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Abstract. Saturation vapor pressure (psat) is an important thermodynamic property regulating the gas-to-
particle partitioning of organic compounds in the atmosphere. Low-volatility organic compounds (LVOCs), with
sufficiently low psat values, primarily stay in the particle phase and contribute to aerosol formation. Obtaining
accurate information on the psat of LVOCs requires volatility measurements performed at temperatures relevant
to atmospheric aerosol formation. Here, we present an isothermal evaporation method using a residence time
chamber to measure psat for dry single-compound nanoparticles at 295 K. Our method is able to characterize
organic compounds with psat spanning from 10−8 to 10−4 Pa at 295 K. The compounds included four polyethy-
lene glycols (PEGs: PEG6, PEG7, PEG8, and PEG9), two monocarboxylic acids (palmitic acid and stearic acid),
two dicarboxylic acids (azelaic acid and sebacic acid), two alcohols (meso-erythritol and xylitol), and one ester
(di-2-ethylhexyl sebacate). There was a good agreement between our measured psat values and those reported by
previous volatility studies using different measurement techniques, mostly within 1 order of magnitude. Addi-
tionally, quantum-chemistry-based COSMOtherm calculations were performed to estimate the psat values of the
studied compounds. COSMOtherm predicted the psat values for most of the studied compounds within 1 order
of magnitude difference between the experimental and computational estimates.

1 Introduction

Secondary organic aerosol (SOA) particles account for 64 %
to 95 % of submicron organic aerosol particles measured at
different locations, from urban to remote areas (Zhang et al.,
2007; Jimenez et al., 2009). Gas-phase oxidation of volatile
organic compounds leads to a range of organic vapors with
different functionalities and thus volatility. Organic vapors
with sufficiently low volatility can condense onto existing
particles or form new particles (Hallquist et al., 2009). Par-
ticular attention has been paid to low-volatility organic com-
pounds (LVOCs), which significantly contribute to SOA for-

mation (Ehn et al., 2014; Mohr et al., 2019; Schwantes et al.,
2019). Under gas–particle equilibrium, nearly all (≈ 100 %)
LVOCs partition into the particle phase in the presence of
ambient aerosol mass loadings. The volatility of an organic
compound can be quantified by its saturation vapor pressure
(psat) which is the key thermodynamic property describing
the equilibrium gas–particle partitioning of the compound
(Pankow, 1994). LVOCs typically refer to organic com-
pounds with psat between 10−8 and 10−6 Pa (saturation mass
concentration on the order between 10−3 and 10−1 µg m−3).
Numerous measurement techniques have been used to esti-
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mate the psat values of organic compounds (e.g., dicarboxylic
acids; Bilde et al., 2015).

The thermal desorption method is typically achieved by
the desorption of particle samples from a collection plate at
elevated temperature and the follow-up gas-phase measure-
ments of the evaporating molecules with mass spectrometers.
Examples of this method include thermal desorption par-
ticle beam mass spectrometry (TDPB-MS; Chattopadhyay
and Ziemann, 2005), thermal desorption proton transfer reac-
tion mass spectrometry (TPD-PT-RMS; Cappa et al., 2008;
Holzinger et al., 2010; Eichler et al., 2015), atmospheric
solids analysis probe mass spectrometry (ASAP-MS; Bruns
et al., 2012), and Filter Inlet for Gases and AEROsols cou-
pled with time-of-flight chemical ionization mass spectrom-
eter (FIGAERO-ToF-CIMS; Lopez-Hilfiker et al., 2014). Es-
timation of psat using the thermal desorption method can be
biased by either high sample mass loading (i.e., on the order
of micrograms; Huang et al., 2018) or thermal decomposi-
tion of heat-labile organic compounds (Schobesberger et al.,
2018; Yang et al., 2021).

For the method based on particle size changes, a pop-
ulation of monodisperse particles are placed in a non-
equilibrium condition so that their particle sizes decrease due
to evaporation. Typically, a tandem differential mobility an-
alyzer (TDMA) is used to monitor particle size changes dur-
ing evaporation with residence times from seconds to min-
utes. Such a method can determine the volatilities of organic
compounds with psat as low as 10−6 Pa (Bilde et al., 2003).
The size-selected particles are in the size range from several
tens to hundreds of nanometers, with number concentrations
from several tens to thousands per cubic centimeter. A flow
tube TDMA (FT-TDMA) has been deployed to probe the psat
from the evaporation of dry particles or aqueous droplets un-
der ambient temperature and relative humidity (RH) condi-
tions (Koponen et al., 2007; Yli-Juuti et al., 2013; Emanuels-
son et al., 2016). Furthermore, working at elevated temper-
atures up to 573 K, volatility TDMA (V-TDMA) has been
used to probe not only psat but also enthalpy of vaporiza-
tion or sublimation of organic compounds by passing dry
aerosol particles through a stainless steel thermodenuder at
different controlled temperatures (Salo et al., 2010). To ab-
sorb the evaporated gas molecules from particle samples, the
thermodenuder can be either filled up with activated char-
coal (Saha et al., 2015) or followed by an activated charcoal
scrubber (Salo et al., 2010). Since V-TDMA measurements
are performed with elevated temperatures, the psat values de-
rived from the measurements of thermally labile compounds
can be potentially biased by thermal decomposition, as in the
thermal desorption method mentioned above.

Furthermore, an electrodynamic balance (EDB; Zardini
and Krieger, 2009) or optical tweezer (Cai et al., 2015) can be
used to determine the psat of organic compounds, in a manner
similar to the TDMA method, by monitoring the size changes
of trapped single micrometer-sized particles. A single parti-
cle typically in the size range of 2–20 µm is trapped in an

environmental cell. As the cell is continuously flushed with
a clean air flow at a controlled temperature and RH, organic
molecules keep evaporating from the particle phase to the gas
phase in a non-equilibrium condition, and the particle size
decreases accordingly. The psat of an organic compound can
be determined by the optical measurement of particle size
changes during evaporation (Zardini et al., 2006; Mitchem
and Reid, 2008). For organic molecules with psat of 10−6 Pa
or lower, it would take more than 24 h using the single par-
ticle method to obtain measurable particle size changes with
minimum size measurement errors (Cai et al., 2015; Krieger
et al., 2018).

Different from the TDMA method, an integrated volume
method (IVM) developed by Saleh et al. (2008) estimates
psat of organic compounds on the basis of the change in
the total aerosol volume under quasi-equilibrium conditions.
In a typical measurement, dry polydisperse particles pass
through a thermodenuder with no absorbing material and
reach equilibration with the surrounding air at a set tempera-
ture, thereby leading to changes in particle size and volume.
Equilibrium conditions are ensured by applying high aerosol
mass concentrations (∼ 500 µg m−3) to saturate the gas phase
and residence times of tens of seconds to complete evapo-
ration kinetics, with no interaction between the investigated
compounds and wall material of the thermodenuder (Saleh
et al., 2008). Since saturating the gas phase is essential in the
IVM method, it might be challenging to apply such a method
to investigate compounds of high volatilities even with mass
loading of hundreds of micrograms per cubic meter. So far,
the IVM method has been used to characterize the volatil-
ities of atmospheric-relevant organic compounds with psat
(298 K) between 10−5 and 10−4 Pa (Saleh et al., 2008, 2010;
Babar et al., 2020).

Knudsen cells can be also utilized for psat measurements
of organic compounds. A macroscopic particle sample will
be first placed in the cell with operation pressure of 10−2 Pa
or below and then allowed to establish an equilibrium with
the gas phase. The psat of an organic compound can be deter-
mined by measuring either the mass change with mass bal-
ance over time (Ribeiro da Silva et al., 2001) or the effusion
rate of gas-phase organic molecules from the cell with a mass
spectrometer (Booth et al., 2009; Dang et al., 2019; Shelley
et al., 2020). Using mass balance as the detection method
typically requires undertaking experiments at elevated tem-
peratures (e.g., up to 421 K) to ensure sufficient material loss
from samples with psat (298 K) as low as 10−8 Pa (Goldfarb
and Suuberg, 2008). The psat measurements using this tech-
nique can be biased if the particle samples are contaminated
by compounds of high volatilities (Bilde et al., 2015). When
using a mass spectrometer that has high sensitivity as the de-
tection method, volatility measurements can be performed
at around ambient temperatures (298–338 K; Booth et al.,
2009). So far, such a technique has been used to study organic
compounds with psat (298 K) down to 10−6 Pa in aerosol re-
search (Booth et al., 2009; Krieger et al., 2018).
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To date, many empirical models have been developed to
estimate psat of organic compounds. The simplest models
use elemental compositions (Donahue et al., 2011; Bianchi et
al., 2019), while group contribution methods require knowl-
edge on the functional groups of organic compounds (Nan-
noolal et al., 2008; Pankow and Asher, 2008; Compernolle
et al., 2011). For a multifunctional compound, the interac-
tion between its functional groups is an important factor for
describing the intermolecular interaction in the condensed
phase. The conductor-like screening model for real solvents
(COSMO-RS; Klamt, 1995; Klamt et al., 1998; Eckert and
Klamt, 2002) has therefore recently been used to estimate
the psat of multifunctional organic compounds that are atmo-
spherically relevant (Kurten et al., 2016, 2018; Hyttinen et
al., 2021, 2022; Stahn et al., 2022). However, few compar-
isons have been made between COSMO-RS-estimated and
experimental psat values of LVOCs due to the scarcity of re-
liable psat measurements of relevant compounds.

Experimentally determining the psat of LVOCs is chal-
lenging. All of the measurement techniques presented above
have their advantages and disadvantages, and multiple tech-
niques are needed to obtain a comprehensive view on the
psat. Similar new methods for determining psat are desired,
especially for measuring psat of LVOCs that are particu-
larly relevant for atmospheric SOA formation. In this study,
we present an isothermal particle evaporation method us-
ing a TDMA setup for psat characterization. Without any
additional heating, the method can determine psat values
of LVOCs down to 10−8 Pa by monitoring the evaporation
of monodisperse nanoparticles in a residence time cham-
ber (RTC) under dry conditions at room temperature (i.e.,
295 K) within a timescale of hours. No calibrant with known
psat is required. The RTC method has been also used to
study volatilities of biogenic SOA particles in previous stud-
ies (Yli-Juuti et al., 2017; Buchholz et al., 2019; Li et al.,
2019, 2021, 2023). Different from our RTC approach, Cain
et al. (2020) used a dilution chamber filled with clean air
to isothermally dilute the polydisperse aerosol particles by
a factor of 10 to initiate particle evaporation. Using the ap-
proach of Cain et al. (2020) to estimate particle volatility re-
quires corrections for size-dependent particle wall loss and
coagulation.

Here we used the RTC method to study a set of LVOCs of
which psat values have been reported in the literature. More-
over, quantum chemistry calculations with COSMO-RS were
performed to estimate psat values of the selected LVOCs. A
comparison between experimental and calculated psat values
helps us evaluate the accuracy of the psat calculations of the
studied LVOCs.

2 Methods

2.1 Particle evaporation measurements

In this study, a set of pure organic compounds were cho-
sen for psat characterization and used as received with-
out any purification. The polyethylene glycol (PEG, Poly-
pure AS) standards used were PEG6, PEG7, PEG8, and
PEG9. The mono- and dicarboxylic acids used were palmitic
acid (Sigma Aldrich, ≥ 99 %), stearic acid (Sigma Aldrich,
95 %), azelaic acid (Sigma Aldrich, 98 %), and sebacic
acid (Sigma Aldrich, 99 %). The remaining chemicals were
meso-erythritol (Alfa Aesar, 99 %), xylitol (Sigma Aldrich,
≥ 99 %), and di-2-ethylhexyl sebacate (DEHS, Topas GmbH,
> 98 %). The properties of individual organic compounds
are summarized in Table 1. Acetonitrile (Fisher Scientific,
99.8 %) was used as a solvent for stock solutions in this study,
with the exception of meso-erythritol and xylitol, which were
dissolved using deionized water (18.2 M�).

Particle samples were generated by nebulizing solutions
of organic compounds with an atomizer (ATM 226, Topas
GmbH). Prior to the size selection, either a silica gel diffu-
sion dryer or a large dilution flow of dry purified air was
used to remove the solvent (i.e., water or acetonitrile). The
schematic diagram of the measurement setup is shown in
Fig. S1 in the Supplement. Two parallel nanometer aerosol
mobility analyzers (NanoDMA, model 3085, TSI) were used
to select particles of 80 nm electrical mobility diameter. We
operated the two NanoDMAs in an open-loop setting with
a sample to sheath flow ratio of 1 : 8 with clean, dry air as
the sheath flow. Such a configuration ensured a gas phase
free of the studied compounds (Li and Chen, 2005). Eventu-
ally, the resultant monodisperse aerosol was fed into either
the bypass lines of varying lengths or into a stainless-steel
RTC of either 25 or 100 L in volume for prolonged isother-
mal evaporation. This setup for particle evaporation measure-
ments enables residence times from 1 s to nearly 7 h. Vapor
wall losses in the bypass lines and RTCs were rapid enough
to ensure negligible amounts of vapor in the gas phase (Yli-
Juuti et al., 2017). The whole setup was maintained under
dry conditions (RH< 5 %) at 295 K. Before each isothermal
evaporation experiment, the NanoDMAs, bypass tubing, and
RTCs were flushed for hours with dry purified air.

Particle size changes due to isothermal evaporation were
periodically measured with a scanning mobility particle sizer
(SMPS, TSI; DMA 3080, CPC 3775). Under the assumption
of particle sphericity, the extent of particle evaporation was
quantified using the evaporation factor (EF). Independent of
particle number concentration or mass loading, the EF was
determined as Dp,t/Dp,0. We chose the measured size with
the least amount of evaporation (residence time = 1s follow-
ing size selection) as Dp,0 and the measured size after resi-
dence time t of evaporation as Dp,t .
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Table 1. Properties of the organic compounds used in this study.

Groups Compounds Chemical Ma ρb σ c Dd
air

formula (g mol−1) (g cm−3) (mN m−1) (m2 s−1)

Polyethylene glycol PEG 6 C12H26O7 282.30 1180 45 4.67× 10−6

PEG 7 C14H30O8 326.40 1206 45 4.32× 10−6

PEG 8 C16H34O9 370.40 1234 45 4.04× 10−6

PEG 9 C18H38O10 414.50 1257 45 3.80× 10−6

Monocarboxylic acid Palmitic acid C16H32O2 256.42 852 130 4.37× 10−6

Stearic acid C18H36O2 284.48 941 160 4.12× 10−6

Dicarboxylic acid Azelaic acid C9H16O4 188.22 1251 180 5.65× 10−6

Sebacic acid C10H18O4 202.25 1210 100 5.38× 10−6

Alcohol Meso-erythritol C4H10O4 122.12 1451 160 7.66× 10−6

Xylitol C5H12O5 152.15 1520 160 6.85× 10−6

Ester DEHS C26H50O4 342.30 912 32 3.37× 10−6

a Molecular weight. b Density; for references, see Table S1 in the Supplement. c Surface tension or energy; for references, see Table S2 in the
Supplement. d Gas-phase diffusivity of a compound in air calculated using Eq. (2).

2.2 Determination of psat values

For each of the studied compounds, the psat value can be
determined from the isothermal evaporation data (Riipinen
et al., 2006; Salo et al., 2010). The particle size change due
to evaporation can be expressed as

dDp

dt
=−psat ·

4Di,airMi

ρiDpRT
· exp

(
4σiMi

ρiDpRT

)
·β, (1)

where Di,air is the gas-phase diffusivity of molecule i in air,
Mi is the molecular weight, ρi is the density,Dpis the particle
diameter,R is the universal gas constant, T is the temperature
(i.e., 295 K), σi is the surface tension or energy, and β is a
factor correcting the condensation mass flux in the transition
regime (Dp in between 0.02 and 3 µm).

The gas-phase diffusivity of molecule i in air, Di,air, can
be estimated using Fuller’s semi-empirical method (Fuller et
al., 1966):

Di,air =
10−3T 1.75

(
1
Mi
+

1
Mair

)0.5

P
(

3
√
Vi +

3
√
Vair

)2 , (2)

where p is the experimental pressure (i.e., 1 atm) and Mair is
the molecular weight of air. In addition, Vi and Vair are the
corresponding diffusion volumes for molecules i and air. For
a molecule, the diffusion volume can be calculated by adding
the diffusion volumes of all the atoms. Here we used 15.9 for
C, 2.31 for H, and 6.11 for O (Reid et al., 1987).

For the transition regime correction factor β, we used
Fuchs–Sutugin approximation to describe the gas diffusion
in the transition regime (Fuchs and Sutugin, 1971):

β =
1+Kn

1+ 0.3773 ·Kn+ 1.33 ·Kn ·
(

1+Kn
α

) , (3)

where Kn is the Knudsen number and α is the accommoda-
tion coefficient. Chamber partitioning studies (Krechmer et
al., 2017; Liu et al., 2019) and molecular dynamics simula-
tions (Julin et al., 2014; Von Domaros et al., 2020) suggested
that α was close to unity for LVOCs, and thus α was set to
unity in this study. Kn is 2 times the ratio between the mean
free path of the molecule i in air (λi,air) and particle diameter
(Dp):

Kn=
2λi,air

Dp
. (4)

The value of λi,air can be further expressed following Fuchs
and Sutugin (1971):

λi,air =
3Di,air

ci
, (5)

where ci is the mean speed of a molecule of i in pure gas of i.
For a molecule i, the value of ci can be described as follows
(Moore, 1962):

ci =

√(
8RT
πMi

)
. (6)

The psat value for each organic compound was estimated
using approximate Bayesian computation with sequential
Monte Carlo (ABC-SMC; Sisson et al., 2007; Toni et al.,
2009; Liepe et al., 2014). The ABC-SMC algorithm for a
single parameter (i.e., psat) works by first drawing samples of
psat from a pre-determined prior distribution. For each sam-
ple of psat, a loss function is used to measure the difference
between the simulation based on Eq. (1) and observed evap-
oration data. Only those samples which have their computed
losses below the acceptance threshold (ε1) will be accepted,
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resulting in the first posterior distribution of sample size N .
Subsequently, new samples are drawn from the previous pos-
terior distribution with a probability proportional to the asso-
ciated weight and then are perturbed as in Toni et al. (2009).
Applying the defined loss function and a smaller acceptance
threshold (ε2<ε1), we produce a new posterior distribution
of N samples of psat. The procedure of generating a new
set of N accepted samples from the previous posterior distri-
bution is repeated J times with continuously decreasing ac-
ceptance thresholds (εJ <εJ−1< . . . <ε2<ε1). This finally
leads to an estimate which can be approximated as the true
psat of the compound of interest given the observed particle
evaporation data.

The ABC-SMC sampling process was performed using the
Python package pyABC (Klinger et al., 2018). For each or-
ganic compound, the mean value of psat and the 95 % credi-
ble interval (CrI) were calculated using all accepted samples
from the final set of N samples at the end of the pyABC run.
The sample size N was defined as 500. The number of itera-
tions typically ranges from 10 to 30 (Schälte and Hasenauer,
2020), and here we set the iteration time J to 10. The prior
distribution was set to be a log-uniform distribution between
10−10 and 10−3 Pa.

The sum of the squared residuals between the observed
and simulated evaporation data was defined as the loss func-
tion. The number of data points with residence time longer
than 1 h was typically less than the number of data points
with residence time of 1 h or less. To prevent data points
with short residence times from dominating the fittings, the
squared difference for each data point with residence time
longer than 1 h was scaled with a scaling factor of the number
of data points with residence times of 1 h or less. The mini-
mum acceptance threshold was defined as the total sum of the
maximum uncertainties (±1.875 % in particle size) from all
observation data points. By default, the acceptance thresh-
olds (ε1 to εJ ) are automatically calibrated and updated in
pyABC. The sampling in pyABC was terminated once either
the minimum acceptance threshold or maximum number of
iterations (i.e., here set to 10) was reached, whichever came
first.

2.3 Quantum chemical calculations using COSMOtherm

Conductor-like screening model for real solvents (COSMO-
RS; Klamt, 1995; Klamt et al., 1998; Eckert and
Klamt, 2002) uses a combination of quantum chem-
istry and statistical thermodynamics to estimate condensed-
phase thermodynamic properties, e.g., psat of pure com-
pounds. The COSMO-RS model is implemented in
the COSMOtherm2021 program (BIOVIA COSMOtherm,
2021), where the model has been parametrized using experi-
ments of a large set of compounds. The COSMOtherm2021
program was used to calculate the psat of the organic com-
pounds. The input files for mono- and dicarboxylic acids
and alcohols were taken from the COSMObase2021, which

contains COSMOtherm input files of the most commonly
used compounds. Input files for the other compounds (i.e.,
DEHS, PEGs) were generated using the BP-TZVPD-FINE-
COSMO+GAS_18 template of COSMOconf2021 (BIOVIA
COSMOconf, 2021), which has been created for finding
suitable conformer sets for COSMOtherm calculations. The
density functional theory calculations were performed using
the TURBOMOLE program version 7.4.1 (TURBOMOLE,
2019). In COSMOtherm, we used the BP_TZVPD_FINE_21
parametrization and 295 K temperature. For each compound,
the psat in the subcooled liquid state (pl

sat) is calculated using
its free energy values in the gas (Gg) and pure liquid phases
(Gl):

pl
sat = e

−
(Gl
−Gg)
RT . (7)

Some of the studied compounds can be crystalline solid
in bulk at the experimental temperature (i.e., 295 K),
which needs to be considered in the psat calculations.
COSMOtherm is able to estimate saturation vapor pressures
in the crystalline-solid state (ps

sat), if experimental melting
temperature and the heat of fusion are given as input. The
experimental melting temperatures and heats of fusion used
in the COSMOtherm calculations are correspondingly listed
in Tables S3 and S4 in the Supplement. The free energy of fu-
sion (1Gfus) at the given temperature is calculated from the
given experimental values of the melting temperature and en-
thalpy of fusion and added to the free energy of vaporization.
For each compound, its ps

sat can be estimated as follows:

ps
sat = e

−
(Gl
−Gg
−1Gfus)
RT . (8)

3 Results and discussion

With the use of the ABC-SMC method to optimize the evap-
oration model, we determined the psat values from the data
points collected in the isothermal evaporation measurements
under dry conditions at 295 K. The optimized psat values for
the studied compounds are summarized in Table 2. In the fol-
lowing sections for each compound group, we also included
the psat values (at 298 K) reported by previous studies for
systematic comparisons. Details of each included study can
be found in Tables S6–S12 in the Supplement. Similarly to
Bilde et al. (2015), we used two different symbols to distin-
guish psat measurements assumed to be taken in crystalline-
solid or liquid states. In Figs. 1e, 2, and 4, filled squares indi-
cate psat values assumed to be measured in a crystalline-solid
state, while open circles represent psat values assumed to be
measured in a liquid state.

Note that there could be uncertainties from the chosen sets
of α and σ for individual compounds. To examine their im-
pacts on the estimated psat values, we performed several sen-
sitivity analyses, as shown in Figs. S2–S6 in the Supplement.
As α decreased, the estimated psat values increased by a fac-
tor of 2 for α= 0.5 and increased by a factor of 9 for α= 0.1

https://doi.org/10.5194/acp-23-6863-2023 Atmos. Chem. Phys., 23, 6863–6877, 2023
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Figure 1. (a–d) Measured evaporation factors (EFs; circles) as a function of residence time for PEGs (PEG 6–9), simulations with the
average optimized psat values (solid green lines) and 95 % credible intervals (95 % CrIs; shaded areas in green), and simulated evaporation
curves with a set of reference psat values (10−9 to 10−3 Pa, with 1-decade intervals, dashed grey lines). All simulated evaporation curves
were computed using α= 1 and the chosen σ shown in Table 1. For the measured data points of EF in (a)–(d), the error bars represent a
maximum uncertainty of ±1.875 % in particle size measurements on the y axis and the minimum and maximum residence times on the x
axis. (e) Measured psat values for PEGs in this study shown in red together with the those reported by Krieger et al. (2018) in yellow. The
psat values in this study were estimated using α= 1, with error bars including ±50 % variation in the chosen σ and the fitting uncertainties
(i.e., 95 % CrIs).

compared with those estimated with α= 1. When varying σ
by ±50 %, we found mostly small, and in all cases below
1 order of magnitude, changes in the estimated psat values for
all three tested values of α. Previous experimental (Krechmer
et al., 2017; Liu et al., 2019) and computational works (Julin
et al., 2014; Von Domaros et al., 2020) have suggested that
α is close to unity for the LVOC category, which the selected
compounds of this study fall into. Therefore, the optimized
psat values were estimated using α= 1, and the presented un-
certainty ranges for psat include ±50 % variation in the cho-
sen σ and the fitting uncertainties (i.e., 95 % CrIs). Depend-
ing on the studied compounds, the contributions of the fitting

uncertainties to the presented uncertainty ranges varied from
3 % to 95 %.

3.1 Polyethylene glycols

The measured and simulated EFs of the four PEG com-
pounds are shown in Fig. 1a–d. For the remaining com-
pounds, the measured and simulated EFs can be found in
Figs. S7–S10 in the Supplement. With increasing monomer
units, the PEG particles showed slower evaporation rates and
thus lower volatilities, as expected based on previous mea-
surements (Krieger et al., 2018) and in agreement with their

Atmos. Chem. Phys., 23, 6863–6877, 2023 https://doi.org/10.5194/acp-23-6863-2023
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Figure 2. Measured psat values from this study (squares in red shaded areas) together with those reported in the literature for palmitic acid
(a; green), stearic acid (b; blue), azelaic acid (c; green), and sebacic acid (d; blue). Note that the psat values and their uncertainties from
Bilde et al. (2015) were based on the combined data sets of different studies but not from a particular study or experimental method. For
the psat values from this study, they were estimated using α= 1, with error bars including ±50 % variation in the chosen σ and the fitting
uncertainties (i.e., 95 % CrIs).

increasing maximum desorption temperatures measured by
FIGAERO-CIMS (Ylisirniö et al., 2021). For the investi-
gated PEGs, the psat values at 295 K were estimated to be
in the range between 10−9 and 10−4 Pa. Bulk PEG6–8 were
in liquid states at the experimental temperature, which was
above or close to their melting points (Table S3). Given
the waxy form of PEG9 at the experimental temperature of
295 K, PEG9 particles were most likely in an amorphous
solid state; therefore, the psat value of PEG9 from our study
should be close to that of the subcooled liquid (Bilde et al.,
2015). Among these four PEGs, the estimated psat value of
PEG9 has the largest relative uncertainty. This is due to the
relatively small size changes of PEG9 particles within the
experimental timescale of nearly 7 h. Compared with litera-
ture values for PEG6-9 reported by Krieger et al. (2018), our
newly derived values agree within a factor of 2 (Fig. 1e).

3.2 Mono- and dicarboxylic acids

For the mono- and dicarboxylic acids, the measured psat
values from this study and previous studies are depicted in
Fig. 2a–d. Our results are in the range between 10−7 and
10−5 Pa at 295 K. All of these four compounds have melting
points higher than the experimental temperature (Table S3),
and therefore the psat values are here assumed to correspond
to the crystalline-solid phase, although the subcooled liquid
phase cannot be ruled out. For each of the four carboxylic
acids, the psat value from this study is in the range of val-
ues reported by other independent measurements (Fig. 2a–
d). Among all studies compared in Fig. 2, Cappa et al. (2007,
2008) reported the lowest solid psat values from their mea-
surements (Fig. 2a–d; bottom rows). Different from other
studies, they specifically preheated the particle samples for
30–60 min at a temperature slightly above the melting points
in order to remove any solvent molecules which could remain
in the particles after sample preparation. Prior to psat charac-
terization with temperature-programmed desorption, the pre-
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Table 2. Summary of psat at 295 K for the organic compounds mea-
sured in this study.

Groups Compounds psat (Pa)∗

Polyethylene glycol PEG 6 2.24+0.50
−0.39× 10−5

PEG 7 1.06+0.21
−0.17× 10−6

PEG 8 6.51+1.25
−1.06× 10−8

PEG 9 6.71+9.75
−3.86× 10−9

Monocarboxylic acid Palmitic acid 5.40+3.94
−2.30× 10−6

Stearic acid 2.42+1.97
−1.09× 10−7

Dicarboxylic acid Azelaic acid 7.61+5.16
−3.13× 10−6

Sebacic acid 1.07+0.23
−0.19× 10−7

Alcohol Meso-erythritol 3.75+1.15
−0.81× 10−5

Xylitol 1.71+0.48
−0.37× 10−6

Ester DEHS 7.52+1.81
−1.46× 10−7

∗ The optimized psat values were estimated using α= 1, and the presented
uncertainty ranges for psat include ±50 % variation in the chosen σ and the fitting
uncertainties (i.e., 95 % CrIs).

heated samples were cooled down to 273 K to ensure that the
particle samples were in crystalline-solid states.

It has been suggested that quick drying after atomization
of aqueous organic droplets might not be sufficient to remove
all solvents from the particles (Bilde et al., 2015). Cappa
et al. (2007) concluded that the retained solvent molecules
might (1) disrupt the crystal structure at the sample surface,
allowing many carboxylic acid molecules to exist in config-
urations favoring evaporation, and (2) increase surface areas
for evaporation by increasing surface roughness and poros-
ity. These two effects could possibly increase the evaporation
rates of the studied carboxylic acid molecules. For instance,
the crystalline-solid psat values of palmitic acid from our
study and other three independent measurements (Davies and
Malpass, 1961; Tao and McMurry, 1989; Chattopadhyay and
Ziemann, 2005), which used atomized samples after quick
drying, are much higher than the crystalline-solid psat values
from samples with less likely impact from solvent molecules
(Cappa et al., 2008; Yatavelli and Thornton, 2010) but very
close to the liquid psat value which was predicted by Cappa et
al. (2008) based on their crystalline-solid psat value (Fig. 2a).
Different from palmitic acid, our crystalline-solid psat value
of stearic acid from atomized samples is very close to the
crystalline-solid psat value but not the liquid one reported by
Cappa et al. (2008; Fig. 2b). Furthermore, Saleh et al. (2010)
found very similar psat values of azelaic acid between two
sample types that were prepared using atomization (thereby
involving solvent; labeled “A”) and homogeneous condensa-
tion (involving no solvent; labeled “B”; Fig. 2c).

Figure 3. Ranges of normalized psat values for palmitic, stearic,
azelaic, and sebacic acids. Each reported psat value in the literature
was normalized to that of our study. The whole range of normalized
psat of each compound is shown as a grey bar. The group of samples
potentially impacted by solvents is shown as a blue bar, while that
with no impact from solvents is shown as a yellow bar. Note that
data from Bilde et al. (2015) shown in Fig. 2 were not included for
these analyses.

To assess whether retention of solvents impacted our mea-
sured psat values, we normalized the crystalline-solid psat
values from other studies (excluding Bilde et al., 2015) to
the one obtained in our study for comparison, as shown in
Fig. 3. Depending on the carboxylic acid studied, the range
of the reported psat values (grey bars) spans from over 1 to al-
most 4 orders of magnitude. We further categorized the stud-
ies into two groups according to how the particle samples
were prepared. Descriptions of sample preparation in differ-
ent studies can be found in Tables S7–S10 in the Supple-
ment. In the first group, we included studies where aerosol
particles were generated by atomization followed by quick
drying, while in the second group we included studies where
additional procedures (e.g., preheating, homogenous nucle-
ation) were applied to eliminate the solvents from the sam-
ples. In general, the group potentially impacted by solvents
(blue bar) has higher normalized psat values compared with
the group with no impact from solvents (yellow bar). Divi-
sions between the two sample groups are clearly observed in
the two dicarboxylic acids but not in the two monocarboxylic
acids. Understanding whether the impact of retained solvent
molecules on psat measurements is compound dependent or
not would require further investigations with more organic
compounds.

Among the studied carboxylic acids, the span of the mea-
sured psat values for azelaic acid is relatively large, even
when only considering those studies with no impact from
solvent molecules. As azelaic acid is a dicarboxylic acid
with nine carbon atoms, polymorphism is one potential fac-
tor to be considered when comparing the psat values be-
tween different studies. Previous thermal desorption mea-
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Figure 4. Measured psat values from this study (squares in red
shaded area) together with those reported in the literature for meso-
erythritol (green) and xylitol (blue). For the psat values from this
study, they were estimated using α= 1, with error bars including
±50 % variation in the chosen σ and the fitting uncertainties (i.e.,
95 % CrIs).

surements suggested the presence of polymorphism in dicar-
boxylic acids with odd numbers of carbon atoms (≤ 9; Chat-
topadhyay and Ziemann, 2005; Salo et al., 2010) as bimodal
size distribution was observed during particle evaporation at
elevated temperatures (313–333 K). However, we did not ob-
serve any bimodal distributions of evaporating particles for
azelaic acid in the present study, which was carried out at
295 K.

3.3 DEHS and alcohols

The measured and simulated EFs for DEHS as a function of
residence time are presented in Fig. S9 in the Supplement.
DEHS is in a liquid state at the experimental temperature,
which is much higher than its melting point (Table S3). The
psat value from our study is 7.52+1.81

−1.46× 10−7 Pa for DEHS.
We could not find any literature psat value for DEHS. How-
ever, dioctyl sebacate (DOS; an isomer with very similar
structure) has a comparable psat value of 2.74× 10−6 Pa at
298 K (Rader et al., 1987).

For xylitol, with an additional –CHOH– in the carbon
backbone, the measured psat value is approximately 1 order
of magnitude lower than that of meso-erythritol (Fig. 4; bot-
tom row). The psat value of meso-erythritol agrees with liter-
ature data within less than a factor of 2, while the psat value
of xylitol agrees with that extrapolated from the measure-
ment in Barone et al. (1990) within approximately a factor of
3 (Fig. 4).

The melting points of both bulk xylitol and meso-erythritol
are above the experimental temperature (Table S3). However,
Emanuelsson et al. (2016) observed a bimodal distribution of
meso-erythritol particles after evaporation, indicative of two
types of particles with different volatilities, and suggested
the coexistence of crystalline-solid and liquid phases. The
presence of such bimodal behavior becomes increasingly im-

portant with decreasing particle size and/or increasing ex-
perimental temperature (298 K: < 64 nm; 303 K: < 83 nm;
308 K: < 180 nm; Emanuelsson et al., 2016). Cheng et
al. (2015) found that aerosol particles smaller than certain
critical sizes tend to remain in a liquid state, even at a temper-
ature below the bulk phase transition temperature. However,
we did not observe any bimodal distributions of evaporating
particles for meso-erythritol in our study. This is likely due to
the fact that the particle sizes in our study were mostly larger
(61–77 nm) than the size range (i.e.,< 64 nm at 298 K) which
exhibited bimodal evaporation behavior in Emanuelsson et
al. (2016). Even though the bimodal behavior of evaporated
meso-erythritol particles was not observed in our study, we
cannot rule out the coexistence of crystalline-solid and liquid
phase states for the meso-erythritol particles.

3.4 Comparison with psat values derived from
COSMOtherm computations

The psat values of the organic compounds were estimated
using COSMOtherm calculations. The results for DEHS and
PEGs were estimated with the input files generated using the
COSMOconf2021 program, while those for the studied car-
boxylic acids and alcohols were computed using the input
files from COSMObase2021. At the experimental tempera-
ture of 295 K, DEHS and the four PEGs (PEG6–9) remain
in liquid or amorphous states for their bulk. Thus, only their
corresponding pl

sat values were derived from COSMOtherm.
For the remaining compounds of interest (i.e., carboxylic
acids, alcohols), the bulk materials are in a crystalline-solid
state at 295 K. We computed their pl

sat values but also further
derived their ps

sat values by accounting for 1Gfus (see Eq. 8)
for comparing with the measured psat values. For the ps

sat val-
ues, we found the upper and lower limits of estimates using
the lowest and highest experimental 1Gfus values from the
literature (Table S4), respectively.

We compared the measured psat values with the pl
sat and/or

ps
sat values estimated by COSMOtherm, as shown in Fig. 5.

The psat values predicted by COSMOtherm were in reason-
able agreement with the experimental values for most of the
studied compounds when considering a reasonable differ-
ence of 1 log unit between measurements and COSMOtherm
estimates. Based on bulk thermodynamics, the carboxylic
acids and alcohols should be in a crystalline-solid phase at
the experimental temperature of 295 K. Their ps

sat values
agree better with the experimental values compared with the
pl

sat values. Exceptions are found in the two dicarboxylic
acids for which the pl

sat values (open blue circles) are equally
close to or agree better with the experimental psat value com-
pared with the ps

sat values (filled blue bars). However, the
COSMOtherm systematically underpredicted the experimen-
tal psat values of PEGs by orders of magnitude. This is the
opposite of what occurred in a previous computational study
on multifunctional compounds, where an older parametriza-
tion (BP_TZVPD_FINE_18) of COSMOtherm was seen to
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Figure 5. Comparison of psat values between the measurement in
this study (x axis) and different COSMOtherm predictions (y axis)
at 295 K. The two different markers represent the comparisons of
measured psat values with the COSMOtherm-estimated psat values
of liquid (open circles) and crystalline-solid (filled squares) phase
states, respectively. The error bar of each marker on the x axis repre-
sents the uncertainty range for the psat value estimated using α= 1,
which includes ±50 % variation in the chosen σ and the fitting un-
certainties (i.e., 95 % CrIs). The error bar of each filled square on
the y axis shows the range between the maximum and minimum
COSMOtherm-estimated crystalline-solid psat values. The dashed
black line is the 1 : 1 line, with grey shaded areas showing a devia-
tion of 1 log unit.

overestimate the psat by a factor of 5 for every intramolec-
ular hydrogen bond in the compound (Kurtén et al., 2018).
Here, the large underestimation of the psat of the PEGs
by COSMOtherm suggests that COSMOtherm overestimates
the stability of condensed-phase molecules relative to gas-
phase molecules.

Kurtén et al. (2018) recommended selecting conformers
to COSMOtherm calculations based on their intramolecu-
lar hydrogen bonding in order to improve the psat estima-
tions of multifunctional compounds. The best agreement be-
tween experimental and computed psat values was found by
using only conformers that contain no intramolecular hydro-
gen bonds in the COSMOtherm calculations (Kurtén et al.,
2018). Here we found that the conformers of multifunctional
carboxylic acids and alcohols included in the COSMObase
produce accurate psat estimates even if conformers contain-
ing intramolecular hydrogen bonds were not excluded from
the calculations. Note that the COSMObase conformers of

the studied multifunctional carboxylic acids and alcohols
were likely used in the parametrization of the psat estimates
for the quantum chemistry input in the COSMO-RS model.
This may explain why the conformers of COSMObase pro-
duce accurate psat estimates for these compounds. System-
atic conformer sampling and selecting conformers based on
their intramolecular hydrogen bonding, suggested by Kurtén
et al. (2018), led to higher psat values (lower psat for xyl-
itol) than the conformers of COSMObase, worsening the
agreement with experiments (Table S13). The discrepancy
between the COSMOtherm-derived and experimental psat of
the PEGs may be caused by the lack of organic compounds
similar to large PEGs in the set of compounds used in the
BP_TZVPD_FINE_21 parametrization of COSMOtherm.

4 Conclusions

Here we presented a TDMA-based method to investigate the
isothermal evaporation of dry organic nanoparticles that con-
sist of a single compound in an RTC. Using this method, we
characterized organic compounds with psat spanning from
10−8 to 10−4 Pa at 295 K. The experimentally determined
psat values from this study are within the ranges of those
reported in previous studies based on different measure-
ment techniques. The advantages of our method are that the
evaporation measurements are performed at an atmospher-
ically relevant temperature and its ability to determine psat
values down to 10−8 Pa in the LVOC range. We acknowl-
edge that there could be uncertainties regarding the particle
phase state and the presence of polymorphism, which have
been also discussed in previous volatility studies (Bilde et
al., 2003; Chattopadhyay and Ziemann, 2005; Cappa et al.,
2007; Emanuelsson et al., 2016). To address such uncertain-
ties would require in situ spectroscopic methods (e.g., Mie
resonance spectroscopy, Raman spectroscopy) that are sensi-
tive enough to differentiate between crystalline-solid, amor-
phous, and subcooled liquid states (Price et al., 2022) and
to identify different polymorphic forms (Yeung et al., 2010).
In addition, it has been suggested that aerosol materials with
high bulk melting points would be in liquid states at room
temperature, once reaching a critical diameter between 12
and 40 nm (Cheng et al., 2015). However, the experimen-
tal data on such phase changes are limited to a very small
set of compounds (e.g., sodium chloride, ammonium sulfate,
polystyrene). Future investigations on the size dependence of
phase transitions of LVOCs are warranted. Such knowledge
will advance our understanding about phase states but also
the volatilities of LVOCs, when they exist in a particle size
range (50–100 nm) highly relevant to cloud condensation
nuclei activation (Kerminen et al., 2012). Furthermore, we
found that COSMOtherm is able to reproduce our measured
psat values for the studied compounds except PEGs, mostly
within 1 order of magnitude. The large difference between
the measured and calculated psat values of PEG highlights
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the importance of conformer selection in COSMOtherm cal-
culations for new types of compounds that have not been
used in the parametrization of the model. Unsuitable con-
former selection may therefore lead to substantial uncertain-
ties, especially for LVOCs that have not been used in the
parametrization of the model.

The current study was focused on psat characterization
for dry single-compound particles at one set temperature.
Nonetheless, our method can be further used to perform
isothermal evaporation experiments at different temperature
and RH settings. This will help probe two other important
thermodynamics properties – enthalpy of vaporization and
organic activity coefficient – which are important in the gas-
to-particle partitioning of organic compounds. Furthermore,
the method can be extended to study interactions between
compounds in multicomponent aerosol particles, e.g., the
matrix effect of inorganic salts and non-volatile organics on
the isothermal evaporation of LVOCs (Liu et al., 2020). For
atmospheric SOA particles which consist of hundreds or even
thousands of compounds, their evaporation rates are regu-
lated by the complex interplay between volatility distribu-
tion, particle viscosity, and particle-phase chemistry. Previ-
ous studies with a similar experimental setup have shown
biogenic SOA particle evaporation to be dependent on RH
(Yli-Juuti et al., 2017), temperature (Li et al., 2019), oxida-
tion levels (Buchholz et al., 2019), or molecular composi-
tion (Li et al., 2021, 2023). This study, together with pre-
vious studies on SOA particles, has shown the applicability
of combining RTC experiments with process modeling. The
RTC method was used here only to probe size changes during
particle evaporation; obtaining molecular-level insights into
SOA particle evaporation processes requires further detailed
composition analysis.
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