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Abstract. Vacuum Ultraviolet (VUV) photoionization mass

spectrometry has been used to measure the evolution of

chemical composition for two distinct organic aerosol types

as they are passed through a thermodenuder at different tem-

peratures. The two organic aerosol types considered are pri-

mary lubricating oil (LO) aerosol and secondary aerosol from

the α-pinene + O3 reaction (αP). The evolution of the VUV

mass spectra for the two aerosol types with temperature are

observed to differ dramatically. For LO particles, the spectra

exhibit distinct changes with temperature in which the lower

m/z peaks, corresponding to compounds with higher vapor

pressures, disappear more rapidly than the high m/z peaks.

In contrast, the αP aerosol spectrum is essentially unchanged

by temperature even though the particles experience signifi-

cant mass loss due to evaporation. The variations in the LO

spectra are found to be quantitatively in agreement with ex-

pectations from absorptive partitioning theory whereas the

αP spectra suggest that the evaporation of αP derived aerosol

appears to not be governed by partitioning theory. We postu-

late that this difference arises from diffusivity within the αP

particles being sufficiently slow that they do not exhibit the

expected liquid-like behavior and perhaps exist in a glassy

state. To reconcile these observations with decades of aerosol

growth measurements, which indicate that OA formation is

described by equilibrium partitioning, we present a concep-

tual model wherein the secondary OA is formed and then

rapidly converted from an absorbing form to a non-absorbing

form. The results suggest that, although OA growth may be

describable by equilibrium partitioning theory, the properties

of organic aerosol once formed may differ significantly from

the properties determined in the equilibrium framework.
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(cdcappa@ucdavis.edu)

1 Introduction

Atmospheric aerosol particles play an important role in the

Earth’s climate system through their ability to absorb and

scatter solar radiation and influence the properties of clouds

(IPCC, 2007) and have significant negative effects on hu-

man health (e.g. Pope et al., 2009). Aerosols are comprised

of a wide variety of materials, with organic components

commonly making up over 50% of the sub-micron aerosol

mass (Zhang et al., 2007). Despite the ubiquity of organic

aerosol (OA), much remains unknown with respect to for-

mation, chemical evolution and removal mechanisms. At-

mospheric models of OA formation generally follow from

absorptive partitioning theory (Pankow, 1994), using either a

two-product (Odum et al., 1996) or volatility basis-set (Don-

ahue et al., 2006; Robinson et al., 2007) framework. Unfor-

tunately, the use of these approaches in models has typically

led to either an under-estimate of ambient OA mass loadings

(e.g. Heald et al., 2005; Volkamer et al., 2006) or model OA

with physical properties, such as volatility, that are inconsis-

tent with observations (Dzepina et al., 2009). Quantitative

estimates of OA volatility for ambient aerosol suggest the

presence of components with volatilities that are significantly

lower than has been deduced from in-chamber OA growth

experiments or could likely be formed from typical gas-phase

chemical reactions (Cappa and Jimenez, 2010). These types

of observations suggest that there is a gap between our under-

standing of OA obtained from aerosol growth experiments

and measurements of volatility once the aerosol is formed.

Here, we investigate the volatility and evaporation behav-

ior of two distinct aerosol types: lubricating oil (LO) aerosol,

a proxy for primary OA, and secondary OA formed from

the reaction of α-pinene with O3 (αP SOA). Based on pre-

vious laboratory experiments, it is thought that molecular

components of LO and αP aerosol have similar volatility dis-

tributions (Presto and Donahue, 2006; Pathak et al., 2007b;

Lane et al., 2008; Grieshop et al., 2009). However, we find
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evidence that, during evaporation, these two aerosol types

exhibit dramatically different evaporation rates and changes

to the particle composition, as deduced from vacuum ultra-

violet (VUV) aerosol mass spectrometry measurements. The

LO aerosol exhibits behavior that is consistent with partition-

ing theory, whereas the behavior of the αP aerosol is quite

different and cannot be explained via traditional partitioning

theory. Our results are consistent with the SOA particles hav-

ing very slow diffusion, perhaps existing in a glassy state, in

line with other recent results for SOA (Virtanen et al., 2010;

Vaden et al., 2011). To understand these results in the con-

text of aerosol growth experiments, we postulate a concep-

tual model for SOA formation based on a modified form of

absorptive partitioning theory.

2 Methods

2.1 Vacuum Ultraviolet – Aerosol Mass Spectrometer

(VUV-AMS)

Mass spectra of organic aerosol were measured using the

VUV-AMS located at the Chemical Dynamics Beamline at

the Advanced Light Source (Mysak et al., 2005; Shu et al.,

2006; Smith et al., 2009). In this VUV-AMS, particles are

focused in an aerodynamic lens and introduced into an ion-

ization chamber held at ∼10−5 Torr, where the particles are

vaporized on a heated plate. The plate is held at a constant

temperature, fixed between 100 and 250 ◦C. As the particles

impact the heated plate they vaporize to produce gas-phase

species that are ionized by 10.5 eV photons. The resulting

ions are extracted into a time-of-flight mass spectrometer

(m/1m ∼ 2000). Background spectra are collected before

and after each aerosol mass spectrum by closing the aerosol

inlet. Compared to a conventional electron impact-based

AMS, fragmentation of the parent compounds is significantly

reduced due both to the use of VUV photons for ionization

and the use of a lower heater temperature (see Fig. 1).

2.2 Organic aerosol generation

2.2.1 Lubricating oil aerosol

Lubricating oil (LO) aerosol was generated via homogeneous

nucleation by passing clean, dry N2 over 10W-30 motor oil

heated to ∼80 ◦C. As the air cools, particles nucleate with

a log-normal distribution, typically with a median volume-

weighted diameter, dp,V , between 220 nm–250 nm and a ge-

ometric standard deviation, σp, of 1.35–1.4. The aerosol con-

centration was controlled by passing the particle-laden air

stream through a filter-based “diluter.” In the diluter, the

aerosol flow is split between a 1/8 copper tube and a parti-

cle filter, with the exact split controlled using a needle valve

located downstream of the filter. Particle number concen-

trations can be reduced by up to ca. a factor of 10 using the

diluter. The aerosol was then passed through a glass flowtube

Fig. 1. Mass spectra for primary lubricating oil aerosol (bottom)

and SOA from α-pinene + O3 (top) measured using the VUV-AMS

(red), a conventional Aerodyne EI-AMS (blue) and the Ziemann

Group EI-AMS (green, αP only). Note the much greater number

of high m/z peaks for the VUV mass spectrum compared to the EI

mass spectrum. Part of this difference is attributable to the different

ionization methods and part to the lower vaporization temperatures

employed in the VUV-AMS. EI mass spectra are from (Ulbrich et

al., 2009, 2010; Ziemann et al., 2010).

with a 37 s mixing time before finally passing to the thermod-

enuder (described below). The initial particle mass loading

was typically around 650 µg m−3.

2.2.2 Secondary organic aerosol

Secondary organic aerosol was produced from homogeneous

nucleation of the products from the reaction of α-pinene and

O3 (referred to as αP aerosol). α-pinene vapor was intro-

duced by continuously injecting a small amount of α-pinene

liquid into a 1 lpm flow of dry N2 and then sub-sampling

0.1 lpm of this flow into the reaction flowtube. O3 was gen-

erated by passing 1 lpm of pure O2 over an Hg pen-ray lamp

and then sub-sampling 0.05 lpm of this O3 flow into the reac-

tion flowtube. The α-pinene and O3 were diluted into nitro-

gen such that the total flow was 1 lpm with N2:O2 = 9:1 and

were allowed to react in a cylindrical glass flowtube (L =

1.7 m; D = 6.35 cm), with a total reaction time of ca. 320 s.

No OH scavenger was used. Given the short residence time

(compared to environmental chamber experiments), it was

necessary to use relatively high concentrations of reactants:

∼13 ppm α-pinene and 1 ppm O3. The O3 concentration was

measured using an O3 monitor (2B technologies), whereas

the α-pinene concentration was estimated from the syringe

pump and gas flow rates. By using excess α-pinene, it was

ensured that all of the O3 reacted in the flowtube. Typical
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initial mass loadings for αP aerosol were ca. 500 µg m−3 with

dp,V = 92 nm, Np ∼ 1.8×106 particles cm−3 and σp = 1.38.

2.2.3 Mixed aerosol

In one experiment, αP aerosol was coated onto LO seed

particles. This was done by producing LO particles via

homogeneous nucleation (with dp,N = 157 nm, σp = 1.38)

as above and then using these LO particles as seed parti-

cles for condensation of the α-pinene + O3 reaction products

(dp,N = 188 nm, σp = 1.42). The particle number concentra-

tion did not increase significantly (by less than 5%), indicat-

ing that the majority of the αP aerosol was internally mixed

with the LO aerosol. Nucleated αP aerosol was easily iden-

tified as a unique mode with dp,N = 32 nm and contributed

less than 0.2% to the total particle mass, and thus will not

influence the VUV-AMS measurements. The mass ratio be-

tween LO and αP aerosol in the mixed particles was ca. 2:3,

estimated assuming a density for αP aerosol of 1.3 g cm−3

(Shilling et al., 2009) and for LO aerosol of 0.88 g cm−3. The

total mass loadings were ca. 500 µg m−3.

2.3 Thermodenuder

The thermodenuder (TD) was of the same design as the TD

described by (Huffman et al., 2008). The TD consisted of a

variable-temperature heated section (L = 0.5 m, D = 2.2 cm)

followed by an activated carbon denuder/cooling section

(L = 0.41 m, D = 1.9 cm). The ambient temperature flowrate

through the TD was 0.6 lpm, giving an effective plug flow

residence time of ∼15 s. Measurements were made with the

temperature of the heated section ranging from ambient tem-

perature up to 170 ◦C. Particle composition and size mea-

surements were made both after passing the particles through

a bypass line (at ambient temperature) or through the TD.

Bypass measurements were made at every TD temperature

in order to account for any changes to the original size dis-

tributions (although such changes were negligible during a

given experiment).

2.4 Size distributions

Particle size distributions were measured using a scanning

mobility particle sizer (SMPS; TSI, Inc.) operating with an

aerosol flow of 0.3 lpm and a sheath flow of 3 lpm. The lower

and upper size limits in this configuration were 14.3 nm and

673 nm, respectively.

3 Results and discussion

Size distributions and VUV mass spectra were measured for

LO, αP and mixed LO/αP aerosol as a function of the TD

temperature (TTD). The initial distributions for all aerosol

types were log-normal. As TTD increased, the particle mass

loading (Cp) and dp decreased for each aerosol type. Using

Fig. 2. Mass thermograms for LO aerosol (�), αP aerosol (•) and

the LO/αP mixture (�). In the mixed particles, the LO is observed

to disappear rapidly as temperature is increased while the αP spec-

trum remains nearly unchanged.

as a reference state the volume-weighted particle diameter,

dp,V , as measured from the bypass line, the volume frac-

tion remaining (VFR) was determined as a function of TTD

(Fig. 2) based on the changes in the particle size. By us-

ing particle size changes, we are effectively determining the

mass loss due to evaporation alone. For particles of constant

density this is equivalent to a mass thermogram. The dis-

tribution width, σg, only changes slightly from low to high

TTD, indicating that preferential loss of small particles is not

significantly influencing our results. The decrease in VFR

from 1 at a given TTD followed the order LO > LO/αP > αP

aerosol (Fig. 2). Since each of these experiments was con-

ducted at a similar mass loading (Saleh et al., 2010), it is

possible to conclude that the LO aerosol is somewhat more

volatile than αP aerosol, as has previously been deduced

from other TD measurements (An et al., 2007; Huffman et

al., 2009b). For both LO and mixed LO/αP aerosol at am-

bient temperature the measured VFR was found to be signif-

icantly less than 1 (VFR = 0.78 and 0.9, respectively). The

mixed LO/αP mass thermogram can be represented well as a

linear combination of the LO and αP mass thermograms.

3.1 VUV mass spectra as a function of TTD

The VUV mass spectra for both LO and αP aerosol contain

many more “high” mass peaks compared to the mass spec-

tra obtained using more conventional electron impact AMSs

(Fig. 1). This suggests that the VUV spectra can provide

more direct information as to the behavior of parent ions

than does an EI spectrum. For example, for LO many of the

observed peaks are in the range m/z = 250–450. This cor-

responds to compounds with around 18–32 carbon atoms,
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peaking around Nc = 23 − 24. This is generally consistent

with the composition of the source lubricating oil, for which

various gas chromatograms of (non-aerosol) 10W-30 LO in-

dicate that the peak carbon number is around 26–27 carbon

atoms (Reardon et al., 2007; Lambe et al., 2009). This sug-

gests that our LO aerosol is somewhat more volatile than the

source LO, a result consistent with Grieshop et al. (2009)

who found that LO aerosol produced from flash vaporiza-

tion was slightly more volatile than the source LO (smaller

Nc by ∼1–2 carbon atoms). Our LO aerosol therefore may

be comprised of slightly more volatile components than the

Grieshop et al. (2009) aerosol due to differences in aerosol

generation methods. However, it should be kept in mind

that any fragmentation that does occur in the VUV-AMS will

tend to skew the observed mass spectrum towards smaller

Nc compounds. Thus, the above discussion suggests that the

overall differences in LO composition are likely to be rela-

tively small (the importance of this observation will be seen

in Sect. 3.2).

For αP aerosol there is significant spectral intensity at

m/z > 136 (the MW of α-pinene), although fragmentation

appears to be somewhat greater in the αP system compared

to LO. The observed VUV-MS for αP aerosol is reasonably

similar to that obtained by Johnston and co-workers using

their photoionization aerosol mass spectrometer (Tolocka et

al., 2006; Gao et al., 2010).

The evolution of the VUV aerosol mass spectra for LO,

LO/αP and αP aerosol with TTD is shown in Figure 3. To

facilitate visual comparison between spectra measured at dif-

ferent TTD (and therefore at different mass loadings), the

spectra have been area normalized to a particular m/z or

range of m/z. For the LO aerosol, clear m/z dependent

changes in the VUV mass spectrum were observed with TTD

(Fig. 3). Specifically, the relative intensities of lower m/z

(higher volatility) peaks decrease faster with TTD than higher

m/z (lower volatility) peaks, and above the normalization

range (where the intensity is constant with TTD) the inten-

sity actually increases with TTD. This is shown more ex-

plicitly in Fig. 4a, where the spectral intensity of every peak

from 250–477 amu, now normalized to the absolute value

from the bypass spectrum, is shown as a function of TTD.

(This is analogous to a mass thermogram determined from

the SMPS measurements and will be termed a “peak thermo-

gram.”) Furthermore, the peaks have been binned into groups

with 1m/z = 14 to highlight the m/z dependence (Fig. 4b).

The low m/z peaks exhibit the largest decrease in intensity at

ambient temperature followed by the fastest decay with TTD.

By comparison, the highest m/z peaks exhibit minimal loss

in intensity after passing through the TD at ambient temper-

ature with a more gradual loss in peak intensity as a function

of increasing TTD. For the hydrocarbon compounds com-

prising LO aerosol, molecular weight (i.e. m/z) is a reason-

able proxy for vapor pressure and thus the preferential loss of

the low m/z peaks corresponds to loss of the higher volatility

components. In principle, we would then expect a continu-

Fig. 3. VUV mass spectra of thermodenuded OA are shown as a

function of the thermodenuder temperature (red). The spectra of the

particles through the bypass line are shown for reference (black).

(a) Spectra for αP particles, normalized to the peak at m/z = 98.

(b) Spectra for LO particles, normalized to the range m/z = 370–

380. (c) Spectra for mixed LO + αP particles, normalized to the

peak at m/z = 98. For reference, spectra for αP aerosol (blue) and

LO aerosol (green) are shown individually. Note the break in the x-

axis and also that the spectral intensity in the right graph (m/z = 260–

415) has been multiplied by a factor of 4 relative to the left graph

(m/z = 55–200).

ous decrease in MFR with MW at a given TTD. However,

fragmentation of higher MW species will contribute peaks at

lower MW that will exhibit the same thermal behavior as the

parent (high MW) peak. As such, the observed “bunching

up” of the lower m/z peak thermograms likely results from

contributions of fragments from higher m/z compounds, and

thus a loss of information as to the evaporation behavior of

lower MW species.

The variation in the VUV mass spectrum with TTD for

αP aerosol is dramatically different than that observed for

LO aerosol. The αP aerosol spectrum is nearly independent

of TTD, both for peaks above and below m/z 136 (Fig. 3).

This is especially apparent when one considers the peak ther-

mogram for αP aerosol, where nearly every peak exhibits

the same dependence on TTD (Fig. 5a). This suggests that,

although the total particle mass decreases with increasing

TTD, the chemical composition remains nearly independent

Atmos. Chem. Phys., 11, 1895–1911, 2011 www.atmos-chem-phys.net/11/1895/2011/
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Fig. 4. (a) Total mass thermograms (blue) from SMPS (open squares) and VUV intensity (filled circles) measurements and peak thermograms

for every m/z from m/z = 260 to 477 amu (thin lines) for LO particles. Line colors indicate the m/z (see color scale). (b) Same as (a), but

where the results from the individual peaks have been binned into narrower mass ranges to illustrate the m/z dependence. (c) Calculated total

mass thermograms for model LO aerosol for different values of γe (green). The measured value is shown for reference (blue). (d) Calculated

mass thermograms for each model LO component (i.e. different C∗) are shown, assuming γe = 0.5. Line colors correspond to the C∗ values

and range from 10−2 to 104 µg m−3. Note that the C∗ = 103 and 104 µg m−3 components are above the color scale and shown as faded to

indicate this. The gray region in panels (b), (c) and (d) indicates the range over which individual m/z peak thermograms in (a) were observed.

of temperature. For the αP aerosol we would not necessarily

expect any specific MW dependence because the nature of

the oxygen-containing functional groups will play an impor-

tant role in determining the volatility of a given compound.

However, just as LO aerosol is comprised of compounds with

a wide distribution of vapor pressures (Grieshop et al., 2009),

aerosol yield experiments suggest that αP aerosol is similarly

composed of compounds with a distribution of vapor pres-

sures (e.g. Griffin et al., 1999; Ng et al., 2006; Presto and

Donahue, 2006). Thus, it is very surprising that the VUV

mass spectrum for αP aerosol is nearly insensitive to TTD,

since we would expect at least some of the peaks to corre-

spond to compounds with different vapor pressures and thus

to evaporate at different rates. It is possible that the peaks ob-

served in the VUV mass spectrum are biased towards com-

pounds with specific functional groups, which would compli-

cate the interpretation. However, the observed overall peak

thermogram agrees well with the observed SMPS-derived

mass thermogram, which suggests that our results are not bi-

ased in any particular direction (e.g. more vs. less volatile

components, Fig. 5a). (The overall peak thermogram inten-

sity has been corrected for the observed particle number loss

www.atmos-chem-phys.net/11/1895/2011/ Atmos. Chem. Phys., 11, 1895–1911, 2011
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in the thermodenuder relative to the bypass.) These obser-

vations indicate that, although αP aerosol is comprised of

many different individual compounds (e.g. Yu et al., 1999;

Docherty et al., 2005), the overall volatility is governed by

some other effective physical parameter and not solely the

properties of each individual compound. In other words, it

is as if the αP particles were comprised of a single “meta-

compound.” The exception to the above is the relative be-

havior of the peak at m/z 58, which increases with TTD. It is

not clear why this peak behaves differently than the majority

of the spectrum.

The ambient temperature VUV mass spectrum of the

mixed LO/αP particles is reasonably well represented as a

sum of the pure LO and αP particle spectra. The peaks in the

mass spectrum corresponding to LO and αP are well sepa-

rated such that it is possible to follow their evolution in the

mixed system separately. This allows the evolution of the

overall mass spectrum of mixed LO/αP particles with TTD

to be analyzed as a linear combination of the two individ-

ual aerosol spectra. The intensity of the LO peaks decrease

relative to the αP peaks with increasing TTD such that once

TTD > 70 ◦C the spectrum resembles that of pure αP parti-

cles. Also, like the pure LO aerosol, there is a clear m/z de-

pendence to the spectral variation with TTD in the LO region

of the spectrum. Thus, even though the LO and αP are inter-

nally mixed (as evidenced by the lack of increase in particle

number concentration), it appears that within a particle the

LO and αP components do not mix at a molecular level to

a significant extent. Recall that the αP aerosol was coated

onto LO seed particles, and thus one might expect that the

αP material should form a shell around the LO particles as

was previously observed for αP aerosol on dioctyl phthalate

particles (Vaden et al., 2010). However, if αP aerosol formed

a shell around the LO particles then it is reasonable to ex-

pect that the evaporation of the LO core should have been

significantly impeded by the αP coating, yet this was not ob-

served. Instead, our results appear consistent with the mixed

LO/αP aerosol having a morphology wherein the LO and αP

components exist as separate phases in a “side-by-side” ar-

rangement, thus allowing the LO components to evaporate

essentially unimpeded by the αP components. This observa-

tion is consistent with the mass thermogram for the mixed

LO/αP being a linear combination of the individual LO and

αP mass thermograms.

3.2 Mass and peak thermograms: quantitative analysis

Mass thermograms for the LO and αP multi-component

aerosol particles have been calculated using a kinetic model

of aerosol evaporation in the thermodenuder (Cappa, 2010).

Implicit to the model is the assumption that the particles

are well-mixed and describable through absorptive partition-

ing theory (i.e. governed by Raoult’s Law, perhaps with

activity coefficient adjustments). The required inputs to

the model are a volatility basis-set of ambient temperature

Fig. 5. (a) The measured individual peak thermograms over the

range m/z = 42–230 are shown (see color scale) along with the aver-

age peak (blue •) thermogram and the SMPS-derived mass thermo-

gram (blue �) for αP particles. (b) Calculated mass thermograms

for low-NOx αP aerosol are shown for different assumed γevap val-

ues (see legend). The observed total mass thermogram is shown for

reference. (c) Calculated thermograms for the individual C∗ com-

ponents assuming that γe = 10−4, indicating that distillation would

still be expected. Line colors correspond to component C∗ values

(see color scale). The observed total mass thermogram is shown for

reference.
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saturation concentrations (C∗) with the total mass fraction

(gas + particle phase) of each component in the basis-set

specified (αi), the total OA mass (COA), the enthalpy of va-

porization (1Hvap), molecular weight (MW), gas-phase dif-

fusivity (Dg) and evaporation coefficient (γe). Here, a log-

arithmically spaced C∗ basis-set has been used. The ini-

tial particle phase fraction for each compound is determined

from:

ξp,i =

(

1+
C∗

i

COA

)−1

;COA =
∑

i

COA,i =
∑

i

ξp,iαiCtot. (1)

where ξp,i is the partitioning coefficient and αi is the sto-

ichiometric yield for compound i, and Ctot is the total

(gas + particle phase) concentration of all compounds (Odum

et al., 1996).

For LO aerosol we have used the C∗ basis-set for diesel

aerosol (thought to be primarily composed of lubricating

oil) from Grieshop et al. (2009), where C∗ = {0.01, 0.1, 1,

10, 100, 1000, 104} µg m−3 and αi = {0.01, 0.01, 0.04, 0.21,

0.18, 0.45, 0.1}. (Grieshop et al. (2009) state that there is a

small amount of mass required in a C∗ = 0.001 µg m−3 bin,

but that this mass was incorporated into the 0.01 µg m−3 bin.

We find that inclusion of a C∗,= 0.001 µg m−3 bin in our

model does not affect our results.) As already discussed,

the method of generation of LO aerosol in this study and

in the Grieshop et al. (2009) study were different, which

may contribute to some differences in the actual LO aerosol

composition, potentially making the LO particles here some-

what more volatile than in the study in which the basis-set

fit was derived. 1Hvap values were estimated using the rela-

tionship given in Epstein et al. (2009). The assumed 1Hvap

distribution used here is different than that used by Grieshop

et al. (2009) to determine their volatility basis-set fit. We

find that this alteration allows for more robust simulation

of the shape of the LO mass thermograms. The need for

this change likely results from the use of an explicitly ki-

netic model here (Cappa, 2010) compared with the assump-

tion of equilibrium in the TD in the Grieshop et al. (2009)

study. Although this adds some uncertainty to our analysis,

it does not change the general conclusions. MW values were

specified using an estimated C∗/MW relationship, where log

C∗ = −0.0337MW + 11.56 (Lide, 2005); this relationship is

only applicable to saturated hydrocarbons. We assume that

the gas-phase diffusion coefficient Dg = 3×10−6 m2 s−1 and

use dp = 240 nm and COA = 730 µg m−3 (the observed val-

ues) along with the actual physical dimensions of the TD

(Huffman et al., 2008; Cappa, 2010). Given the uncertain-

ties in the volatility basis-set and 1Hvap values, the model

does a good job of reproducing the observations for the total

mass thermogram when the evaporation coefficient, γe, value

is assumed to be 1 or 0.1 (Fig. 4c). (The reason the γe = 1

and 0.1 cases cross-over in the calculations originates from

a balance between evaporation in the heated section and the

re-condensation in the ambient temperature denuder section

of the TD at the high mass loadings used in these experi-

ments.) However, when lower values for γe are assumed the

model/measurement agreement is poor, especially at room

temperature. This observation clearly demonstrates that the

components comprising the LO aerosol can be considered

“semi-volatile.” Mass fraction remaining (MFR) values as

a function of TTD are also shown for the individual compo-

nents considered in the model (i.e. the compounds with dif-

ferent C∗ values) and show generally good correspondence

with the observed binned peak thermograms (where γe = 0.5

has been used for illustration since both γe = 1 and 0.1 yield

reasonably good results; see Fig. 4d). Note that if our LO

aerosol is actually more volatile than the LO aerosol used

to derive the basis-set (Grieshop et al., 2009), the γe values

determined here would be upper limits.

To model the evaporation of αP aerosol, the low-NOx

volatility basis-set from Pathak et al. (2007a) and the

1Hvap relationship from Epstein et al. (2009) were used;

αi = {0.001, 0.012, 0.037, 0.088, 0.099, 0.25, 0.8} and

C∗ = {0.01, 0.1, 1, 10, 100, 1000, 104} µg m−3. We as-

sume a fixed MW of 150 amu. Unlike the LO aerosol,

the model results for αP aerosol do not agree with the

observations in terms of the total aerosol MFR when γe

>10−3. If γe is allowed to drop below 10−3 then approx-

imate model/measurement agreement can be obtained. For

reference, the mass thermograms for the individual model

components are shown in Fig. 5c for the γe = 10−4 case and

predict clear distillation of molecular components in the αP

aerosol

The determination of γe values from evaporation experi-

ments, such as these, explicitly requires (i) a priori knowl-

edge of a reasonably correct volatility basis-set and (ii) the

assumption that the particles remain well-mixed throughout

the evaporation process and therefore will exhibit volatility-

dependent distillation. The lack of variability in the VUV

mass spectra of αP aerosol with TTD suggests that the sec-

ond assumption may not be correct and thus that strict in-

terpretation of the model-measurement agreement (or lack

thereof) solely in terms of variations in γe may not be physi-

cally justifiable. Nonetheless, it is evident that when the LO

and αP aerosol systems are modeled with the above assump-

tions, they have effective γe values that differ substantially

from each other.

3.3 SOA as a glass?

Within the framework of traditional absorptive partitioning

theory (Pankow, 1994; Odum et al., 1996; Donahue et al.,

2006), OA volatility should be describable from the physi-

cal properties and relative abundances of the individual com-

pounds comprising the aerosol. The results reported here

for LO aerosol are consistent with this expectation. How-

ever, the αP observations are clearly not given that the VUV

mass spectrum is essentially independent of TTD. That the

αP mass spectrum does not change with TTD indicates that
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the particle composition is homogenous, which suggests that

the particle is well-mixed, at least initially. Yet, the obser-

vations also indicate the aerosol components do not evap-

orate according to their individual vapor pressures, which

suggests minimal mixing, slow particle-phase diffusion and

evaporation occurring in a “layer-by-layer” manner (assum-

ing spherical particles).

To understand this result, we explore an alternative possi-

bility, namely that the αP aerosol does not behave as a “sub-

cooled” liquid (Marcolli et al., 2004; Cappa et al., 2008) dur-

ing evaporation, but instead as a glass, wax or amorphous

solid (Zobrist et al., 2008; Virtanen et al., 2010; Vaden et

al., 2011) in which diffusion would be very slow. A few

recent studies have indicated the potential for and impor-

tance of glassy organic aerosol in the atmosphere (Murray,

2008; Zobrist et al., 2008; Murray et al., 2010; Virtanen et

al., 2010; Vaden et al., 2011). While most of these stud-

ies have been on aqueous organic glassy aerosol, as opposed

to the non-aqueous system considered here, the Virtanen et

al. results are for biogenic SOA at low (∼30%) RH and the

Vaden et al. (2010) results are for laboratory SOA and ambi-

ent OA. The key characteristic of a glass compared to a liquid

is that diffusion in a glass is much slower. If particle-phase

diffusion and mixing are sufficiently slow (compared to the

timescale of the experiment) then the constituent compounds

would not necessarily evaporate according to their Raoult’s

Law-adjusted vapor pressures, but rather evaporation would

proceed in a layer-by-layer manner, without mixing to re-

homogenize the particle and replenish the surface layer. In

this case, the evaporation rate of the higher volatility com-

ponents is limited by the rate at which surface sites become

available, which in turn depends on the evaporation rate of

the lower volatility components. This would appear as if

the higher volatility compounds have an apparent γe much

less than 1. Evaporation of the higher volatility compounds

could leave the remaining lower volatility compounds at the

surface to exist in a relatively high energy state (as neighbor

molecules evaporate and are not replaced), thus causing the

lower volatility material to evaporate somewhat faster than it

might otherwise. The net result would be that the overall par-

ticle evaporation dynamics would likely appear somewhere

between the highest and lowest volatility compounds, as has

been observed for binary and ternary mixtures of solid dicar-

boxylic acids (C. D. Cappa, 2007). However, this descrip-

tion does not appear to apply to the αP aerosol here, because

for γe values close to 1 even the least volatile components

(C∗ = 10−2 µg m−3) are calculated to evaporate completely

at temperatures lower than were observed.

For the residence time in the thermodenuder (15 s), if

the particle-phase diffusivity were of the order 10−16 m2 s−1

then mixing would have been slow compared to the transit

time through the thermodenuder. (Diffusion timescales were

estimated as td ∼ r2
p/Dp, where Dp is the particle-phase dif-

fusion coefficient and rp is the particle radius.) Given that

diffusion coefficients are temperature dependent, we conser-

vatively estimate the OA diffusivity at ambient temperature

would have needed to be O(10−18 m2 s−1), corresponding

to td ∼ 30 min, to prevent mixing at all TTD. For compari-

son, these values are similar to that observed for glassy or-

ganic polymers, such as 4×10−18 m2 s−1 for iodohexane in

polystyrene (Hui et al., 1987) or 3×10−20 m2 s−1 for a small

oligomer (640 g mol−1) in polymethylmethacrylate (Buck-

nall et al., 2001). However, the highest TTD are greater than

typical glass transition temperatures, Tg, for some known

low-MW glass formers, such as citric acid (Tg = 289 K),

glucose (Tg = 303 K) or levoglucosan (Tg ∼ 284 K) (Craig

et al., 1999; Zobrist et al., 2008). This might indicate that

particle-phase diffusion remains slow up to these high tem-

peratures, but that the particles could not properly be con-

sidered as glassy. However, if high-MW oligomers form a

significant fraction of the particle mass, higher Tg values are

possible (although such a result seems inconsistent with our

observed mass spectra). Nonetheless, the important physi-

cal parameter here is the particle-phase diffusivity (or vis-

cosity); whether the OA particles are actually “glassy” is less

important.

The LO aerosol is composed of numerous long chain hy-

drocarbons, which have only a few oxygenated functional

groups (if any) per molecule. On the other hand, the αP

aerosol is likely comprised of molecules having many func-

tional groups (e.g. alcohols, ketones, aldehydes, carboxylic

acids, etc.) per molecule and oligomeric species may also

be formed (e.g. Gao et al., 2010). As such, the interactions

between molecules in the LO aerosol will be dominated by

van der Waals forces while in the αP aerosol the intermolec-

ular interactions will be significantly more complex, likely

with an important role for hydrogen bonding or further con-

densed phase reactions. We hypothesize that in the αP parti-

cles made here, these interactions are sufficiently strong that

the net effect is to effectively retard mixing within the parti-

cle, thus giving rise to the observed behavior. However, this

hypothesis must be reconciled with the observation that the

particles were apparently compositionally homogenous, be-

cause if they were heterogeneous (e.g. with a composition

that gradually changes from the core to the outermost shell)

and glassy then the removal of outer layers would likely

lead to an observable change in the particle composition

(cf. Fig. 6e). Together, these findings suggest that a transfor-

mation occurred as the particles transited from the reaction

flowtube to the thermodenuder, wherein the particles evolved

from a more liquid-like state to a more arrested (potentially

glassy) state leading to a dramatic, although perhaps continu-

ous slow-down in particle-phase diffusion to the extent where

the mixing timescale, td, is less than the TD residence time,

and thus slow enough to prevent equilibration. Based on the

experimental configuration, this conversion time scale is esti-

mated as a few minutes. This may be related to the timescale

associated with the formation of dimers, trimers, etc. through

condensed phase or heterogeneous reactions, although there

is no direct support for this from our experiments.
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3.4 Sequential partitioning model

The formation and evolution of organic aerosol has, for the

past two decades, been primarily understood through absorp-

tive partitioning theory, generally with the assumption that

partitioning occurs to the entire organic phase (or at least the

entire secondary component). However, our observations for

the αP aerosol suggest that traditional absorptive partition-

ing may not provide a robust description of the aerosol be-

havior because the particle-phase diffusion may change over

time. In a first attempt to reconcile this traditional theory

with our observations we postulate what we will term here a

sequential equilibrium partitioning model (S-EPM). We em-

phasize that this is a conceptual model meant to demonstrate

that traditional absorptive partitioning theory is not the only

theory capable of describing aerosol growth experiments and

that the S-EPM is not a definitive physical representation of

the processes occurring in the experiments described here.

The primary feature of the S-EPM that distinguishes it from

traditional partitioning theory is that it is assumed that the

aerosol is rapidly converted from an absorbing to a non-

absorbing phase that does not participate in subsequent equi-

librium partitioning. Aerosol growth in the S-EPM is mod-

eled in a step-wise manner wherein the amount of material

available for partitioning at every step in the simulation de-

pends only on the available gas-phase material at that step

since it is assumed that the OA formed in any previous step

has been converted into non-absorptive material (i.e. glass)

and is thus unavailable for partitioning. This can be thought

of as allowing for the sequential formation of absorptive OA

“shells” on top of a non-absorptive OA “core,” and where the

shells are continuously being converted into non-absorbing

(e.g. glassy) OA. (The concept of “core” and “shell” allows

for easy visualization of the process; however, we are not

implying that the actual growth process must occur in this

particular manner.) The S-EPM is therefore relevant to the

above argument that absorbing (i.e. low viscosity) material is

being converted to non-absorbing, glassy (i.e. high viscosity)

material on some timescale. It is possible that the conver-

sion to this non-absorbing phase involves the formation of

oligomers. Because the S-EPM assumes that this process is

occurring nearly instantaneously, the conversion process will

directly influence the gas-particle partitioning behavior rela-

tive to traditional equilibrium models.

Consider a typical laboratory experiment in which a

gas-phase organic compound is reacted with some oxidant

(e.g. O3, OH, NO3). In the initial stages of the experiment,

some small amount of hydrocarbon reacts (1HC) to produce

a certain quantity of lower volatility products. The relative

amount of any given reaction product depends upon the gas-

phase yield of that compound. This newly produced gas-

phase material can then partition to a new particle phase,

leaving behind some amount of the gas-phase material that

depends on the vapor pressure for that compound. In the S-

EPM, it is assumed that the material that condensed to the

particle phase in this step is “lost” from the system and does

not influence partitioning in the next step, i.e. is converted

to non-absorbing (non-partitioning) material (cf. Fig. 6a). In

the next step, further hydrocarbon is reacted, producing more

gas-phase material. The total material available for partition-

ing in this step is then the sum of the newly formed gas-

phase material from reaction and the material from the pre-

vious step that did not condense (i.e. the residual gas-phase

material). For compounds that partition strongly to the parti-

cle phase, the new total is effectively equal to only the mate-

rial produced from gas-phase reactions, while for compounds

that weakly partition to the particle phase the total is equal to

the sum of the newly produced and residual gas-phase mate-

rial. Overall, this can be expressed as:

Crxn
g,n,i = αi ·1HCn, (2)

Cres
g,i,n = Ctot,i,n −Cp,i,n, (3)

Ctot,i,n+1 = Crxn
g,i,n+1 +Cres

g,i,n, (4)

where Crxn
g,i is the gas-phase concentration produced from re-

action of the parent hydrocarbon, αi is the gas-phase yield,

Cres
g,i is the residual gas-phase concentration, Ctot,i is the to-

tal concentration of material available for partitioning, Cp,i

is the particle-phase concentration, i indicates different com-

ponents and n indicates the step. Note that the total material

available for partitioning at a given step, Ctot,i,n, is just the

gas-phase material because we have assumed that the par-

ticle phase material from previous steps has become non-

absorbing and is therefore no longer counted in the total. At

each step the newly formed particle phase material is then:

Cp,i,n = ξiCtot,i,n (5)

ξi,n =

(

1+
C∗

i

COA,n

)−1

;COA,n =
∑

i

ξi,nCtot,i,n (6)

where C∗
i is the saturation concentration of compound i and

COA,n only includes the absorptive material. The total OA

produced throughout the experiment is then:

COA,tot =
∑

n

COA,n. (7)

The sequential absorption model has been tested to determine

to what extent it is consistent with laboratory aerosol growth

experiments, which universally show that the aerosol yield

increases non-linearly with increasing COA,tot (where the

aerosol yield is defined as COA,tot/1HCtot and 1HCtot is the

total reacted hydrocarbon, i.e. the sum of the 1HCn values).

Here, the S-EPM has been developed following from the

aerosol basis-set framework, wherein the compounds are rep-

resented in logarithmically spaced bins with respect to their

saturation concentrations (Donahue et al., 2006). The only

adjustable parameters are the αi yield values for each com-

ponent in the basis-set since the products are assumed to be
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Fig. 6. (a) A schematic of the processes in the S-EPM. Up to down (and green to black) represents conversion of the previously absorbing

phase into a non-absorbing (glassy) phase. Diagonal (down-to-up/left-to-right) represents particle growth and the formation of a new ab-

sorbing phase. (b) The calculated aerosol yield from the sequential partitioning model is shown (solid line) along with the measurements for

α-Pinene + O3 from Hoffman et al. (1997); Griffin et al. (1999); Cocker et al. (2001); Presto et al. (2006), and Pathak et al. (2007b). Results

from a traditional equilibrium partitioning model using the same volatility basis-set as for the S-EPM are shown for comparison (dashed

line). (c) The calculated O:C from the S-EPM (solid line) and the equilibrium (dashed line) models are shown along with the observations

from Shilling et al. (2009). Note that the variation in O:C with C∗ has been adjusted to give good model/measurement agreement. (d) The

calculated variation in Ri,n, i.e. the total mass concentration of each compound relative to its saturation concentration, as a function of COA

for both the S-EPM (solid lines) and the traditional model (dashed lines). Only material available for partitioning is included in Ctot,i,n. Line

colors indicate components with different C∗, and are given in the color bar. (e) The relative particle fraction of each compound as a function

of COA. Colors correspond to C∗.

non-reactive. As a specific test-case, we use the aerosol yield

measurements for αP aerosol determined from a number of

different studies as presented by Pathak et al. (2007a): Hoff-

mann et al. (1998), Griffin et al. (1999), Cocker et al. (2001),

Presto et al. (2006), and Pathak et al. (2007b). A 6-product

volatility basis-set, ranging from C∗ = 10−2 to 103 µg m−3,

has been used and αi values determined by minimizing the

residual between the calculated and measured aerosol yield.

The S-EPM is capable of explaining the aerosol yield obser-

vations (Fig. 6b), with a best-fit αi basis-set = {0.001, 0.012,

0.045, 0.11, 0.10, 0.18}. Note that the calculated aerosol

yield curves are nearly insensitive to the 1HCn step size
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used, although the calculated amount of added aerosol mass

at each step (COA,n) is sensitive to the 1HCn used, with

smaller COA,n corresponding to smaller 1HCn values.

The evolution of the fractional contributions of the in-

dividual components to the total aerosol mass as a func-

tion of COA,tot provides some insights into how the parti-

cle composition will change. As expected, at low COA,tot

the composition is dominated by the lower volatility mate-

rial and, as COA,tot increases, the contributions of the higher

volatility material increase (Fig. 6e). Comparison with the

calculated total (gas + particle) concentration of each com-

pound relative to the saturation concentration of that com-

pound (Ri,n = Ctot,i,n/C∗
i ) indicates that this ratio is a pri-

mary factor driving the evolution of the particle composition

(Fig. 6d). Recalling that the definition of Ctot,i,n excludes

the OA that has been converted to non-absorbing material,

the variation of Ri,n for the S-EPM is seen to be quite dif-

ferent than for the traditional model, in which Ri,n continu-

ously increases as more material is produced from gas-phase

oxidation of the parent compound (Fig. 6d). The specific

shape of the Ri,n vs. COA trajectories for the S-EPM results

from a balance between production of new gas-phase mate-

rial and the loss of condensed-phase material via conversion

to the non-absorbing phase. The fraction that will partition

to the condensed-phase at any step is governed both by the

individual C∗
i values and the available Ctot,i (the combina-

tion of which determines the amount of newly formed OA;

cf. Eqs. 1 and 6). As Ctot,i,n increases for a given component,

more of that component will go to the condensed phase in a

given step, and thus a greater fraction will be “lost” via con-

version to a non-absorbing phase. When the fraction of an

individual component that partitions to the condensed-phase

in a given step is less than 50%, Ctot,i will build up with each

step. However, once that fraction exceeds 50%, material is

lost to the conversion process faster than it is formed from

gas-phase reactions, and accordingly Ri,n begins to decrease.

This variation in the overall particle composition with

COA,tot can be used to examine how, for example, the par-

ticle O:C ratio might change as a function of COA,tot dur-

ing growth experiments, as was measured by Shilling et

al. (2009). Here, we assume that any condensed-phase reac-

tions that occur preserve the overall O:C, which is equivalent

to saying that there is no mass-loss from the particle due to

any such reactions. However, even if the compounds were to

lose their chemical identity during the conversion process, an

assumption of no mass loss means that the overall O:C can be

determined by keeping track of the variation in the individual

components;

(O : C)total,n =
∑

i

(O : C)i
Cp,i,n

COA,n

. (8)

If it is assumed that O:C for the binned components varies

linearly with log C∗, with higher O:C corresponding to lower

C∗ components, then it is possible to match the observations

from Shilling et al. (2009) (Fig. 6c). The specific relation-

ship determined here was O:C = −0.025 + 0.11(4 − log C∗),

which yields values reasonably similar to those derived by

Shilling et al. (2009) using a 4-product equilibrium parti-

tioning model. Thus, the S-EPM is capable of explaining

OA growth experiments in terms of both the observed mass

yields and O:C values.

The results from the S-EPM can be compared to a tradi-

tional equilibrium absorption model, in which the entire OA

mass influences the partitioning at every step. For the same

αi basis-set as determined for the S-EPM the aerosol yield

curve for the traditional model gives very similar results,

with only a slightly higher aerosol yield for a given COA,tot

(Fig. 6b). Thus, in the context of aerosol growth experiments

these two models do not differ significantly in terms of the

derived αi basis-sets. The difference is primarily that, in the

S-EPM, incorporation of the higher volatility components is

delayed until their abundance is larger (i.e. more of the par-

ent hydrocarbon has reacted) because there is only a small

amount of condensed-phase material available into which it

can partition at any given step and the actual concentration

is too far below the saturation concentration (Fig. 6d). This

suggests that the production rate of the individual compo-

nents from gas-phase reactions is an important controlling

factor. However, even though the S-EPM and the traditional

model yield essentially the same results (e.g. volatility basis-

sets), the key feature is that there will be a real difference in

the physical outcome for the OA, as the S-EPM model al-

lows for formation of OA in which much of the OA mass

is non-absorbing and, perhaps, glassy. Subsequent evapora-

tion of the OA formed from the traditional model and the

S-EPM, induced either by dilution or heating, may therefore

proceed along different paths than would be predicted us-

ing the αi /volatility basis-sets determined from the growth

experiments. In other words, although it is possible to de-

scribe OA growth through equilibrium partitioning theory the

thus derived properties may not ultimately provide an accu-

rate description of the effective thermodynamic properties of

the formed OA.

One potential and important difficulty associated with ap-

plying the S-EPM to the interpretation of the αP results in

this study is that the S-EPM, unlike the equilibrium model,

could lead to a situation where the thus formed particles are

composed of sequential layers that have differing composi-

tion, with a greater fractional amount of higher volatility ma-

terial in the outer layers than in the inner layers. This is a re-

sult of the “shell-by-shell” formation in the S-EPM, whereas

in the equilibrium model it is assumed that the particles are

well-mixed at all times. (Although we note that there is noth-

ing inherent to the S-EPM that requires shell-by-shell forma-

tion, only that the absorbing material is converted to a non-

absorbing phase.) However, the observations suggest that the

αP particles are homogeneous, yet highly viscous such that

the particle composition does not change during evaporation.

As such, we reiterate that the S-EPM is not meant to provide
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an exact representation of the physical processes that actu-

ally occur in our experiments, but only to demonstrate that

aerosol growth measurements can be modeled within a con-

ceptual framework that allows for transformation of the par-

ticles from a liquid-like to glassy phase on some timescale.

An alternative possibility is that the particles are not

“glassy”, but are actually composed of a high fraction

of essentially non-volatile oligomeric compounds and that,

during evaporation, we are actually seeing the release of

monomers of constant average composition (e.g. monomer-

by-monomer evaporation). Although our VUV mass spectra

suggests that oligomers are only a small fraction of the total

SOA mass, we cannot rule out the possibility that oligomers

fall apart in the VUV-MS, thus appearing primarily as their

monomers (or fragments thereof). If this is the case, it may

be that the formation of (non-volatile) oligomers on a rela-

tively rapid timescale is what drives the discrepancy between

growth and evaporation experiments. However, such a pro-

cess requires no fundamental change to the SPM as described

above, so long as one posits that the oligomeric mass is a

“non-absorbing” phase.

3.5 Comparison with literature observations

3.5.1 Laboratory experiments

Our observations of αP aerosol evaporation indicate that the

individual compounds comprising the aerosol are not dis-

tilled from the particles according to their volatility as they

are heated. However, not all laboratory-generated OA ap-

pears to behave in this manner. For example, the work by

Ziemann and co-workers indicates that many gas-phase reac-

tions lead to secondary OA in which distillation occurs while

other reactions are more consistent with the observations pre-

sented here (Docherty et al., 2005; Gong et al., 2005; Lim

and Ziemann, 2005, 2009). For example, their experiments

using αP aerosol (formed with cyclohexane, an OH radical

scavenger, present) show the OA to have very low volatil-

ity components, similar to the observations presented here,

but, in contrast, they also observed evidence for distillation in

their mass thermograms (Docherty et al., 2005). Further, in-

chamber dilution experiments by Grieshop et al. (2007) pro-

vide evidence for changes to the particle composition upon

evaporation. It may be that the longer timescales available

during the evaporation process in these previous experiments

compared to our experiments are an important consideration.

Kostenidou et al. (2009) measured mass spectra of αP

aerosol behind a TD using an EI-AMS. Depending on the ex-

plicit conditions (high vs. low NOx, low vs. high RH), they

found some variation in the observed mass spectrum with

TTD, which suggests chemical changes upon heating, incon-

sistent with our observations. However, the αP aerosol in

their experiments was overall significantly more volatile than

in our experiments, as evidenced by the VFR falling to 0.1 by

60–70 ◦C in their experiments compared to around 120 ◦C in

ours (for approximately the same TD residence time, but with

an initial COA ∼ 5−10 times smaller in their experiments),

which indicates that the αP particles in these experiments

may not be directly comparable. Our VFR vs. TTD obser-

vations for αP aerosol are, however, consistent with results

from smog-chamber experiments by Huffman et al. (2009b)

(with the same residence time and similar COA as here). Be-

sides the different COA, a difference between the Kostenidou

et al. (2009) results and ours and the Huffman et al. results

is that Kostenidou et al. (2009) used an OH scavenger. In

addition to modifying the chemistry that occurs in the gas-

phase, the presence of OH radicals could lead to heteroge-

neous reactions that could modify the particle composition

directly (e.g. Smith et al., 2009). However, large differences

between mass thermograms measured for αP + O3 aerosol

formed with/without an OH scavenger present have not been

observed (Jonsson et al., 2007), which suggests that the pres-

ence/absence of an OH scavenger may not be the main rea-

son for the observed differences in the VFR curves. Finally,

another difference is that in the Kostenidou et al. (2009) ex-

periments the αP aerosol was formed over many hours in a

smog chamber whereas our αP aerosol was formed in a few

minutes in a flow tube (although we note that the Huffman

et al. (2009b) αP aerosol was also formed over many hours).

Certainly, there remains an unexplained inconsistency given

that these different experiments all probed αP aerosol evap-

oration over similar timescales in a TD.

Shilling et al. (2009) investigated how the O:C atomic

ratio of αP particles varied with mass loading for aerosol

growth experiments, finding that O:C at very low mass load-

ings was larger than at high loadings. Although their ex-

periments showed that the composition of αP particles does

vary with mass loading, Shilling et al. (2009) determined

how composition varied with increasing mass loading (i.e. as

the particles grew) and not how composition changed once

already formed particles evaporated; thus, our experiments

may not be directly comparable. Nonetheless, our VUV-

AMS measurements provide compelling evidence that un-

der some cases OA volatility does not follow from tradi-

tional partitioning theory. Our overall conclusion, that the

αP SOA exists as an amorphous solid while the LO aerosol

is liquid-like, is consistent with the observations of Virtanen

et al. (2010) who concluded based on measurements of par-

ticle bounce that biogenic SOA (similar to the αP SOA here)

was glassy and of Vaden et al. (2011), who observed slow

evaporation kinetics for chamber and field OA particles.

3.5.2 Field observations

Comparison of our laboratory results with field observations

is somewhat challenging because of the complications intro-

duced by the ambient OA potentially existing as an exter-

nal mixture of different OA aerosol types. With an exter-

nal mixture, it is possible that T-dependent changes to the

observed total OA spectrum could be driven by differences
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in volatility between externally mixed OA types and not by

chemical changes within a specific (internally mixed) aerosol

type. With this caveat in mind, we find that our laboratory

observations for αP aerosol are generally consistent with re-

cent ambient observations of T-dependent OA mass spectra

during the FAME-2008 campaign (Hildebrandt et al., 2010),

wherein statistically insignificant differences in the average

OA mass spectrum were observed between ambient temper-

ature and TTD = 110 ◦C or 145 ◦C. The total OA mass dur-

ing FAME-2008 was dominated by highly oxygenated or-

ganic aerosol (OOA; O:C ∼ 0.77) with no measurable contri-

bution from “hydrocarbon-like” OA (HOA). In contrast, dur-

ing the SOAR and MILAGRO campaigns, variations in the

campaign average O:C ratio for OA with TTD were observed

(Huffman et al., 2009a), which could be interpreted as indi-

cating distillation of compounds with lower O:C (and pre-

sumably higher volatility) from the OA particles occurred.

However, we find that the variation in O:C with TTD dur-

ing these two campaigns can be reasonably well explained if

one assumes that the various identified OA types (e.g. HOA,

OOA, etc.) have a T-independent (but unique) O:C but

where the fractional contribution of each component varies

with temperature (Appendix A). As such, the variation in

O:C with TTD during MILAGRO and SOAR may be driven

by changes in the relative amount of each aerosol type and

not necessarily by changes in the chemical makeup of each

aerosol type.

The volatility of the ambient OA observed during MI-

LAGRO as deduced from tandem TD-AMS experiments

has recently been quantified under the assumption that the

OA was describable through absorptive partitioning theory

(i.e. remained well-mixed throughout evaporation) (Cappa

and Jimenez, 2010). It was demonstrated that a significant

fraction of the OA could be considered “non-volatile,” and

that the ambient OA was significantly less volatile than typ-

ical laboratory-generated SOA. However, if the ambient OA

did not actually remain well-mixed, but instead acted as a

glassy substance with slow diffusion, akin to the αP particles

considered here and in Virtanen et al. (2010), then the inter-

pretation in terms of partitioning theory is not physically jus-

tifiable even though the data may be well represented. This

does not necessarily mean that ambient OA volatility can-

not be parameterized as a 1, 2...n component system within

the framework of partitioning theory, only that the derived

properties may not have a readily interpretable physical or

chemical meaning.

3.5.3 The evaporation coefficient

Above, we used a kinetic model of aerosol evaporation in

a TD (Cappa, 2010) to deduce that the evaporation coeffi-

cient for LO aerosol is on the order of 0.5 (0.1 < γe < 1).

However, it has previously been suggested based on room-

temperature isothermal dilution experiments that the evapo-

ration coefficient, γe, for LO aerosol is 0.001–0.01 (Grieshop

et al., 2009). Our results are inconsistent with such a low

value for γe for LO aerosol. As discussed in Sect. 3.2, a dif-

ferent volatility/1Hvap distribution pair has been used here

than in Grieshop et al. (2009). However, we find that if the

original volatility/1Hvap distribution pair is used this gen-

eral conclusion does not change. Additionally, we observed

that the LO particles evaporated significantly in the activated

carbon denuder section of the TD. Using the volatility dis-

tribution given by Grieshop et al. (2009) for diesel aerosol,

we calculate that if γe < 0.01 then the VFR for LO aerosol

at ambient temperature should have remained above 0.98,

which is also inconsistent with our observations. These low-

temperature results are important, as they demonstrate that

the differences between the LO and αP particles are not be-

ing driven by condensed-phase chemistry occurring at ele-

vated temperatures.

In a separate study using the same isothermal dilution

methodology, Grieshop et al. (2007) also determined that

0.001 < γe < 0.01 for αP aerosol. In this case, we similarly

find that the effective γe for αP aerosol is significantly less

than 1, with γe = 10−4 based on the TD measurements. The

reason for the very different level of agreement between the

LO and αP aerosol in our TD experiments compared to the

isothermal dilution experiments (Grieshop et al., 2007, 2009)

is not clear, although could be related to the timescales asso-

ciated with evaporation vs. loss of gas-phase species to the

chamber walls (Loza et al., 2010; Matsunaga and Ziemann,

2010). We note that if our results for the LO aerosol are

correct, this calls into question the robustness of the method-

ology used by Grieshop et al. to estimate γe values in general

(Grieshop et al., 2007, 2009).

4 Implications

The formation and evolution of OA in the atmosphere has

traditionally been described through equilibrium partitioning

theory. However, our results suggest that the thermodynamic

properties of OA as deduced from aerosol yield experiments

may not be directly applicable to the thus formed OA. In par-

ticular, it appears that the volatility of SOA may be signifi-

cantly lower than would be expected from the aerosol yield

experiments. This suggests that SOA in the atmosphere may

then exhibit a significantly lower sensitivity, or at least a sig-

nificantly slower response, to dilution and changes in temper-

ature than expected. In the limit of considering the SOA to be

completely non-volatile at typical ambient temperatures, this

would therefore allow for a much greater amount of SOA to

be preserved downwind of strong sources because the SOA

would not evaporate upon dilution. However, at the same

time our results suggest that POA (here, in the form of LO

aerosol) would be quite sensitive to dilution and thus POA

mass concentrations would decrease from evaporation upon

dilution (in addition to the influence of dilution itself).
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Volkamer et al. (2006) found that the magnitude of the dis-

crepancy between model and measured SOA increases with

photochemical age. To the extent that photochemical age is

correlated with dilution, having a non-volatile (or very low

volatility) SOA would push model estimates up, thus help-

ing to reduce the model/measurement discrepancy. Consider,

for example, the 2-product volatility of αP aerosol as deter-

mined by Griffin et al. (1999), where C∗
1 = 5.84 µg m−3 and

C∗
2 = 250 µg m−3 and α1 = 0.038 and α2 = 0.326. If one as-

sumes that enough α-pinene reacts to produce 10 µg m−3 of

OA, dilution by a factor of 2 would cause the OA concentra-

tion to decrease to 0.5 µg m−3, where evaporation has caused

a further loss of 90% of the OA mass (4.5 µg m−3 out of the

5 µg m−3 remaining after dilution). However, if the volatil-

ity of the αP were much lower, then the actual loss of OA

mass from dilution would decrease by a significant amount.

Finally, the slower diffusion in a glassy particle compared to

a liquid-like particle could strongly affect the processes and

timescales associated with heterogeneous chemical reactions

on SOA particles (Zahardis and Petrucci, 2007).

Appendix A

Ambient O:C atomic ratios

The O:C values as a function of TTD during SOAR and MI-

LAGRO have been estimated using the data presented in

(Huffman et al., 2009a). For simplicity, the analysis has been

limited to considering the total OA to only be comprised

of three distinct OA types, or factors: a hydrocarbon-like

OA (HOA), a low-volatility oxygenated OA (LV-OOA) and

a high-volatility oxygenated OA (HV-OOA). Other compo-

nent factors (e.g. biomass burning OA or “local” OA) were

assumed to have the same properties as HOA. The relative

amounts of the HOA, LV-OOA and HV-OOA components

at each TTD were determined from Fig. S8 in Huffman et

al. (2009a). The average O:C was then calculated by multi-

plying each of the relative OA contributions by the O:C for

that factor and summing:

O : Ctot(TTD) =
∑

i

fi(TTD)×O : Ci (A1)

where fi is the fractional amount of each factor at each TTD

and O:Ci is the O:C for each factor. We assume that O:Ci

for each factor is temperature independent. The difference

between the observed O:C and the calculated O:C was mini-

mized at all temperatures to determine an effective O:Ci for

the LV-OOA and HV-OOA components, and HOA was as-

sumed to be 0.1 (Ng et al., 2010). This results in derived

O:C values for the LV-OOA component of 0.56 (MILAGRO)

and 0.69 (SOAR) and for the HV-OOA component of 0.45

(MILAGRO) and 0.21 (SOAR). The values deduced here for

SOAR are similar to those reported by Ng et al. (Ng et al.,

2010); 0.84 (LV-OOA) and 0.26 (HV-OOA). No compara-

ble values are available for MILAGRO, although the average

OOA O:C was ∼0.53 (Ng et al., 2010), consistent with our

finding.
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