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ABSTRACT: The uptake of medium-sized levoglucosan and 2,4-dinitrophenol to
organic particles produced by α-pinene ozonolysis and to ammonium sulfate particles
was studied from 10% to >95% relative humidity (RH). For aqueous sulfate particles,
the water-normalized gas-particle partitioning coefficient of levoglucosan decreased
from (1.0 ± 0.1) × 10−3 to (0.2 ± 0.1) × 10−3 (ng μg−1)particle/(ng m

−3)gas from 40% to
>95% RH, suggestive of a salting-in mechanism between levoglucosan and ionic
ammonium sulfate solutions. For the organic particles, the levoglucosan partitioning
coefficient increased from 10% to 40% RH and became invariant at (2.0 ± 0.4) × 10−3

(ng μg−1)/(ng m−3) above 40% RH. A kinetic limitation on uptake below 40% RH was
implied, compared to a thermodynamic regime above 40% RH. The estimated diffusivity was 10−19±0.05 m2 s−1 at 40% RH. By
comparison, the uptake of 2,4-dinitrophenol onto the organic particles was below detection limit, implying an upper limit on the
partitioning coefficient of 6.8 × 10−6 (ng μg−1)/(ng m−3) at 80% RH. The results highlight that the molecular uptake of gases
onto particles can be regulated by both kinetic and thermodynamic factors, either of which can limit the uptake of medium-sized
organic molecules by atmospherically relevant particles.

1. INTRODUCTION

Atmospheric particles have important roles in climate1 and
human health.2 Atmospheric particles can remain suspended
for as long as several days to a few weeks as they are advected
around Earth, and they can undergo physical and chemical
processes during this time that change their properties
continuously. Uptake is one process that can significantly
influence the composition of both the gas and particle phases.
The rate and extent of uptake can be described by kinetic and
thermodynamic regimes, respectively. An understanding of the
conditions under which each regime dominates is needed for
quantitative predictions of uptake under real atmospheric
conditions.
Particle physical state is one important property that can

significantly influence gas-particle interactions.3−5 Under
atmospheric conditions, particles can be of different physical
states, such as liquid, semisolid, and solid. The particle water
content and hence physical state can vary with relative
humidity (RH), temperature, and chemical composition.3,4,6,7

Atmospheric salts such as ammonium sulfate have deliques-
cence and efflorescence points that lead to a bifurcation
between solid and liquid physical states. By comparison,
atmospheric organic particles are often a mixture of thousands
or tens of thousands of compounds,8 and the viscosity varies
smoothly from solid-like to liquid-like across the range of
atmospheric RH.6,9−11

This continuum in viscosity with changes in atmospheric
conditions could suggest transitions between kinetic and
thermodynamic regimes for many gas-particle uptake pro-
cesses.12,13 Species diffusivity within the particle material is a
key determinant of whether a kinetic or a thermodynamic
regime prevails. Significant literature has focused on the uptake
of small reactive inorganic molecules such as O3,

14 N2O5,
15

HO2,
16 or NH3.

17−19 The uptake of medium-sized organic
molecules, especially in relation to particle physical state, has
received considerably less attention.20−22 Species diffusivity is a
complex quantity linked both to the diffusing species and the
host matrix. Typically there is a monotonic relationship
between diffusivity of a guest species and viscosity of the
host matrix. The exact mathematical forms, however, can
follow power laws of different orders and different slopes
among species-matrix pairs.23 For these reasons, the uptake
and diffusion of medium-sized organic molecules could differ
from predictions based on results obtained for small, inorganic
molecules, even within the same type of host matrix.
Phenol, nitrophenol, and levoglucosan constitute examples

of medium-sized molecules. They are typical particle-phase
tracer molecules used to identify biomass-burning emissions
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and transport.24,25 In addition to their presence in the primary
emissions of biomass-burning particles, these species are also
released into the gas phase during biomass-burning events and
to a lesser extent from urban and industrial sources. The
possible uptake of these molecules into types of atmospheric
particles other than biomass-burning particles, such as biogenic
particulate matter (PM), is of interest, as related to possibly
altering the optical properties of those particles.26 Uptake into
biogenic PM could differ from uptake into biomass-burning
particles because of different chemistry and properties among
the particle types.27,28 Of further interest, analytical techniques
such as aerosol mass spectrometry techniques that do not
study single particles could confuse sources if medium-sized
analyte molecules can facilely exchange through the gas phase
among varied particle types.29,30

Herein, two biomass-burning-related organic molecules,
levoglucosan and 2,4-dinitrophenol, were used as gas-phase
probe molecules to study the effects of particle physical state
on the uptake of medium-sized organic molecules. Sulfate and
organic PM, two prevalent particle types in urban and rural
atmospheres,31,32 were used as host matrices in the experi-
ments. Three sets of experiments were conducted to study
uptake processes: (a) gas-phase levoglucosan and particles of
ammonium sulfate, (b) gas-phase levoglucosan and organic
PM derived from α-pinene ozonolysis, and (c) gas-phase 2,4-
dinitrophenol and organic PM derived from α-pinene
ozonolysis. The evolution of uptake with relative humidity
was a focus of the study. Thermodynamic and kinetic factors
and transitions between thermodynamically and kinetically
controlled regimes with relative humidity are discussed.

2. EXPERIMENTAL SECTION
2.1. Aerosol Particle Populations. The experimental

setup to study the uptake of levoglucosan onto ammonium
sulfate particles is shown in Figure 1a. A population of
submicrometer aerosol particles was produced by atomization
(model 3076, TSI Inc., Shoreview, MN) of an aqueous
solution of ammonium sulfate (≥99.0%, Sigma-Aldrich; 0.1%
w/w). The atomizer was operated at a flow rate of 1.5 L min−1

of zero air. For some experiments, the flow after the atomizer

passed through a diffusion dryer to prepare a population of
effloresced solid particles (<35% RH). In other experiments,
the dryer was removed, and the particle population remained
aqueous. In this way, given efflorescence at 35% RH and
deliquescence at 80% RH, the particles were either solid or
aqueous depending on RH history (i.e., hysteresis experi-
ments), and comparative uptake experiments were carried
out.3,33 The log-normal number-diameter distribution of the
particle population had geometric diameter of 210 ± 20 nm
(represented as mean ± one-sigma standard deviation
throughout the text) and geometric standard deviation of
100 ± 10 nm. The integrated number concentration was (2.0
± 0.3) × 103 cm−3.
A different experimental setup was employed to study the

uptake of levoglucosan and 2,4-dinitrophenol onto a
population of organic aerosol particles (Figure 1b). For these
experiments, in place of sulfate particles, submicrometer
organic particles were produced in the Harvard Environmental
Chamber (HEC) by the dark ozonolysis of α-pinene. The log-
normal number-diameter distribution of the particle popula-
tion had a geometric diameter of 200 ± 20 nm and geometric
standard deviation of 80 ± 10 nm. The integrated number
concentration was (2.6 ± 0.2) × 103 cm−3. The chamber and
its operation were described previously.34,35 In brief, the
chamber was operated as a continuously mixed flow reactor
(CMFR), characterized by a residence time of 4.2 h, a relative
humidity of 40 ± 0.1%, and a temperature of 298 ± 1 K. For
the levoglucosan uptake experiments, 20 ppb α-pinene (in the
absence of reaction) and 300 ppb ozone were used in the
HEC. For the 2,4-dinitrophenol uptake experiments, 40 ppb α-
pinene and 300 ppb ozone were used. For both cases, α-pinene
reacted to completion by ozonolysis, and the particle
composition characterized by mass spectrometry (see Section
2.4) was indistinguishable between the two sets of experiments.
The outflow from the HEC passed through an annular ozone
scrubber before being used in the exposure and uptake
experiments. The scrubber reduced ozone concentrations to
below the limit of instrument detection (<5 ppb).

2.2. Gas-Phase Probe Molecules. The particle flows
mixed with flows of either gas-phase levoglucosan or gas-phase

Figure 1. (a) Setup for experiments using ammonium sulfate particles. (b) Setup for experiments using α-pinene-derived organic PM.
Abbreviations: PM, particulate matter; HR-ToF-AMS, high-resolution time-of-flight aerosol mass spectrometer.
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2,4-dinitrophenol for exposure and uptake experiments (see
Figure 1a and b). Flows of gas-phase levoglucosan and 2,4-
dinitrophenol were produced by a syringe-nebulizer-evapo-
ration system. Aqueous solutions of levoglucosan (≥99.0%,
Sigma-Aldrich; 1% w/w) or 2,4-dinitrophenol (≥99.0%,
Sigma-Aldrich; 0.2% w/w) were pushed through a nebulizer
(Meinhard A3, PerkinElmer Inc., Waltham, MA; zero-air flow
rate of 1 L min−1) by a syringe pump (Fusion 200, Chemyx
Inc., Stafford, TX; liquid flow rate of 20 μL h−1 for
levoglucosan and 50 mL h−1 for 2,4-dinitrophenol). The
nebulized droplets evaporated, leaving the organic molecules in
the gas phase at <5% RH. The gas flow and the particle flow
combined upstream of a 7-L reaction flask. Based on mass
balance with the nebulized solution and subsequent dilution,
the calculated levoglucosan concentration inside the flask was
0.20 ppb (1.3 μg m−3), which was below its saturation
concentration of 0.47 ppb (3.1 μg m−3).36 The concentration
of 2,4-dinitrophenol was 90 ppb (680 μg m−3) based on mass
balance compared to a saturation concentration of 510 ppb
(3.8 × 103 μg m−3).37

2.3. Exposure and Uptake. The reaction flask served as a
CMFR. It was operated at a flow rate of 2.1 L min−1, a
residence time of 200 s, and a temperature of 298 K ± 1 K.
Relative humidity inside the flask was monitored (Rotronic
Sensor, Bassersdorf, Switzerland), and the RH of the combined
inflow was adjusted by passage through a Nafion-tube setup
(Perma Pure, Lakewood, NJ) just upstream of the flask inlet.
In this way, a feedback system controlled RH in the flask to a
set point value, which was adjusted from 10% to 90% for
different experiments. For RH > 95%, a shallow layer of water
was poured into the bottom of the flask prior to the
experiments. Uptake of levoglucosan or 2,4-dinitrophenol to
the different particle types was determined based on changes in
the composition of the particles in the outflow from the
reaction flask.
2.4. Analytical Methods. The composition of the particles

in the flask outflow was characterized using a high-resolution
time-of-flight aerosol mass spectrometer (AMS, Aerodyne Inc.,
Billerica, MA). For each uptake experiment, background
measurements in the absence of levoglucosan or 2,4-

dinitrophenol and exposure measurements in their presence
were conducted. The AMS was operated in both a high-
sensitivity mode (“V-”) to quantify uptake and a high-
resolution mode (“W-”) to better identify ion fragments.
Ionization efficiency was calibrated using particles of
ammonium nitrate (≥99.0%, Sigma-Aldrich). The AMS
software packages SQUIRREL (Version 1.55H) and PIKA
(Version 1.14H) were used for data analysis. The fragmenta-
tion tables in SQUIRREL and PIKA were adjusted for the
experimental conditions of the HEC.38 Mass concentrations
were based on the default relative ionization efficiencies of 1.4
and 1.2 for organic and sulfate species, respectively.39 A
particle collection efficiency of unity was used. Ratio quantities
used herein, such as C2H4O2

+/sulfate, C2H4O2
+/organic, and

∑CxHyOzNw
+/organic, were independent of possible varia-

tions in the AMS collection efficiency with particle
composition, physical state, and relative humidity.
In control experiments in the absence of particles, the gas

phase was sampled upstream and downstream of the reaction
flask by a proton-transfer-reaction time-of-flight mass spec-
trometer (PTR-TOF-MS 8000, Ionicon Analytik GmbH,
Austria). The upstream and downstream gas-phase concen-
trations were the same within experimental uncertainty,
confirming the absence of signficant wall loss in the apparatus
(see Supporting Information (SI), Section S1). The estimated
maximum uptake in the presence of particles did not decrease
the calculated gas-phase concentrations of levoglucosan and
2,4-dinitrophenol sufficiently for detection within the noise
limits of the PTR-TOF-MS, as confirmed by the observations
(SI Figure S1).

3. RESULTS

3.1. Uptake of Levoglucosan by Ammonium Sulfate
Particles. Results from the uptake experiments of levogluco-
san onto ammonium sulfate particles are shown in Figure 2.
The ratio C2H4O2

+/sulfate is plotted for stepwise increases in
RH from 10% to >95%. The ion fragment C2H4O2

+ at m/z 60
served as a tracer ion for levoglucosan detection by the AMS.40

This fragment accounted for 18% of the total AMS signal

Figure 2. Uptake of levoglucosan (C2H4O2
+ ion) by ammonium sulfate particles for variable relative humidity. Measurements were made by an

HR-ToF-AMS under the conditions of no levoglucosan (left column) and exposure to 0.20 ppb levoglucosan in the gas phase (right column).
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intensity in calibration experiments using pure levoglucosan
particles, in agreement with other studies.41,42

Panel sets in the left and right columns of Figure 2 show
experiments in the absence and presence of gas-phase
levoglucosan, respectively. For both sets of experiments, the
upper side of the hysteresis loop of ammonium sulfate was
represented, meaning that the particles were solid below 35%
RH and aqueous above 35% RH. In the absence of
levoglucosan, the ratio C2H4O2

+/sulfate was (1.55 ± 0.09) ×
10−4, and this ratio was insensitive to changes in RH within
experimental sensitivity. This value thus represented a
background reference for experiments in the presence of gas-
phase levoglucosan. Changes relative to this background value
during the experiment were calculated as Δ(C2H4O2

+/sulfate)
and adjusted to Δ(C2H4O2

+/ammonium sulfate) (Table 1),
where ammonium sulfate mass concentration is taken as (132/
96) × sulfate concentration. Given uncertainties in ammonium
measurement in the AMS,43 this calculation was considered
more accurate. Water content was accounted for by calculation
(SI, Section S3), and values of Δ(C2H4O2

+/(ammonium

sulfate + water) are listed in Table 1. For solid particles in the
presence of gas-phase levoglucosan, Δ(C2H4O2

+/ammonium
sulfate) increased by (1.5 ± 0.2) × 10−4 at 10% RH. This
increase is believed to represent surface adsorption. For
aqueous particles, the ratio C2H4O2

+/sulfate increased stepwise
with increases in RH, and Δ(C2H4O2

+/ammonium sulfate)
overall tripled from 40% to >95%. A comparative experiment
at 60% for solid particles prepared on the lower side of the
hysteresis loop had the same ratio C2H4O2

+/sulfate as for
<35% RH (results not shown; see Table 1).

3.2. Uptake of Levoglucosan by Α-Pinene-Derived
Organic Particles. Results of levoglucosan uptake experi-
ments on α-pinene-derived organic particles are shown in
Figure 3. Experiments were conducted in the absence of
levoglucosan (left column) as well as in its presence (right
column). Figure 3a and b show the RH profiles. RH was first
stepwise increased from 10% to >95%, after which it was
stepwise decreased to 10%. The organic PM concentration and
the mass-equivalent concentration of the C2H4O2

+ ion
intensity from the AMS are plotted in Figure 3c and d. The

Table 1. Effect of Relative Humidity on the Mass-Normalized Uptake of Levoglucosan by Aerosol Particles of Ammonium
Sulfate and α-Pinene-Derived Organic PM. Results Are Plotted in Figure 5

uptake of levoglucosan onto particles of ammonium sulfate
uptake of levoglucosan onto particles of α-pinene-derived secondary

organic material

RH (%) phase
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C H O

ammonium sulfate
2 4 2Δ

+
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C H O
ammonium sulfate

water

2 4 2Δ

+

+

RH (%) viscosity (Pa s)56,62

i
k
jjjjj

y
{
zzzzz

C H O
organic

2 4 2Δ
+

10 solid (1.5 ± 0.2) × 10−4 10 108.1±0.5 (2.6 ± 0.8) × 10−4

20 solid (1.7 ± 0.2) × 10−4 20 107.7±0.5 (3.4 ± 0.9) × 10−4

60 solida (1.8 ± 0.2) × 10−4

40 liquid (2.8 ± 0.1) × 10−4 (2.2 ± 0.1) × 10−4 40 107.2±0.6 (4.6 ± 0.9) × 10−4

60 liquid (3.4 ± 0.1) × 10−4 (2.1 ± 0.1) × 10−4 60 105.4±2.2 (4.8 ± 0.9) × 10−4

80 liquid (4.0 ± 0.2) × 10−4 (1.7 ± 0.2) × 10−4 80 101.8±0.4 (4.9 ± 0.8) × 10−4

90 100.8±0.4 (5.0 ± 0.8) × 10−4

>95 liquid (5.0 ± 0.2) × 10−4 (0.5 ± 0.2) × 10−4 >95 (5.1 ± 0.8) × 10−4

aParticles were dried below the efflorescence RH before increasing to 60% RH.

Figure 3. Uptake of levoglucosan (C2H4O2
+ ion) by α-pinene-derived organic PM for variable relative humidity. Measurements were made by an

HR-ToF-AMS under the conditions of no levoglucosan (left column) and exposure to 0.20 ppb levoglucosan in the gas phase (right column).
Results are also shown for a control ion (C6H7

+), which was a strong ion for α-pinene-derived organic PM and to which levoglucosan did not
contribute.
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ratios C2H4O2
+/organic and C6H7

+/organic, representing
respectively the primary observable of the experiment and a
corresponding control, are plotted in Figure 3e and f.
In the absence of gas-phase levoglucosan, the ratio

C2H4O2
+/organic was (15.1 ± 0.7) × 10−4 (Figured 3e).

This value, characteristic of the organic particles, represented a
background signal for purposes of the uptake experiment.
Figure 3e shows that the background signal was not sensitive
to RH within experimental sensitivity from 10% to >95% RH.
The background signal differed for the organic experiments
compared to the sulfate experiments because of the organic
compared to inorganic particle composition between the two
sets of experiments. Changes relative to the background signal
for the organic experiments were expressed by Δ(C2H4O2

+/
organic). No corrections for water content were made given
the lower hygroscopicity of organic material compared to
ammonium sulfate44 as well as the uncertainty in uptake for
different mass concentrations of the organic particles.45 In the
presence of gas-phase levoglucosan, at 10% RH the value of
Δ(C2H4O2

+/organic) increased by (2.7 ± 0.8) × 10−4 relative
to the background signal (Figure 3f and Table 1). It further
increased to (4.6 ± 0.9) × 10−4 at 40% RH. Above 40% RH,
uptake did not increase further, at least within experimental
uncertainty (i.e., Δ(C2H4O2

+/organic) = (5.1 ± 0.8) × 10−4

for >95% RH). A comparison of Figure 3b and f shows that
Δ(C2H4O2

+/organic) did not depend on whether RH was
increased or decreased. The plot of Δ(C6H7

+/organic) is
discussed further in Section 3.4 as a control experiment.
3.3. No Observable Uptake of 2,4-Dinitrophenol by

α-Pinene-Derived Organic Particles. The results of 2,4-
dinitrophenol uptake by α-pinene-derived organic particles are
presented in Figure 4 for 80% RH. The organic particle mass
concentration (26.2 ± 0.7 μg m−3) and the mass-equivalent
concentration of the ∑CxHyOzNw

+ ion intensity from the
AMS are plotted in Figure 4a and b, respectively. The ratio
∑CxHyOzNw

+/organic is plotted in Figure 4c. The electron-
impact mass spectrum of 2,4-dinitrophenol suggests that the
∑CxHyOzNw

+ ion intensity accounted for 90% of the

fractionation compared to 10% for NO+ (m/z 30) and NO2
+

(m/z 46).46 The shaded area of Figure 4c represents the
exposure period to gas-phase 2,4-dinitrophenol. As seen in
Figure 4c, there was no difference within experimental
uncertainty in the ratio ∑CxHyOzNw

+/organic for periods
with and without exposure, indicating the absence of
detectable 2,4-dinitrophenol uptake by the studied organic
particles, at least for the conditions of the experiment. The
uptake experiment was also conducted at 20% RH, and similar
results were obtained.
The mass concentration of nitrogen-containing ions (i.e.,

∑CxHyOzNw
+) was 0.07 ± 0.02 μg m−3 for both the exposure

and nonexposure periods. This organic nitrogen content,
representing (0.3 ± 0.1)% (w/w), might be related to the
production of nitrogen-bearing compounds by contamination
of 50 to 200 ppt NOx in the zero air when producing the
organic particles inside the HEC.35

3.4. Control Experiments. Several control experiments
were conducted to verify that positive values of Δ(C2H4O2

+/
ammonium sulfate) and Δ(C2H4O2

+/organic) represented
uptake. In the ammonium sulfate experiments, a filter, placed
between the sulfate atomizer and the reaction flask to remove
particles while continuing the flow of gas-phase levoglucosan
into the flask, eliminated the AMS signal for C2H4O2

+,
indicating that the C2H4O2

+ signal was due to levoglucosan
uptake by sulfate particles rather than homogeneous nucleation
of levoglucosan aerosol particles. For the experiments with
organic particles, a filter placed between the HEC and the
reaction flask eliminated the AMS signal for C2H4O2

+,
indicating that no gas-phase species interfered with the AMS
PM measurement. Interrupting the flow of ozone into the
HEC likewise eliminated the AMS signal for C2H4O2

+. These
two control experiments are consistent with levoglucosan
uptake into organic particles as the explanation for positive
values of Δ(C2H4O2

+/organic). As a check against drift with
RH in the AMS analysis,47 the quantity (C6H7

+/organic) is
plotted in Figure 3e and f. The plot shows that (C6H7

+/
organic) was not influenced by changes in RH. It was also not

Figure 4. No observable uptake of 2,4-dinitrophenol (represented by the ΣCxHyOzNw
+ ion family) by α-pinene-derived organic PM at 80% RH.

Experiments were conducted in the absence of 2,4-dinitrophenol (white background) and in the presence of 90 ppb of 2,4-dinitrophenol in the gas
phase (shaded background).
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influenced by exposure to levoglucosan. The C6H7
+ ion was

chosen for control analyses because the organic particles
contribute to its signal strength but levoglucosan does not.
Other ions (e.g., C7H7

+, C5H7O
+, and C7H9O

+) that satisfied
this same criterion also showed identical behavior (not
shown). These results indicate that the AMS mass spectrum
of the organic particles themselves was not influenced by RH.

4. DISCUSSION
Both kinetic and thermodynamic factors can regulate gas-
particle interactions and ultimately molecular uptake. Thermo-
dynamics, quantified by a gas-particle partitioning coefficient
K, sets an upper limit of uptake. Partitioning theory describes
the equilibrium between the particle-phase concentration of a
species and its gas-phase concentration: K = (Cp/Mp)/Cg for a
species mass concentration Cp in the particle phase, a species
mass concentration Cg in the gas phase, and a particle mass
concentration Mp.

48 Units of K are (ng μg−1)particle/(ng m
−3)gas.

For a sufficiently long exposure time τequi to a gas-phase
species, equilibrium is achieved, and uptake saturates at the
thermodynamic limit of the partitioning coefficient. Kinetics
determines the rate at which uptake occurs, regulating the
value of τequi. Kinetic effects are observed and uptake is
kinetically limited in the case that an experiment has a
characteristic time τexp that is less than τequi. For some
scenarios, species diffusivity in the particle, which depends on
particle physical state, can have a dominant role in determining
τequi of uptake. As an example, the rate of uptake is expected to
be significantly suppressed on a solid or semisolid particle,
which has low diffusivity, as compared to a liquid particle, thus
significantly increasing τequi.

49 Herein, the data sets are
discussed in the paradigm of thermodynamic and kinetic
factors.
4.1. Uptake of Levoglucosan by Ammonium Sulfate

Particles. The sulfate experiments provide an example of
uptake in the thermodynamic regime. For submicron aqueous
particles, molecular diffusion of levoglucosan for full mixing
throughout the particle should correspond to τequi < 1 s,13

which is far less than τexp of 200 s. As a result, the amount of
uptake was considered as an equilibrium condition described
by K. Based on dry ammonium sulfate mass concentration, its
value increased from (1.2 ± 0.1) × 10−3 (ng μg−1)/(ng m−3)
at 40% RH, to (1.5 ± 0.1) × 10−3 at 60% RH, to (1.8 ± 0.1) ×
10−3 at 80% RH, and to (2.1 ± 0.1) × 10−3 for >95% RH,
respectively (blue points, Figure 5a) (SI, Section S3). When
incorporating water content, the K value decreased from (1.0
± 0.1) × 10−3 (ng μg−1)/(ng m−3) at 40% RH, to (0.9 ± 0.1)
× 10−3 at 60% RH, to (0.7 ± 0.1) × 10−3 at 80% RH, and to
(0.2 ± 0.1) × 10−3 for >95% RH, respectively (cyan points,
Figure 5a) (SI, Section S2). The explanation for the
dependence of K on RH is that the particle water content
decreased in tandem with decreasing RH, leading to more
concentrated solutions of ammonium sulfate and suggesting a
salting-in effect for the interactions between levoglucosan and
ionic ammonium sulfate.50 Similar results were reported for
glyoxal in aqueous ammonium sulfate, for which increased
glyoxal uptake was explained by sulfate-enhanced hydration of
glyoxal.51 By comparison, the absorptive gas-particle partition-
ing coefficient for solid ammonium sulfate particles at 10%,
20%, and 60% RH was effectively zero, and uptake was limited
to surface adsorption (red points, Figure 5a). The comparative
results at 60% RH also highlight that across the RH range of
the hysteresis loop from 35% to 80% RH, in which sulfate

particles can be either aqueous or solid based on the RH
history, the uptake of levoglucosan was favored for aqueous
particles along the upper side of the hysteresis loop compared
to solid particles along the lower side.

4.2. Uptake of Levoglucosan and 2,4-Dinitrophenol
by Organic Particles. 4.2.1. Thermodynamic Regime. For
the experiments using α-pinene-derived organic particles,
levoglucosan uptake saturated above 40% RH (Figure 5b).
An earlier study of ammonia uptake by α-pinene-derived
organic particles also observed 40% RH as a critical RH for
cross over into a saturation regime (also plotted in Figure
5b).18 The explanation was that the mixing time for diffusion
throughout the particles was on the same order of the
experimental exposure time. The implication was a shift at 40%
RH from a kinetic regime to a thermodynamic one that was
limited by the gas-particle partitioning coefficient for 40% to

Figure 5. Summarized results for levoglucosan uptake, represented by
the C2H4O2

+ ion. (a) Ammonium sulfate particles and (b) α-pinene-
derived organic PM. For ammonium sulfate, uptake is normalized to
ammonium sulfate on the left axis and to (ammonium sulfate + water)
on the right axis (SI, Section S3). For organic particles, results are also
shown for a control ion (C6H7

+), which was a strong ion for α-pinene-
derived organic PM and to which levoglucosan did not contribute
(this study), as well as for ammonia uptake, as reported by Li et al.18

in similar experiments. (c) Relationship between levoglucosan uptake
and the viscosity of α-pinene-derived organic material. Viscosity
values are taken from Zhang et al. and Renbaum-Wolff et al.56,62
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>95% RH. Total ammonia uptake in that study was 20 times
greater than that of levoglucosan in this study, possibly due to
the high concentration of gas-phase ammonia (5 ppm) as well
as a component of reactive uptake associated with the
production of organo-nitrogen compounds within the
particle.18 This study and that of ref 18 were carried out for
highly different chemical uptake species yet otherwise similar
in terms of similarly sized populations of α-pinene-derived
organic particles produced by similar chemical methods. Both
studies point to the shift from a kinetic to a thermodynamic
regime at 40% RH for uptake, whether for levoglucosan or
ammonia. The dominant factor influencing this shift can be
attributed to the commonality of the change in viscosity of the
organic particles and hence the diffusivity of the uptake species.
The experimentally observed uptake of levoglucosan was

(2.6 ± 0.6) × 10−2 μg m−3 at 40% RH based on the AMS
fraction of C2H4O2

+ ion in levoglucosan, the observed ratio
Δ(C2H4O2

+/organic), and the mass concentration of organic
particles. This amount of uptake corresponded to K = (2.0 ±
0.4) × 10−3 (ng μg−1)/(ng m−3) (SI, Section S3). The possible
upward trend for ratio Δ(C2H4O2

+/organic) suggested in
Figure 5b above 40% RH, yet within the uncertainty bars,
could be explained by the small yet increasing water content
with RH, which was not included in the analysis because of
discussed uncertainties.
The observed uptake and the corresponding partitioning

coefficient can be compared to estimated values. The gas-
particle partitioning coefficient was estimated as follows:
K CMW(MW )g

0 1γ= − where MW is the molecular weight of

the gas-phase species, MW is the average molecular weight of
the particle-phase material, Cg

0 is the mass concentration of the
gas over the pure liquid compound of the absorbing species,
and γ is its activity coefficient. Quantity Cg

0 was estimated by
group contribution methods (SI, Section S4).52 Quantity γ was
estimated through Hansen solubility parameters that are
commonly used to predict intermolecular interactions between
organic compounds.53,54 The estimated K value was (3.5 ±
2.7) × 10−3 (ng μg−1)/(ng m−3) compared to the measured
value of (2.0 ± 0.4) × 10−3 (ng μg−1)/(ng m−3). The
corresponding estimated uptake Cp was (4.6 ± 3.6) × 10−2 μg
m−3 compared to the observation of (2.6 ± 0.6) × 10−2 μg
m−3.
The uptake of 2,4-dinitrophenol was negligible within

experimental uncertainty. The expected uptake, following a
similar analysis to that presented above for levoglucosan, was
(7.8 ± 6.2) × 10−2 μg m−3. For comparison, the experimental
detection limit for the ∑CxHyOzNw

+ family was 12 × 10−2 μg
m−3 or higher.38 Based on this detection limit and the expected
uptake, the apparent absence of uptake in the experiments is
justified. Correspondingly, K < 6.8 × 10−6 (ng μg−1)/(ng m−3)
is required to explain the apparent absence of uptake. This
upper limit can be compared to 0.21 × 10−6 (ng μg−1)/(ng
m−3), which corresponds to the Henry’s law constant for 2,4-
dinitrophenol in water.55 Compared to levoglucosan, 2,4-
dinitrophenol shows a much higher mass concentration of the
gas over the pure liquid compound, which justifies the lower
gas-particle partitioning coefficient of 2,4-dinitrophenol (SI,
Section S4).
4.2.2. Kinetic Regime. The experiments on levoglucosan

uptake on the organic particles from 10% to 40% RH provide
an example of the transition of uptake from a kinetic to a
thermodynamic regime. For α-pinene-derived organic PM, the

particles established equilibrium with surrounding RH in <1 s
across this RH range,13 and the viscosity changed in a smooth
transition by a factor of 10 (Table 1). Diffusivity of water is
faster than that of larger molecules.19 Levoglucosan uptake
tracked the gradual transition in physical state (Figure 5c). The
diffusivity for levoglucosan in the organic matrix can be
estimated as 10−19±0.05 m2 s−1 at 40% RH based on the
Stokes−Einstein relation and an equivalent molecular radius of
0.34 nm (SI, Section S5).6,12,56 The Stokes−Einstein relation
was tested19 and holds for estimating the diffusivity of
medium-sized molecules that have similar sizes to the
molecules of the organic matrix where the organic particles
are not in a glassy state. This diffusivity would correspond to
103 s for full mixing of organic molecules within a 100 nm
particle at 40% RH.56 By comparison, a similar analysis for
viscosities at 30% and 50% RH would suggest 2 × 103 s and
102 s, respectively, for full mixing. The estimated time scale of
103 s at 40% RH is on the same order of the experimental time
scale of 200 s in the reaction flask, thus supporting the
interpretation of a transition from a kinetic to a thermody-
namic regime at this RH.
In summary, the results herein show that the uptake of

medium-sized organic molecules on atmospherically relevant
organic and inorganic particles can be regulated by both kinetic
and thermodynamic factors, represented by molecular
diffusivities and gas-particle partitioning coefficients, respec-
tively. Some atmospheric models treat uptake through an
assumption that molecular diffusivity inside particles is high
enough that the particle composition remains well mixed at all
times.57−59 This assumption corresponds to the thermody-
namic limit. Even when significant uptake is thermodynami-
cally favorable, however, kinetic factors can limit the observed
uptake during a fixed observation period.15,18 The results
herein highlight the importance of relative humidity in the
transition from a kinetically limited regime at low RH to a
thermodynamically limited one at high RH. The prevailing
regime, regulated by the particle physical state, can greatly
influence multiphase chemical reactions18 and thus the
evolution of particle properties, such as refractive index19 or
cloud- and ice-nucleating activities.60,61
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