. Ta-
bles S2 and S3):

N3b(d,y;ε) compared toN3a(d,y;ε) isshifted right, for (ε < εD (40%) and DRH(ε) ≥ y)

identical, for (ε < εD (40%) and DRH(ε) < y)

identical, for ε ≥ εD (40%)

(4)

Therefore, in the case thatε can be scanned at constanty

from a low to a high value (i.e., 0< ε < εD(40 %)), εD(y)

and hence DRH(ε) are obtained by noting at what value ofε

an abrupt change occurs inN3a(d,y;ε) such thatN3b(d,y;ε)
compared toN3a(d,y;ε) is changed from right-shifted to
identical overlap.

The particle population of Fig. 3a is characterized by a
broad distributionp(ε;T ) (i.e., Fig. 3b) and thus a range of
epsilon contributes to the observations. The black squares
compared to the gray squares of Fig. 3a represent the com-
parison ofN3b(d,y) to N3a(d,y). The dependency of relative
shifts betweenN3a(d,y;ε) andN3b(d,y;ε) onε underlies any
comparison between the two data sets of Fig. 3a. The right-
shift of N3b(d,y) compared toN3a(d,y) indicates that parti-
cles characterized byε < εD(40 %) are present in the popu-
lation. Further interpretation of the shifts by the unaided eye
is not possible because their effects are convoluted with the
dispersity ofp(ε;T ).

A forward hygroscopic model that incorporatesp(ε;T )

of the four particle types is used to aid in the interpreta-
tion of data sets represented in Fig. 3a. The initial number-
diameter distributions used as inputs represent particle types
A through D (cf. Sect. 3.1). These initial distributions for
each particle type are evolved in the model according to the
RH exposures given either by Eq. (3a) or (b), including phase
transitions (cf. Fig. S5). The analysis optimizes the param-
eter εD(y) to minimize the difference between model pre-
diction and observed data. The optimized model predictions
(dashed red line in Fig. 3a) compare well to the data (gray
squares). The dashed red line is the sum result for the four
particle types, and the individual results for the different par-
ticle types are shown by the four solid color lines. The result
for εD(52 %) is plotted as a data point of DRH(0.82)= 52 %
in Fig. 4. The results of similar experiments carried out at
other values ofy are represented as the data points of Fig. 4.

The number-diameter distribution measurements were
also used to extend the efflorescence measurements to lower
RH values than probed by the transmission ratio measure-
ments (i.e., to ERH values below 15 %). Two different proto-
cols were used (cf. Sects. 2.2.2 and 2.2.3). For the first pro-
tocol, the settingsxa/b:RHnafion

1 andy:RHnafion
2 were as fol-

lows:

40%→ 90%→ 7%→ dmono
m,+1 → xa : 50%

→ y : 50%→ N(d,y) (gray squares) (5a)

40%→ 90%→ 7%→ dmono
m,+1 → xb : 90%

→ y : 50%→ N(d,y) (black squares) (5b)

The RH histories of Eqs. (5a) and (5b) force full deliques-
cence of all ammonium sulfate components at 90 % RH. At
7 % RH in the next step of the RH sequence, the ammonium
sulfate component at least partially crystallizes for particles
of ε ≤ εE(7 %) but does not crystallize at all for particles of
ε > εE(7 %).
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9622 M. L. Smith et al.: Deliquescence, efflorescence, and phase miscibility

Table 1. Parameterization of DRH(ε) and ERH(ε) data sets shown
in Fig. 4. Coefficients express equations of the form DRH(ε) = 6i

ci,dεi valid for 0≤ ε ≤ 0.86 and ERH(ε) =6ici,eε
i valid for 0≤

ε ≤ 0.55. The parameterization of DRH(ε) is for full deliquescence.
These equations for DRH(ε) and ERH(ε) appear as the dashed lines
in Fig. 4. The parameterization is accurate compared to the data
within 1.5 % RH for DRH(ε) and 4 % for ERH(ε).

Coefficient DRH ERH

c0 80.67 28.35
c1 −11.45 −13.66
c2 0 0
c3 57.99 −83.80
c4 −106.80 0

Figure 3c shows an example of the number-diameter dis-
tributions obtained for the protocols of Eq. (5a) and (b). The
black squares represent a population in which the ammonium
sulfate components of all particles are fully deliquesced, and
the gray squares represent a population that can have two cat-
egories of particles. These categories include: (1) particles
of the high organic volume fraction that do not effloresce at
7 % RH and (2) those of low to intermediateε that do efflo-
resce at 7 % RH and are not fully deliquesced by 50 % RH.
The DRH and ERH lines of Fig. 4 imply that an additional
possible category of particles, those of intermediateε that ef-
floresce at 7 % RH but fully deliquesce by 50 % RH, does not
exist for the tested particle populations. The rightward shift
apparent in Fig. 3c for the black squares compared to the
gray squares arises from the sub-population representing the
second category. Particles of the first category have identical
diameters for Eq. (5a) and (b).

For the hypothetical experiment of a particle population
of monodisperseε, for a series of measurements that scans
from high to lowε, a comparison ofN3a(d,y;ε) toN3b(d,y;ε)
shows identical distributions untilεE(7 %). In the real exper-
iment, the particle population represented in Fig. 3d is char-
acterized by a broad distributionp(ε;T ). The forward hygro-
scopic model is employed to match the model output (dashed
red line) to the data (gray squares) by optimization of the pa-
rameterεE(7 %). Figure 3c shows that the model distribution
compares well to the data. The result forεE(7 %) is plotted
as a data point of ERH(0.55) = 7 % in Fig. 4. The clustering
of three data points at 7 % RH represents three data sets that
were independently collected and analyzed.

The second protocol used number-diameter distribution
measurements to probe efflorescence transitions for greater
than 7 % RH. This protocol followed the RH history of
Eq. (2), i.e., 90 %→ 50 %→ dmono

m,+1 → y: 50 %−δ → 50 %
(Fig. 1, β arm of row 2). In comparison to the transmis-
sion mode measurements, somewhat higher values ofδ were
achieved (41 % compared to 35 %) for number-diameter dis-
tribution measurements by allowing much longer equilibra-
tion times for the Nafion tube set to RHnafion

1 . From the

Figure 4.
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Fig. 4. The deliquescence and efflorescence relative humidities of
ammonium sulfate when mixed with isoprene-derived secondary
organic material. The solid lines show the DRH(ε) and ERH(ε)
as derived from data sets like panels(a)/(b) and (c)/(d) of Fig. 2.
The lines represent the mean across all collected data sets, and the
shading around the lines represents the minimum and maximum
of the data sets. Squares show DRH(ε) and ERH(ε) values derived
from the type of analysis represented by panels(a)/(b) and(c)/(d)
of Fig. 3. Circles show points derived using the second number–
diameter distribution protocol (cf. text). Blue points correspond
to isoprene-derived secondary organic material (this study). Black
points correspond to pure ammonium sulfate. The dashed lines rep-
resent the parameterization equations for DRH(ε) and ERH(ε) that
are given in Table 1. Gray shaded areas represent the uncertainty
in DRH(ε) and ERH(ε) values, taking into account± 1 % uncer-
tainty in RH and± 1 nm uncertainty indseed

m,+1, dmono
m,+1 , anddfilter

m,+1
(cf. Tables S4 and S5 for a detailed explanation of the uncertainty
calculations).

collected data sets, valuesεE(y) were again obtained by
optimization between the hygroscopic model and the mea-
sured data. The results of this protocol appear in Figs. 4 and
5 as the points (circles) for ERH> 7 %.

Figure 4 consolidates the data from the transmission ra-
tio experiments as lines and from the number-diameter dis-
tribution experiments as points. The two sets of data and
analysis methods show a consistent picture of the deliques-
cence and efflorescence phase transitions of ammonium sul-
fate mixed with isoprene-derived secondary organic material.
Table 1 presents parameterization equations of the DRH(ε)
and ERH(ε) data sets, and these equations are shown as the
dashed lines in Fig. 4.

The experiments described thus far were all carried out at
40 % RH in the CMFR with solid ammonium sulfate seed
particles. The full matrix of experiments, however, consisted
of measurements at 40 % and 60 % RH and solid and aqueous
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Fig. 5. Additional results and comparison to the literature for the
deliquescence and efflorescence relative humidities of ammonium
sulfate when mixed with SOM. Blue lines and points reproduce the
data set of Fig. 4.(a) Additional results for SOM produced by iso-
prene photo-oxidation at 60 % RH with solid sulfate seed particles
(magenta), at 40 % RH with aqueous sulfate seed particles (red), and
at 60 % RH with aqueous sulfate seed particles (orange).(b) Litera-
ture results of DRH(ε) and ERH(ε) for ammonium sulfate mixed
with ozonolysis products ofα-pinene (green shading and lines,
Smith et al., 2011; green points, Takahama et al., 2007), limonene
(yellow points, Takahama et al., 2007), andβ-caryophyllene (purple
points, Bertram et al., 2011).(c) Comparison between the observa-
tions of this study and the predictions of Bertram et al. (2011) for
DRH(ε) and ERH(ε) based on O:C ratio (gray shaded area). The
upper limit of the gray areas corresponds to the prediction for an
O:C of 0.7 and the lower limit is the prediction for O:C of 0.9.

seed particles, resulting in a total of four conditions. The
gas-phase mechanism can be altered by changes in rela-
tive humidity (Jonsson et al., 2006). Heterogeneous particle-
phase chemistry can be altered by particle-phase liquid water
content (Jang et al., 2002; Volkamer et al., 2009; Sareen et
al., 2010). There can also be increased partitioning of gas
phase products to the particle phase (Pankow and Chang,
2008; Barley et al., 2009; Romakkaniemi et al., 2011). Singly
or combined, these differences can influence the composi-
tion and hence hygroscopic properties of secondary organic
material. The results of the conducted experiments, however,
show no detectable differences in the phase transitions of the
ammonium sulfate for the investigated matrix of four experi-
mental conditions (Fig. 5a). The explanation, with respect to
the indifference of the phase transitions, may be tied to the
consistent oxygen-to-carbon elemental ratio of the SOM that
characterized these four experimental conditions (i.e., 0.67 to
0.74).

3.3 Comparison to other studies

The results of this study can be compared to other observa-
tions of the hygroscopic phase transitions of particles com-
posed of ammonium sulfate and secondary organic mate-
rial, particularly in relation to the miscibility of the aqueous
phases at intermediate relative humidity (RH< DRH) and
the effects thereof on the deliquescence and efflorescence
phase transitions of ammonium sulfate. In contrast to the
strong dependence of DRH and ERH onε that is apparent
in Fig. 4 for isoprene-derived SOM, both the DRH and ERH
of ammonium sulfate were reduced by no more than 4 % RH
when mixed with SOM produced byα-pinene dark ozonol-
ysis products for 0.0 < ε < 0.96 (Takahama et al., 2007;
Smith et al., 2011) (Fig. 5b). Similarly,β-caryophyllene
ozonolysis SOM caused at most a 2 % RH reduction in
DRH and ERH forε up to 0.96 (Bertram et al., 2011),
and limonene ozonolysis SOM caused no statistically dif-
ferent change in the ERH of ammonium sulfate forε up to
0.94 (Takahama et al., 2007). In these cases, the explana-
tion for the absence of strong effects, as suggested by Smith
et al. (2011), is that separation occurs between the organic-
water and inorganic-water phases below some critical rela-
tive humidity (>80 % RH). The phase transitions of ammo-
nium sulfate then proceed approximately as they would for
the pure compound. By comparison, the implication of the
results shown in Fig. 4 is that the SOM produced by photo-
oxidation of isoprene is phase miscible with aqueous ammo-
nium sulfate, even to low water activity. The smooth decrease
of the transmission ratio for the efflorescence experiments
are also consistent with full miscibility at the water activities
of efflorescence and above (cf. Supplementary Material and
Fig. S6).

The difference of phase miscibility in the case of SOM
produced by the photo-oxidation of isoprene compared to
phase separation for the ozonolyzed terpenes should be

www.atmos-chem-phys.net/12/9613/2012/ Atmos. Chem. Phys., 12, 9613–9628, 2012



9624 M. L. Smith et al.: Deliquescence, efflorescence, and phase miscibility

related to the different compositions of the SOMs and their
relative interactions with water and dissolved ammonium
sulfate. Although relating SOM physical properties to spe-
cific molecules is impractical given the multi-molecular com-
position, some generalizations may be possible by relating
to bulk properties of the SOM. For example, the isoprene
SOM presented herein had oxygen-to-carbon (O:C) ratios
ranging from 0.67–0.74 (±0.2) whereas theα-pinene and
β-caryophyllene SOM had lower O:C ratios of 0.39–0.44
(Smith et al., 2011) and 0.35 (Bertram et al., 2011), respec-
tively. According to the classification system presented in
Bertram et al. (2011), the observed phase miscibility and
phase separation of ammonium sulfate with these differ-
ent SOM types are consistent with the differing O:C ratios.
The underlying physical phenomenon is the expectation that
water-solubility increases for greater O:C ratios, all other fac-
tors being equal.

Bertram et al. (2011) present an equation to predict DRH
and ERH based on the organic-to-sulfate mass ratio of the
particle components and the O:C ratio of the organic mate-
rial. The comparison of DRH and ERH observations of this
study to the values predicted by the equation of Bertram et
al. (2011) is shown in Fig. 5c. The predictions are shown
as shaded regions that correspond to the measurement un-
certainty of the O:C ratio (Aiken et al., 2007). The predictive
equation is highly nonlinear in its dependence on O:C, mean-
ing that the sensitivity of the prediction to the negative side
of the uncertainty is very small and that the shaded region
in Fig. 5c represents nearly entirely the positive side of the
uncertainty. Figure 5c shows that the DRH observations and
predictions are in good agreement across the range of organic
volume fractions for which the prediction is valid. Within the
uncertainty of the O:C measurement, the ERH observations
are also in good agreement with the predictions. The ERH
data lie along the lower edge of the shaded region, corre-
sponding to the upper limit of the positive uncertainty of the
O:C ratio.

4 Conclusions and implications

The results of this study show that secondary organic ma-
terial produced by isoprene photo-oxidation strongly influ-
ences the hygroscopic phase transitions of ammonium sul-
fate. The SOM was produced at 40 % and 60 % relative hu-
midity, at mass loadings from 20 and 30 µg m−3, with O:C
ratios from 0.67 and 0.74 (±0.2), and with aqueous and solid
sulfate seed particles. The results are presented in Fig. 4
within the framework of a phase diagram (Berry et al., 2000).
The liquidus line is given by DRH(ε). This line divides the
phase space into a miscible liquid region to the right of the
DRH(ε) curve and a liquid-solid region to the left of the
curve in which a liquid and a solid co-exist (i.e., phase sepa-
rated).

Compared to a deliquescence relative humidity of 80 %
and an efflorescence relative humidity of 30–35 % for pure
ammonium sulfate, efflorescence was eliminated for mixed
aqueous particles of high organic volume fractions of ap-
proximately 0.6, and the deliquescence relative humidity de-
creased to 40 % for volume fractions approaching 0.9. These
strong effects caused by isoprene-derived SOM stand in con-
trast to the minimal influence on ammonium sulfate phase
transitions that have been reported for SOM produced by
terpene ozonolysis. These different behaviors are rooted in
the differing tendencies of the studied SOMs to either mix
with or separate from an aqueous inorganic phase. Homoge-
neous mixing of isoprene-derived SOM with aqueous sulfate
lowers both DRH and ERH, increasing for greater organic
volume fractions. The decrease in DRH is driven thermody-
namically (i.e., the Gibbs-Duhem relation) whereas the de-
crease in ERH is driven both thermodynamically and kineti-
cally (i.e., the rate of random molecular associations leading
to critical germ formation of crystalline ammonium sulfate is
decreased by the presence of dissolved organic molecules).
Comparison of this study’s findings to the results reported
in the literature for other types of SOM underscores that
secondary organic material composition, which varies with
VOC precursor and oxidation conditions, is an important fac-
tor governing phase separation and the efflorescence and del-
iquescence of mixed particles.

These results have several different important implica-
tions with respect to atmospheric processes. The hydrolysis
of N2O5 on and in aerosol particles affects the rates of at-
mospheric ozone production. The availability of water is a
key factor influencing the rate of this reaction (Chang et al.,
2011). Anttila et al. (2006) observed that the uptake prob-
ability of N2O5 on aqueous ammonium bisulfate particles
coated byα-pinene ozonolysis products is inversely related
to the thickness of the organic coating. The suggestion was
that N2O5 must first dissolve into and then diffuse through
the organic layer to reach the aqueous inorganic core and hy-
drolyze. By comparison, the present study’s results show that
aqueous ammonium sulfate and isoprene-derived SOM form
a mixed phase, ruling out a thick organic coating. Water is
expected to be readily available at the surface of the parti-
cle and to promote N2O5 hydrolysis, though this expectation
remains to be tested in laboratory conditions. Furthermore,
as a result of the decreased DRH and ERH of ammonium
sulfate that is caused by the isoprene-derived SOM, the rel-
ative humidity conditions for which the particles participate
in aqueous-phase reactions such as N2O5 hydrolysis are sig-
nificantly extended compared to mixed particles composed
of terpene-derived SOM. These differences with SOM type
suggest that there are large differences in N2O5 and NO3
concentrations in urban environments depending on the prop-
erties of the local atmospheric SOM (Riemer et al., 2009).

Another important atmospheric process that influences
both the atmospheric oxidant cycle as well as the mass
concentration of atmospheric particles is the partitioning
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of organic molecules between the gas and particle phases
(Chang and Pankow, 2006; Zuend et al., 2010). Particle
morphology can change both the thermodynamics and the
kinetics of this partitioning. For aqueous ammonium sul-
fate and terpene-derived SOM, partitioning occurs into two
phases, one of which is organic-rich and other of which is
inorganic-rich. By comparison, for aqueous ammonium sul-
fate and isoprene-derived SOM, partitioning occurs into one
homogeneously mixed phase of water, ammonium sulfate,
and organic material. The thermodynamics and kinetics re-
lated to these two morphologies can differ significantly. As
an example, for a two-phase particle, a slightly hygroscopic
organic-rich phase absorbs some water in response to an in-
crease in RH, leading to at least some increased partitioning
of organic molecules from the gas phase. For one-phase par-
ticles, however, this phenomenon can be greatly enhanced
by the additional water uptake that is associated with the
much more hygroscopic dissolved inorganic salt (Zuend et
al., 2010). Given the variability in atmospheric particles, such
as organic composition, hygroscopicity, and the ratio of or-
ganic to inorganic material, systematic studies of how par-
ticle water content and the presence of single or multiple
phases affect other atmospheric processes are an important
area for future study.

Appendix A

Probability density function p(ε) of organic volume
fraction ε

A1 CMFR outflow

The probability density functionp(ε;T ) of organic volume
fraction for the different particle typesT is modeled using
an approach similar to that described previously in Smith et
al. (2011), with two updates in the present analysis: (1) the
four particle types are individually modeled and (2) the trans-
mission window arounddmono

m,+1 is taken into account. Sec-
tional number-diameter bins are used to represent the parti-
cle population present in the inflow to the CMFR. One group
of 23 bins spanning 61–83 nm physical diameter represents
+1 charged particles, and another group of 31 bins spanning
90–120 nm physical diameter represents +2 charge particles.
The number concentrations in these bins correspond to the
SMPS measurements. The model grows each approximately
monodisperse bin of the inflow into a polydisperse number-
diameter distribution in the outflow using the growth equa-
tions originally presented in Seinfeld and Pankow (2003)
and adapted in Smith et al. (2011). The growth rates are
optimized such that the sum of the modeled distributions
is in close agreement with the observed distributions in the
CMFR outflow (Smith et al., 2011). For each modeled out-
flow number-diameter distribution, the model also tracks the
corresponding original inflow diameterdin of that distribu-

tion. An organic volume fractionε given by 1−
(
din

/
d
)3 can

be calculated for anyd of each outflow distribution, and the
probability density functionp(ε;T ) at anyd is constructed by
simultaneous consideration of the contributions by all distri-
butions.

A2 DMA mono outflow

The +1 and +2 particle groups are recharged as they enter
the TDMA. There is correspondingly a doubling in the num-
ber of tracked number-diameter distributions: the +1 group
splits into +1 and +2 subgroups as does the +2 group. These
+1/+1, +1/+2, +2/+1, and +2/+2 subgroups can be identified
as the four particle types A, B, C, and D introduced in the
main text. The model propagates the number-diameter dis-
tributions of the groups representing the four particles types
through the transfer function of DMAmono. A nondiffusing
triangular transfer function is used (Knutson and Whitby,
1975). Each post-DMA distribution is still tracked to the
original corresponding inflow diameterdin so that the organic
volume fractionε is calculable at anyd for each distribution.
The number concentrationn(ε;T ) that is associated with any
organic volume fraction is calculated for each particle type
by taking the appropriate sum across all distributions. Based
onn(ε;T ) the probability density functionp(ε;T ) and the cu-
mulative distribution functionP (ε;T ) are calculated for each
particle type. Distributionsp(ε) andP (ε) for the entire par-
ticle population are calculated from the underlyingp(ε;T )

andP (ε;T ) of the particle sub-populations by taking aver-
ages that are weighted by the subtotal concentrations.

A3 Water content

The foregoing analysis leading top(ε) and P (ε) assumes
that bothdin and d are composed only of sulfate and or-
ganic material. For the number-diameter distribution exper-
iments of Eqs. (3a), (b), (5a), and (b), the size selection in
DMAmono takes place at 7 % RH, and an approximation of
negligible water content is acceptably accurate for our data
analysis under these conditions. For the transmission ratio
experiments, size selection in DMAmono takes place at ap-
proximately 50 to 60 % RH (i.e., Eqs. 1 and 2), and the wa-
ter content is not negligible. The nominal diameter of the
DMA setpoint is corrected by the water content to obtain
the dry diameterd that is needed forp(ε) andP (ε). An it-
erative optimization approach is used for estimating the dry
number-diameter distribution, as follows: (1) a dry number-
diameter distribution is assumed, (2) a model of hygroscopic
growth is applied to the dry distribution (described in next
section), and (3) the modeled distribution is compared to
the distribution that is implied by the transfer function of
DMAmono. These steps are repeated iteratively by refining
the assumed dry number-diameter distribution until the mod-
eled distribution converges to the implied distribution. Fig-
ure S7 shows examples of the optimized dry and the DMA-
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implied distributions of each particle type in deliquescence-
mode experiments.

A4 Hygroscopic growth

The volume growth factorG is defined as the particle vol-
umeV (y;ε) at a relative humidityy because of water uptake
divided by the particle volumeV (0) in the absence of wa-
ter. The hygroscopic model uses a fractional mixing rule of
independent water uptake, as follows (Stokes and Robinson,
1966; Virkkula et al., 1999):

G(y;ε) =
V (y;ε)

V (0)
=

(1− f )V0 + f G0 (y) V0 + G1 (y) V1

V0 + V1

= (1− ε)(1+ f (G0 (y) − 1)) + εG1 (y) using ε=V1/(V0 + V1)(A1)

for a particle having an ammonium sulfate component of vol-
umeV0 in the absence of water and an organic component of
volumeV1 in the absence of water. In the presence of wa-
ter, the organic volume grows by a factorG1(y). The sul-
fate component grows to a volume (1− f )V0 + f G0(y)V0
for an aqueous sulfate growth factorG0(y). The factorf is
the fraction of ammonium sulfate that is dissolved (see be-
low). The conceptual model implied by use of Eq. (A1) is that
water is taken up independently by the organic and sulfate
components even though these three components can occur
mixed together in a single phase. This assumption is accurate
for ammonium sulfate mixed withα-pinene dark ozonolysis
SOM (Virkkula et al., 1999; Cocker et al., 2001; Smith et al.,
2011) as well as for mixtures of ammonium sulfate and a va-
riety of single organic compounds (Cruz and Pandis, 2000;
Choi and Chan, 2002).

The diameter growth factorg, which is the theoretical
quantity underlying the presentation of diameter changes in
Fig. 3a and c, is defined as the particle diameter at a relative
humidity y because of water uptake divided by the particle
diameter in the absence of water (Swietlicki et al., 2008).
The dependence on particle diameter (i.e., Kelvin effect) is
assumed negligible for the diameters of the particles of this
study. Particles with and without water are taken as spherical.
The equation is as follows:

g (y;ε) =
d (y;ε)

d (0)
=

[
V (y;ε)

V (0)

]1/3

=

[
(1− ε)

(
1+

(
g3

0 (y) − 1
)
f

)
+ ε g3

1 (y)
]1/3

(A2)

The quantityg0(y) of ammonium sulfate is known (Biskos
et al., 2006).

The growth factorg1 of pure-phase isoprene-derived
secondary organic material is calculated by inversion of
Eq. (A2) for g1 and using as inputs (1) the measured data
sets for hygroscopic growth of mixed particles on the upper
branch of the hysteresis curve (i.e.,f = 1), (2) the known
g0(y), and (3) the mode value ofp(ε) that is modeled for
the data set. The results of the inversion analysis using data
from dmono

m,+1 = 95, 145, 150, and 190 nm are parameterized as

a continuous functiong1(y) using a three-parameter fit. The
curves ofg0(y) andg1(y) are presented in Fig. S8.

The parameterf , representing the fraction of the ammo-
nium sulfate that dissolves into aqueous form at relative hu-
midity y, is used to treat partial deliquescence in the model.
The solid phase has a volume (1− f )V0, and the liquid
phase has a dry volume (i.e., excluding water) off V0 + V1.
For ε ≥ εD(y), particles are deliquesced andf is unity. For
ε < εD(y), the average composition must satisfy the relation:
ε = V1/(V0 + V1), which re-arranges toV0 = V1((1− ε)/ε).
The liquid phase must satisfy the liquidus relation:εD =

V1/(f V0+V1). Substitution of the result forV0 into the equa-
tion for εD leads after re-arrangement to the following result:

f (y;ε) =

{
ε(1−εD)
εD(1−ε)

, for ε < εD(y)

1, for ε ≥ εD(y)
(A3)

The optimization between model and data sets, such as rep-
resented by the dashed red line constrained to the gray data
points of Fig. 3a, relates fundamentally to optimizingεD of
Eq. (A3). The optimized value minimizes the residual of the
sum of the squares between the modeled and observed size
distributions. Figure S9 presents a variational analysis inεD
that demonstrates the optimization.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
9613/2012/acp-12-9613-2012-supplement.pdf.
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