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The condensation, evaporation, and repartitioning of semivolatile
organic compounds (SVOCs) in the atmosphere depends both on
the phase of condensed material and the effective condensed
phase vapor pressures of the SVOCs. Although direct measure-
ments of vapor pressures of individual SVOCs exist, there are
limited measurements of how the properties of a given compound
changes in mixtures of multiple components that exist in the
atmosphere. Here, the evaporation behavior of mixtures of dicar-
boxylic acids, which are common atmospheric aerosol constituents,
is investigated. These measurements demonstrate that complex
mixtures of the individually solid organic compounds take on
liquid-like properties. Additionally, the vapor pressures of individ-
ual components show strong, identity-dependent deviations from
ideality (i.e., Raoult's Law), with the vapor pressures of the smaller,
more volatile compounds decreased significantly in the mixtures.
The addition of an inorganic compound (NaNOs) further influences
the nonideal behavior, again in a compound-specific manner.
These results suggest that nonideal behavior of particle-phase
compounds influences the abundances of organic aerosol observed
in the atmosphere and in the laboratory.

vapor pressures | activity coefficients | particulate matter |
partitioning theory

Aerosols in the atmosphere are of great importance owing to
their influence on global climate, precipitation, visibility,
and human health (1). To assess the specific impacts of aerosols, it
is necessary to have knowledge of the spatial and temporal vari-
ability of their amounts, size, chemical composition, and phase. The
majority of submicrometer atmospheric aerosols are of mixed
organic/inorganic composition (2, 3), and many of the thousands of
organic compounds that comprise aerosols are derived from con-
densation of secondary volatile organic compounds (SVOCs) that
are produced from gas-phase oxidation of volatile precursor gases
(4). The formation and transformation of organic aerosol (OA)
depends explicitly on the properties of the individual aerosol
components (e.g., vapor pressure) and of the aerosol as a whole
(e.g., phase). It is often assumed that the organic aerosols are liquids
and that the individual components are not significantly affected by
the presence of the other components, i.e., behave ideally. How-
ever, scant experimental evidence exists that clearly demonstrates
the phase of atmospheric aerosols, and there is relatively little
information on how the physical properties of individual SVOCs
are modified within the chemically complex aerosols, ie., the
potentially nonideal behavior.

Several recent studies indicate that absorptive partitioning mod-
els of secondary organic aerosol formation that are based on
parameterized laboratory aerosol yields underpredict the amount
of OA observed in the atmosphere by factors of ~10-100; this is the
case for both downwind of urban sites and in the free troposphere
(5-7). Models of OA formation based on detailed gas-phase
chemical mechanisms using estimated gas-particle partitioning co-
efficients, assumed to behave ideally, also significantly underesti-
mate observed OA abundances (8). The reasons for this discrep-
ancy remain unclear, but may in part be related to improper
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treatment of organic aerosol (9). These differences hamper our
accurate modeling of atmospheric abundances and properties of
organic aerosols. For example, the ability of global models to
critically assess the effect of aerosols on clouds are diminished
because the organic fraction of particles in models may be signif-
icantly underestimated and the ability of aerosols to nucleate cloud
droplets depends importantly on their composition (10). It is
therefore crucial that the partitioning of SVOCs to atmospheric
aerosol be better quantified.

Here, we consider the potentially important role of nonideal
behavior of individual compounds within organic mixtures in an
experimental framework. Our study is not meant to be compre-
hensive of all of the possible atmospheric aerosols and their
components, but is meant to show the issues that need to be
considered for an accurate calculation of atmospheric organic
aerosols. We report on measurements of the temperature-
dependent evaporation behavior of multicomponent mixtures of
dicarboxylic acids that are commonly found in atmospheric
organic aerosols. These measurements show that sufficiently
complex mixtures of the individually solid organic compounds
evaporate in a manner consistent with their phase being liquid-
like. This behavior persists even when a nonvolatile inorganic
salt is added to the mixture. Furthermore, comparison between
the measured temperature-dependent evaporation rates (or
equivalent vapor pressures) of the organic compounds in the
mixtures with those of the pure compounds suggests that the
common assumption that Raoult’s Law can be used to describe
the gas-particle partitioning of individual compounds in atmo-
spheric aerosols may not be valid. The activity coefficients
derived from these measurements indicate that commonly used
activity coefficient estimation methods may only have limited
accuracy in their ability to predict individual compound prop-
erties in complex organic mixtures. Implications of these results
toward our understanding of gas-particle partitioning of organic
compounds will be discussed.

We investigated the evaporation behavior of multicomponent
mixtures by using a temperature-programmed desorption (TPD)
method (see Methods Summary; refs. 11 and 12). Although we
have previously applied the TPD method to the measurement of
individual compound vapor pressures, here, we considered the
behavior of a 9-component mixture of the Cs3-Cip and Ci»
straight-chain dicarboxylic acids, which are common constitu-
ents of atmospheric aerosols (13). Additionally, organic aerosol
is relatively nonhygroscopic (14) and thus the behavior of these
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Fig.1. The measured desorption profiles for each of the 9 diacarboxylic acids
inthe multicomponent mixtures. (A) The measured desorption profiles for the
purely organic mixture are shown (solid points) along with the model results
assuming ideal behavior (solid blue lines) and for the fit to the measurements
(solid black lines). The y axis corresponds to the measured evaporation rate.
Top shows the desorption profiles for the individual compounds in a single
graph to emphasize the distillation behavior. (B) Same as A, but for the
equimolar organic/inorganic mixture. We suspect that the slight disagree-
ments between model and measurement that remain at higher temperatures
are the result of the evaporated molecules sticking in the ion drift tube.

dry diacid mixtures can be considered as reasonably represen-
tative of atmospheric organic aerosols.

For this mixture, each of the individual components exhibited
a unique desorption profile; the individual diacids were effec-
tively distilled from the mixture (Fig. 14). The distillation was
observed even though the individual diacids are all solids. This
behavior shows that the sample was continuously well-mixed
and, given the timescales of our experiments (<1 h), this
behavior would not have been observed if the 9-component
mixture were actually a solid, as is the case for binary and ternary
mixtures of the same diacids (C.D.C., E.R.L, and A.R.R,,
unpublished data). The observations are consistent with a
mixing timescale of ~10 s, estimated from 7 ~ r?/D;, where D; is
the diffusion coefficient in the liquid-like mixture (D; ~ 107°
m?/s for liquids) (15), similar to the time between temperature
steps. If our mixture were a solid, it would have required
~10%*-10° longer times to show the observed behavior. In addi-
tion, the multicomponent mixtures did not deposit in our system
as well-formed cones, in contrast to the pure diacids or binary or
ternary mixtures (12). Instead, the samples appeared more
spherical, thus providing a visual indication of the liquid-like
nature of the mixtures. TPD measurements by Ziemann and
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coworkers on laboratory-generated secondary organic aerosol
formed in the reaction of a few alkenes with NO3 and of alkanes
with OH also show evidence for liquid-like behavior (i.e.,
distillation) (16, 17), although the shapes of their desorption
curves did not lend themselves to a straightforward interpreta-
tion, possibly as a result of contributions of multiple compounds
to the observed signal at a given m/z.

Our measurements therefore provide direct evidence that the
nonaqueous organic fraction of atmospheric aerosols, which
certainly contain many more than 9 components, likely behave
as well-mixed, liquid-like phases. Thermodynamic theory pre-
dicts that mixtures composed of hundreds of individually solid
compounds should exhibit liquid-like behavior due to mutual
melting point depression (18), but this experimental demonstra-
tion is nonetheless important given that liquid-like behavior is a
general assumption in gas-particle-partitioning theory (19).

The observed desorption profiles have been quantitatively
interpreted by using a multicomponent evaporation model (see
Methods Summary). It is found that the shapes of the individual
calculated desorption profiles compared well with the observa-
tions when ideal behavior was assumed for the mixture (Fig. 14).
The ideal model used “subcooled liquid” vapor pressures (p} ),
derived from our previous measurements of the solid pure
compound vapor pressures (p} ), where

Inp)(T) = InpX(T) + {W(%— 1) ] [1]

and ASps is the entropy of fusion and 7, is the melting
temperature (12, 20-22) [see supporting information (SI) Text
for ASss and T,, values and Table S1]. However, although the
shapes of the desorption profiles compared favorably, to obtain
quantitative agreement with the measurements, we found that it
was necessary to adjust the temperature-dependent liquid vapor
pressures in the model from their pure values (see SI Text and
Table S2).

The specific deviations from ideal behavior were quantified by
comparing the observed vapor pressures to those of the pure
compound vapor pressures (Fig. 24). In general, the ratios of the
vapor pressures of the observed and pure compounds, which are
equivalent to the activity coefficients in this “organic solution”
(vi= pg’obs/pg), were <1 for the lower-molecular-weight diacids but
>1 for the heavier diacids. In the case of the lowest-molecular-
weight diacids, the observed vapor pressures were ~3-10 times
lower than for an ideal solution; consequently, partitioning of these
compounds to the particle phase will be greater than expected
based on the pure component vapor pressures. Whereas the
liquid-like behavior of the mixtures derives from melting point
depression, the deviations of the +’s from unity are effectively
related to chan(%es in the boiling point. A slight “odd-even” depen-
dence of the p; s with respect to the diacid carbon number was
observed (Fig. 2B). Such a dependence has been observed for the
solid-phase vapor pressures of these compounds (12, 23, 24), but is
somewhat surprising here given the clear liquid-like behavior of the
mixture and lack of such behavior for the p?.

The measured activity coefficients for the individual diacids in
the multicomponent mixture were observed to be quite variable
even though they are chemically very similar and differ only in
the number of —CH, groups (Fig. 24). Nonunity activity coef-
ficients for aerosol components have been previously inferred
from other measurements (25, 26); however, it has generally
been asserted that nonunity s arise from mixing together very
dissimilar materials and are usually >1. The observation of
activity coefficients that are less than unity is unexpected and
therefore of particular interest, especially because it will lead to
increased partitioning of these compounds to the particle phase.
We note that only the smallest diacids (=C3—Cs) truly evaporate
from a 9-component mixture because the composition of the
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Fig.2. Measured properties of the dicarboxylic acids in the multicomponent
mixtures. (A) Activity coefficients (pY/plops) at 313 K as a function of the
number of carbon atoms comprising the diacid for the purely organic mixture
(®) and the organic/inorganic mixture (CJ). Note the log y scale. Error bars are
10 from the average of 3 independent measurements. (B) Effective vapor
pressures for the diacids in the 9-component purely organic mixture (®) and
for the pure liquids (O) at 298 K.

sample constantly changes due to preferential evaporation of the
higher-volatility compounds. The lower-volatility compounds
evaporate from a mixture composed of increasingly fewer com-
pounds, which may be the reason why the measured activity
coefficients for the higher-molecular-weight compounds are
generally closer to unity, although the observed desorption
profiles indicate that the samples remained liquid-like over an
entire TPD measurement.

We have compared our measured activity coefficients to
predictions from the UNIFAC group-contribution method (22),
which is commonly used to estimate vapor pressures and activity
coefficients of organic aerosol components for use in OA
modeling (25, 27, 28). In contrast to our observations, UNIFAC
predicts 2 > y; = 1 for each of the compounds in a 9-component
diacid mixture. These results therefore suggest that the total
interactions between the diacid molecules are currently not
adequately represented as sums of parameterized binary inter-
action parameters between the functional groups of the mole-
cules, in this case -COOH and —CH; groups. Further develop-
ment of estimation methods that consider other interactions,
e.g., ternary interactions, may be necessary to accurately repre-
sent vapor pressures in models.

Our observed changes in volatility are unlikely to arise from
condensed phase chemical reactions, such as esterification or
dimerization (29), for the following 2 reasons: (i) If such reactions
had occurred to any significant extent, the products should have
been detectable unless they reverted back to the original diacids as
the species evaporated. (i/) Condensed-phase chemical reactions
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seem unlikely because they are slow in the absence of a catalyst (e.g.,
astrong acid or base or an oxidant such as OH) and should not have
occurred on the timescale of our measurements

Most atmospheric aerosols are actually mixtures of organic
and inorganic compounds (2). Therefore, the influence of an
inorganic salt (NaNOs) on the evaporation behavior of the
mixtures was assessed for an equimolar total organic/inorganic
mixture, where the organic fraction was composed of the same
9 diacids considered above (Fig. 1B). Interestingly, clear liquid-
like behavior was still observed even when half of the sample was
a nonvolatile inorganic salt. Importantly, the shapes of the
desorption profiles provide strong evidence that the organic and
inorganic fractions were internally mixed and did not separate
into 2 distinct phases as the distillation proceeded. This is
indicated by the relatively gradual falloff of the signals on the
high-temperature side of the desorption profiles compared with
the rapid falloff in the purely organic mixture. The observed
changes in the shapes of the desorption profiles on addition of
a nonvolatile component are qualitatively predicted by the
evaporation model (Fig. 1B). On a side, we note that our obser-
vations suggest that atmospheric aerosols containing inorganic and
organic compounds at low relative humidity (so called dry aerosols)
may be internally mixed. However, the extent to which the inorganic
and organic fractions mix may depend on the specific chemical
nature of the organics present, and thus may lead to a fractionation
of the various atmospheric components within individual particles.
Internal mixing of the inorganic and organic compounds would
affect the crystallization behavior of the inorganic components,
which would have consequences for the hygroscopic properties of
internally mixed organic/inorganic particles, in particular, with
respect to their deliquescence and efflorescence behavior (30).

In addition, the presence of the inorganic salt led to a slight
increase in the measured activity coefficients for many of the
diacids, most noticeably for the largest compounds with low
vapor pressures (Fig. 24). However, the effective vapor pressure
for the Cs diacid was actually reduced further, with ymaionic
decreased by more than a factor of 2 from the purely organic
mixture. Evidently, the addition of an inorganic salt influences
the nature of the intermolecular interactions in compound-
specific ways. As with the purely organic mixture, these results
suggest that group contribution methods may only have limited
success in accurately predicting activity coefficients in complex
nonaqueous mixtures.

It is possible that the mixture was not “liquid-like” throughout the
entire sample, but instead contained distinct solid and liquid
organic phases, with the liquid phase being a nonaqueous solution
of the diacids in equilibrium with the solid phase, i.e., a “nonaque-
ous phase liquid” (e.g., ref. 26). However, the observation of
continuous distillation of the individual diacids from the mixture
indicates that this is not the case (see SI Text). Our observations are
therefore more consistent with the 9-component diacid mixture
being a well-mixed liquid rather than being composed of distinct
solid and liquid organic phases.

These observations cannot directly establish whether the
samples are supercooled liquids (metastable) or are what are
termed “subcooled” liquids (thermodynamically stable), only
that their evaporation behavior indicates that the samples were
well-mixed, and therefore liquid-like. (A subcooled liquid is just
a special case of nonaqueous phase liquids where the melting
point depression is sufficiently large that there is no solid phase
present.) The physical driving force behind the liquid-like behavior
of the mixture of solid compounds is melting point depression.
Melting point depression is primarily an entropic effect and can be
estimated for each compound (assuming ideal behavior) from

Tm,i

Toixi = m, [2]
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where T,,; is the melting point and ASyys; is the entropy of fusion
of the pure compound, R is the ideal gas constant, and Ty, is
the melting point of compound i in a mixture with mole fraction
x; (18). For the mixture considered here, succinic acid (C4) has
the highest melting point both as a pure compound and in the
ideal mixture. Thix for succinic acid is reduced to 366 K in the
9-component mixture, which is at the high end of the tempera-
ture range over which the measurements were made. This
therefore suggests that the mixture was supercooled, as opposed
to subcooled.

To explore this further, we have qualitatively investigated the
melting and freezing behavior of a macroscopic sample of this
9-component mixture. At room temperature, the mixture had a
white, waxy appearance. On heating, the mixture became in-
creasingly more liquid-like, as evidenced by the sample becom-
ing more translucent. The sample turned clear in its entirety
around ~360-370 K, indicating that it had melted completely,
generally consistent with the expected melting point depression
(18). On cooling, the liquid sample could be readily supercooled
up to ~40 K below this “melting” temperature before turning
opaque. This raises the possibility that atmospheric aerosols can
exhibit liquid-like properties because they are supercooled, and
not subcooled. Because the ability to nucleate and crystallize
into a solid will vary as a cube of the particle diameter,
atmospheric aerosols can remain liquids much longer than our
bulk substrates. From the TPD experiments we deduced that the
samples remain liquid-like for at least a few hours. Given the
differences in volume, we estimate that the atmospheric organic
aerosols can stay as liquids for days, unless they have a nucleating
agent embedded in them.

Supercooling of organic aerosol is not unprecedented, and it
has also recently been invoked to describe the chemical reactivity
of a 2-component system (where only one of the components was
a thermodynamically stable liquid) (31). Additionally, the ten-
dency of binary and ternary mixtures of polycyclic aromatic
hydrocarbons, for example, to form supercooled liquids during
phase behavior studies has been reported (32). However, atmo-
spheric organic aerosols typically comprise hundreds or thou-
sands of different compounds, and the melting point depression
will consequently be larger than for any of these systems,
including the 9-component mixture considered here (18). In any
case, identification of the liquid-like behavior is all that is needed
for dealing with gas-particle partitioning in atmospheric mod-
eling calculations (19) and in understanding whether multiphase
reactions are surface or volume limited (33).

Studies involving a larger number of atmospheric organic
aerosol constituents are needed to place our observations of
vapor pressure variations and liquid-like behavior on firmer
footing. Such studies will greatly enhance implications of the role
of nonidealities on OA formation and modeling (25, 27, 28, 34,
35). Yet, we can note the implications of our findings to the
atmosphere with the assumptions that our observations are
applicable to all atmospheric organic aerosols and their com-
ponents. Models that use detailed chemical mechanisms to
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describe the gas-particle partitioning tend to give poor agree-
ment with both laboratory studies and field observations (8,
35-38). These simulations of aerosol formation therefore often
“adjust” the vapor pressures of the semivolatile organic com-
pounds to achieve better agreement with observations (8, 35—
39). Such adjustments universally lower the vapor pressures.
Partitioning theory indicates that actual and predicted organic
aerosol abundances are most strongly influenced by nonideal
behavior of compounds with saturation vapor pressures that are
close to the actual organic aerosol loading (within approximately
a factor of 10) (19, 40). For typical ambient organic aerosol
loadings [~5 ug/m? (3)], deviations from ideality for compounds
with p® values that range from ~107° Pa to 1073 Pa will
contribute most importantly to variability in observed atmo-
spheric organic aerosol loadings. In laboratory studies, where the
organic loading is often much larger, this sensitive range of p°
values will be shifted to higher values. Because the p; of the
C3-C; diacids considered here are close to ambient loadings (Fig.
2B), the nonideal behavior of these compounds will have a
significant impact on their gas-particle partitioning, much more
so than for the larger, lower vapor pressure compounds. Our
observations that the vapor pressures of the more abundant,
lower-molecular-weight components in organic mixtures are
lower than those of the pure compounds (i.e., y; < 1) will thus
lead to better agreements between calculations and observations
with less need for “adjustments.”

Our results provide important experimental support for a
conceptual framework in which activity coefficients of parti-
tioned compounds may differ significantly from unity. This can
occur in complex mixtures of similar compounds, and may
therefore influence OA formation both in the laboratory and the
atmosphere. Last, we note that our experimental determination
that the mixtures of organics exhibit liquid-like behavior pro-
vides an important justification for the use of the gas-liquid
partitioning model.

Methods Summary

Atemperature-programmed desorption method (11, 12) was used to measure
evaporation rates of the C3—Cy9 and Cy; straight-chain diacarboxylic acids from
equimolar mixtures of the diacids (see S/ Text for further details). Proton
transfer reaction mass spectrometry (PT-RMS) was used to monitor the gas-
phase signals due to evaporating molecules as the temperature of the sample
was linearly increased during each TPD experiment. The samples used in the
TPD analysis were formed by deposition of aerosols that were generated by
atomization of methanol solutions of the diacids. The methanol was removed
from the aerosols before deposition by passing them through a diffusion
drier.

The observed temperature-dependent evaporation rates were compared
with a multicomponent evaporation model. In the model, the mixture was
assumed to be well mixed and the thermodynamic properties of each com-
ponent (p%(T), AHyap and AS,,p) were specified individually. Evaporation rates
for each component were determined by using the Hertz-Knudsen relation-
ship and the mole fraction of each compound.
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