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Abstract. Adsorption and desorption of gases on liquid or solid substrates are involved in multiphase processes
and heterogeneous chemical reactions. The desorption energy (E0

des), which depends on the intermolecular forces
between adsorbate and substrate, determines the residence time of chemical species at interfaces. We show how
E0

des and temperature influence the net uptake or release of gas species, the rates of surface–bulk exchange and
surface or bulk reactions, and the equilibration timescales of gas–particle partitioning. Using literature data, we
derive a parameterization to estimate E0

des for a wide range of chemical species based on the molecular mass,
polarizability, and oxygen-to-carbon ratio of the desorbing species independent of substrate-specific properties,
which is possible because of the dominant role of the desorbing species’ properties. Correlations between E0

des
and the enthalpies of vaporization and solvation are rooted in molecular interactions. The relation between E0

des
and desorption kinetics reflects the key role of interfacial exchange in multiphase processes. For small molecules
and semi-volatile organics (VOC, IVOC, SVOC), E0

des values around 10–100 kJ mol−1 correspond to desorption
lifetimes around nanoseconds to days at room temperature. Even higher values up to years are obtained at low
temperatures and for low volatile organic compounds (LVOC, ELVOC/ULVOC) relevant for secondary organic
aerosols (SOA). Implications are discussed for SOA formation, gas–particle partitioning, organic phase changes,
and indoor surface chemistry. We expect these insights to advance the mechanistic and kinetic understanding of
multiphase processes in atmospheric and environmental physical chemistry, aerosol science, materials science,
and chemical engineering.

1 Introduction

The interaction of gases with condensed phase matter via
heterogeneous or multiphase reactions is of importance for
a variety of disciplines such as chemical engineering, catal-
ysis, materials science, and environmental and atmospheric
chemistry (Cussler, 2009; Chorkendorff and Niemantsver-
driet, 2007; Finlayson-Pitts and Pitts, 2000; Ravishankara,
1997; Solomon, 1999; Hoffmann et al., 1995; Beller et al.,

2012; Hanefeld and Lefferts, 2018). In the atmosphere, gas–
particle interactions and multiphase chemical processes in-
volve gaseous and condensed-phase species manifesting in
condensation, gas–particle partitioning, and alteration in the
physicochemical properties of aerosol particles and cloud
droplets (Pöschl et al., 2007; Kolb et al., 2010; Rudich et al.,
2007; George and Abbatt, 2010; Pöschl and Shiraiwa, 2015;
Moise et al., 2015; Ammann et al., 2013; Crowley et al.,
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2013; Kroll et al., 2011; Donahue et al., 2011; Jimenez et al.,
2009; Abbatt and Ravishankara, 2023; Ravishankara, 1997;
Penkett et al., 1979; Hoffmann and Edwards, 1975; Davi-
dovits et al., 2006). The dramatic effects of multiphase reac-
tions in the atmosphere are most impressively demonstrated
by the large-scale stratospheric ozone depletion (ozone hole)
over the South Pole during Antarctic winter and spring,
where inactive gaseous chlorine species are converted to ac-
tive gas species on cloud particles (Solomon, 1999; Rowland,
1991; Peter, 1997; Koop et al., 1997; Müller et al., 1997;
Carslaw et al., 1997).

Atmospheric aerosol particles and environmental inter-
faces are often chemically complex systems comprising mul-
tiple components in multiple phases. The large compositional
variety of airborne particulate matter and gas species includ-
ing reactive radicals, oxidants, and volatile inorganic and
volatile organic compounds (VOCs), in addition to the wide
temperature and humidity range present in the atmosphere,
poses challenges to resolve multiphase chemical kinetics on a
molecular level. The underlying molecular processes are im-
portant for the scientific understanding and reliable descrip-
tion of gas uptake and chemical transformation of aerosols
(Shiraiwa et al., 2011a; Berkemeier et al., 2013; Zhou et
al., 2013; Abbatt et al., 2012; Kolb et al., 2010; Schwartz,
1986; Hanson and Lovejoy, 1995; Hanson et al., 1996; Shen
et al., 2022; Willis and Wilson, 2022), the chemical evolu-
tion of secondary organic aerosol (SOA) including the parti-
tioning of semivolatile species (Shiraiwa and Seinfeld, 2012;
Shiraiwa et al., 2013b; Perraud et al., 2012; Donahue et al.,
2011; Ingram et al., 2021), and the impact of multiphase re-
actions on the particles’ activation as cloud condensation nu-
clei (CCN) or ice-nucleating particles (INPs) (Slade et al.,
2015, 2017; Petters et al., 2006; Wang et al., 2012; Wang and
Knopf, 2011; Knopf et al., 2018; Knopf and Alpert, 2023).

Atmospheric multiphase reactions usually involve an ad-
sorbed state of gas species at the surface of a liquid or
solid material (Langmuir, 1915, 1916, 1918; IUPAC, 1997),
which can be regarded as physisorption or chemisorption de-
pending on the nature and intensity of the surface interac-
tion. Physisorption is caused by weak intermolecular inter-
actions (van der Waals, hydrogen bond, ionic and hydropho-
bic interactions, Table 1) with energies up to ∼ 50 kJ mol−1,
whereas chemisorption involves changes of chemical bonds
with higher interaction energies (Desjonqueres and Span-
jaard, 1996; Masel, 1996; Pöschl et al., 2007). The phe-
nomenon of reversible adsorption is easiest to depict on
solid surfaces but applies also to liquid surfaces, where
it is coupled to the exchange with the bulk liquid (Lang-
muir, 1915, 1916, 1918; Nathanson, 2004; Ringeisen et al.,
2002a, b; Behr et al., 2001; Morris et al., 2000; Masel, 1996;
Nathanson et al., 1996; Rettner et al., 1996; Donaldson and
Anderson, 1999; Donaldson et al., 1995; Donaldson, 1999;
Pöschl et al., 2007).

According to the Frenkel equation, the desorption lifetime
(τdes) of a surface-adsorbed chemical species (adsorbate) fol-

lows an Arrhenius-type behavior (Arrhenius, 1889a, b; Lai-
dler, 1949; Frenkel, 1924; Laidler et al., 1940):

τdes =
1
kdes
=

1
Ades

e
(
E0

des/(RT )
)
, (1)

where kdes is a first-order desorption rate coefficient, Ades is
a pre-exponential factor, in more detail discussed below, R is
the gas constant, and T is the temperature.E0

des is the desorp-
tion energy with the energy reference of the gas molecule at
rest at T = 0 K. E0

des is referred to as the activation energy of
desorption. In terms of the theory of the kinetics of desorp-
tion, desorption is always considered an activated process,
independent of whether E0

des corresponds to just the energy
difference between gas and adsorbed state or also include an
energy barrier on top of that (Knopf and Ammann, 2021). In
case of physisorption, E0

des is equal to the negative value of
the enthalpy of adsorption with a correction for the change
in degree of freedom between gas and adsorbed phase (see
below and Knopf and Ammann, 2021; Kolasinski, 2012). In
turn, in the other direction, for the kinetics of the process
from the gas phase to the adsorbed state, the adsorption rate
normalized to the gas kinetic collision rate is often expressed
as the surface accommodation coefficient as discussed below.

Atmospheric trace gases and water vapor adopt reversibly
adsorbed states on aerosol, cloud, and ground surfaces over a
wide range of temperatures from below 200 to above 300 K.
The rate of interfacial processes, which may involve re-
versible, reactive, and catalytic steps, generally depends on
the concentration of surface-adsorbed reactants and hence
on τdes. Especially at low temperatures, high values of τdes
can (over)compensate for the low rates of thermally acti-
vated chemical reactions and diffusion and thereby enhance
the overall gas uptake (Ammann et al., 2013; Crowley et al.,
2013; Kolb et al., 2010; Pöschl et al., 2007).

Factors influencing gas uptake are competitive co-
adsorption of other species (Pöschl et al., 2001, 2007; Slade
and Knopf, 2014; Kaiser et al., 2011; Springmann et al.,
2009; Shiraiwa et al., 2009), solvent dynamics and polar-
ization effects (Ringeisen et al., 2002b; Morris et al., 2000;
Klassen et al., 1997; Nathanson et al., 1996; Jungwirth et
al., 2006), thermodynamics and kinetics of surface–bulk ex-
change and bulk diffusivity in viscous liquids (Lakey et al.,
2016; Berkemeier et al., 2016; Steimer et al., 2015; Shiraiwa
et al., 2013a, 2014; Houle et al., 2018; Wiegel et al., 2017;
Davies and Wilson, 2015; Marshall et al., 2016, 2018), and
phase separations or heterogeneous structures in the con-
densed phase (You and Bertram, 2015; You et al., 2012,
2014; Bertram et al., 2011; Huang et al., 2021).

Apart from adsorption and desorption, further processes
influencing gas–particle interactions and multiphase chemi-
cal kinetics include mass transport to the condensed phase
by gas-phase diffusion and accommodation at the inter-
face; chemical reactions at the surface following Langmuir–
Hinshelwood or Eley–Rideal type mechanisms; and dissolu-
tion, diffusion, and chemical reactions in the bulk. Together
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with desorption, these processes may proceed sequentially
or in parallel for multiple chemical species, which can be
described by appropriate differential equations and numeri-
cal models (Shiraiwa et al., 2009, 2010, 2012; Ammann and
Pöschl, 2007; Pöschl et al., 2007; Wilson et al., 2022).

Traditionally, the uptake of trace gases by solid and liq-
uid particles or substrates has often been analyzed by the so-
called resistor model, treating each of the above processes in
analogy to parallel or serial resistors in an electrical circuit
(Schwartz, 1986; Worsnop et al., 2002; Hanson and Lovejoy,
1995; Hanson et al., 1994; Ammann et al., 2013; Crowley
et al., 2010). Despite constraints and limitations such as the
required approximations regarding steady state and mixing,
and a limited capability to describe multicomponent systems,
the resistor model has proven to be useful for the investiga-
tion and characterization of various processes and substrates,
including mineral dust, ice, sulfuric acid, and organic and
inorganic particles (Pöschl et al., 2007; Hanson, 1997; Davi-
dovits et al., 2006; Crowley et al., 2010; Kolb et al., 2010;
Hanson et al., 1994; Ammann et al., 2003, 2013; Knopf et
al., 2005; Li and Knopf, 2021; Schwartz, 1986). In the resis-
tor model approach, the uptake of a gas species with reaction
at the surface and in the bulk is described by the following or
equivalent equations (Pöschl et al., 2007):

1
γ
=

1
αs
+

1

0s+
1

1
0sb
+

1
0b

. (2)

Here, γ is the uptake coefficient, defined as the overall loss
rate from the gas phase normalized to the gas kinetic colli-
sion rate, and αs is the surface accommodation coefficient,
which represents the probability for a gas molecule colliding
with the surface to be accommodated at the surface for pe-
riod longer than the duration of an elastic scattering process
(Pöschl et al., 2007). This parameter thus represents the ad-
sorption rate normalized to the gas kinetic collision rate. The
term 0s represents the normalized loss rate due to surface re-
action, 0sb is the normalized rate of surface to bulk transfer,
and 0b is the normalized loss rate in the bulk phase induced
by solubility, diffusion, and reaction (Hanson et al., 1994;
Ammann et al., 2013; Crowley et al., 2013; Kolb et al., 2010;
Ammann and Pöschl, 2007; Pöschl et al., 2007; Wilson et al.,
2022; Shiraiwa and Pöschl, 2021). By virtue of the coupled
nature of the involved elementary processes, the desorption
rate coefficient can influence the rates of all other surface and
bulk processes involving this species; i.e., kdes can influence
0s, 0sb, and 0b (Pöschl et al., 2007). For example, the terms
0s, 0sb, and 0b governed by the competition between des-
orption and surface reaction, between desorption and surface
to bulk transfer, or between desorption and surface to bulk
transfer coupled to reaction and diffusion, respectively, are
inversely proportional to kdes and can be expressed as fol-
lows:

0s = αs
ks

kdes
, (3)

0sb = αs
ksb

kdes
, (4)

0b = αs
ksb

kdes

√
kbDb

kbs
. (5)

Here, ks is a first-order rate coefficient of chemical reaction at
the surface; ksb is a first-order rate coefficient for the transfer
of molecules from the surface into the bulk (solvation); kb is
a first-order rate coefficient of chemical reaction in the bulk;
Db is the diffusion coefficient of the trace gas in the bulk; kbs
is a first-order rate coefficient for the transfer of molecules
from the bulk to the surface. Even though the rate coeffi-
cients for these elementary processes is independent of kdes,
the overall normalized rates of 0s, 0sb, and 0b are. Similarly,
the overall rate of transfer of a gas molecule into the bulk of
a liquid or (semi)solid particle (independent of whether dif-
fusion and reaction therein contributes to loss) also depends
on kdes and can be expressed by the bulk accommodation co-
efficient, αb (Pöschl et al., 2007; Edwards et al., 2022):

αb = αs
ksb

ksb+ ks+ kdes
. (6)

Hence, the desorption rate coefficient is a critical parameter
influencing the overall rates involved in the uptake of a gas
species by condensed matter (Li and Knopf, 2021).

The role of reversible adsorption and desorption has been
addressed in many studies of gas uptake and heterogeneous
chemistry in particular for the decoupling of mass transport
and chemical reaction (Kolb et al., 1995; Hanson and Rav-
ishankara, 1991; Kolb et al., 2010; Ammann et al., 2013;
Crowley et al., 2013; Pöschl and Shiraiwa, 2015; Tabazadeh
et al., 1994; Peter, 1997; Carslaw et al., 1997; Hanson et
al., 1994; Hanson and Lovejoy, 1995). More recently, ki-
netic multilayer model analyses of measured uptake coeffi-
cients for OH radicals on levoglucosan substrates (Arangio
et al., 2015) and the heterogeneous reaction of ozone with
shikimic acid (Berkemeier et al., 2016; Steimer et al., 2015)
and oleic acid aerosol (Berkemeier et al., 2021) demon-
strated the complex dependency of the reactive uptake co-
efficient on the elementary steps, such as surface accom-
modation, desorption, surface reaction, and bulk diffusion
by virtue of Eqs. (3)–(5). The range of experimental con-
ditions was not sufficient to constrain the associated coeffi-
cients unambiguously. To determine a best estimate for the
surface reaction rate coefficient, it was thus necessary to as-
sume a realistic value for αs and τdes derived from molec-
ular dynamics simulations (Vieceli et al., 2005; von Do-
maros et al., 2020). Li and Knopf (2021) made use of the
temperature-dependent measurement of OH uptake to de-
couple τdes from surface reactivity. The intimate coupling of
adsorption and desorption with other multiphase processes
has also been discussed in the context of many other reac-
tion systems. Ground-breaking work driving much of the de-
velopments of the kinetic concepts introduced above was di-
rected at halogen activation on stratospheric aerosol and po-
lar stratospheric clouds (Tabazadeh et al., 1994; Peter, 1997;
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Table 1. Intermolecular forces for selected functional groups and gases (Jeffrey, 1997; Jeffrey and Saenger, 1991; Vinogradov and Linnell,
1971; IUPAC, 1997).

Functional
group

London disper-
sion force

Keesom force Hydrogen bonding

Alkane Increases with
chain length

None None with itself.

Ether Increases with
chain length

Slightly polar,
1 O

None with itself.
H-bond acceptor (max. 2) of other molecules.

Ester Increases with
chain length

More polar than ether,
1 O

None with itself.
H-bond acceptor (max. 2) of other molecules.

Amine Increases with
chain length

Polar,
1 N

0–2 H-bonds with itself.
Primary: H-bond donor (max. 2) and acceptor (max. 1).
Secondary: H-bond donor (max. 1) and acceptor (max. 1).
Tertiary: H-bond acceptor (max. 1).

Imine Increases with
chain length

Polar,
1 N

1–2 H-bonds with itself.
Primary: H-bond donor (max. 1) and acceptor (max. 1).
Secondary: H-bond acceptor (max. 1).
Tertiary: H-bond acceptor (max. 1).

Aldehyde/
ketone

Increases with
chain length

Polar C=O manifest
strong dipole

None with itself.
H-bond acceptor (max. 2) of other molecules.

Alcohol Increases with
chain length

Polar,
1 O

2 H-bonds with itself.
H-bond donor (max. 1) and acceptor (max. 2).

Acid Increases with
chain length

Polar,
2 O

2 H-bonds with itself forming dimer increasing molecule size.
H-bond donor (max. 1) and acceptor (max. 4).

Amide Increases with
chain length

Polar, strong dipole
1 N & 1 O

2 H-bonds with itself.
H-bond donor (max. 2) and acceptor (max. 3).

Other species Vapor pressure Polar

N2O5 100 hPa at
3.9 °C

Yes None with itself.
H-bond acceptor
(max. 12).

HONO Yes 2 H-bonds with itself.
H-bond donor (max. 1) and acceptor (max. 5).

NH3 100 hPa at
−71.3 °C

Yes 2 H-bonds with itself.
H-bond donor (max. 3) and acceptor (max. 1).

HNO3 100 hPa at
28.4 °C

Yes 2 H-bonds with itself.
H-bond donor (max. 1) and acceptor (max. 7).

H2SO4 100 hPa at
248 °C

Yes 4 H-bonds with itself.
H-bond donor (max. 2) and acceptor (max. 8).

H2O 100 hPa at
45.8 °C

Yes 4 H-bonds with itself.
H-bond donor (max. 2) and acceptor (max. 2).

Carslaw et al., 1997; Hanson et al., 1994; Hanson and Love-
joy, 1995). Others include the uptake of SO2 into sulfuric
acid (Jayne et al., 1990; Ammann and Pöschl, 2007), adsorp-
tion of acetone on ice and HNO3 on mineral dust (Bartels-
Rausch et al., 2005; Vlasenko et al., 2009; Cwiertny et al.,
2008; Usher et al., 2003), ozonolysis in liquid, viscous, and

solid particles (Knopf et al., 2005; Berkemeier et al., 2016;
Steimer et al., 2015; Shiraiwa et al., 2011a; Hearn and Smith,
2007; Pöschl et al., 2001; Shiraiwa et al., 2009; Zhou et al.,
2013; Kahan et al., 2006; Kwamena et al., 2004; Mu et al.,
2018; Knopf et al., 2011; Willis and Wilson, 2022), and gas–
particle partitioning of SOA (Shiraiwa et al., 2013a; Ingram
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et al., 2021; Schervish and Shiraiwa, 2023). Accordingly, the
design and interpretation of heterogeneous and multiphase
reaction rate measurements should include a careful assess-
ment of whether reversible adsorption is an important or even
rate-limiting step, whereby the applicable kinetic regime may
vary with reaction time and conditions (Berkemeier et al.,
2013, 2016; Shiraiwa et al., 2014; Ingram et al., 2021; Willis
and Wilson, 2022). Hence, desorption lifetimes and related
activation energies are important for describing the interac-
tion of gas phase and condensed phase species.

To address and elucidate these issues, the remainder of
this article is structured as follows: in Sect. 2, we discuss
the molecular interactions underlying adsorption and desorp-
tion, and we outline the relevant thermodynamic and kinetic
equations and parameters. In Sect. 3, we compile and present
a comprehensive set of desorption energies and thermody-
namic parameters for environmentally and atmospherically
relevant gas species and substrates. In Sect. 4, we evaluate
the role of the desorption energy in reactive and non-reactive
gas uptake by solid and liquid substrates considering char-
acteristic tropospheric temperatures by exploratory kinetic
flux model simulations. In Sect. 5, we develop and present
a simplified parameterization for estimating E0

des based on
the gas species’ polarizability and oxygen-to-carbon (O :C)
ratio. Section 6 outlines the role of E0

des in selected atmo-
spheric implications including the formation and properties
of viscous secondary organic aerosol (SOA). We conclude
the document with a summary and open questions.

2 Thermodynamic relations

A detailed discussion of the microscopic and thermodynamic
treatments of adsorption and desorption and implications for
uncertainties in E0

des is given in Knopf and Ammann (2021).
Here we provide the key relationships and concepts needed
to follow our assumptions when applying literature-obtained
E0

des values for derivation of a parameterization.
Typically, the adsorption rate is a measure of the number

of gas molecules that adsorb on the surface as a consequence
of gas kinetic collisions. As mentioned above, in the atmo-
spheric sciences this is often expressed with the surface ac-
commodation coefficient αs (Kolb et al., 2010), operationally
defined as the probability that a gas kinetic collision leads to
adsorption. The adsorbed molecules may be considered an
ideal 2D gas, meaning that the molecules have equilibrated
with the surface in terms of the degrees of freedom perpen-
dicular to the surface but may still retain some kinetic energy
parallel to the surface. Alternatively, the adsorbed molecules
may be considered an ideal 2D lattice gas, where the degrees
of freedom in the horizontal plane are restricted to vibra-
tions. Also, other models describing intermediate situations
have been suggested (Savara et al., 2009; Campbell et al.,
2016; Kisliuk, 1957). Here, we use αs to describe the rate of
adsorption into either adsorbed state. The term thermal ac-

commodation coefficient, αt, is commonly used for the case
where the adsorbed molecule is fully thermally equilibrated
with the substrate, thus close to the case of the ideal 2D lat-
tice gas. Adsorption can be considered a non-activated pro-
cess, though in the presence of an energy barrier, adsorption
has to be treated as an activated process (Knopf and Am-
mann, 2021). The corresponding energy barrier directly im-
pacts αs (Knopf and Ammann, 2021). In contrast, desorp-
tion is always treated as an activated process, even in the
absence of an energy barrier. The explicit treatment of an
additional energy barrier when deriving adsorption and des-
orption rates is given in Knopf and Ammann (2021). Here
we solely considerE0

des as reported in the literature, indepen-
dent of whether an additional activation barrier was included
in the analysis. As discussed below, the choice of adsorbate
model and standard state will impact the value and uncer-
tainties in E0

des (Knopf and Ammann, 2021; Savara, 2013;
Campbell et al., 2016).

Adsorption proceeds spontaneously and this implies an ex-
ergonic process with the thermodynamic condition (Bolis,
2013):

1G0
ads =1H

0
ads− T1S

0
ads < 0 , (7)

where 1G0
ads represents the standard Gibbs free energy

change of adsorption,1H 0
ads is the standard enthalpy change

of adsorption (in this case negatively defined), 1S0
adsis the

standard entropy change of adsorption, and T is temperature.
Adsorption of a gas on a substrate results in an increase of or-
der, thus, 1S0

ads < 0. This is because the degrees of freedom
of the adsorbed molecules are more constrained than in the
gas phase. Often, the adsorbed molecule may be considered
a 2D ideal gas, a 2D ideal lattice gas, or an ideal hindered
translator on the surface, with the motion perpendicular to
the surface strongly constrained but with varying freedom
parallel to the surface (Hill, 1986; Campbell et al., 2016;
Savara et al., 2009; Sprowl et al., 2016). Since 1S0

ads < 0,
the change in enthalpy1H 0

ads has to be negative. The adsorp-
tion enthalpy is determined by the binding energy of a gas on
the surface, thus on the molecular interactions between gas
species and substrates, including hydrogen bonds and van
der Waals forces (Poe et al., 1988; Valsaraj and Thibodeaux,
1988; Valsaraj, 1988a, b; Nguyen et al., 2005; Goss, 1993,
1994b; Valsaraj, 1994; Valsaraj et al., 1993). The van der
Waals forces comprise London dispersion forces between in-
stantaneously induced dipoles, Debye forces between perma-
nent and induced dipoles, and Keesom forces between per-
manent dipoles (IUPAC, 1997). For organic molecules, the
strength of both van der Waals and hydrogen bonds depends
on the polarity of functional groups and commonly follows
the order (Jeffrey, 1997; Jeffrey and Saenger, 1991; Vino-
gradov and Linnell, 1971)

amide>acid>alcohol>ketone ≈ aldehyde>

amine>ester>ether>alkane .
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Table 1 gives an overview of intermolecular forces ac-
tive among functional groups present in typical gas- and
condensed-phase atmospheric species. While all molecules
exhibit van der Waals forces, their thermodynamic proper-
ties are largely determined by the number and type of hydro-
gen bonds they can form. The presence of charged groups,
e.g., due to a dipole moment, can significantly increase bind-
ing energy. The hydrogen bond strength in liquid water is
around 10–19 kJ mol−1 (Hakem et al., 2007), and with a
few exceptions, usually involving fluorine, the energies as-
sociated with hydrogen bonding are typically less than 20–
25 kJ mol−1 per hydrogen bond (Steiner, 2002; Jeffrey, 1997;
Jeffrey and Saenger, 1991; Brini et al., 2017; IUPAC, 1997).

The complexity of the interaction between adsorbate and
substrate can go beyond the 2D ideal gas, 2D ideal lat-
tice gas, and hindered translator model depending on how
physisorption and chemisorption are considered. For ex-
ample, the Kisliuk precursor mechanism allows for more
complex configurations of the adsorbate that could include
adsorbate–adsorbate interactions (Kisliuk, 1957, 1958; Tully,
1994; Campbell et al., 2016). Hence, the overall adsorbate–
substrate binding energy may involve contributions from
adsorbate–surface as well as adsorbate–adsorbate interac-
tions (see, e.g., Meyer et al., 2001). Moreover, the binding
energy may vary between different types of adsorption sites
co-existing on real surfaces, depending on the morphology
and chemical heterogeneities of the substrate (Kolasinski,
2012). In view of the complex mixture of substances present
in the atmosphere, such effects and variations are not explic-
itly resolved in this study. Instead, we assume that the ener-
getics of reversible adsorption on atmospheric surfaces can
be approximated by effective average values characterizing
the binding energy to the substrate. The assumption of re-
versible adsorption has been crucial in studies of gas uptake
and heterogeneous or multiphase chemical reactions when
decoupling mass transport and chemical reaction (Kolb et
al., 2010; Hanson and Ravishankara, 1991; Ammann et al.,
2013; Crowley et al., 2013; Pöschl and Shiraiwa, 2015; Li
and Knopf, 2021). The assumption of reversible adsorption
directly leads to 1H 0

ads =−1H
0
des and 1S0

ads =−1S
0
des,

where 1H 0
des and 1S0

des represent the changes in the des-
orption enthalpy and entropy, respectively.

The free energy change is the driving force for desorption
from the thermodynamic point of view. The Frenkel equa-
tion, given by Eq. (1), is usually applied to describe the kinet-
ics of desorption. By itself it does not differentiate between
physisorption and chemisorption. For the description and un-
derstanding of atmospheric heterogeneous and multiphase
kinetics, it is useful to treat chemisorption as a chemical
reaction following physisorption (Pöschl et al., 2007; Han-
son et al., 1994; George and Abbatt, 2010), as expressed in
Eqs. (2) to (5). We note that the energy range of 50 kJ mol−1

mentioned above to distinguish between physisorption and
chemisorption is not necessarily appropriate, if chemisorp-
tion is reflecting the fact that chemical bonds are formed or

disrupted. Large molecules may undergo a multitude of van
der Waals and hydrogen bonds adding up to large interac-
tion energies, which would still be considered physisorption.
As outlined above, for these cases we regard the adsorption
process to be reversible.

Knopf and Ammann (2021) have provided the thermody-
namic and microscopic equations, the latter based on conven-
tional transition state (TS) theory, that are implicitly included
in the Frenkel equation, while accounting for the choice of
standard states. For example, for the case of a 2D ideal gas
as adsorbate model, the desorption rate expressed in thermo-
dynamic quantities is

kdes = κ

(
kBT

h

)
(NTS/A)0

(Nads/A)0 e
−1G0

des/RT

= κ

(
kBT

h

)
e−1G

0
des/RT , (8)

where κ is a transmission coefficient giving the probability
with which an activated complex proceeds to desorption (Ko-
lasinski, 2012), kB is the Boltzmann constant, and h is the
Planck constant. Furthermore, we assume the standard con-
centration of molecules in the TS, (NTS/A)0, is equal to the
standard concentration of adsorbed molecules, (Nads/A)0,
i.e., (NTS/A)0

(Nads/A)0 = 1.
In microscopic quantities, kdes is derived as

kdes = κ

(
kBT

h

)(
q0′

TS

q0
ads

)
(NTS/A)0

(Nads/A)0 e
−
E0

des
RT , (9)

where q0′
TS and q0

ads are the standard partition functions for
the TS and adsorbate, respectively, evaluated using standard
molar volume and area. Equations (8) and (9) clearly demon-
strate the importance of the choice of standard state when
comparing measured kdes and evaluated E0

des.
Looking at the equations for kdes allows one to derive the

pre-exponential factor of the Frenkel equation as (Knopf and
Ammann, 2021)

Ades = κ

(
kBT

h

)(
q ′TS
qads

)
= κ

(
kBT

h

)
(NTS/A)0

(Nads/A)0 e
1S0

des/R, (10)

where q ′TS and qads,2D are the partition functions for the TS
and adsorbate, respectively. The microscopic interpretation
of Ades shows that Ades depends on temperature and the
choice of adsorbate model, expressed as partition functions.
The thermodynamic interpretation of Ades demonstrates its
dependency on standard concentrations and the change in
entropy when desorbing from the substrate surface into the
activated TS.

We can now interpret Ades for the case of a 2D ideal gas
adsorbate model. If we assume κ ≈ 1, and adsorbate and TS
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are 2D ideal gases with similar degrees of freedom (neglect-

ing vibrations), i.e., q ′TS
qads
= 1, then we obtain Ades ≈

kBT
h
=

6×1012
≈ 1013 s−1 at room temperature (298 K). This is the

commonly applied value for the pre-exponential factor. In
this case, Eq. (10) demonstrates that the change in 1S0

des
must be negligible. However, significant deviations from this
benchmark factor can occur. For example, if going from the
adsorbate state to the activated TS coincides with1S0

des > 0,

and thus q ′TS
qads

> 1, implying more degrees of freedom in the

TS, then Ades > 1013 s−1. In contrast, if the TS is more con-
strained, e.g., only a limited number of molecular orienta-

tions are allowed, then 1S0
des < 0. This yields q ′TS

qads
< 1, and

as a consequence Ades < 1013 s−1. A similar analysis has
been provided for the 2D ideal lattice gas adsorbate model
(Knopf and Ammann, 2021). Ades varies between 180 and
300 K for a 2D ideal gas and 2D ideal lattice gas adsorbate
model by about a factor of 2 and 3, respectively, indicat-
ing minor temperature effects (Knopf and Ammann, 2021).
However, Ades can differ by about 3 orders of magnitude be-
tween the 2D ideal gas and 2D ideal lattice gas adsorbate
models.

Experimental studies usually yield pre-exponential fac-
tors in the range between 1× 1011 and 1× 1012 s−1 for
smaller molecules such as methane and 1×1013 s−1 for larger
alkanes (Fichthorn and Miron, 2002). For large adsorbates,
Ades can be several orders of magnitude larger (Fichthorn
and Miron, 2002). For example, adsorption of benzene and
toluene by graphite surfaces exhibit Ades of about 1015 and
1019 s−1, respectively (Ulbricht et al., 2006). In general, the
larger the adsorbate molecule, the larger theAdes (Ulbricht et
al., 2006).

Nevertheless, for this study and the compilation of lit-
erature data of E0

des, we have assumed a constant pre-
exponential factor Ades = 1× 1013 s−1, being aware of the
underlying assumptions discussed above. We justify this ap-
proach by noting that our aim is to derive E0

des estimates for
complex substrate systems, including multicomponent and
multiphase aerosol particles, which will impose additional
uncertainties inE0

des. Due to the involvement of entropic con-
tributions to the pre-exponential factor, experimentally de-
rivedAdes values often contain not well-documented implicit
standard-state assumptions (related to experimental surface-
to-volume ratios) (Donaldson et al., 2012a; Campbell et al.,
2016; Savara, 2013) and thus carry more uncertainty than the
E0

des obtained from the slope of temperature-dependent data.
Figure 1 displays the dependency of τdes on E0

des and tem-
perature using Eq. (1). As illustrated in Fig. 1a, the tempera-
ture dependency of τdes increases with increasing E0

des. Cal-
culations have been performed with Ades = 1013 s−1, while
the shading represents the application of Ades being 1 order
of magnitude greater or smaller, thereby covering the typ-
ical temperature dependency of Ades. Clearly, temperature
can significantly increase the residence time of a molecule

on the substrate surface, by several orders of magnitude,
thereby, potentially, allowing different reaction pathways. It
is also evident that uncertainties in Ades directly translate
into corresponding uncertainties in τdes. Hence, assuming
Ades = 1013 s−1 in the analysis of literature data will yield
uncertainties in E0

des values. For example, 1 order of mag-
nitude uncertainty in Ades changes E0

des by ∼ 4–6 kJ mol−1

over a temperature range of 210 to 300 K. Conversely, an
uncertainty of E0

des by 5 kJ mol−1 imposes an uncertainty
in τdes of about a factor of ∼ 7–17 for a similar tempera-
ture range. These interdependencies are further outlined in
Fig. 1b showing typical τdes for given temperatures and E0

des,
again derived assumingAdes = 1013 s−1. This discussion im-
plies an uncertainty in our E0

des values of about±5 kJ mol−1.
However, as outlined in detail in Knopf and Ammann (2021),
additional uncertainties in E0

des can arise when the appropri-
ate adsorbate model is not known and if the surface cover-
age of the adsorbate is uncertain. For example, for a given
τdes, E0

des can differ by 10–15 kJ mol−1 when assuming ei-
ther a 2D ideal gas or 2D ideal lattice gas adsorbate model.
If a surface is assumed to be pristine but actual coverage is
about 20 %, E0

des may be uncertain by 10–20 kJ mol−1. In
summary, literature E0

des values applied in this analysis, as-
suming a conservative estimate, may be uncertain by up to
∼±15 kJ mol−1.

In the formulation of the kinetic and thermodynamic con-
cepts and expressions, we have not made an explicit assump-
tion about the physical state of the condensed phase – solid,
liquid, crystalline, or amorphous. Lattice gas statistics can
be applied generally in different dimensions and has been
used for liquids, sorption of ions to proteins, or polymer
wires (Hill, 1986). In spite of the simplifying assumptions,
we use the equations summarized above and derived in more
detail in Knopf and Ammann (2021) for all substrates, in-
cluding liquids. This is straightforward for poorly soluble
gases. For soluble gases, however, the full thermochemical
cycle also involves the dissolved state (Donaldson, 1999). We
also note that the system free energy change upon adsorption
of a gas on a liquid manifests in a surface tension change,
with the Gibbs adsorption isotherm relating the surface ten-
sion change to surface excess (Kolasinski, 2012; Donaldson,
1999). The manifestation of the change in surface tension
convolutes the complex response of structure and dynamics
at a liquid interface to an adsorbing molecule (Brini et al.,
2017). Depending on the polarity of the adsorbate, the struc-
tural features of the interface may then also deviate signifi-
cantly from that of an adsorbate on a solid surface, as exem-
plified in recent theory work by Cruzeiro et al. (2022) and
Galib and Limmer (2021) for the interaction of N2O5 with
water.
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Figure 1. The dependence of the desorption lifetime (τdes) on temperature (T ) and desorption energy (E0
des). (a) τdes as a function of T for

various E0
des values. The shaded area covers the range of the pre-exponential factor (Ades) varied by ±1 order of magnitude. (b) Iso-τdes

lines for various combination of T and E0
des. All presented data calculated applying Eq. (1) and using Ades = 1× 1013 s−1.

3 Compilation of desorption energies for solid and
liquid substrates

To derive a parameterization of E0
des applicable to typical

gas–aerosol particle systems, literature values ofE0
des reflect-

ing typical atmospheric constituents or serving as aerosol
surrogates have been compiled. If available,E0

des reflects val-
ues derived from lowest surface coverage, preferentially be-
low one monolayer. Tables A1–A7, A8, and A9–A15 pro-
vide thermodynamic and physicochemical literature values
for gas-to-solid, gas-to-ice, and gas-to-liquid substrate inter-
actions, respectively. For derivation of E0

des and τdes values,
we use Eq. (1) and assume Ades = 1013 s−1, if not other-
wise noted. We assume the temperature effect on Ades (pro-
portional to T , see Eq. 10) and changes in the desorption
entropy to be negligible compared to the Arrhenius factor
(Eq. 9). The tables include the parameters E0

des, τdes, and for
the gas species the molar mass (M), enthalpy of vaporization
(1Hvap), polarizability (α), dipole moment (µ), O :C, and
enthalpy of solvation (1Hsol). Lastly, the dielectric constant
or relative permittivity of the substrate (εr) is given. E0

des val-
ues are obtained from different experimental techniques and
theoretical studies described briefly below.

3.1 Experimental and theoretical techniques yielding
desorption energies

Temperature programmed desorption (TPD), sometimes also
termed thermal desorption spectroscopy (TDS), is an exper-
imental technique where the flux of desorbing molecules is

observed as the surface temperature is increased. TDS can
yield coverages, activation energies, and pre-exponential fac-
tors for desorption (Ulbricht et al., 2006). Thermal gravime-
try with differential scanning calorimetry (TG-DSC) deter-
mines the amount and rate (velocity) of change in the mass
of a sample as a function of temperature or time in a con-
trolled atmosphere in addition to thermophysical and ther-
moplastic properties derived by DSC (Giraudet et al., 2006).
In general, if heats of adsorption are measured experimen-
tally by, e.g., calorimetric methods, the accurate thermody-
namic definitions have to be applied since heat is not a state
function (Bolis, 2013). In Knudsen cells and diffusion tubes
coupled to mass spectrometric detection (KN), the rate of
molecules desorbing from a substrate can be selectively mea-
sured (Caloz et al., 1997; Koch and Rossi, 1998b; Tolbert et
al., 1987; Alcala-Jornod et al., 2000). Scattering experiments
of molecular beams (MBs) are applied to directly measure
desorption from and adsorption of gas species to solid or
liquid substrates (Thomson et al., 2011; Morris et al., 2000;
Nathanson et al., 1996). While straightforward in use and in-
terpretation for solid surfaces in high vacuum, the develop-
ment around using MB techniques for atmospherically rele-
vant volatile liquids is experimentally challenging, and also
data interpretation with respect to desorption is less straight-
forward (Nathanson, 2004; Ringeisen et al., 2002b; Morris et
al., 2000; Klassen et al., 1997; Nathanson et al., 1996; Gao
and Nathanson, 2022), as discussed below. Inverse gas chro-
matography (IGC) applies the solid of interest as the chro-
matographic sorbent (stationary phase) and yields sorption

Atmos. Chem. Phys., 24, 3445–3528, 2024 https://doi.org/10.5194/acp-24-3445-2024



D. A. Knopf et al.: Desorption activation energies influence multiphase chemical kinetics 3453

coefficients of gas species (Mader et al., 1997). Vacuum mi-
crobalance (VM) determines the change in weight due to
adsorbed gases (Rouquerol and Davy, 1978; Thomas and
Williams, 1965). The desorption rate can be determined by
measuring the time evolution of the adsorbed phase by using
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFT), while the gas phase is monitored by selected-
ion flow-tube mass spectrometry (SIFT−MS) and long-path
transmission Fourier transform infrared spectroscopy (FTIR)
(Romanias et al., 2016). Since measurement of the desorp-
tion rate requires pressures in the molecular flow regime, this
is only straightforward for low vapor pressure materials, such
as mineral dust or dry salts. For high vapor pressure materi-
als (aqueous or organic liquids and ice) or materials featur-
ing complex microstructure (mineral dust, soot), complica-
tions arise from the convolutions of pore space (Woodill et
al., 2013; Keyser et al., 1991), bulk liquid diffusion (Koop et
al., 2011; Pöschl et al., 2007), gas-phase diffusion (Knopf et
al., 2015; Fuchs and Sutugin, 1971; Fuchs, 1964; Seinfeld
and Pandis, 1998; Pöschl et al., 2007), and other coupled
processes, making the determination of desorption lifetime
an indirect and often difficult task. Kinetic uptake (KU) ex-
periments operated in the molecular flow regime can yield
estimates of species’ surface residence times (Alcala-Jornod
et al., 2000; Koch and Rossi, 1998a; Koch et al., 1997). KU
experiments using laminar flow tube reactors can also yield
estimates of the residence time of adsorbed species via de-
termination of the Langmuir equilibrium constant (Pöschl et
al., 2001; von Hessberg et al., 2008; Slade and Knopf, 2013).
Vibrational spectroscopy (VS) is used to study the interac-
tion of molecules with, e.g., ice surfaces, by examining the
shifted dangling hydrogen bond of ice in presence of an ad-
sorbed molecule (Silva and Devlin, 1994). Surface tension
(ST) measurements of adsorbing gases on liquid substrates
can yield directly the thermodynamic parameters describing
adsorption (Hauxwell and Ottewill, 1968; Donaldson, 1999),
and the molecular level relationship between surface excess
and surface coverage can be assessed by direct spectroscopy
(Lee et al., 2016).

IGC derives sorption coefficients which can yield esti-
mates ofE0

des via the van ’t Hoff equation (Goss and Eisenre-
ich, 1996). For experimental TPD and TDS desorption data
analysis usually the Redhead equation (Redhead, 1962) is ap-
plied that considers the heating rate and gas species surface
coverage. kdes derived from DRIFT studies yields τdes, which
allows derivation of E0

des according to Eq. (1), with similar
constraints with respect to effusion times from packed pow-
der samples (Woodill et al., 2013; Keyser et al., 1991). MB
methods allow one to uniquely differentiate thermal desorp-
tion of molecules from those undergoing elastic or inelas-
tic scattering, or from those undergoing exchange with the
bulk and/or reaction. For solid surfaces the interpretation is
straightforward, and corresponding desorption lifetimes can
directly be observed. For liquid surfaces, this is less straight-
forward, since the trajectory of a desorbing molecule may

involve diffusion into and out of the near-surface bulk layers
(Faust et al., 2013), so that the “surface residence time” is
not strictly a true desorption lifetime. Equilibrium measure-
ments of surface tension as a function of partial pressure of
the trace gas allow one to determine1G0

ads and1H 0
ads, if the

latter is assumed to be independent of temperature (Donald-
son, 1999).

The choice of standard states can impact data interpreta-
tion. Standard free energies of formation are typically ref-
erenced to 1 bar or 1 mol L−1 (at 298 K) (Donaldson et al.,
2012a). Commonly, it can be assumed that standard enthalpy
values are not strongly dependent on the choice of stan-
dard state, because the dependence of enthalpy on pressure
is weak (Donaldson et al., 2012a). However, the standard en-
tropies of phase transfer will depend on the choice of the
standard state (Donaldson et al., 2012a; Knopf and Ammann,
2021; Campbell et al., 2016; Savara, 2013). Further com-
plications arise when choosing standard states for different
adsorbate–surface interactions (Campbell et al., 2016). This
can impact standard-state surface concentrations, equilib-
rium constants, and rate constants and renders the adsorbate
chemical potential dependent on surface coverage (Campbell
et al., 2016; Savara, 2013).

Molecular dynamics (MD) simulations can provide esti-
mates of the residence time of gas species at a surface or in-
terface (Vieceli et al., 2005; von Domaros et al., 2020). MD
simulations can yield residence times at the interface or sub-
strate surface and as such an estimate of τdes. Then, for given
Ades and temperature, E0

des can be estimated using Eq. (1).
Monte Carlo (MC) methods based on computational algo-
rithms rely on repeated random sampling to obtain numer-
ical results (Remorov and Bardwell, 2005). Grand canoni-
cal Monte Carlo (GCMC) simulations account for density
fluctuations at fixed volume and temperature and represent
the preferred choice for the investigation of interfacial phe-
nomena (Croteau et al., 2009; Collignon et al., 2005). Den-
sity functional theory (DFT) and coupled cluster (CC) the-
ory are computational quantum mechanical modeling meth-
ods to compute the electronic structure of matter (Meng et
al., 2004; Zhang and Grüneis, 2019). Coupled cluster singles
and doubles theory including perturbative triples (CCSD(T))
is a commonly used level of theory and has been applied to
describe adsorption processes (Voloshina et al., 2011). Em-
bedded cluster theory (ECT) can be used for the description
of the electronic structure of molecules adsorbed on solid
surfaces and surface reactions (Whitten, 1993), allowing ab
initio calculations of molecular properties of the lattice–
absorbate system. The dipped adcluster model (DAM) is ap-
plied to study chemisorption and surface reactions in which
an adcluster (admolecule+ cluster) is dipped onto the elec-
tron bath of a solid metal (Nakatsuji, 1987). This treatment
allows one to derive adsorption energies (Hu and Nakatsuji,
1999).
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3.2 Atmospherically relevant gas–substrate systems

3.2.1 Gas adsorption by solid substrates

Gas adsorption and desorption is important when describ-
ing the reactivity between trace gases and solid interfaces in
terms of removal rates and gas–particle partitioning (Kolb
et al., 2010; Pöschl et al., 2007). It also constitutes a sig-
nificant removal process of gaseous organic compounds by
partitioning between gas and solid phases (Goss and Eisen-
reich, 1996; Goss, 1993). Mineral dust particles are the most
abundant aerosol particles globally by mass, providing ample
solid surface area for adsorption of gaseous species (Usher
et al., 2003; Tang et al., 2016). Atmospheric soot particles
also represent a solid surface, which allows for multiphase
chemistry involving adsorption and reaction of atmospheric
oxidants (Pöschl et al., 2001; Shiraiwa et al., 2009; Kaiser et
al., 2011; Springmann et al., 2009), though soot can be com-
plex consisting of solid graphite structures coated by organic
carbon, the latter being amorphous or soft in nature (Bond et
al., 2013; China et al., 2013; Cappa et al., 2012). Also, amor-
phous solid organic particles (Virtanen et al., 2010; Koop et
al., 2011; Shiraiwa et al., 2017a) provide solid substrates that
serve as adsorption and reactive sites for trace gas species
(Knopf et al., 2018; Slade et al., 2017; Slade and Knopf,
2014, 2013; Houle et al., 2018; Hearn and Smith, 2007;
Lakey et al., 2016; Berkemeier et al., 2016; Steimer et al.,
2015; Shiraiwa et al., 2011a; Li and Knopf, 2021; Li et al.,
2020).

In the atmosphere, adsorbing trace gases including oxi-
dants, radicals, and VOCs compete with adsorbing water for
substrate surface sites. A mineral dust surface is usually hy-
droxylated and covered by a monolayer of water at about
20 %–30 % relative humidity (Usher et al., 2003; Tang et al.,
2016; Goss, 1994a). Adsorption of water by mineral dust is
also crucial for our understanding of the ability of dust parti-
cles to serve as CCN (Tang et al., 2016) and INPs (Kanji et
al., 2017; Knopf et al., 2018; Knopf and Koop, 2006; Hoose
and Möhler, 2012; Knopf and Alpert, 2023). Since water va-
por is abundant in our environment, adsorption of a reac-
tive or non-reactive gas species will likely always proceed
in competition with co-adsorbing water molecules (Kaiser et
al., 2011; Springmann et al., 2009). Reactive uptake of O3
and OH radicals by insoluble organic aerosol surfaces has
been shown to decrease as humidity increases, following a
Langmuir–Hinshelwood mechanism, where water vapor co-
adsorbs and competes for surface sites (Pöschl et al., 2001;
Slade and Knopf, 2014). Condensation of water may lead to
dissolution of soluble gas species and coating material on top
of solid substrates, e.g., present as an aqueous organic coat-
ing on soot (Charnawskas et al., 2017). Those cases should
then be considered as a solid substrate covered by a liquid
layer, and adsorption or uptake processes should be treated
as proceeding on a liquid substrate. Tables A1–A7 present a
compilation of E0

des and other molecular parameters for a se-

lection of atmospherically relevant reactive and non-reactive
trace gases interacting with various solid substrates serving
as surrogates of aerosol particles.

3.2.2 Gas adsorption by ice

Ice is among the most abundant solid materials on Earth’s
surface. Roughly 50 % of the northern hemispheric land-
mass is covered by ice and snow in winter (Bartels-Rausch,
2013). Adsorption and desorption of trace gases on ice im-
pact gas-phase chemistry in the stratosphere and upper tro-
posphere (Solomon, 1999; Borrmann et al., 1996; Voigt et
al., 2006; Huthwelker et al., 2006), snow chemistry and
boundary-layer gas-phase chemistry over perennial and per-
manent snowpacks, and gas-phase chemistry above sea ice
(Bartels-Rausch et al., 2014; Artiglia et al., 2017; Raso et al.,
2017; George et al., 2015; McNeill et al., 2012; Abbatt et
al., 2012; Jeong et al., 2022; McNamara et al., 2021). Par-
titioning of gases to ice in polar and high-alpine snow also
results in signals in ice cores used to reconstruct past cli-
mates and environmental conditions (Vega et al., 2015). In
comparison to other solid materials, ice is a high-temperature
material existing in the environment at temperatures rela-
tively close to its melting point. As in other molecular solids
this leads to surface premelting and thus a disordered in-
terface, also referred to as quasi-liquid layer, the properties
of which are a matter of ongoing debate (Bartels-Rausch
et al., 2014; Asakawa et al., 2016; Cho et al., 2002; Slater
and Michaelides, 2019). Since this layer is the interface with
which adsorbing gases interact, the mutual interplay between
the properties of the disordered interface and the nature of the
interaction of gases have spurred speculations about whether
it should be treated as a thin aqueous solution layer or a
purely solid surface. Recent spectroscopic evidence indicates
that soluble gases form solvation shells similar as in liquid
water without, however, modifying the remaining ice struc-
ture significantly (Bartels-Rausch et al., 2017). Thus under
typical atmospherically relevant conditions with low cover-
ages of volatile gases, the surface remains dominated by the
properties of ice. A template for this may be the case of
HCl adsorption on ice (Huthwelker et al., 2006), for which
singly hydrogen-bonded HCl is adsorbed at the outermost
surface (Kong et al., 2017), while upon hydration and dis-
sociation, chloride enters deeper into the interface (Zimmer-
mann et al., 2016; McNeill et al., 2006, 2007). This is in
accord with a low desorption energy and thus low coverage
with molecular HCl (Table A8). This behavior can mask the
weak temperature dependence of the total coverage by HCl
(molecular and dissociated). Similar conclusions come from
MB experiments, e.g., with NOy compounds, where the des-
orption kinetics are characterized directly (Lejonthun et al.,
2014). An exception may be the case of H2O itself, where the
MB experiments may not have been able to resolve singly
hydrogen-bonded H2O desorbing, but only completely hy-
drated ones desorbing more slowly (Kong et al., 2014a, b).
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Therefore, adsorption on ice may well be considered as ad-
sorption within the simplified scheme adopted in this work
even for very soluble and more straightforwardly for less
soluble molecules. Table A8 summarizes the thermodynamic
literature data on gas species adsorption by ice substrates ap-
plied in this study.

3.2.3 Gas adsorption by water and aqueous solutions

Liquid water and aqueous solutions are a dominant form of
condensed matter in the environment including aerosol parti-
cles, clouds, or ocean surfaces. In aerosol particles, aqueous
solutions may range from dilute solutions at very high hu-
midity and at or close to the point of activation into a cloud
droplet to very concentrated supersaturated solutions at low
relative humidity. High solute strength solutions may yield
highly viscous, semi-solid, and glassy particle phase states
occurring throughout the atmosphere (Shiraiwa et al., 2017a;
Koop et al., 2011; Mikhailov et al., 2009; Zobrist et al., 2008;
Klassen et al., 1998). Decreasing bulk diffusivity in these vis-
cous phases increases the relative importance of the desorp-
tion lifetime as exchange with the bulk is retarded (Behr et
al., 2009; Knox and Phillips, 1998; Li and Knopf, 2021) (see
Eq. 4).

The notion that adsorbed molecules on liquid surfaces rep-
resent a distinct feature comes from both spectroscopic and
kinetic evidence. MB experiments of HCl on deuterated sul-
furic acid clearly identified collision, adsorption, and des-
orption trajectories (Behr et al., 2001; Morris et al., 2000;
Gao and Nathanson, 2022), as a direct and unique manifesta-
tion of Langmuir’s view of adsorption (Langmuir, 1918). The
time the HCl molecule spends on the surface is directly re-
lated toE0

des andAdes. In other cases studied by the MB tech-
nique, the picosecond scale hydrogen bond exchange dynam-
ics and fast diffusion (nanoseconds–microseconds for diffu-
sion into and out of depths of several nanometers) prevented
unambiguous separation of pure desorption from trajectories
including entry into the liquid (Ringeisen et al., 2002a, b;
Brastad et al., 2009; Faust and Nathanson, 2016; Faust et al.,
2016; Faust et al., 2013). A comparable situation as for HCl
has been documented through the MB technique for N2O5
(Shaloski et al., 2017). Later high-level theory work estab-
lished the interaction of this important trace gas with the
hydrogen bonding network of water that then subsequently
controls hydrolysis (Cruzeiro et al., 2022; Galib and Limmer,
2021). Similar conclusions about adsorption–desorption tra-
jectories in the case of H2O(g) on liquid water may be drawn
from different isotope exchange kinetics for HDO with H2O
and H18

2 O with H2O that require different degrees of hydra-
tion on the water surface (Davidovits et al., 2006, 2011). The
suggestion that a distinct population of H2O molecules ex-
ists that is singly hydrogen bonded at the liquid water surface
comes from detailed interpretation of IR spectra in line with
theory (Devlin et al., 2000). The high vapor pressure of envi-
ronmentally relevant liquids and other difficulties (including

those related to fast exchange with the bulk liquid) prevent
direct determination of desorption kinetics for many relevant
trace gas–substrate pairs. In spite of this situation, we suggest
to apply the same concept of converting desorption energies
(derived from partitioning or chromatographic methods) into
desorption lifetimes as for solid surfaces.

The fact that molecules at the aqueous solution or liquid
water–air interface experience a different environment than
in the bulk liquid is straightforward. The density drops over
molecular length scales, and the hydrogen bond dynamics
and orientation in water and aqueous solutions on average
lead to a strongly asymmetric environment at the interface
(Brini et al., 2017; Ahmed et al., 2021; Hao et al., 2022).
The extension of the interface depends on the type of so-
lutes and adsorbates present, as molecules with larger hy-
drophobic moieties or when charges are present at the ad-
sorbate interacting with solute ions, which may establish a
larger interfacial thickness (Brini et al., 2017; Zhao et al.,
2020). The asymmetric environment at the interface leads to
specific molecular interaction options (as described above)
and in turn to specific binding energies as a result of these.
Changes to the equilibrium surface tension of aqueous solu-
tions in response to adsorption of gases are the consequence
of the changes in the surface free energy. Its temperature de-
pendence is reflecting the energy gain as a result of the sum
of these interactions. Tables A9 to A15 are a compilation of
E0

des for a range of inorganic and organic trace gases on pure
water or on aqueous solutions. The simplest case, H2O(g) on
H2O(l), exhibits a single hydrogen bond and a corresponding
lowE0

des value. Among the given families of species, interac-
tion energies scale with molar mass or the degree of substi-
tution with functional groups that alter the number of weak
or strong molecular interactions. The degree of substitution
may be represented by the dipole moment (µ) and O :C for
organic molecules as outlined in the discussion of parame-
terized E0

des. The presence of hydrophilic functional groups
with strong hydrogen bonding interaction options leads to
correspondingly larger E0

des. Since these groups also interact
with the hydrogen bonding network of water, these interac-
tions are sensitive to the presence of other solutes or, espe-
cially, ions (Demou and Donaldson, 2002; Lee et al., 2019;
Ohrwall et al., 2015; Ekholm et al., 2018).

4 Impact of desorption lifetime on gas uptake

To assess the impact of τdes on multiphase chemical kinet-
ics, the kinetic multilayer models of aerosol surface and bulk
chemistry (K2-SURF, KM-SUB) are applied (Shiraiwa et
al., 2009, 2010). These models are based on the Pöschl–
Rudich–Ammann (PRA) framework (Ammann and Pöschl,
2007; Pöschl et al., 2007) and describe the gas–particle in-
terface by implementation of several model compartments
and molecular layers in which species can undergo mass
transport and chemical reactions. Here, the compartments in-
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cluded are gas phase, near-surface gas phase, sorption layer,
quasi-static surface layer, and a number of bulk layers.

Gas-phase diffusion of a species X from the gas phase to
the near-surface gas-phase surrounding the particle is treated
by the net flux of gas-phase diffusion:

Jg,X = 2π (dp+ 2λDg([X]g− [X]gs), (11)

where dp is the particle diameter, λ is the mean free path,Dg
is the gas diffusivity, and [X]g and [X]gs are concentrations of
X in the gas and near-surface gas phases, respectively (Pöschl
et al., 2007; Knopf et al., 2015; Li et al., 2018). The mass
balance and rate equation for X in the near-surface gas phase
can be described as

d[X]gs

dt
=
Jg,X− (Jads,X− Jdes,X)As

Vgs
, (12)

where As is the particle surface area and Vgs is the volume
of the near-surface gas phase. Jdes,X is the desorption flux
defined as Jdes,X = kdes,X[X]s = τ

−1
des,X[X]s. Jads,X is the ad-

sorption flux defined as Jads,X = αs,X Jcoll,X, where αs,X rep-
resents the surface accommodation coefficient, and the colli-
sion flux is defined as Jcoll,X =

1
4ωX[X]gs with ωX being the

mean thermal velocity of X.
The surface-layer reaction (SLR), involving only the ad-

sorbed species, X(s), or components of the quasi-static layer,
Y(ss), such as X(s) + Y(ss)→ products, is described by the
second-order rate coefficient kSLR. The surface reaction rate
is described as Ls = kSLR[X]s[Y]ss. The mass balance and
rate equations for X in the near-surface gas phase and at the
surface can be described as below:

d[X]s
dt
= Jads,X− Jdes,X−Ls− Js,b,X+ Jb,s,X, (13)

where Js,b,X and Jb,s,X are the fluxes from the surface to the
near-surface bulk and from the near-surface bulk to the sur-
face of X, respectively (Js,b,X = Jb,s,X = 0 in the absence of
bulk diffusion), and treated as a function of the bulk diffusion
coefficient. The reactive uptake coefficient, γ , is usually the
experimentally accessible parameter and the one used in at-
mospheric modeling studies. γ of a gas species X is defined
as

γX =
Jads,X− Jdes,X

Jcoll,X
. (14)

4.1 Simulation of reactive gas uptake by solid substrates

We apply the kinetic double-layer model of aerosol surface
chemistry (K2-SURF; Shiraiwa et al., 2009) to investigate
the sensitivity of γ to the desorption lifetime for a solid sub-
strate. The surface reaction of an adsorbed species X with
condensed species Y is considered, while surface–bulk ex-
change and bulk diffusion and reaction are not considered

Figure 2. The response in reactive uptake coefficient of a reactive
gas species X with a condensed-phase species Y when varying the
desorption lifetime and second-order rate coefficients derived by the
numerical diffusion model K2-SURF. The gas-phase concentration
of X and the surface concentration of Y remained fixed during the
calculations. The surface accommodation coefficient is assumed to
be equal to 1.

for simplicity. The αs on an adsorbate-free substrate is as-
sumed to be 1 for all simulations. Figure 2 shows the depen-
dence of γ on τdes and kSLR at constant temperature. γ val-
ues represent steady-state values. Higher kSLR leads to higher
γ at fixed τdes due to faster surface reaction rates. At fixed
kSLR, longer τdes leads to higher surface concentrations of X
and consequently to higher surface reaction rates and γ . In
turn, with sufficiently long residence times of the adsorbed
gas species, low kSLR can still lead to high values of γ . It
is evident that different pairs of τdes and kSLR can yield the
same γ value. Furthermore, when kSLR is known, uncertain-
ties in τdes can result in large differences in γ . This exercise
demonstrates that experimentally derived γ values do not
sufficiently constrain the heterogeneous reaction process to
yield unambiguous τdes and kSLR values, unless a significant
parameter space is covered by the experiment to constrain
them individually. For instance, at large enough gas-phase
partial pressure the surface gets saturated (fully covered by
the adsorbate), which leads to decoupling of τdes and kSLR
(Knopf et al., 2011; Artiglia et al., 2017; Berkemeier et al.,
2016; Steimer et al., 2015). However, this is often not possi-
ble due to technical constraints. Therefore, constraining τdes
by application of E0

des, or best estimates of E0
des, can signifi-

cantly improve our molecular understanding of the underly-
ing processes in multiphase chemical kinetics and support the
development of parameterizations for modeling purposes.

Figure 3 displays the temperature dependence of γ with
E0

des of 30–50 kJ mol−1. The pre-exponential frequency fac-
tor Ades was set to 1013 s−1, and kSLR was set to (a) 10−12

and (b) 10−9 cm2 s−1. Temperature dependence of kSLR was
not considered in these simulations to evaluate only the ef-
fects of temperature-dependent τdes on γ . The modeling re-
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Figure 3. The response of the reactive uptake coefficient as temperature and adsorption energy are varied for two different second-order rate
coefficients derived by K2-SURF. The gas-phase concentration of X remained fixed during the calculations. The pre-exponential factor Ades
is fixed for both cases. The surface accommodation coefficient is assumed to be 1.

sults suggest that γ depends strongly on temperature, where
lower temperatures yield higher γ values. This is because
lower temperatures lead to longer τdes and hence higher sur-
face concentrations of X and reaction rates. Generally, γ is
more temperature-dependent at higher values of E0

des. How-
ever, if E0

des is close to values typical for chemisorption
(∼ 50 kJ mol−1), γ is close to 1 in this calculation. Further
away from this special case and natural cap of γ = 1, γ in-
creases by about 2 orders of magnitude over a temperature
range of 80 K. These modeling results indicate that extrap-
olating multiphase chemical kinetics acquired at room tem-
perature to lower temperatures can result in significantly dif-
ferent reactive uptake coefficients. Clearly, a detailed under-
standing of the molecular processes is necessary when apply-
ing multiphase reaction kinetics to environmental and atmo-
spheric conditions.

Even though the above simulations clearly suggest poten-
tially large effects of the temperature dependence of τdes on
γ , surface reaction rate coefficients are also temperature de-
pendent, which in turn affect γ as well (Li and Knopf, 2021;
Li et al., 2020). To further investigate the role of temperature
on heterogeneous reaction kinetics, we apply the K2-SURF
model to heterogeneous reactions between O3 and polycyclic
aromatic hydrocarbons (PAHs) adsorbed on soot. This re-
action proceeds with a multi-step Langmuir–Hinshelwood
mechanism that includes (R1) O3 physisorption, (R2) de-
composition of O3 into long-lived reactive oxygen interme-
diates (ROIs, O atoms), and (R3) reactions of O atoms with
PAHs (Shiraiwa et al., 2011b):

O3(g)↔ O3(s) E0
des = 10,20,30,40,50kJ mol−1 (R1)

O3(s)→ O+O2 Ea,pc = 40kJ mol−1 (R2)
O+Y→ products Eox = 80kJ mol−1. (R3)

The activation energy for physisorbed O3 to dissociate into
chemisorbed O (Ea,pc) is ∼ 40 kJ mol−1, and the activa-
tion energy for O reacting to oxidation products (Eox) is ∼

Figure 4. The response of the reactive uptake coefficient of O3
by PAH coated on soot including formation of reactive oxygen in-
termediates (ROIs) following Shiraiwa et al. (2011b) as tempera-
ture and adsorption energy are varied using the numerical diffusion
model K2-SURF. ROI formation and oxidation reaction rates are
adjusted using an Arrhenius-based temperature scaling. The pre-
exponential factor Ades is fixed at 1013 s−1.

80 kJ mol−1 (Berkemeier et al., 2016; Shiraiwa et al., 2011b).
Temperature dependence of the reaction rate coefficients of
Reactions (R2) and (R3) is considered using an Arrhenius
equation. We examine the response of this reaction system to
changes in initial E0

des of O3 (Reaction R1) and temperature.
Figure 4 shows the results of such simulations. Higher

E0
des yields higher surface concentrations of physisorbed O3,

and hence higher concentrations of O and reaction rates,
yielding higher γ values. γ decreases as temperature de-
creases, which is in contrast to above sensitivity studies
shown in Fig. 3. This is because the overall temperature
dependency of the gas uptake is mostly determined by the
temperature dependency of the rate-limiting Reaction (R3)
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and also influenced by thermally activated chemical Reaction
(R2). Although physisorbed O3 molecules can reside signif-
icantly longer on the PAH surface at lower temperatures, the
decrease in the formation rate of ROIs and subsequent oxi-
dation reaction rate govern γ , suggesting lower γ values at
lower temperatures.

Clearly, E0
des and activation energies for chemical reac-

tions are crucial parameters to predict multiphase chemi-
cal kinetic processes under tropospheric conditions. Con-
ducting temperature-dependent reactive uptake experiments
of known reaction systems can be used to determine cou-
pled desorption lifetimes and reaction rates (e.g., Kerbrat
et al., 2010; Li and Knopf, 2021). For example, Li and
Knopf (2021) measured the reactive uptake of OH radicals
by triacontane for temperatures between 213 and 293 K. By
having a temperature-dependent multiphase kinetics data set,
E0

des and kSLR could be decoupled and individually assessed.

4.2 Non-reactive gas uptake into liquids

To demonstrate the effect of τdes on the equilibration
timescale of non-reactive gas uptake by a liquid substrate, the
kinetic multilayer model for aerosol surface and bulk chem-
istry (KM-SUB) (Shiraiwa et al., 2010) was applied (Fig. 5).
We simulate non-reactive uptake of species X with a constant
gas-phase concentration of 1 ppb into a particle with 100 nm
diameter that initially contains no amount of X. Henry’s
law constant of X was set to be 1× 10−5 mol cm−3 atm−1

at 298 K, and its temperature dependence was considered
using the van ’t Hoff equation with a solvation enthalpy
of 20 kJ mol−1; these values are chosen to be comparable
with ozone solvation into water (Sander, 2015, 2023). The
temperature dependence of Henry’s law constant is shown
in Fig. S1. The particle is assumed to be liquid with a
temperature-dependent bulk diffusion coefficient following
the parameterization of Zobrist et al. (2011) for pure water,
which varies from 2×10−5–2×10−6 cm2 s−1 in this temper-
ature range. E0

des values in the range of 10–80 kJ mol−1 were
used, and the temperature dependence of τdes was considered
using the Frenkel equation (see Eq. (1) and Fig. 1). Here, X
can be regarded as a small molecule with moderate water
solubility such as ozone for the simulations at low E0

des or a
carboxylic acid with similar water solubility (e.g., nonanoic
acid) for the simulations at high E0

des. The equilibration time
is defined as the time after which the surface and particle bulk
concentrations deviate by less than a factor of 1/e from their
equilibrium or steady-state value.

The simulations show that equilibration times can vary
over many orders of magnitude in the investigated range
of E0

des (Fig. 5). For E0
des< 30 kJ mol−1, the timescales of

surface equilibration (black solid lines) are shorter than the
timescale of bulk equilibration (blue dashed lines). The con-
vergence of the blue lines at low E0

des (< 30 kJ mol−1) re-
flects the kinetic limitation of gas–particle equilibration by
diffusion inside the particle bulk (2× 10−7 s−1; Shiraiwa et

Figure 5. Equilibration timescale of non-reactive uptake of gas
molecules onto the surface (solid black lines) and into the parti-
cle phase (dashed blue lines) of liquid particles with a diameter of
100 nm for different desorption energies. Gas-phase mixing ratio is
fixed to be 1 ppb.

al., 2011a). At higher E0
des, the increase of desorption life-

time leads to the increase of the equilibration times, as a
larger amount of X is needed to saturate the surface; in fact,
at E0

des ≥ 15 kJ mol−1, the majority of molecules reside on
the surface and the partitioning is governed by the surface
processes in this simulation.

In the range of E0
des around 40 to 60 kJ mol−1, surface and

bulk equilibration times coincide, as the simulated 100 nm
particles are well-mixed and non-reactive uptake is limited
by interfacial transport from the gas phase. The flattening
and convergence of the black lines at E0

des> 60 kJ mol−1

reflects the kinetic limitation of gas–particle equilibration
by interfacial transport (surface adsorption and surface–
bulk exchange) if the surface gets fully covered by the ad-
sorbate. The bulk equilibration (blue lines) and thus also
the overall gas–particle equilibration time still increase for
E0

des> 60 kJ mol−1 with decreasing temperature, because in-
terfacial transport is slowed by the high surface propensity of
X and its full surface coverage. Note that the slowing of bulk
equilibration time as a consequence of sorption layer cover-
age is a direct consequence of using a Langmuir adsorption
model. In case of multilayer adsorption and bulk condensa-
tion, especially at high E0

des, results may differ, which will be
explored in follow-up studies (see also Sect. “Gas-particle
partitioning of secondary organic aerosol”). Also note that
the increased surface propensity of X with increasing E0

des is
not a general rule but a consequence of the fixed Henry’s law
solubility coefficient in this sensitivity study.

The calculations for Fig. 5 represent an open system in
which the gas-phase concentration of X is held constant.
Wilson et al. (2021) investigated equilibration timescales
for gas uptake of PAHs on soot surfaces in the closed sys-
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tem, i.e., where a fixed amount of X is distributed between
the gas and particulate phases. In that study, equilibration
timescales were either controlled by the adsorption or by the
desorption process, depending on whether the particle sur-
face was under- or oversaturated with X at the start of the
model simulations, respectively. Temperature strongly influ-
enced equilibration timescales in the desorption-controlled
regime, whereas particle number concentrations influenced
adsorption-controlled systems. Note that in the presence of
chemical reactions in the gas phase or on the surface, the
partitioning equilibrium can be perturbed and adopt a quasi-
stationary state that differs from thermodynamic equilibrium.

For reactions occurring in liquids, the same features ap-
ply as for the case of surface reactions on solids; i.e., the
temperature dependence of an activated reaction may coun-
teract the temperature dependencies of desorption and solu-
bility, e.g., for the reactions on sulfuric acid aerosol of HCl
with HONO (Longfellow et al., 1998; Ammann et al., 2013)
or with ClONO2 (Shi et al., 2001). These cold and viscous
sulfuric acid aerosols, as well as viscous aqueous organic
aerosols, are also at the same time high solute strength sys-
tems. The situation then is very complex since viscosity is
modulated by temperature and humidity, thereby impacting
diffusion and salting out effects, and thus, ultimately, solu-
bility and kinetics (Edebeli et al., 2019; Li and Knopf, 2021;
Li and Shiraiwa, 2019).

5 Derivation of a parameterization of the desorption
energy

Thermodynamic and chemical parameters given in Ta-
bles A1–A15 provide the basis to derive E0

des estimates for
application in multiphase chemical kinetics involving atmo-
spheric gas species and aerosol particles. This analysis in-
cludes over 500 gas species-substrate systems. As discussed
above, we note the underlying caveats in this analysis. The
pre-exponential factor is set to 1013 s−1. The dependence of
E0

des on absorbate model and surface coverage is neglected.
Thus, a highly accurate prediction of E0

des is not possible.
However, the goal here is to provide a best estimate of E0

des
in agreement with this training data set (Tables A1–A15)
to enable improved analyses of environmental multiphase
chemical kinetics under the wide range of thermodynamic
conditions encountered in Earth’s environment. Furthermore,
it would be desirable to predict E0

des from commonly mea-
sured and accessible parameters, e.g., derived by mass spec-
troscopy, such as molar mass, molecular structure, and oxi-
dation state.

Following our previous discussion on the intermolecular
bonding between adsorbate and substrate, gas species po-
larizability, α, should serve as a predictor of E0

des. Larger α
should, in general, coincide with an increase inE0

des. The oxi-
dation state of an organic gas species, represented in a simpli-
fied way by the ratio O :C, reflects the number of oxygenated

Figure 6. Multilinear regression analysis of E0
des, oxygen-to-

carbon ratio of gas species expressed as O :C, and gas species po-
larizability (α) using data from Tables A1–A15. Gridded surface
shows regression model, and color shading indicates changes in
E0

des.

Figure 7. Gas species polarizability (α) as a function of molar
mass (M) and its dependence on oxygen-to-carbon ratio expressed
as O :C. O :C given as color shading. Red solid and dotted lines
represent a linear fit to the data and its 95 % prediction bands, re-
spectively. Note that three gas species with O :C> 1 (CO2, formic
acid, and peroxyacetyl nitrate) are included in this plot as having
O :C= 1 to allow for better visualization of entire data set.
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Figure 8. E0
des values derived from the new parameterization (Eq. 16) applying the training data set of gas species with molar mass (M)

and O :C, the latter coded as symbol color described by the color bar. Panel (b) is an enlarged view of (a). Note that three gas species with
O :C>1 (CO2, formic acid, and peroxyacetyl nitrate) are included in these plots as having O : C= 1 to allow for better visualization of entire
data set.

functional groups, typically monitored by mass spectrome-
try (Isaacman-VanWertz et al., 2018). An increase in the gas
species’ oxidation state should also yield an increase in E0

des.
Figure 6 displays a multilinear regression analysis using all
available data including solid, ice, and liquid substrates (Ta-
bles A1–A15) to derive a relationship between E0

des, α, and
O :C. Figure S2 depicts the same data in more detail as two
separate plots. Figure 6 indicates that E0

des increases with
increasing α and O :C, as one would expect from consid-
erations of intermolecular bonding discussed above. This is
also corroborated by a principal component analysis given in
Fig. S3, showing significant correlation between E0

des and α.
The regression analysis yields the following model (with an
R2
= 0.559 and a root mean square error (RMSE)= 25.4):

E0
des (α,O : C)= 25.895+ 2.330α+ 12.367(O : C), (15)

where E0
des is in units kJ mol−1 and α is in units 10−24 cm3.

Figure 7 shows α as a function of molar mass and O :
C≤ 1. Note that the few data for the three gas species with
O : C≥ 1, namely CO2 (Table A3), formic acid (Table A7),
and peroxyacetyl nitrate, PAN (Table A8), are colored as
O : C= 1 for better visibility of the overall training set. Fig-
ure 6 shows the few data points for O : C> 1. The data show
a strong linear correlation between α andM , where O :C ap-
pears to play a less significant role. This can be understood
by realizing that a carbon atom in a molecule contributes 3
times more to α than an oxygen atom (Bosque and Sales,
2002), discussed in more detail below. Hence, the number
of methylene groups can dominate α for larger molecules.
Thus, the polarizability can be described, applying regres-
sion analysis, as a linear function of molar mass (R2

= 0.952

and RMSE= 2.765):

α (M)=−0.837+ 0.128M, (16)

where M is in units g mol−1. The linear regression is shown
as a red line in Fig. 7.

We can now combine Eqs. (15) and (16) to obtain a pa-
rameterization to calculate E0

des from knowledge of the gas
species’ molar mass and O :C:

E0
des (M,O : C)= 25.895+ 2.330(−0.837+ 0.128M)

+ 12.367(O : C). (17)

Figure 8 shows E0
des values derived from Eq. (17) using M

and O :C values given by the training data sets as input. Sim-
ilarly to Fig. 7, we have color-coded O :C for values up to
1 for better data visibility. Figure S4 shows E0

des values de-
rived from the training data set separated by different sub-
strate types, corroborating the correlation displayed in Fig. 8.
Figure S5 shows E0

des values derived from Eq. (17) using ar-
bitrary M and O :C values. For application of inorganic gas
species with C = 0, O :C should be set to zero. E0

des shows
a linear relationship with M where deviation from linearity
is only found at M< 250 g mol−1. Figure 8b demonstrates
that gas species with larger O :C show larger E0

des. To under-
stand this trend in the data, we have to address the role of
the gas species’ dipole moment and substrate in the deriva-
tion of the E0

des values. Equation (17) provides estimates of
E0

des without specifically addressing substrate properties. As
discussed, its dependency solely on M and O :C is advanta-
geous for application to complex gas species–particle com-
position data. Considering the underlying uncertainties due
to unknown applied standard states, absorbate model, and
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Figure 9. Multilinear regression analysis of E0
des, substrate relative

permittivity (εr), and gas species polarizability (α) using data from
Tables A1–A15. Gridded surface shows regression model, and color
shading indicates changes in E0

des.

assumed pre-factor, this parameterization is accurate within
those limits. However, one would expect that gas species’ µ
and the substrate’s εr impact E0

des.
We recommend application of this parameterization

(Eq. 17) for gas species with O : C . 1. Due to the few
data points at O : C & 1, E0

des could be significantly under-
or overestimated in this range. For example, for CO2 (Ta-
ble A3), tabulated E0

des = 16.4 kJ mol−1, while the param-
eterization yields 61.8 kJ mol−1. In the case of formic acid
(Table A7), the tabulatedE0

des = 94.6 kJ mol−1, while the pa-
rameterization yields 62.4 kJ mol−1. Hence, when applying
Eq. (17) to gas species with O : C & 1, considering additional
information or constraints is recommended.

For our data set, the principal component analysis in
Fig. S3 indicates no strong correlation between εr and E0

des.
Figure 9 corroborates the negligible dependence of E0

des on
εr. However, one would expect that greater µ, α, and εr re-
sult in larger E0

des due to enhanced molecular interactions.
The derivation of our parameterization exploited the strong
dependency of E0

des on α. We suggest that the underlying
reason for this dependency is the competing effects of µ and
α on E0

des as outlined below.
Small molecules with polar groups can exert significant

dipole moments, while the polarizability is still small. As de-
picted in Fig. S6, smaller molecules exert greater µ, while
O :C values are high and α is low (see also Fig. 7). Note that
alkanes and PAHs in the data set, following common con-

Figure 10. Parameterized E0
des values as a function of gas species

molar mass (M) and polarizability (α) given as a color bar following
Eq. (17).

vention, have zero dipole moments. Gas species with greater
µ may interact more strongly with polarizable substrates
expressed by εr, yielding larger E0

des. However, as the gas
molecules become larger, their α increases, e.g., by the addi-
tion of methylene groups (Bosque and Sales, 2002), thereby
dominating over the impact of µ on E0

des. Figure S6 supports
this trend where molecules with largest α have low O :C and
small µ. Hence, this data set yields a negative correlation be-
tween µ and α. As a consequence, for larger molecules the
role of the molecule’s µ interacting with the substrate be-
comes less important. Thus, in a way, the range of available
desorption data could be responsible for the negligible corre-
lation between E0

des and substrate εr (Fig. 9). In other words,
polarizability α, which is strongest for molecules with small
µ and low O :C, compensates and dominates the impact of
the dipole moment on E0

des and, in turn, renders the substrate
of less importance for parameterizing E0

des. This is also evi-
dent in Fig. 10, where the scatter of parameterization-derived
E0

des values is largest for molecules with lower M and lower
α. We can attribute the scatter in E0

des at lowerM to the com-
peting contributions of the gas species’ µ, here accounted
for by O :C, and α. These may be the reasons why E0

des can
be reasonably parameterized from our data set without ac-
counting for the substrate’s εr and gas species’ µ. Though,
we would expect with more available data the role of gas
species’ µ and substrate’s εr to likely be resolved in a param-
eterization.

Considering the significant number of data and omission
of substrate-specific properties in the parameterization, the
scatter inE0

des is not very large. This suggests that this param-
eterization can serve as a reasonable first estimate of E0

des for
a complex environmental substrate such as an aerosol parti-
cle. We would expect that, with an increasing number of des-
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Figure 11. Desorption energy (E0
des) as a function of enthalpy of vaporization (1Hvap) and its dependence on O :C for all (a), solid (b),

liquid (c), and ice (d) substrates. Blue lines indicate 1 : 1 lines.

orption data that include larger molecules with larger O :C or
µ and applied known standard states and absorbate models,
the scatter in E0

des at lower molar masses can be resolved.

5.1 Relationship between desorption energy and
enthalpy of vaporization

To examine the relationship between E0
des and 1Hvap, we

have plotted the data given in supplemental tables (not the pa-
rameterized values) separated for the different substrate types
in Fig. 11. Our data support a positive correlation between
E0

des and1Hvap, where E0
des for most instances is larger than

1Hvap. The role of O :C in the relationship betweenE0
des and

1Hvap is not clearly identifiable for the cases that include all,
solid, and ice substrate data. However, for liquid substrates,
the data suggest that, for given 1Hvap, larger O :C yields
larger E0

des. Figure S7 provides a linear regression model for
the case of liquid substrates. As shown above, larger O :C
correlates with a larger µ, which may exert a greater impact
on E0

des in the case of a liquid substrate. In fact, the inter-

action strength at the surface often exceeds the enthalpy of
condensation between gas and its condensed liquid for the
same species family, e.g., in the case of methyl-substituted
benzenes (Raja et al., 2002; Bruant and Conklin, 2002), as
well as for other species like alcohols, acids, amines, and ke-
tones (Mmereki et al., 2000) and alkanes (Goss, 2009) and
halogenated alkanes (Bruant and Conklin, 2001). This indi-
cates that the aqueous solution–air interface allows for a two-
dimensional environment in which the intermolecular inter-
actions are as important as in the bulk condensed phase of
the adsorbate alone (Valsaraj, 1988a, 2009).

5.2 Relationship between desorption energy and
enthalpy of solvation for aqueous substrates

To examine the relationship between E0
des and 1Hsolv, we

have plotted the data for liquid substrates, consisting mostly
of water and few aqueous solutions (Tables A9 to A15) in
Fig. 12. Despite the scatter in the data, a positive correla-
tion between E0

des and 1Hsolv can be identified. The data
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Figure 12. Desorption energy (E0
des) as a function of enthalpy of

solvation (1Hsolv) and its dependence on O :C for liquid substrates.
Blue line indicates 1 : 1 line.

fall symmetrically around the 1 : 1 line, indicating no strong
bias. In the case of liquid substrates, the correlation between
E0

des and1Hsolv is comparable to that observed betweenE0
des

and 1Hvap (Fig. 11c). Figure S8 provides a linear regression
model for the data shown in Fig. 12.

The relationship between E0
des and 1Hsolv shown in

Fig. 12 can be understood in the following way. For large
non-polar molecules, the free energy cost of entering the
aqueous solution is mostly driven by enthalpic changes, be-
cause hydrogen bonds need to be disrupted to form a cav-
ity around the molecule (Kronberg, 2016; Valsaraj, 1988a;
Brini et al., 2017). The surface energy in that cavity is then
driven by the surface energy of pure water and the hydropho-
bic interactions with the solute (Chandler, 2005). This is then
somewhat similar to the situation when the same molecule is
adsorbed at the aqueous solution–air interface. Thus, for the
larger non-polar molecules, the contribution of the enthalpy
of cavity formation can be identified as a dominating factor
of the solvation process, which in turn depends on the inter-
molecular strength between adsorbing molecule and liquid.
This, hence, can explain the correlation between E0

des and
1Hsolv for the case of the non-polar molecules.

For small non-polar molecules, the transfer to the aqueous
phase is mostly entropy-driven, because the hydrogen bonds
do not need to be disrupted but need to reorganize around the
solute (Kronberg, 2016; Shinoda, 1992, 1977; Hvidt, 1983;
Brini et al., 2017). Polar molecules would be comparable to
ions, and in this case, the size and charge distribution deter-
mine the cost of solvation through the number and strength
of hydrogen bonds to water, which lead to a correlation of
1Hsolv with the number of hydrophilic groups. The latter
also determine E0

des (i.e., O :C correlates with µ). Among

the small organic molecules contained in Fig. 12, with the
increasing presence of hydrophilic functional groups, the
larger O :C ratios lead to larger E0

des. For these reasons,
the relationship between E0

des and 1Hsolv shown in Fig. 12
supports the specific and physical interaction model at the
aqueous solution–air interface mentioned above: E0

des scales
with the magnitude of hydrophobic interactions for non-polar
molecules and with the presence of hydrophilic functional
groups (i.e., O :C correlates with µ) for polar molecules, and
thus the correlation with 1Hsolv is a logical consequence.

Note that since both E0
des and 1Hsolv are correlated

and are mostly independent of temperature (Hildebrand and
Scott, 1964) within the idealized concept presented here, the
temperature dependence of τdes may apparently dominate the
temperature dependence of solvation when E0

des >1Hsolv.
This idea of parallel behavior of desorption and solvation is
also supported by a very recent experimental study that pro-
vides in situ measurements of the uptake of gas-phase wa-
ter into ionic liquids at the gas–liquid interface using ambi-
ent pressure X-ray photoelectron spectroscopy (Broderick et
al., 2019). These measurements indicate that, dependent on
water mole fraction and temperature, solvation is governed
by similar thermodynamics as relevant for crossing the gas–
liquid interface during the mass-transfer process (Broderick
et al., 2019). The positive correlation between the E0

des and
1Hsolv values displayed in Fig. 12 supports this notion, as-
cribing the molecular interactions controlling τdes and sol-
vation an important role in the molecular understanding of
gas–substrate interactions.

6 Atmospheric implications

The discussion in the above sections demonstrated the impor-
tance of accurate knowledge of E0

des for the representation of
multiphase chemical reactions across various environmental
interfaces and phase states including aerosol particles. Anal-
yses of experimentally conducted multiphase chemical kinet-
ics studies as well modeling the detailed processes that lead
to the physicochemical transformation of particles and define
their atmospheric fate will greatly benefit from improved es-
timates of E0

des (Su et al., 2020; Zheng et al., 2020; Shiraiwa
et al., 2017a, b; Shrivastava et al., 2017a, b; Li and Knopf,
2021; Kaiser et al., 2011; Springmann et al., 2009; Mu et
al., 2018; Hems et al., 2021; Laskin et al., 2015). Below we
discuss further relevant atmospheric chemistry processes that
connect to and/or make use of E0

des, including gas–particle
partitioning, secondary organic aerosol (SOA) formation, in-
door air chemistry, and glass transition of OA particles.

6.1 Gas–particle partitioning of secondary organic
aerosol

Organic aerosol is ubiquitous, consists of numerous chemi-
cal species, and represents a large mass fraction (20 %–90 %)
of the total submicron particles in the troposphere (Nizko-
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rodov et al., 2011; Jimenez et al., 2009; Hallquist et al.,
2009; Kanakidou et al., 2005). The formation of SOA pro-
ceeds by complex pathways including reaction and mass
transport in the gas and condensed phases. The equilibra-
tion timescale for gas–particle partitioning for SOA parti-
cles and particle–particle mixing of varying viscosity has
been evaluated (Shiraiwa and Seinfeld, 2012; Berkemeier et
al., 2020; Schervish and Shiraiwa, 2023; Li and Shiraiwa,
2019; Schervish et al., 2023). In some of those modeling
studies a fixed τdes = 10−9 s, which corresponds to about
E0

des = 22 kJ mol−1 at 293 K, was applied. The simulation
results shown in Fig. 5, however, demonstrated that we can
expect significant changes in condensed phase equilibration
times for gas–particle partitioning when E0

des and temper-
ature change. Our tabulated data suggest that oxygenated
VOCs will exert larger E0

des and, as such, longer τdes.
It has been shown that SOA oxidation products with

a variety of functional groups fall into molecular corri-
dors characterized by a tight inverse correlation between
volatility (or saturation mass concentration, C0) and mo-
lar mass as depicted in Fig. 13 (Li et al., 2016; Shiraiwa
et al., 2014). They are constrained by two boundary lines
corresponding to the volatility of n-alkanes CnH2n+2 and
sugar alcohols CnH2n+2On, which we now identify as “van
der Waals” and “hydrogen-bonding”-dominated boundaries.
This interpretation can be understood by the governing in-
termolecular forces. For example, using the EVAPORA-
TION model (Compernolle et al., 2011), the vapor pres-
sures for alkane, ketone, alcohol, and acid with a molecular
weight of about 142 g mol−1 at 298 K yield the following:
p0(C10H22)= 1.73 hPa, p0(H7C3C(O)C5H11)= 0.084 hPa,
p0(C9H19OH)= 0.023 hPa, and p0(C7H15COOH)= 1.62×
10−3 hPa, respectively. The decrease of about 3 orders of
magnitude in the vapor pressure between the alkane and
the carboxylic acid is mainly due to two carboxylic acid
molecules forming hydrogen bonds, resulting in a dimer.
A highly oxidized amide having ketone and alcohol groups
such as N=CC(O)C(O)C(O)CO and M = 149.146 g mol−1

has p0
= 8.93× 10−7 hPa. This is due to the fact that this

molecule establishes not only the van der Waals forces such
as London dispersion and Keesom forces but also hydro-
gen bonding with three hydrogen bond donors and multi-
ple hydrogen bond acceptors. As can be seen in Fig. 13, the
change in C0 derived from decane to C0 of the highly oxi-
dized amide spans the identified molecular corridor around
M = 145 g mol−1, indicating that the van der Waals forces
and the number of hydrogen bonds that can be established
by a particular molecule may fundamentally describe the
volatility range of the organic species.

Keeping this approach in mind, we can ask the following:
what are the extreme limits of the saturation mass concentra-
tion? The smallest organic molecule is methane, only prone
to London dispersion forces. p0(CH4)= 46000 hPa with
log10(C0)= 10.5, which corresponds to the upper bound of
the molecular corridor. Ammonia (NH3) has a similar molar

mass as CH4 but has lower vapor pressure, because NH3 can
establish two hydrogen bonds. N2O5 does not form hydrogen
bonds and is located above the alkane line. The lower bound
of the molecular corridor is mainly defined by the molecule’s
permanent dipole moments and number of hydrogen bonds it
can entertain. Clearly, these attributes are likely to be found
in larger and highly oxidized compounds. Water constitutes a
peculiarity when looking at its position in the C0–M frame-
work depicted in Fig. 13. There is no other molecule with
this small size that can form four hydrogen bonds. Sulfu-
ric acid (H2SO4) can also form four hydrogen bonds and is
located close to the lower bound of the molecular corridor.
As molecules become larger, there are steric hindrances that
likely inhibit stronger intermolecular bonding, whereas wa-
ter with its small size is ideal. This reason may ultimately
limit the lower bound of the molecular corridor and thus the
lowest volatilities experienced by OA species.

As we have discussed above, E0
des and 1Hvap are posi-

tively correlated and E0
des in most cases is larger than 1Hvap

(Fig. 11). Also, we found that gas species with higher O :C,
and thus larger µ, exhibit larger E0

des values. This indicates
that intermolecular interactions at the interface are as impor-
tant as in the condensed phase of the adsorbate alone (Val-
saraj, 2009, 1988a). We expect this also to hold for the case
of SOA formation. It is generally observed that the compo-
sition of the organic matrix, barring any mass-transport lim-
itations, has little influence on the gas–particle partitioning
equilibrium (Donahue et al., 2011, 2012). Oxygenated VOCs
have higher O :C and larger µ. Saturation vapor pressure
or volatility provides guidance in this regard (Epstein et al.,
2010). However, our study suggests that considering desorp-
tion, i.e., E0

des values, can impact equilibrium times of gas–
particle partitioning as outlined in the gas uptake multilayer
model simulations discussed in Sect. 4.

Figure 13a shows that the compiled data sets fall within the
C0–M framework. In comparison, Fig. 13b shows the dis-
tribution of SOA oxidation products (916 different species)
in the C0–M space evaluated previously by Shiraiwa et
al. (2014). Since the gas species discussed in this work cover
a similar C0 and M range as the SOA oxidation products,
we can apply the parameterization of E0

des to provide esti-
mates of E0

des for gas species typically involved in SOA gas–
particle partitioning. This will allow a more detailed under-
standing and prediction of SOA formation, in particular for
temperatures typically encountered in the troposphere during
transport.

We derive E0
des of SOA oxidation products by application

of Eq. (15). Since we know the molecular structure of the
SOA oxidation products, we can calculate polarizability us-
ing the equation provided by Bosque and Sales (2002), in-
stead of using Eq. (16):

α = 1.51#C+ 0.17#H+ 0.57#O+ 1.05#N+ 2.99#S

+ 2.48#P+ 0.22#F+ 2.16#Cl+ 3.29#Br+ 5.45#I
+ 0.32, (18)
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Figure 13. Molecular corridors of SOA formation showing saturation mass concentration (C0) as a function of molar mass (M). The small
markers represent individual gas species color-coded by O :C ratio. Panel (a) displays data from Tables S1–S15. Panel (b) includes SOA
precursor gases and oxidation products data discussed in Shiraiwa et al. (2014). The dotted lines represent linear alkanes CnH2n+2 (purple
with O : C= 0) and sugar alcohols CnH2n+2On (red with O : C= 1). Inorganic species (diamonds) and organic species with similar molar
mass but with different functional groups (circles) are plotted.

Figure 14. Desorption energies (E0
des) calculated for molecular corridor data of SOA precursor gases and oxidation products from Fig. 13.

(Shiraiwa et al., 2014) as a function of molar mass and its dependence on O :C (a) and polarizability (b). This analysis applies the parame-
terizations given in Eqs. (15) and (18).

where #C, #H, #O, #N, #S, #P, #F, #Cl, #Br, and #I represent
the respective numbers of atoms in the molecule.

Figure 14 displays E0
des values for the molecular corridor

data of SOA precursors gases and oxidation products from
Fig. 13 as a function of molar mass and its dependence on
O :C and polarizability, following the molecular corridor ap-
proach using molar mass as the primary parameter character-
izing the physicochemical properties of a molecule (Shiraiwa
et al., 2014). Figure S9 provides the same analysis using pa-
rameterization as Eq. (17). For the majority of data points the
predicted E0

des values are within ±10 % of the values shown
in Fig. 14 and within the expected general uncertainty ofE0

des
as discussed above. For smallest molecules, Fig. 14a demon-
strates the impact of O :C on E0

des, where alkanes, constitut-
ing the upper bound in the molecular corridor, have the low-
est E0

des for a given molar mass. With increasing molecule

O :C, E0
des increases as expected from our previous analy-

ses and discussions. At larger molar masses the polarizability
of the molecule dominates. Figure 14b further corroborates
the strong correlation between molar mass and polarizabil-
ity. Figure S9 depicts a tighter correlation of E0

des with molar
mass and polarizability due to the linear representation of
polarizability (Eq. 16). Furthermore, application of Eq. (16)
yields alkanes having the lowest E0

des across the entire mo-
lar mass range (Fig. S9). Estimates of E0

des for these SOA
oxidation products will allow refinement of gas–particle par-
titioning timescales, specifically when temperature changes
are considered as outlined in our example shown in Fig. 5.

Figure 15 relates saturation vapor pressures (p0) at 298 K,
estimated using the EVAPORATION model (Compernolle
et al., 2011), to estimated E0

des, derived using Eq. (15), for
selected compounds relevant for atmospheric chemistry and
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Figure 15. Characteristic desorption energies (E0
des), desorption

lifetimes (τdes), and saturation vapor pressures (p0) at 298 K for
secondary organic aerosol (SOA) components and other selected
compounds of atmospheric relevance. The blue markers show ex-
perimental literature data of E0

des and p0. The black markers cor-
respond to the molecular corridor data of SOA formation displayed
in Fig. 13 (Shiraiwa et al., 2014), for which p0 was estimated with
the EVAPORATION model (Compernolle et al., 2011) and E0

des
was estimated using Eq. (15). The solid black line represents an
exponential fit to the SOA molecular corridor data. Blue mark-
ers show experimental data for selected other compounds of atmo-
spheric relevance. Color shadings indicate widely used categories of
SOA volatility basis set (VBS): volatile organic compounds (VOC),
semi-volatile organic compounds (SVOC), low volatility organic
compounds (LVOC), extremely low volatility organic compounds
(ELVOC), and ultra-low volatility organic compounds (ULVOC)
(Schervish and Donahue, 2020; Donahue et al., 2009).

SOA molecular corridor data from Fig. 13 (Shiraiwa et al.,
2014). The top axis of Fig. 15 shows the corresponding des-
orption lifetimes τdes at 298 K using the Frenkel equation
(Eq. 1) with a pre-exponential factor Ades of 1013 s−1. The
linear behavior in semi-logarithmic space (black solid line)
reflects an exponential relation between p0 and E0

des and a
linear relation between p0 and τdes. Similar relationships are
known for p0 and1Hvap (Epstein et al., 2010), which under-
scores the correlation of these two quantities as observed in
Fig. 11. We find, however, a steeper slope of p0 with E0

des
than previously found for p0 and 1Hvap, which suggests
E0

des < 1Hvap for large, oxygenated molecules with low va-
por pressures. Note, however, that those gas species are lack-
ing in our data sets. The relation of E0

des and 1Hvap and its
consequences for gas–particle partitioning of SOA will be
further investigated in follow-up studies.

Table 2 summarizes characteristic values of p0, E0
des, and

τdes for the categories of a volatility basis set (VBS) widely
used for the description of SOA: intermediate volatility or-
ganic compounds (IVOC), semi-volatile organic compounds
(SVOC), low volatility compounds (LVOC), extremely low

volatility compounds (ELVOC), and ultra-low volatility com-
pounds (ULVOC) (Schervish and Donahue, 2020; Donahue
et al., 2009). We obtain characteristic desorption lifetimes of
nanoseconds to milliseconds for VOC, milliseconds to hours
for IVOC, and seconds to months for SVOC, respectively.
For LVOC, ELVOC, and ULVOC we obtain τdes values in
the range of minutes to years and millennia. The latter, how-
ever, have to be considered as rough estimates, because the
amounts of data available for parameterizing p0 and E0

des at
low volatility are very sparse. Note that these VBS categories
were originally defined in terms of saturation mass concen-
tration C0. To express the categories in terms of p0, we ap-
plied a constant conversion factor of 10−10 atm m3 µg−1, i.e.,
assuming a molar mass of 244 g mol−1, for general orienta-
tion. For applications in which keeping the exact definition
is required, a more nuanced conversion to vapor pressures
could be achieved by parameterizing typical values of molar
mass as a function of vapor pressure along the SOA molecu-
lar corridor. We provide an analogous figure displaying satu-
ration mass concentrations in the Supplement (Fig. S10).

Gas–particle partitioning plays an important role in chem-
ical transport models, which describe the long-distance
transport and chemical degradation of atmospheric con-
stituents. In these models, gas–particle partitioning is often
treated with instantaneous-equilibration approaches. Desorp-
tion lifetimes crucially determine the position of partition-
ing steady states and thus affect chemical degradation rates.
Moreover, they have a significant influence on the validity
of the instantaneous-equilibration assumption (Wilson et al.,
2021; Stolzenburg et al., 2018).

Adsorption and desorption processes of semi-volatile
species are important in indoor environments, as large sur-
face area-to-volume ratios indoors favor heterogeneous inter-
actions. The deposition of semi-volatile organic compounds
on impermeable indoor surfaces can lead to the formation
of thin organic films (Weschler and Nazaroff, 2017). The
desorption lifetime is a critical parameter for the initial film
formation via multilayer adsorption and the subsequent film
growth (Lakey et al., 2021). These surface films act as reser-
voirs of semivolatile compounds and also serve as reaction
media, affecting indoor air composition (Wang et al., 2020;
Lakey et al., 2023).

7 Summary and conclusions

We have compiled computationally and experimentally de-
rived desorption energy data to provide estimates of E0

des for
a variety of gas species and solid, liquid, and ice substrates,
thereby covering a range of relevant aerosol particle systems.
The desorption energies have been placed in context with in-
termolecular forces. We were able to express E0

des as a func-
tion of molecular weight and O :C ratio only, facilitating the
application of the proposed parameterization. The important
roles of gas species’ polarizability and dipole moment gov-
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Table 2. Characteristic estimates of desorption energies (E0
des) and desorption lifetimes (τdes, at 298 K) for widely used categories of

secondary organic aerosol volatility basis sets (SOA-VBS): volatile organic compounds (VOC), intermediate-volatile (IVOC), semi-volatile
(SVOC), low-volatile (LVOC), and extremely/ultra-low volatile (ELVOC/ULVOC).

Category Volatility Desorption energy Desorption lifetime
p0 (atm) E0

des (kJ mol−1) τdes (298 K)

VOC & 10−3 . 60 nanoseconds to milliseconds
IVOC ∼ 10−5

∼ 80 milliseconds to hours
SVOC ∼ 10−9

∼ 100 seconds to months
LVOC ∼ 10−12

∼ 120 minutes to centennia
ELVOC/ULVOC . 10−14 & 140 days to millennia

erning E0
des have been recognized. We demonstrated the im-

portance of correct E0
des values for interpretation of multi-

phase chemical reactions and gas–particle partitioning, espe-
cially when extrapolating laboratory findings to atmospher-
ically relevant temperature ranges. For example, assessment
of chemical aging of aerosol particles during transport relies
on E0

des values for various atmospheric oxidants.
The compiled literature data allowed us to correlate E0

des
with the enthalpy of vaporization and solvation, thereby eval-
uating the role of desorption in these interfacial processes.
We identified a positive correlation betweenE0

des and1Hvap,
where E0

des values are often larger than 1Hvap. For liquid
substrates, we observe a correlation with molecule oxidation
state as well, indicating the importance of intermolecular in-
teractions when looking at interfacial processes.

A positive correlation has been observed betweenE0
des and

1Hsolv in liquid substrates. This trend could be related to the
gas species’ dipole moment and the interfacial interactions
among the adsorbed gas species and molecules in the liquid
phase.

We demonstrated the relevance ofE0
des in gas–particle par-

titioning and its relationship to the concept of molecular
corridors. E0

des values for many SOA components were de-
rived allowing for in detail simulation of SOA formation and
growth processes. Accurate representation of particle growth
and SOA formation processes requires E0

des for typically
oxygenated VOCs. The relevance of E0

des for application in
indoor air chemistry has been highlighted. Furthermore, in
the Appendix A1 we outline the correlation of glass transi-
tion points with E0

des, which adds another layer of complex-
ity when modeling multiphase chemical reactions (through
the potential of viscous phase states). Our findings identify
the following areas of further research needs:

– More adsorption and desorption data for environ-
mentally relevant interfaces, including multicomponent
aerosol particle surfaces, are needed. Experimental and
computational approaches can yield necessary E0

des val-
ues.

– Reporting and application of adsorption and/or desorp-
tion data should consider applied standard states and ad-

sorption models to better constrain E0
des (Donaldson et

al., 2012b; Savara, 2013; Campbell et al., 2016; Knopf
and Ammann, 2021).

– Desorption kinetic measurements involving liquids with
high vapor pressure are needed. Furthermore, the role of
solutes in aqueous solutions on the hydrogen bonding
network and in turn on the desorption process is not well
understood. For example, adsorbates with hydrophilic
functional groups exert greater E0

des. Systematic exam-
ination of desorption kinetics as a function of varying
solute concentration and gas species O :C and dipole
moment are needed to improve our understanding of ad-
sorption and desorption processes on liquid surfaces.

– Experimental and theoretical multiphase chemical ki-
netics studies should aim to represent the typical at-
mospheric temperature range. This can add to further
complications with regard to the underlying thermody-
namics and kinetics in addition to possibly phase state
changes of the substrate (Li and Knopf, 2021; Li et al.,
2020; Slade et al., 2017; Knopf et al., 2005; Davies
and Wilson, 2015; Chan et al., 2014; Hearn and Smith,
2007).

– Advancing our understanding of the interfacial pro-
cesses that govern mass accommodation, solvation, and
vaporization is needed. Adsorption and desorption can
play a role in these processes. However, the degree of
how much impact E0

des has on gas species’ solvation or
vaporization depends on its relationship with1Hvap and
1Hsolv. Considering that aerosol particles are chemi-
cally complex and exhibit multiple phases and phase
states, these advances will improve representation of
gas–particle partitioning.

Appendix A

This appendix provides a discussion of observed correlation
between E0

des and Tg, nomenclature used in this study, and
lists the applied data sets to develop the E0

des parameteriza-
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tion and to produce correlation plots. The parameters given
in tables are also available electronically (Knopf et al., 2024).

A1 Glass transition

Molecular corridors yield also significant insight into par-
ticle phase state and viscosity. The glass transition temper-
ature (Tg) characterizes the non-equilibrium phase change
from a glassy solid state to a more pliable semi-solid state
upon an increase of temperature or humidity (Koop et al.,
2011). Tg depends primarily on the molar mass and sec-
ondarily on the O :C (Koop et al., 2011; Shiraiwa et al.,
2017a). Organic compounds with greater molar mass and
lower volatility have higher Tg, indicating that these com-
pounds adopt an amorphous (semi-)solid phase with higher
viscosity. For weakly functionalized compounds, viscosity
and Tg are sensitive to addition of carboxylic acid (COOH)
and hydroxyl (OH) groups compared to carbonyl (CO) and
methylene (CH2) (Rothfuss and Petters, 2017; Galeazzo and
Shiraiwa, 2022). It has been demonstrated that on average the
addition of one OH group increases the viscosity by a fac-
tor of approximately 22 to 45 (Grayson et al., 2017). These
studies imply that hydrogen bonding may play an important
role in determining viscosity, which is consistent with its role
in influencing glass transition temperatures (Nakanishi and
Nozaki, 2011; van der Sman, 2013).

Recent studies have shown that a glassy surface can be
much more dynamic with lower viscosity than anticipated
based on Tg and bulk viscosity (Tian et al., 2022; Zhang and
Fakhraai, 2017; Sikorski et al., 2010). The enhanced surface
mobility, however, is mostly shown by two typical amor-
phous polymers of polystyrene and poly(methyl methacry-
late) (Tian et al., 2022). Though it is likely that also enhanced
mobility on the surface compared to the bulk is relevant for
atmospheric organic matter, further studies are necessary to
assess whether this is applicable to atmospheric glassy SOA
particles, which are highly complex multicomponent mix-
tures that are very different from polymers.

Applying our parameterization of E0
des, we can now con-

struct a relationship between E0
des and Tg of the SOA oxida-

tion products shown in Fig. 13. Tg was derived applying the
parameterization presented in Shiraiwa et al., (2017a) using
molar mass and O :C as input variables. E0

des was derived
applying Eqs. (15) and (18). Since both of our parameteriza-
tions of E0

des and Tg depend on molar mass and O :C ratio,
it is reasonable to expect we can now construct a positive re-
lationship between E0

des and Tg of the SOA oxidation prod-
ucts. Figure A1 shows that gas species with lower E0

des have
lower Tg and vice versa. Figure A1a demonstrates that for
gas species with same E0

des, an increase in O :C results in a
significant increase of Tg, pointing to enhanced molecular in-
teractions. Hence, alkanes represent species with lowest Tg at
given E0

des. Figure A1b further corroborates this fact. Tg has
a strong dependency on molar mass. However, for the same
molar mass, Tg can vary by 100 K (which coincides with only

small changes in E0
des), which can now be attributed to the

impact of O :C. In other words, increased molecular inter-
actions can significantly increase Tg, when other parameters
remain the same. Similar trends hold for E0

des, thereby al-
lowing one to recognize that comparable molecular interac-
tions control the properties of the amorphous phase state of
a system and its E0

des. In absence of knowing the molecular
structure, Fig. S11 provides the same analysis of the rela-
tionship between E0

des and Tg of the SOA oxidation products
using parameterization Eq. (17) for comparison. We see that
without knowing the molecular structure, a tighter correla-
tion between E0

des and Tg is observed due to the linearization
of the gas species’ polarizability. Similarly to Figs. 14 and
S6, the predicted E0

des values in Fig. S11 are within ±10 %
of the values shown in Fig. A1 and within the expected gen-
eral uncertainty of E0

des.
The correlation between E0

des and Tg serves as empirical
and observational evidence. The theoretical and physical ba-
sis are yet to be established. It does not account for the poten-
tially enhanced mobility on the surface of glassy matter (Tian
et al., 2022; Zhang and Fakhraai, 2017; Sikorski et al., 2010).
One would expect that surface mobility would similarly scale
with the strength of intermolecular interactions. Molecules
with high E0

des interact strongly with molecules of the same
kind at the surface and in the bulk, and they are expected to
also exhibit reduced dynamics in their own condensed phase
(or in a mixture of similar molecules) and thus high viscosity.
The presented correlation observed is meaningful for advanc-
ing our understanding of interfacial processes and supports
further investigations.

Figure A1. Relationship between calculated desorption energies
(E0

des) of SOA precursor gases from Shiraiwa et al. (2014) and
species’ glass transition temperature (Tg) and its dependence on
O :C (a) and molar mass (b). This analysis applies parameteriza-
tions given in Eqs. (15) and (18).
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A2 Nomenclature

τdes desorption lifetime
kdes first-order desorption rate coefficient
Ades pre-exponential factor
E0

des desorption energy with the energy reference of the gas molecule at rest at T = 0 K
γ uptake coefficient
αs surface accommodation coefficient
0b normalized loss rate in the bulk phase induced by solubility, diffusion and reaction
0sb normalized rate of surface to bulk transfer
0s normalized loss rate due to surface reaction
ks first-order rate coefficient of chemical reaction at the surface
ksb first-order rate coefficient for the transfer of molecules from the surface into the bulk (solvation)
kbs first-order rate coefficient for the transfer of molecules from the bulk to the surface
αb bulk accommodation coefficient
1G0

ads Gibbs free energy change of adsorption
1H 0

ads standard enthalpy change of adsorption
1S0

ads standard entropy change of adsorption
κ transmission coefficient
(NTS/A)0 standard concentration of molecules in the TS
(Nads/A)0 standard concentration of adsorbed molecules
q0′

TS standard partition functions for the TS
q0

ads standard partition functions for the adsorbate
q ′TS partition functions for the TS
qads partition functions for the adsorbate
M molar mass
1Hvap enthalpy of vaporization
α polarizability
µ dipole moment
O :C oxygen-to-carbon ratio
1Hsol enthalpy of solvation
εr relative permittivity of the substrate
TPD temperature programmed desorption
TDS thermal desorption spectroscopy
TG-DSC thermal gravimetry with differential scanning calorimetry
KN Knudsen cell
MB molecular beam
GC gas chromatography
IGC inverse gas chromatography
VM vacuum microbalance
DRIFT diffuse reflectance infrared Fourier transform spectroscopy
FTIR Fourier transform infrared spectroscopy
KU kinetic uptake
VS vibrational spectroscopy
ST surface tension
MD molecular dynamics
DFT density functional theory
MC Monte Carlo
GCMC grand canonical Monte Carlo
CCSD(T) coupled cluster singles and doubles theory, including perturbative triples
ECT embedded cluster theory
DAM dipped adcluster model
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Table A1. Compiled absorbate–substrate data for water vapor and heavy water vapor adsorbed on various mineral and clay substrates,
inorganics, organics, and carbonaceous substrates, including highly oriented pyrolytic graphite (HOPG) and self-assembled monolayers
(SAM). Gas species, gas species’ molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption
lifetimes (τdes) evaluated at 293 K using Ades = 1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’
dipole moment (µ), substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
spe-
cies

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

H2O 18.02 clay: Orthic
Luvisol

VM 9.7
(Sokolowska
et al., 1993)

5.4× 10−12 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

2
(Daniels,
2004)

0

H2O 18.02 clay: Mollic
Gleysol

VM 11.2
(Sokolowska
et al., 1993)

1.0× 10−11 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

2
(Daniels,
2004)

0

H2O 18.02 clay: Eutric
Cambisol

VM 13.2
(Sokolowska
et al., 1993)

2.3× 10−11 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

2
(Daniels,
2004)

0

H2O 18.02 clay:
Stagnant
Phaeozem

VM 12.8
(Sokolowska
et al., 1993)

1.9× 10−11 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

2
(Daniels,
2004)

0

H2O 18.02 clay: Eutric
Cambisol

VM 12.6
(Sokolowska
et al., 1993)

1.7× 10−11 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

2
(Daniels,
2004)

0

H2O 18.02 kaolinite, Si GCMC 21.6 (Croteau
et al., 2009)

7.1× 10−10 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.10
(Leluk et
al., 2010)

0

H2O 18.02 kaolinite, Al GCMC 46.4 (Croteau
et al., 2009)

1.9× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.10
(Leluk et
al., 2010)

0

H2O 18.02 kaolinite,
unprotonated
edge

GCMC 73.5 (Croteau
et al., 2009)

1.3 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.10
(Leluk et
al., 2010)

0

H2O 18.02 kaolinite,
protonated
edge

GCMC 94.1 (Croteau
et al., 2009)

6.0× 103 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.10
(Leluk et
al., 2010)

0

H2O 18.02 kaolinite (Al) DRIFTS 56.0 (Budi et
al., 2018)

9.6× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.10
(Leluk et
al., 2010)

0

H2O 18.02 kaolinite (Si) DRIFTS 21.2 (Budi et
al., 2018)

6.0× 10−10 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.10
(Leluk et
al., 2010)

0

H2O 18.02 Arizona
test dust (0–
3 µm)

DRIFTS 53.6 3.6× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.00
(Sharif,
1995)

0

H2O 18.02 Arizona test
dust particles
(5–10 µm)

DRIFTS 50.5 (Ibrahim
et al., 2018)

1.0× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.00
(Sharif,
1995)

0

H2O 18.02 Arizona test
dust particles
(10–20 µm)

DRIFTS 49.5 (Ibrahim
et al., 2018)

6.7× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.00
(Sharif,
1995)

0

H2O 18.02 Arizona test
dust particles
(20–40 µm)

DRIFTS 48.9 (Ibrahim
et al., 2018)

5.2× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.00
(Sharif,
1995)

0
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Table A1. Continued.

Gas
spe-
cies

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

H2O 18.02 Arizona test
dust
particles
(40–80 µm)

DRIFTS 48.3 (Ibrahim
et al., 2018)

4.1× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.00
(Sharif,
1995)

0

H2O 18.02 NaCl (100) DFT 40.6 (Meyer et
al., 2001)

1.7× 10−6 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.9 (Lide,
2008)

0

H2O 18.02 KCl (100) DFT 32.3 (Meyer et
al., 2001)

5.7× 10−8 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

4.86 (Lide,
2008)

0

H2O 18.02 NaCl(001) FTIR 48.0 (Foster
and Ewing,
2000)

3.6× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.9 (Lide,
2008)

0

H2O 18.02 Al(111) DFT 56 (Hai et al.,
2023)

9.6× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 α−Al2O3
(0001, hy-
droxylated)

TPD 134 (Nelson et
al., 1998)

7.7× 1010 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

9.34 (Lide,
2008)

0

H2O 18.02 α−Al2O3 FTIR 52.0 (Goodman
et al., 2001)

1.9× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

9.34 (Lide,
2008)

0

H2O 18.02 SiO2 FTIR 50.3 (Goodman
et al., 2001)

9.3× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

4.42 (Lide,
2008)

0

H2O 18.02 TiO2 FTIR 54.6 (Goodman
et al., 2001)

5.4× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

86 (Lide,
2008)

0

H2O 18.02 γ−Fe2O3 FTIR 53.7 (Goodman
et al., 2001)

3.7× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

4.5 (Lide,
2008)

0

H2O 18.02 CaO FTIR 49.2 (Goodman
et al., 2001)

5.9× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

11.8 (Lide,
2008)

0

H2O 18.02 MgO FTIR 50.2 (Goodman
et al., 2001)

8.9× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

9.65 (Lide,
2008)

0

H2O 18.02 NaCl
powder

DRIFTS 51.7 (Woodill
et al., 2013)

1.6× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.9 (Lide,
2008)

0

H2O 18.02 catechol
coated
NaCl

DRIFTS 49.0 (Woodill
et al., 2013)

5.4× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

∼ 3.52
(Kron-
berger and
Weiss,
1944)

0

H2O 18.02 catechol
coated
NaCl + O3

DRIFTS 50.1 (Woodill
et al., 2013)

8.4× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

∼ 3.52
(Kron-
berger and
Weiss,
1944)

0

https://doi.org/10.5194/acp-24-3445-2024 Atmos. Chem. Phys., 24, 3445–3528, 2024



3472 D. A. Knopf et al.: Desorption activation energies influence multiphase chemical kinetics

Table A1. Continued.

Gas
spe-
cies

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

H2O 18.02 Al2O3 pow-
der

DRIFTS 55.1 (Woodill et
al., 2013)

6.6× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

9.34 (Lide,
2008)

0

H2O 18.02 catechol
coated
Al2O3

DRIFTS 49.8 (Woodill et
al., 2013)

7.5× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

∼ 3.52
(Kron-
berger and
Weiss,
1944)

0

H2O 18.02 Catechol-
coated
Al2O3 +
O3

DRIFTS 49.8 (Woodill et
al., 2013)

7.5× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

∼ 3.52
(Kron-
berger and
Weiss,
1944)

0

H2O 18.02 CaCO3 DFT 80.0 (Budi et al.,
2018)

18 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

8.67 (Lide,
2008)

0

H2O 18.02 CaCO3 TPD 79.1
(Dickbreder et
al., 2023)

13 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

8.67 (Lide,
2008)

0

H2O 18.02 CaCO3 TPD 106.1
(Dickbreder et
al., 2023)

8.2× 105 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

8.67 (Lide,
2008)

0

H2O 18.02 SiO2 DFT 53.1 (Budi et al.,
2018)

2.9× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

4.42 (Lide,
2008)

0

H2O 18.02 Au(111) DFT 10.1 (Meng et
al., 2004)

6.3× 10−12 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

6.9 (Shkl-
yarevskii
and
Pakho-
mov,
1973)

0

H2O 18.02 Pt(111) DFT 28.1 (Meng et
al., 2004)

1.0× 10−8 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 Pd(111) DFT 29.3 (Meng et
al., 2004)

1.7× 10−8 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 Ru(0001) DFT 39.5 (Meng et
al., 2004)

1.1× 10−6 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 Rh(111) DFT 39.4 (Meng et
al., 2004)

1.1× 10−6 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 steel KU 60.4 (Koch et
al., 1997)

5.9× 10−3 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 Pyrex glass KU 56.1 (Koch et
al., 1997)

1.0× 10−3 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

5.0 (Lide,
2008)

0
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Table A1. Continued.

Gas
spe-
cies

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

H2O 18.02 SAM-acid TPD 45.2 (Dubois
et al., 1990)

1.1× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

4.1 (Mil-
lany and
Jonscher,
1980)

0

H2O 18.02 SAM-
methyl

TPD 35.1 (Dubois
et al., 1990)

1.8× 10−7 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

2.1 (Akker-
man et
al., 2007;
Rampi et
al., 1998)

0

H2O 18.02 SAM-
alcohol

TPD 39.3 (Dubois
et al., 1990)

1.0× 10−6 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 SAM-amide TPD 38.5 (Dubois
et al., 1990)

7.3× 10−7 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

2 (Romaner
et al., 2008)

0

H2O 18.02 SAM-ester TPD 37.2 (Dubois
et al., 1990)

4.3× 10−7 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

0

H2O 18.02 HOPG TDS 37.2 (Ulbricht
et al., 2006)

4.3× 10−7 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 graphene CCSD(T) 13.0
(Voloshina et
al., 2011)

1.6× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 graphene DFT 12.5 (Liang et
al., 2021)

1.7× 10−11 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 graphene,
Stone–
Wales

DFT 13.5 (Liang et
al., 2021)

2.6× 10−11 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 graphene,
single
vacancy
defect

DFT 51.1 (Liang et
al., 2021)

1.3× 10−4 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 graphene,
double
vacancy
defect

DFT 15.4 (Liang et
al., 2021)

5.6× 10−11 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 grey soot KU 29.3 (Alcala-
Jornod et al.,
2002)

1.7× 10−8 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 black soot KU 37.7 (Alcala-
Jornod et al.,
2002)

5.3× 10−7 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

13
(Dovbeshko
et al., 2015)

0

H2O 18.02 soot-OH DFT 18.0
(Collignon et
al., 2005)

1.6× 10−10 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

∼ 13
(Dovbeshko
et al., 2015)

0

H2O 18.02 soot-COOH DFT 38.4
(Collignon et
al., 2005)

7.0× 10−7 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

∼ 13
(Dovbeshko
et al., 2015)

0
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Table A1. Continued.

Gas
spe-
cies

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

H2O 18.02 benzo[a]
pyrene/
soot

KU 50.0 (Pöschl
et al., 2001)

8.2× 10−5 44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

3.52 (Kro-
nberger
and Weiss,
1944)

0

D2O 20.03 SAM-
methyl

TPD 34.0 (Grimm
et al., 2008)

1.2× 10−7 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

2.1 (Akker-
man et
al., 2007;
Rampi et
al., 1998)

0

D2O 20.03 SAM-
COOH

TPD 50.0 (Grimm
et al., 2008)

8.2× 10−5 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

4.1
(Millany
and
Jonscher,
1980)

0

D2O 20.03 uncoated
glass

TPD 50.0 (Moussa
et al., 2009)

8.2× 10−5 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

4.42 (Lide,
2008)

0

D2O 20.03 C18-SAM TPD 36.0 (Moussa
et al., 2009)

2.6× 10−7 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

2.1 (Akker-
man et
al., 2007;
Rampi et
al., 1998)

0

D2O 20.03 C8=SAM TPD 40.0 (Moussa
et al., 2009)

1.4× 10−6 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

2.03
(Crossley,
1973)

0

D2O 20.03 KMnO4,
O3
oxidized
SAM

TPD 44.0 (Moussa
et al., 2009)

7.0× 10−6 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

∼ 4.1
(Millany
and
Jonscher,
1980)

0

D2O 20.03 methanol
on HOPG

MB 45.3
(Thomson et
al., 2011)

1.2× 10−5 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

0

D2O 20.03 solid
butanol

MB 27.0
(Johansson et
al., 2019)

6.5× 10−9 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

17.84∗

(Lide,
2008)

0

D2O 20.03 solid
acetic acid

DFT 19.0
(Allouche and
Bahr, 2006)

2.4× 10−10 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

6.2∗ (Lide,
2008)

0

D2O 20.03 solid
nopinone

MB 26.0
(Johansson et
al., 2020)

4.3× 10−9 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

0

D2O 20.03 nitric acid
monolayer

MB 49.2
(Thomson et
al., 2015)

5.9× 10−5 45.14 (Crabtree
and Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes and
Schawlow,
1975)

0

∗ Applied the value for liquid phase of substrate species.
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Table A2. Compiled absorbate–substrate interaction energies for reactive gases on solid substrates. Gas species, gas species’ molar mass,
substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using Ades =

1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’ dipole moment (µ), substrate’s relative permittivity
(εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap
(T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

OH 17.01 Al2O3 MC 47.5 (Remorov
and Bardwell,
2005)

2.9× 10−5 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

9.34
(Lide,
2008)

0

OH 17.01 NaCl MC 42.7 (Remorov
and Bardwell,
2005)

4.1× 10−6 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

5.90
(Lide,
2008)

0

OH 17.01 NH4NO3 MC 42.7 (Remorov
and Bardwell,
2005)

4.1× 10−6 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

10.70
(Lide,
2008)

0

OH 17.01 NH4HSO4 MC 41 (Remorov
and Bardwell,
2005)

2.0× 10−6 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

165
(Lide,
2008)

0

OH 17.01 (NH4)2SO4 MC 43.1 (Remorov
and Bardwell,
2005)

4.8× 10−6 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

10
(Lide,
2008)

0

OH 17.01 Ni(100) ECT 292.9a

(Yang and
Whitten, 1997)

1.6× 1039 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

0

OH 17.01 Ni(111) ECT 309.6a

(Yang and
Whitten, 1997)

1.6× 1042 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

0

OH 17.01 Fe(110) ECT 284.5a

(Yang and
Whitten, 1997)

5.3× 1037 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

0

OH 17.01 Ag(110) DAM 415.9a (Hu
and Nakatsuji,
1999)

1.4× 1061 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

0

OH 17.01 triacontane
(solid)

KU 12.7 (Li and
Knopf, 2021)

1.8×10−11 7.11 (Zen et
al., 2014)

1.65
(Lide,
2008)

1.91b

(Lide,
2008)

0

NO3 62.00 oleic acid
(monolayer)

K2-SURF 27.8
(Sebastiani et
al., 2018)

9.0× 10−9 5.15 (Alkorta
et al., 2022)

2.34
(Lide,
2008)

0

NO3 62.00 palmitoleic
acid
(mono-
layer)

K2-SURF 29.5
(Sebastiani et
al., 2018)

1.8× 10−8 5.15 (Alkorta
et al., 2022)

2.34
(Lide,
2008)

0

NO3 62.00 methyl
oleate
(mono-
layer)

K2-SURF 27.8
(Sebastiani et
al., 2018)

9.0× 10−9 5.15 (Alkorta
et al., 2022)

3.21
(Lide,
2008)

0

NO3 62.00 stearic acid
(mono-
layer)

K2-SURF 29.8
(Sebastiani et
al., 2018)

2.1× 10−8 5.15 (Alkorta
et al., 2022)

2.31
(Lide,
2008)

0
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Table A2. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des / s 1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

O3 48.00 BaP/soot KU 85 (Pöschl et
al., 2001)

1.4× 102 12.2 (Stull,
1947)

3.21 (Lide,
2008)

0.53
(Mack and
Muenter,
1977)

3.52
(Kronberger
and Weiss,
1944)

0

O3 48.00 graphene,
physisorp-
tion

DFT 24.1 (Lee et
al., 2009)

2.0× 10−9 12.2 (Stull,
1947)

3.21 (Lide,
2008)

0.53
(Mack and
Muenter,
1977)

13
(Dovbeshko
et al., 2015)

0

O3 48.00 graphene,
chemisorp-
tion

DFT 31.8 (Lee et
al., 2009)

4.7× 10−8 12.2 (Stull,
1947)

3.21 (Lide,
2008)

0.53
(Mack and
Muenter,
1977)

13
(Dovbeshko
et al., 2015)

0

O, ROI 16.00 BaP/soot K2-SURF 40 (Shiraiwa
et al., 2011b)

1.4× 10−6 0.79 (van
Duijnen
and Swart,
1998;
Cambi et
al., 1991)

3.52
(Kronberger
and Weiss,
1944)

0

O2 32.00 Ir(100) DFT 187a (Cao et
al., 2022)

2.2× 1020 0

a Not applied in analysis. b Applied value for the liquid phase of substrate species.
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Table A3. Compiled absorbate–substrate interaction energies for reactive and non-reactive gases on soot of light-duty vehicle (LDV) and
heavy-duty vehicle (HDV), Pyrex glass, steel, salt, mineral, clay, and highly oriented pyrolyzed graphite (HOPG). Gas species, gas species’
molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using
Ades = 1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’ dipole moment (µ), substrate’s relative
permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

NO2 46.01 soot LDV KU 54.7
(Messerer et
al., 2006)

5.6× 10−4 18.89 3.02 (Lide,
2008)

0.316 (Lide,
2008)

∼ 13.00
(Dovbeshko
et al., 2015)

0

NO2 46.01 soot HDV KU 37.6
(Messerer et
al., 2007)

5.0× 10−7 18.89 3.02 (Lide,
2008)

0.316 (Lide,
2008)

∼ 13.00
(Dovbeshko
et al., 2015)

0

NO2 46.01 NH4Cl KU 34 (Take-
naka and
Rossi, 2005)

1.2× 10−7 18.89 3.02 (Lide,
2008)

0.316 (Lide,
2008)

6.90 (Lide,
2008)

0

NO2 46.01 HOPG TDS 37 (Ulbricht
et al., 2006)

3.9× 10−7 18.89 3.02 (Lide,
2008)

0.316 (Lide,
2008)

13.00
(Dovbeshko
et al., 2015)

0

NO2 46.01 HOPG TDS 33 (Ulbricht
et al., 2006)

7.6× 10−8 18.89 3.02 (Lide,
2008)

0.316 (Lide,
2008)

13.00
(Dovbeshko
et al., 2015)

0

NO2 46.01 model coal
surface

DFT 12.04
(Wang et al.,
2021)

1.4×10−11 18.89 3.02 (Lide,
2008)

0.316 (Lide,
2008)

13.00
(Dovbeshko
et al., 2015)

0

HCl 36.46 Pyrex
glass

KU 56.7 (Koch
et al., 1997)

1.3× 10−3 16.15 (Lide,
2008)

2.7 (Lide,
2008)

1.11 (Lide,
2008)

5.00 (Lide,
2008)

0

HCl 36.46 steel KU 57.4 (Koch
et al., 1997)

1.7× 10−3 16.15 (Lide,
2008)

2.7 (Lide,
2008)

1.11 (Lide,
2008)

0

HCl 36.46 α−Al2O3
(0001)

TPD 105 (Nelson
et al., 2001)

5.2× 105 16.15 (Lide,
2008)

2.63 (Lide,
2008)

1.11 (Lide,
2008)

9.34 (Lide,
2008)

0

CO2 44.01 graphene TPD 26.1 (Smith
and Kay,
2019)

4.5× 10−9 16.4
(Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001
(Kolomi-
itsova et al.,
2000)

13.00
(Dovbeshko
et al., 2015)

2

CO2 44.01 HOPG TDS 24 (Ulbricht
et al., 2006)

1.9× 10−9 16.4
(Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001
(Kolomi-
itsova et al.,
2000)

13.00
(Dovbeshko
et al., 2015)

2

CO2 44.01 HOPG TDS 23 (Ulbricht
et al., 2006)

1.3× 10−9 16.4
(Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001
(Kolomi-
itsova et al.,
2000)

13.00
(Dovbeshko
et al., 2015)

2

CO2 44.01 calcite DFT 29.9 (Budi
et al., 2018)

2.1× 10−8 16.4
(Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001
(Kolomi-
itsova et al.,
2000)

8.67 (Lide,
2008)

2

CO2 44.01 quartz DFT 6.8 (Budi et
al., 2018)

1.6×10−12 16.4
(Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001
(Kolomi-
itsova et al.,
2000)

4.42 (Lide,
2008)

2
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Table A3. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

CO2 44.01 kaolinite
(Al)

DFT 28.9 (Budi
et al., 2018)

1.4× 10−8 16.4
(Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001 (Kolomi-
itsova et al.,
2000)

5.00
(Robin-
son et al.,
2002)

2

CO2 44.01 kaolinite
(Si)

DFT 9.6 (Budi et
al., 2018)

5.1×10−12 16.4
(Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001 (Kolomi-
itsova et al.,
2000)

5.00
(Robin-
son et al.,
2002)

2

CO 28.01 HOPG TDS 13 (Ulbricht
et al., 2006)

2.1×10−11 6.0 (Chickos
and Acree,
2003)

1.95 (Lide,
2008)

0.122 (Lide,
2008)

13.00
(Dovbeshko
et al.,
2015)

1

CO 28.01 Au(111) MB 11.7
(Borodin et
al., 2020)

1.2×10−11 6.0 (Chickos
and Acree,
2003)

1.95 (Lide,
2008)

0.122 (Lide,
2008)

1

N2 28.01 HOPG TDS 13 (Ulbricht
et al., 2006)

2.1×10−11 5.57 (Lide,
2008)

1.74 (Lide,
2008)

0.001 (Gustafs-
son and Anders-
son, 2006)

13.00
(Dovbeshko
et al.,
2015)

0

SF6 146.06 HOPG TDS 31 (Ulbricht
et al., 2006)

3.4× 10−8 8.99 (Lide,
2008)

6.54 (Lide,
2008)

0.08 (Bruska and
Piechota, 2008)

13.00
(Dovbeshko
et al.,
2015)

0

SF6 146.06 HOPG TDS 25 (Ulbricht
et al., 2006)

2.9× 10−9 8.99 (Lide,
2008)

6.54 (Lide,
2008)

0.08 (Bruska and
Piechota, 2008)

13.00
(Dovbeshko
et al.,
2015)

0

O2 32.00 HOPG TDS 12 (Ulbricht
et al., 2006)

1.4×10−11 6.82 (Lide,
2008)

1.57 (Lide,
2008)

0.002 (on metal)
(Gustafsson
and Andersson,
2006)

13.00
(Dovbeshko
et al.,
2015)

0

O2 32.00 HOPG TDS 9 (Ulbricht
et al., 2006)

4.0×10−12 6.82 (Lide,
2008)

1.57 (Lide,
2008)

0.002 (on metal)
(Gustafsson
and Andersson,
2006)

13.00
(Dovbeshko
et al.,
2015)

0

Xenon 131.29 HOPG TDS 24 (Ulbricht
et al., 2006)

1.9× 10−9 12.57 (Lide,
2008)

4.04 (Cambi
et al., 1991)

0 13.00
(Dovbeshko
et al.,
2015)

0

Xenon 131.29 HOPG TDS 18 (Ulbricht
et al., 2006)

1.6×10−10 12.57 (Lide,
2008)

4.04 (Cambi
et al., 1991)

0 13.00
(Dovbeshko
et al.,
2015)

0
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Table A4. Compiled absorbate–substrate interaction energies for organic gases on self-assembled monolayers, salt, fly ash, and urban aerosol.
Gas species, gas species’ molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes)
evaluated at 293 K using Ades = 1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’ dipole moment
(µ), substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

methanol 32.04 thin
nopinone

MB 17.4 (Kong
et al., 2021)

1.3×
10−10

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7 (Lide,
2008)

1

methanol 32.04 multilayer
nopinone

MB 17.4 (Kong
et al., 2021)

1.3×
10−10

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7 (Lide,
2008)

1

methanol 32.04 SAM-
methyl

TPD 47.7
(Dubois
et al., 1990)

3.2×
10−5

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7 (Lide,
2008)

4.1 (Mil-
lany and
Jonscher,
1980)

1

methanol 32.04 SAM-
acid

TPD 35.1
(Dubois
et al., 1990)

1.8×
10−7

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7 (Lide,
2008)

2.1
(Akker-
man et al.,
2007)

1

methanol 32.04 SAM-
amide

TPD 41.0
(Dubois
et al., 1990)

2.0×
10−6

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7 (Lide,
2008)

1

n-hexane 86.18 SAM-
methyl

TPD 38.5
(Dubois
et al., 1990)

7.3×
10−7

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

4.1 (Mil-
lany and
Jonscher,
1980)

0

n-hexane 86.18 SAM-
acid

TPD 33.9
(Dubois
et al., 1990)

1.1×
10−7

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

2.1
(Akker-
man et al.,
2007)

0

anthracene 178.23 NaCl TDS 18 (Chu et
al., 2010)

1.6×
10−10

79.6 (Chickos
and Acree,
2003)

25.665
(Lide, 2008)

0 (Yaws,
2014)

5.9 (Lide,
2008)

0

pyrene 202.26 NaCl TDS 19.6 (Chu et
al., 2010)

3.1×
10−10

78.6 (Chickos
and Acree,
2003)

28.22 (Lide,
2008)

0 (Yaws,
2014)

5.9 (Lide,
2008)

0

benzo(a)
pyrene

252.32 NaCl TDS 22.8 (Chu et
al., 2010)

1.2×
10−9

91 (Chickos
and Acree,
2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

5.9 (Lide,
2008)

0

perylene NaCl TDS 123.5
(Steiner and
Burtscher,
1994)

1.0×
109

78.6 (Chickos
and Acree,
2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

5.9 (Lide,
2008)

0

phenanthrene 178.23 fly ash GC 24.3 (Lee
and Chen,
1995)

2.2×
10−9

78.7 (Chickos
and Acree,
2003)

30.75 (Lide,
2008)

0 (Yaws,
2014)

∼ 5
(Sharif,
1995)

0

pyrene 202.26 fly ash GC 26.6 (Lee
and Chen,
1995)

5.5×
10−9

78.6 (Chickos
and Acree,
2003)

28.22 (Lide,
2008)

0 (Yaws,
2014)

∼ 5
(Sharif,
1995)

0

benzo(a)
pyrene

252.33 fly ash TDS 31.2 (Chu et
al., 2010)

3.7×
10−8

91 (Chickos
and Acree,
2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

∼ 5
(Sharif,
1995)

0
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Table A4. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

phenanthrene/
anthracene

urban
aerosol

TDS 18.9 (Yamasaki
et al., 1982;
Pankow, 1991)

2.3×
10−10

0 (Yaws,
2014)

0

pyrene 202.26 urban
aerosol

TDS 20.4 (Yamasaki
et al., 1982;
Pankow, 1991)

4.3×
10−10

78.6
(Chickos
and Acree,
2003)

28.22 (Lide,
2008)

0 (Yaws,
2014)

0

benzo(a)
pyrene/
benzo(e)
pyrene

urban
aerosol

TDS 22.3 (Yamasaki
et al., 1982;
Pankow, 1991)

9.5×
10−10

0 (Yaws,
2014)

0

perylene 252.32 carbon TDS 136.5 (Steiner
and Burtscher,
1994)

2.2×
1011

123.1
(Chickos
and Acree,
2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

13
(Dovbeshko
et al.,
2015)

0

perylene 252.32 diesel
soot

TDS 139 (Steiner
and Burtscher,
1994)

6.0×
1011

123.1
(Chickos
and Acree,
2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

13
(Dovbeshko
et al.,
2015)

0

perylene 252.32 oil
burner
soot

TDS 140 (Steiner
and Burtscher,
1994)

9.1×
1011

123.1
(Chickos
and Acree,
2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

13
(Dovbeshko
et al.,
2015)

0
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Table A5. Compiled absorbate–substrate interaction energies of volatile organic compounds (VOCs) on graphite (C(0001)), highly oriented
pyrolytic graphite (HOPG), granular activated carbon (GAC), and soot from combustion of kerosene. Gas species, gas species’ molar mass,
substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using Ades =

1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’ dipole moment (µ), substrate’s relative permittivity
(εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

methane 16.04 graphite TPD 14.1 (Tait et
al., 2006)

3.3×
10−11

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

ethane 30.07 graphite TPD 24.6 (Tait et
al., 2006)

2.4×
10−9

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

propane 44.10 graphite TPD 32.1 (Tait et
al., 2006)

5.3×
10−8

18.8 (Chickos
and Acree,
2003)

6.33 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

butane 58.12 graphite TPD 40.8 (Tait et
al., 2006)

1.9×
10−6

22.4 (Chickos
and Acree,
2003)

8.2 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

pentane 72.15 graphite TPD 65 (Paserba
and Gellman,
2001)

3.9×
10−2

25 (Chickos
and Acree,
2003)

9.99 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

hexane 86.18 graphite TPD 63 (Tait et al.,
2006)

1.7×
10−2

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

hexane 86.18 graphite TPD 73.6 (Paserba
and Gellman,
2001)

1.3 31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

heptane 100.21 graphite TPD 81.5 (Paserba
and Gellman,
2001)

3.4×
101

36.6 (Chickos
and Acree,
2003)

13.61 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

octane 114.23 graphite TPD 72.6 (Tait et
al., 2006)

8.8×
10−1

41.6 (Chickos
and Acree,
2003)

15.9 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

octane 114.23 graphite TPD 88.2 (Paserba
and Gellman,
2001)

5.3×
102

41.6 (Chickos
and Acree,
2003)

15.9 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

decane 142.29 graphite TPD 91.4 (Tait et
al., 2006)

2.0×
103

51.4 (Chickos
and Acree,
2003)

19.1 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

decane 142.29 graphite TPD 101 (Paserba
and Gellman,
2001)

1.0×
105

51.4 (Chickos
and Acree,
2003)

19.1 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

dodecane 170.33 graphite TPD 114.8 (Paserba
and Gellman,
2001)

2.9×
107

62.1 (Chickos
and Acree,
2003)

22.75 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

tetradecane 198.39 graphite TPD 124.7 (Paserba
and Gellman,
2001)

1.7×
109

72.1 (Chickos
and Acree,
2003)

26.22 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

hexadecane 226.41 graphite TPD 134.3 (Paserba
and Gellman,
2001)

8.7×
1010

81.4 (Chickos
and Acree,
2003)

29.84 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0
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Table A5. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

octadecane 254.50 graphite TPD 146.7 (Paserba
and Gellman,
2001)

1.4×
1013

91.8
(Chickos and
Acree, 2003)

33.46 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

icosane 282.55 graphite TPD 156.2 (Paserba
and Gellman,
2001)

7.0×
1014

100
(Chickos and
Acree, 2003)

37.08 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

docosane 310.61 graphite TPD 166.2 (Paserba
and Gellman,
2001)

4.3×
1016

115.6
(Chickos and
Acree, 2003)

40.7
(Laib and
Mittleman,
2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

tetracosane 338.65 graphite TPD 174.2 (Paserba
and Gellman,
2001)

1.1×
1018

126.8
(Chickos and
Acree, 2003)

44.32 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

hexacosane 366.71 graphite TPD 182.3 (Paserba
and Gellman,
2001)

3.2×
1019

106.1
(Chickos and
Acree, 2003)

47.94 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

octacosane 396.79 graphite TPD 190.7 (Paserba
and Gellman,
2001)

9.9×
1020

150.8
(Chickos and
Acree, 2003)

51.56 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

dotriacontane 452.88 graphite TPD 205.5 (Paserba
and Gellman,
2001)

4.3×
1023

130.5
(Chickos and
Acree, 2003)

58.8 (Laib
and Mit-
tleman,
2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

hexatriacontane 506.97 graphite TPD 219.6 (Paserba
and Gellman,
2001)

1.4×
1026

157
(Chickos and
Acree, 2003)

66.04 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

tetra-
contane

563.08 graphite TPD 232.9 (Paserba
and Gellman,
2001)

3.3×
1028

132.2
(Chickos and
Acree, 2003)

73.28 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

tetratetracontane 619.19 graphite TPD 246.2 (Paserba
and Gellman,
2001)

7.8×
1030

140.1
(Chickos and
Acree, 2003)

80.52 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

octatetracontane 677.31 graphite TPD 256.7 (Paserba
and Gellman,
2001)

5.8×
1032

145.9
(Chickos and
Acree, 2003)

87.76 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

hexapentacontane 787.50 graphite TPD 280.5 (Paserba
and Gellman,
2001)

1.0×
1037

157.8
(Chickos and
Acree, 2003)

102.24
(Laib and
Mittleman,
2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

hexacontane 843.61 graphite TPD 289 (Paserba
and Gellman,
2001)

3.3×
1038

163
(Chickos and
Acree, 2003)

109.48
(Laib and
Mittleman,
2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

methanol
(monomer)

32.04 graphite MB 17.4 (Kong et
al., 2021)

1.3×
10−10

37.8
(Chickos and
Acree, 2003)

3.28
(Laib and
Mittleman,
2010)

1.7 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

1

methanol (clus-
ters)

32.04 graphite MB 34.7 (Kong et
al., 2019)

1.5×
10−7

37.8
(Chickos and
Acree, 2003)

3.28
(Laib and
Mittleman,
2010)

1.7 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

1
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Table A5. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

methanol
(monomer)

32.04 graphene DFT 20.6
(Schroder,
2013)

4.7×
10−10

37.8 (Chickos
and Acree,
2003)

3.28 (Laib
and Mittle-
man, 2010)

1.7 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

1

methanol
(3 cluster)

32.04 graphene DFT 30.4
(Schroder,
2013)

2.6×
10−8

37.8 (Chickos
and Acree,
2003)

3.28 (Laib
and Mittle-
man, 2010)

1.7 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

1

methanol
(5 cluster)

32.04 graphene DFT 34.9
(Schroder,
2013)

1.7×
10−7

37.8 (Chickos
and Acree,
2003)

3.28 (Laib
and Mittle-
man, 2010)

1.7 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

1

methane 16.04 HOPG TDS 17 (Ulbricht et
al., 2006)

1.1×
10−10

8.5 (Chickos
and Acree,
2003)

2.59 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

methanol 32.04 HOPG TDS 48 (Ulbricht et
al., 2006)

3.6×
10−5

37.8 (Chickos
and Acree,
2003)

3.28 (Laib
and Mittle-
man, 2010)

1.7 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

1

ethanol 46.07 HOPG TDS 50 (Ulbricht et
al., 2006)

8.2×
10−5

42.4 (Chickos
and Acree,
2003)

5.26 (Laib
and Mittle-
man, 2010)

1.69
(Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.5

1,1-
dichloroethane

98.96 HOPG TDS 51 (Ulbricht et
al., 2006)

1.2×
10−4

33.5 (Chickos
and Acree,
2003)

8.64 (Laib
and Mittle-
man, 2010)

2.06
(Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

trichloromethane 119.38 HOPG TDS 54 (Ulbricht et
al., 2006)

4.2×
10−4

31.1 (Chickos
and Acree,
2003)

8.87 (Laib
and Mittle-
man, 2010)

1.04
(Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

benzene 78.11 HOPG TDS 48 (Ulbricht et
al., 2006)

3.6×
10−5

42.3 (Chickos
and Acree,
2003)

10.53 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

N,N -
dimethylformamide

73.09 HOPG TDS 53 (Ulbricht et
al., 2006)

2.8×
10−4

46.9 (Chickos
and Acree,
2003)

7.93
(Bosque
and Sales,
2002)

3.82
(Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

ethylbenzene 106.17 HOPG TDS 79 (Ulbricht et
al., 2006)

1.2×
101

42.3 (Chickos
and Acree,
2003)

14.2 (Laib
and Mittle-
man, 2010)

0.59
(Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

toluene 92.14 HOPG TDS 68 (Ulbricht et
al., 2006)

1.3×
10−1

38.9 (Chickos
and Acree,
2003)

12.12 (Laib
and Mittle-
man, 2010)

0.375
(Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

σ -
dichlorobenzene

147.01 HOPG TDS 69 (Ulbricht et
al., 2006)

2.0×
10−1

50.9 (Chickos
and Acree,
2003)

14.3
(McEachran
et al., 2018)

2.5 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

naphthalene 128.17 HOPG TDS 77 (Ulbricht et
al., 2006)

5.3 53.4 (Chickos
and Acree,
2003)

17 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

coronene 300.35 HOPG TDS 127 (Ulbricht
et al., 2006)

4.4×
109

148 (Chickos
and Acree,
2003)

42.5 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

fullerene 720.66 HOPG TDS 163 (Ulbricht
et al., 2006)

1.1×
1016

42.4 (Chickos
and Acree,
2003)

76.5 0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0
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Table A5. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

ovalene 398.45 HOPG TDS 230
(Ulbricht et
al., 2006)

1.0×
1028

31.6 (Chickos
and Acree, 2003)

45.8 0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

ethanol 46.07 GAC TG-
DSC

56.8
(Giraudet
et al., 2006)

1.3×
10−3

31.3 (Chickos
and Acree, 2003)

5.26 (Lide,
2008)

1.69 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.5

acrylonitrile 53.06 GAC TG-
DSC

49
(Giraudet
et al., 2006)

5.4×
10−5

28.8 (Chickos
and Acree, 2003)

8.05 (Lide,
2008)

3.87 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

acetone 58.08 GAC TG-
DSC

51.1
(Giraudet
et al., 2006)

1.3×
10−4

47.45 (Chickos
and Acree, 2003)

6.37 (Lide,
2008)

2.88 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.33

dichloromethane 84.93 GAC TG-
DSC

45.6
(Giraudet
et al., 2006)

1.3×
10−5

31.6 (Chickos
and Acree, 2003)

7.21 (Lide,
2008)

1.6 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

propanol 60.09 GAC TG-
DSC

52.6
(Giraudet
et al., 2006)

2.4×
10−4

33.1 (Chickos
and Acree, 2003)

6.74 (Lide,
2008)

2.52 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.33

ethyl
formate

74.08 GAC TG-
DSC

52
(Giraudet
et al., 2006)

1.9×
10−4

42.3 (Chickos
and Acree, 2003)

6.88 (Lide,
2008)

1.9 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.67

cyclohexane 84.16 GAC TG-
DSC

55.7
(Giraudet
et al., 2006)

8.5×
10−4

34.5 (Chickos
and Acree, 2003)

10.87 (Lide,
2008)

0.61 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

benzene 78.11 GAC TG-
DSC

56.7
(Giraudet
et al., 2006)

1.3×
10−3

34.7 (Chickos
and Acree, 2003)

10.53 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

fluorobenzene 96.10 GAC TG-
DSC

57.4
(Giraudet
et al., 2006)

1.7×
10−3

36.9 (Chickos
and Acree, 2003)

10.3 (Lide,
2008)

1.6 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0

methylethylketone 72.11 GAC TG-
DSC

58
(Giraudet
et al., 2006)

2.2×
10−3

30.6 (Chickos
and Acree, 2003)

8.19 (NIST,
2022)

2.78 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.25

3-methyl-
butane-2-one

86.13 GAC TG-
DSC

60.7
(Giraudet
et al., 2006)

6.6×
10−3

31.5 (Chickos
and Acree, 2003)

10.02
(Bosque and
Sales, 2002)

2.77 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.2

hex-1-ene 84.16 GAC TG-
DSC

62.9
(Giraudet
et al., 2006)

1.6×
10−2

32.1 (Chickos
and Acree, 2003)

11.65 (Lide,
2008)

0.4 13.0
(Dovbeshko
et al., 2015)

0

hexane 86.18 GAC TG-
DSC

63.4
(Giraudet
et al., 2006)

2.0×
10−2

34.9 (Chickos
and Acree, 2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

isopropyl ether 102.18 GAC TG-
DSC

65.9 (Gi-
raudet et
al., 2006)

5.6×
10−2

42.4 (Chickos
and Acree, 2003)

12.65
(Bosque and
Sales, 2002)

1.13 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0.17

triethylamine 101.19 GAC TG-
DSC

74.1 (Gi-
raudet et
al., 2006)

1.6 31.6 (Chickos
and Acree, 2003)

7.97 (Lide,
2008)

0.66 (Lide,
2008)

13.0
(Dovbeshko
et al., 2015)

0
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Table A5. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

phenanthrene 178.23 kerosene
soot

KU 85.6
(Guilloteau
et al., 2010)

1.8×
102

78.7 (Chickos
and Acree, 2003)

30.75 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

anthracene 178.23 kerosene
soot

KU 88.1
(Guilloteau
et al., 2010)

5.1×
102

79.6 (Chickos
and Acree, 2003)

25.67 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

fluoranthene 202.26 kerosene
soot

KU 93.9
(Guilloteau
et al., 2008)

5.5×
103

79.3 (Chickos
and Acree, 2003)

23.23 0.23
(Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

pyrene 202.26 kerosene
soot

KU 95.2
(Guilloteau
et al., 2008)

9.4×
103

78.6 (Chickos
and Acree, 2003)

28.22 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

benzo(ghi)
fluoranthene

226.28 kerosene
soot

KU 112.1
(Guilloteau
et al., 2010)

9.6×
106

88.5 (Chickos
and Acree, 2003)

32.9
(McEachran
et al., 2018)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

acepyrene 226.27 kerosene
soot

KU 107.1
(Guilloteau
et al., 2010)

1.2×
106

31.6
(McEachran
et al., 2018)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

benzo(a) an-
thracene

228.29 kerosene
soot

KU 113.9
(Guilloteau
et al., 2010)

2.0×
107

91 (Chickos
and Acree, 2003)

32.86 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

chrysene 228.29 kerosene
soot

KU 114.9
(Guilloteau
et al., 2010)

3.0×
107

89.6 (Chickos
and Acree, 2003)

33.06 (Lide,
2008)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

benzo(e)
pyrene

252.32 kerosene
soot

KU 119.9
(Guilloteau
et al., 2010)

2.4×
108

92 (Chickos
and Acree, 2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

benzo(b)
fluoranthene

252.31 kerosene
soot

KU 118.7
(Guilloteau
et al., 2010)

1.4×
108

89.7 (Chickos
and Acree, 2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

benzo(k)
fluoranthene

252.32 kerosene
soot

KU 120.8
(Guilloteau
et al., 2010)

3.4×
108

88.5 (Chickos
and Acree, 2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0

benzo(a)
pyrene

252.32 kerosene
soot

KU 121.8
(Guilloteau
et al., 2010)

5.2×
108

91 (Chickos
and Acree, 2003)

35.8
(McEachran
et al., 2018)

0 (Yaws,
2014)

13.0
(Dovbeshko
et al., 2015)

0
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Table A6. Compiled absorbate–substrate interaction energies of volatile organic compounds (VOCs) on MgO(100), Pt(111), Ni(111), and
Pd(111). Gas species, gas species’ molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption
lifetimes (τdes) evaluated at 293 K using Ades = 1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’
dipole moment (µ), substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

methane 16.04 MgO(100) TPD 12.1 (Tait et al.,
2006)

1.4×
10−11

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0 (Yaws,
2014)

9.65 (Lide,
2008)

0

ethane 30.07 MgO(100) TPD 22.2 (Tait et al.,
2006)

9.1×
10−10

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0 (Yaws,
2014)

9.65 (Lide,
2008)

0

propane 44.10 MgO(100) TPD 29 (Tait et al.,
2006)

1.5×
10−8

18.8 (Chickos
and Acree,
2003)

6.33 (Lide,
2008)

0 (Yaws,
2014)

9.65 (Lide,
2008)

0

butane 58.12 MgO(100) TPD 34.9 (Tait et al.,
2006)

1.7×
10−7

22.4 (Chickos
and Acree,
2003)

8.2 (Lide,
2008)

0 (Yaws,
2014)

9.65 (Lide,
2008)

0

hexane 86.18 MgO(100) TPD 46.4 (Tait et al.,
2006)

1.9×
10−5

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

9.65 (Lide,
2008)

0

octane 114.23 MgO(100) TPD 62.9 (Tait et al.,
2006)

1.6×
10−2

41.6 (Chickos
and Acree,
2003)

15.9 (Lide,
2008)

0 (Yaws,
2014)

9.65 (Lide,
2008)

0

decane 142.29 MgO(100) TPD 77.9 (Tait et al.,
2006)

7.7 51.4 (Chickos
and Acree,
2003)

19.1 (Lide,
2008)

0 (Yaws,
2014)

9.65 (Lide,
2008)

0

methane 16.04 Pt(111) TPD 15.2 (Tait et al.,
2006)

5.1×
10−11

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0 (Yaws,
2014)

0

methane 16.04 Pt(111) TPD 16.1 (Weaver et
al., 2003)

7.4×
10−11

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0 (Yaws,
2014)

0

ethane 30.07 Pt(111) TPD 28.9 (Tait et al.,
2006)

1.4×
10−8

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0 (Yaws,
2014)

0

ethane 30.07 Pt(111) TPD 36.8 (Weaver et
al., 2003)

3.6×
10−7

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0 (Yaws,
2014)

0

propane 44.10 Pt(111) TPD 41.5 (Tait et al.,
2006)

2.5×
10−6

18.8 (Chickos
and Acree,
2003)

6.33 (Lide,
2008)

0 (Yaws,
2014)

0

propane 44.10 Pt(111) TPD 41.2 (Weaver et
al., 2003)

2.2×
10−6

18.8 (Chickos
and Acree,
2003)

6.33 (Lide,
2008)

0 (Yaws,
2014)

0

butane 58.12 Pt(111) TPD 50.9 (Tait et al.,
2006)

1.2×
10−4

22.4 (Chickos
and Acree,
2003)

8.2 (Lide,
2008)

0 (Yaws,
2014)

0

butane 58.12 Pt(111) TPD 60.2 (Weaver et
al., 2003)

5.4×
10−3

22.4 (Chickos
and Acree,
2003)

8.2 (Lide,
2008)

0 (Yaws,
2014)

0
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Table A6. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

butane 58.12 Pt(111) TPD 34.3
(Salmeron
and Somorjai,
1981)

1.3×
10−7

22.4 (Chickos
and Acree,
2003)

8.2 (Lide,
2008)

0 (Yaws,
2014)

0

pentane 72.15 Pt(111) TPD 42.7
(Salmeron
and Somorjai,
1981)

4.1×
10−6

25 (Chickos
and Acree,
2003)

9.99 (Lide,
2008)

0 (Yaws,
2014)

0

hexane 86.18 Pt(111) TPD 79.8 (Tait et
al., 2006)

1.7×
101

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

0

hexane 86.18 Pt(111) TPD 61.9 (Bishop
et al., 2000)

1.1×
10−2

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

0

heptane 100.21 Pt(111) TPD 66.4 (Bishop
et al., 2000)

6.9×
10−2

36.6 (Chickos
and Acree,
2003)

13.61 (Lide,
2008)

0 (Yaws,
2014)

0

octane 114.23 Pt(111) TPD 72 (Bishop et
al., 2000)

6.8×
10−1

41.6 (Chickos
and Acree,
2003)

15.9 (Lide,
2008)

0 (Yaws,
2014)

0

nonane 128.20 Pt(111) TPD 74.2 (Bishop
et al., 2000)

1.7 46.55 (Chickos
and Acree,
2003)

17.36 (Lide,
2008)

0 (Yaws,
2014)

0

decane 142.29 Pt(111) TPD 76.1 (Bishop
et al., 2000)

3.7 51.4 (Chickos
and Acree,
2003)

19.1 (Lide,
2008)

0 (Yaws,
2014)

0

propane 44.10 Ni(111) DFT 57.9 (Mendes
et al., 2019)

1.4×
108

18.8 (Chickos
and Acree,
2003)

6.33 (Lide,
2008)

0 (Yaws,
2014)

0

1-propanol 60.09 Ni(111) DFT 92.6 (Mendes
et al., 2019)

3.3×
103

47.45 (Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

0.33

2-propanol 60.09 Ni(111) DFT 89.7 (Mendes
et al., 2019)

9.9×
102

47.45 (Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

0.33

1,2-
propanediol

76.09 Ni(111) DFT 111.0 (Mendes
et al., 2019)

6.0×
106

60.0 (Chickos
and Acree,
2003)

7.55 (Bosque
and Sales,
2002)

2.25 (Lide,
2008)

0.66

1,3-
propanediol

76.09 Ni(111) DFT 111.0 (Mendes
et al., 2019)

6.0×
106

72.4 (Chickos
and Acree,
2003)

7.55 (Bosque
and Sales,
2002)

2.55 (Lide,
2008)

0.66

glycerol 92.09 Ni(111) DFT 118.7 (Mendes
et al., 2019)

1.4×
108

91.7 (Chickos
and Acree,
2003)

8.14 (Bosque
and Sales,
2002)

2.56 (Lide,
2008)

1

propane 44.10 Pd(111) DFT 57.9 (Mendes
et al., 2019)

2.1×
10−3

18.8 (Chickos
and Acree,
2003)

6.33 (Lide,
2008)

0 (Yaws,
2014)

0

1-propanol 60.09 Pd(111) DFT 84.9 (Mendes
et al., 2019)

1.4×
102

47.45 (Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

0.33
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Table A6. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

2-propanol 60.09 Pd(111) DFT 85.9 (Mendes
et al., 2019)

2.0×
102

47.45 (Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

0.33

1,2-
propanediol

76.09 Pd(111) DFT 101.3 (Mendes
et al., 2019)

1.1×
105

60.0 (Chickos
and Acree,
2003)

7.55 (Bosque
and Sales,
2002)

2.25 (Lide,
2008)

0.66

1,3-
propanediol

76.09 Pd(111) DFT 102.3 (Mendes
et al., 2019)

1.7×
105

72.4 (Chickos
and Acree,
2003)

7.55 (Bosque
and Sales,
2002)

2.55 (Lide,
2008)

0.66

glycerol 92.09 Pd(111) DFT 116.7 (Mendes
et al., 2019)

6.5×
107

91.7 (Chickos
and Acree,
2003)

8.14 (Bosque
and Sales,
2002)

2.56 (Lide,
2008)

1

propane 44.10 Pt(111) DFT 65.6 (Mendes
et al., 2019)

5.0×
10−2

18.8 (Chickos
and Acree,
2003)

6.33 (Lide,
2008)

0 (Yaws,
2014)

0

1-propanol 60.09 Pt(111) DFT 100.3 (Mendes
et al., 2019)

7.7×
104

47.45 (Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

0.33

2-propanol 60.09 Pt(111) DFT 99.4 (Mendes
et al., 2019)

5.2×
104

47.45 (Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

0.33

1,2-
propanediol

76.09 Pt(111) DFT 114.8 (Mendes
et al., 2019)

2.9×
107

60.0 (Chickos
and Acree,
2003)

7.55 (Bosque
and Sales,
2002)

2.25 (Lide,
2008)

0.66

1,3-
propanediol

76.09 Pt(111) DFT 119.6 (Mendes
et al., 2019)

2.1×
108

72.4 (Chickos
and Acree,
2003)

7.55 (Bosque
and Sales,
2002)

2.55 (Lide,
2008)

0.66

glycerol 92.09 Pt(111) DFT 133.1 (Mendes
et al., 2019)

5.5×
1010

91.7 (Chickos
and Acree,
2003)

8.14 (Bosque
and Sales,
2002)

2.56 (Lide,
2008)

1
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Table A7. Compiled absorbate–substrate interaction energies of volatile organic compounds (VOCs) on mineral surrogates and minerals
and clays. Gas species, gas species’ molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption
lifetimes (τdes) evaluated at 293 K using Ades = 1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’
dipole moment (µ), substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

n-decane 142.29 α−Al2O3 IGC 28.5 (Goss and
Eisenreich, 1996)

1.2×
10−8

51.4 (Chickos
and Acree, 2003)

19.1 (Lide,
2008)

0
(Yaws,
2014)

9.34
(Lide,
2008)

0

o-xylene 106.17 α−Al2O3 IGC 26.6 (Goss and
Eisenreich, 1996)

5.5×
10−9

42.9 (Chickos
and Acree, 2003)

14.25
(Bosque and
Sales, 2002)

0.64
(Lide,
2008)

9.34
(Lide,
2008)

0

propyl-
benzene

120.19 α−Al2O3 IGC 30.3 (Goss and
Eisenreich, 1996)

2.5×
10−8

46.2 (Chickos
and Acree, 2003)

16
(McEachran
et al., 2018)

0.369
(Yaws,
2014)

9.34
(Lide,
2008)

0

1,2-
dichlorobenzene

147.01 α−Al2O3 IGC 28.0 (Goss and
Eisenreich, 1996)

9.7×
10−9

49.9 (Chickos
and Acree, 2003)

14.3
(Bosque
and Sales,
2002)

2.5
(Lide,
2008)

9.34
(Lide,
2008)

0

1,4-
dichlorobenzene

147.01 α−Al2O3 IGC 26.6 (Goss and
Eisenreich, 1996)

5.5×
10−9

54.8 (Chickos
and Acree, 2003)

14.3
(McEachran
et al., 2018)

1.72
(Lide,
2008)

9.34
(Lide,
2008)

0

1,2,3,4-
tetrachlorobenzene

215.89 α−Al2O3 IGC 42.7 (Goss and
Eisenreich, 1996)

4.0×
10−6

60.1 (Chickos
and Acree, 2003)

18.2
(McEachran
et al., 2018)

2.42
(Lide,
2008)

9.34
(Lide,
2008)

0

naphthalene 128.17 α−Al2O3 IGC 38.0 (Goss and
Eisenreich, 1996)

5.9×
10−7

53.4 (Chickos
and Acree, 2003)

17 (Lide,
2008)

0
(Yaws,
2014)

9.34
(Lide,
2008)

0

anisole 108.14 α−Al2O3 IGC 37.7 (Goss and
Eisenreich, 1996)

5.2×
10−7

45.3 (Chickos
and Acree, 2003)

13.1 (Lide,
2008)

1.38
(Lide,
2008)

9.34
(Lide,
2008)

0.14

pyridine 79.10 α−Al2O3 IGC 47.0 (Goss and
Eisenreich, 1996)

2.4×
10−5

40.2 (Chickos
and Acree, 2003)

9.34 (Lide,
2008)

2.215
(Lide,
2008)

9.34
(Lide,
2008)

0

ethanol 46.07 α−Al2O3 IGC 48.4 (Goss and
Eisenreich, 1996)

4.2×
10−5

42.4 (Chickos
and Acree, 2003)

5.41 (Lide,
2008)

1.69
(Lide,
2008)

9.34
(Lide,
2008)

0.5

ethyl acetate 88.11 α−Al2O3 IGC 40.2 (Goss and
Eisenreich, 1996)

1.5×
10−6

35 (Chickos
and Acree, 2003)

8.62 (Lide,
2008)

1.78
(Lide,
2008)

9.34
(Lide,
2008)

0.5

acetone 58.08 α−Al2O3 IGC 38.0 (Goss and
Eisenreich, 1996)

5.9×
10−7

31.3 (Chickos
and Acree, 2003)

6.37 (Lide,
2008)

2.88
(Lide,
2008)

9.34
(Lide,
2008)

0.33

n-nonane 128.26 CaCO3 IGC 30.4 (Goss and
Eisenreich, 1996)

2.7×
10−8

46.55 (Chickos
and Acree, 2003)

17.36 (Lide,
2008)

0
(Yaws,
2014)

8.67
(Lide,
2008)

0

p-xylene 106.17 CaCO3 IGC 35.5 (Goss and
Eisenreich, 1996)

2.2×
10−7

42.3 (Chickos
and Acree, 2003)

14.35
(Bosque and
Sales, 2002)

0
(Yaws,
2014)

8.67
(Lide,
2008)

0

ethylbenzene 106.17 CaCO3 IGC 34.1 (Goss and
Eisenreich, 1996)

1.2×
10−7

42.3 (Chickos
and Acree, 2003)

14.2 (Lide,
2008)

0.59
(Lide,
2008)

8.67
(Lide,
2008)

0
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Table A7. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

chloro-
benzene

112.56 CaCO3 IGC 28.1 (Goss and
Eisenreich,
1996)

1.0×
10−8

40.3 (Chickos
and Acree,
2003)

13.2 (Lide,
2008)

1.69
(Lide,
2008)

8.67
(Lide,
2008)

0

1,2-
dichlorobenzene

147.01 CaCO3 IGC 36.8 (Goss and
Eisenreich,
1996)

3.7×
10−7

49.9 (Chickos
and Acree,
2003)

14.3
(Bosque
and Sales,
2002)

2.5
(Lide,
2008)

8.67
(Lide,
2008)

0

anisole 108.14 CaCO3 IGC 38.8 (Goss and
Eisenreich,
1996)

8.4×
10−7

45.3 (Chickos
and Acree,
2003)

13.1 (Lide,
2008)

1.38
(Lide,
2008)

8.67
(Lide,
2008)

0.14

diethyl ether 74.12 CaCO3 IGC 39.3 (Goss and
Eisenreich,
1996)

1.0×
10−6

27.1 (Chickos
and Acree,
2003)

9.47 (Lide,
2008)

1.098
(Lide,
2008)

8.67
(Lide,
2008)

0.25

methanol 32.04 CaCO3 DFT 77.2 (Budi et al.,
2018)

5.8 37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7
(Lide,
2008)

8.67
(Lide,
2008)

1

ethanol 46.07 CaCO3 DFT 80.1 (Budi et al.,
2018)

19 42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69
(Lide,
2008)

8.67
(Lide,
2008)

0.5

ethanol 46.07 CaCO3 TPD 83.9 (Dickbreder
et al., 2023)

91 42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69
(Lide,
2008)

8.67
(Lide,
2008)

0.5

ethanol 46.07 CaCO3 TPD 100.3 (Dick-
breder et al.,
2023)

7.6×
104

42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69
(Lide,
2008)

8.67
(Lide,
2008)

0.5

formic acid 46.03 CaCO3 DFT 94.6 (Budi et al.,
2018)

7.3×
103

36 (Chickos
and Acree,
2003)

3.4 (Lide,
2008)

1.425
(Lide,
2008)

8.67
(Lide,
2008)

2

acetic acid 60.05 CaCO3 DFT 95.5 (Budi et al.,
2018)

1.1×
104

41.6 (Chickos
and Acree,
2003)

5.1 (Lide,
2008)

1.7
(Lide,
2008)

8.67
(Lide,
2008)

1

methane 16.04 CaCO3 DFT 12.5 (Budi et al.,
2018)

1.7×
10−11

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0
(Yaws,
2014)

8.67
(Lide,
2008)

0

ethane 30.07 CaCO3 DFT 17.4 (Budi et al.,
2018)

1.3×
10−10

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0
(Yaws,
2014)

8.67
(Lide,
2008)

0

benzene 78.11 CaCO3 DFT 30.9 (Budi et al.,
2018)

3.2×
10−8

42.3 (Chickos
and Acree,
2003)

10 (Lide,
2008)

0
(Yaws,
2014)

8.67
(Lide,
2008)

0

n-octane 114.23 α−Fe2O3 IGC 25.0 (Goss and
Eisenreich,
1996)

2.9×
10−9

41.6 (Chickos
and Acree,
2003)

15.9 (Lide,
2008)

0
(Yaws,
2014)

12.00
(Lide,
2008)

0

n-nonane 128.26 α−Fe2O3 IGC 31.3 (Goss and
Eisenreich,
1996)

3.9×
10−8

46.55
(Chickos
and Acree,
2003)

17.36 (Lide,
2008)

0
(Yaws,
2014)

12.00
(Lide,
2008)

0

toluene 92.14 α−Fe2O3 IGC 27.5 (Goss and
Eisenreich,
1996)

8.1×
10−9

38.9 (Chickos
and Acree,
2003)

11.8 (Lide,
2008)

0.375
(Lide,
2008)

12.00
(Lide,
2008)

0

Atmos. Chem. Phys., 24, 3445–3528, 2024 https://doi.org/10.5194/acp-24-3445-2024



D. A. Knopf et al.: Desorption activation energies influence multiphase chemical kinetics 3491

Table A7. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

p-xylene 106.17 α−Fe2O3 IGC 32.7 (Goss and
Eisenreich,
1996)

6.9×
10−8

42.3 (Chickos
and Acree,
2003)

14.35
(Bosque and
Sales, 2002)

0
(Yaws,
2014)

12.00
(Lide,
2008)

0

o-xylene 106.17 α−Fe2O3 IGC 33.6 (Goss and
Eisenreich,
1996)

1.0×
10−7

42.9 (Chickos
and Acree,
2003)

14.25
(Bosque and
Sales, 2002)

0.64
(Lide,
2008)

12.00
(Lide,
2008)

0

ethylbenzene 106.17 α−Fe2O3 IGC 32.4 (Goss and
Eisenreich,
1996)

6.1×
10−8

42.3 (Chickos
and Acree,
2003)

14.2 (Lide,
2008)

0.59
(Lide,
2008)

12.00
(Lide,
2008)

0

chloro-
benzene

112.56 α−Fe2O3 IGC 26.4 (Goss and
Eisenreich,
1996)

5.2×
10−9

40.3 (Chickos
and Acree,
2003)

13.2 (Lide,
2008)

1.69
(Lide,
2008)

12.00
(Lide,
2008)

0

1,2-
dichlorobenzene

147.01 α−Fe2O3 IGC 35.5 (Goss and
Eisenreich,
1996)

2.2×
10−7

49.9 (Chickos
and Acree,
2003)

14.3
(Bosque
and Sales,
2002)

2.5
(Lide,
2008)

12.00
(Lide,
2008)

0

1,4-
dichlorobenzene

147.01 α−Fe2O3 IGC 32.5 (Goss and
Eisenreich,
1996)

6.3×
10−8

54.8 (Chickos
and Acree,
2003)

14.3
(McEachran
et al., 2018)

1.72
(Lide,
2008)

12.00
(Lide,
2008)

0

anisole 108.14 α−Fe2O3 IGC 41.0 (Goss and
Eisenreich,
1996)

2.1×
10−6

45.3 (Chickos
and Acree,
2003)

13.1 (Lide,
2008)

1.38
(Lide,
2008)

12.00
(Lide,
2008)

0.143

acetone 58.08 α−Fe2O3 IGC 39.3 (Goss and
Eisenreich,
1996)

1.0×
10−6

31.3 (Chickos
and Acree,
2003)

6.37 (Lide,
2008)

2.88
(Lide,
2008)

12.00
(Lide,
2008)

0.33

diethyl ether 74.12 α−Fe2O3 IGC 38.2 (Goss and
Eisenreich,
1996)

6.6×
10−7

27.1 (Chickos
and Acree,
2003)

9.47 (Lide,
2008)

1.098
(Lide,
2008)

12.00
(Lide,
2008)

0.25

n-octane 114.23 quartz/
kaolinite

IGC 27.9 (Goss and
Eisenreich,
1996)

9.5×
10−9

41.6 (Chickos
and Acree,
2003)

15.9 (Lide,
2008)

0
(Yaws,
2014)

∼ 4.0
(Leluk
et al.,
2010)

0

n-nonane 128.26 quartz/
kaolinite

IGC 31.6 (Goss and
Eisenreich,
1996)

4.3×
10−8

46.55 (Chickos
and Acree,
2003)

17.36 (Lide,
2008)

0
(Yaws,
2014)

∼ 4.0
(Leluk
et al.,
2010)

0

n-decane 142.29 quartz/
kaolinite

IGC 35.6 (Goss and
Eisenreich,
1996)

2.2×
10−7

51.4 (Chickos
and Acree,
2003)

19.1 (Lide,
2008)

0
(Yaws,
2014)

∼ 4.0
(Leluk
et al.,
2010)

0

toluene 92.14 quartz/
kaolinite

IGC 31.3 (Goss and
Eisenreich,
1996)

3.8×
10−8

38.9 (Chickos
and Acree,
2003)

11.8 (Lide,
2008)

0.375
(Lide,
2008)

∼ 4.0
(Leluk
et al.,
2010)

0

p-xylene 106.17 quartz/
kaolinite

IGC 35.6 (Goss and
Eisenreich,
1996)

2.2×
10−7

42.3 (Chickos
and Acree,
2003)

14.35
(Bosque and
Sales, 2002)

0
(Yaws,
2014)

∼ 4.0
(Leluk
et al.,
2010)

0
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Table A7. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

o-xylene 106.17 quartz/
kaolinite

IGC 36.5 (Goss and
Eisenreich,
1996)

3.2×
10−7

42.9 (Chickos
and Acree,
2003)

14.25
(Bosque and
Sales, 2002)

0.64
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0

ethylbenzene 106.17 quartz/
kaolinite

IGC 35.4 (Goss and
Eisenreich,
1996)

2.1×
10−7

42.3 (Chickos
and Acree,
2003)

14.2 (Lide,
2008)

0.59
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0

propylbenzene 120.19 quartz/
kaolinite

IGC 40.2 (Goss and
Eisenreich,
1996)

1.5×
10−6

46.2 (Chickos
and Acree,
2003)

16
(McEachran
et al., 2018)

0.369
(Yaws,
2014)

∼ 4.0
(Leluk et
al., 2010)

0

chlorobenzene 112.56 quartz/
kaolinite

IGC 32.1 (Goss and
Eisenreich,
1996)

5.3×
10−8

40.3 (Chickos
and Acree,
2003)

13.2 (Lide,
2008)

1.69
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0

1,2-
dichlorobenzene

147.01 quartz/
kaolinite

IGC 36.6 (Goss and
Eisenreich,
1996)

3.4×
10−7

49.9 (Chickos
and Acree,
2003)

14.3
(Bosque
and Sales,
2002)

2.5
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0

1,4-
dichlorobenzene

147.01 quartz/
kaolinite

IGC 37.2 (Goss and
Eisenreich,
1996)

4.3×
10−7

54.8 (Chickos
and Acree,
2003)

14.3
(McEachran
et al., 2018)

1.72
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0

1,2,3,4-
tetrachlorobenzene

215.89 quartz/
kaolinite

IGC 45.3 (Goss and
Eisenreich,
1996)

1.2×
10−5

60.1 (Chickos
and Acree,
2003)

18.2
(McEachran
et al., 2018)

2.42
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0

naphthalene 128.17 quartz/
kaolinite

IGC 46.9 (Goss and
Eisenreich,
1996)

2.3×
10−5

53.4 (Chickos
and Acree,
2003)

17 (Lide,
2008)

0
(Yaws,
2014)

∼ 4.0
(Leluk et
al., 2010)

0

anisole 108.14 quartz/
kaolinite

IGC 44.2 (Goss and
Eisenreich,
1996)

7.7×
10−6

45.3 (Chickos
and Acree,
2003)

13.1 (Lide,
2008)

1.38
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0.143

pyridine 79.10 quartz/
kaolinite

IGC 48.6 (Goss and
Eisenreich,
1996)

4.7×
10−5

40.2 (Chickos
and Acree,
2003)

9.34 (Lide,
2008)

2.215
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0

ethanol 46.07 quartz/
kaolinite

IGC 46.6 (Goss and
Eisenreich,
1996)

2.1×
10−5

42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.38
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0.5

ethyl acetate 88.11 quartz/
kaolinite

IGC 45.0 (Goss and
Eisenreich,
1996)

1.1×
10−5

35 (Chickos
and Acree,
2003)

8.62 (Lide,
2008)

2.215 ∼ 4.0
(Leluk et
al., 2010)

0.5

acetone 58.08 quartz/
kaolinite

IGC 43.6 (Goss and
Eisenreich,
1996)

6.0×
10−6

31.3 (Chickos
and Acree,
2003)

6.37 (Lide,
2008)

2.88
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0.33

diethyl ether 74.12 quartz/
kaolinite

IGC 40.0 (Goss and
Eisenreich,
1996)

1.4×
10−6

27.1 (Chickos
and Acree,
2003)

9.47 (Lide,
2008)

1.098
(Lide,
2008)

∼ 4.0
(Leluk et
al., 2010)

0.25

methanol 32.04 quartz DFT 60.8 (Budi et
al., 2018)

6.9×
10−3

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7
(Lide,
2008)

3.75
(Lide,
2008)

1

ethanol 46.07 quartz DFT 64.6 (Budi et
al., 2018)

3.3×
10−2

42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69
(Lide,
2008)

3.75
(Lide,
2008)

0.5
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Table A7. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

formic acid 46.03 quartz DFT 57.9 (Budi et
al., 2018)

2.1×
10−3

36 (Chickos
and Acree,
2003)

3.4 (Lide,
2008)

1.425
(Lide,
2008)

3.75
(Lide,
2008)

2

acetic
acid

60.05 quartz DFT 60.8 (Budi et
al., 2018)

6.9×
10−3

41.6 (Chickos
and Acree,
2003)

5.1 (Lide,
2008)

1.7
(Lide,
2008)

3.75
(Lide,
2008)

1

methane 16.04 quartz DFT 6.8 (Budi et
al., 2018)

1.6×
10−12

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0
(Yaws,
2014)

3.75
(Lide,
2008)

0

ethane 30.07 quartz DFT 12.5 (Budi et
al., 2018)

1.7×
10−11

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0
(Yaws,
2014)

3.75
(Lide,
2008)

0

benzene 78.11 quartz DFT 33.8 (Budi et
al., 2018)

1.1×
10−7

42.3 (Chickos
and Acree,
2003)

10 (Lide,
2008)

0
(Yaws,
2014)

3.75
(Lide,
2008)

0

methanol 32.04 kaolinite
(Al)

DFT 61.8 (Budi et
al., 2018)

1.0×
10−2

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7
(Lide,
2008)

5.10
(Leluk et
al., 2010)

1

ethanol 46.07 kaolinite
(Al)

DFT 64.6 (Budi et
al., 2018)

3.3×
10−2

42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69
(Lide,
2008)

5.10
(Leluk et
al., 2010)

0.5

formic
acid

46.03 kaolinite
(Al)

DFT 79.1 (Budi et
al., 2018)

1.3×
101

36 (Chickos
and Acree,
2003)

3.4 (Lide,
2008)

1.425
(Lide,
2008)

5.10
(Leluk et
al., 2010)

2

acetic
acid

60.05 kaolinite
(Al)

DFT 82.0 (Budi et
al., 2018)

4.2×
101

41.6 (Chickos
and Acree,
2003)

5.1 (Lide,
2008)

1.7
(Lide,
2008)

5.10
(Leluk et
al., 2010)

1

methane 16.04 kaolinite
(Al)

DFT 16.4 (Budi et
al., 2018)

8.4×
10−11

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0
(Yaws,
2014)

5.10
(Leluk et
al., 2010)

0

ethane 30.07 kaolinite
(Al)

DFT 22.2 (Budi et
al., 2018)

9.1×
10−10

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0
(Yaws,
2014)

5.10
(Leluk et
al., 2010)

0

benzene 78.11 kaolinite
(Al)

DFT 37.6 (Budi et
al., 2018)

5.0×
10−7

42.3 (Chickos
and Acree,
2003)

10 (Lide,
2008)

0
(Yaws,
2014)

5.10
(Leluk et
al., 2010)

0

methanol 32.04 kaolinite
(Si)

DFT 21.2 (Budi et
al., 2018)

6.0×
10−10

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7
(Lide,
2008)

5.10
(Leluk et
al., 2010)

1

ethanol 46.07 kaolinite
(Si)

DFT 23.2 (Budi et
al., 2018)

1.4×
10−9

42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69
(Lide,
2008)

5.10
(Leluk et
al., 2010)

0.5

formic
acid

46.03 kaolinite
(Si)

DFT 21.2 (Budi et
al., 2018)

6.0×
10−10

36 (Chickos
and Acree,
2003)

3.4 (Lide,
2008)

1.425
(Lide,
2008)

5.10
(Leluk et
al., 2010)

2

acetic
acid

60.05 kaolinite
(Si)

DFT 21.2 (Budi et
al., 2018)

6.0×
10−10

41.6 (Chickos
and Acree,
2003)

5.1 (Lide,
2008)

1.7
(Lide,
2008)

5.10
(Leluk et
al., 2010)

1
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Table A7. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

methane 16.04 kaolinite
(Si)

DFT 7.7 (Budi et
al., 2018)

2.4×
10−12

8.5 (Chickos
and Acree,
2003)

2.59 (Lide,
2008)

0 (Yaws,
2014)

5.10 (Leluk
et al., 2010)

0

ethane 30.07 kaolinite
(Si)

DFT 11.6 (Budi et
al., 2018)

1.2×
10−11

15.3 (Chickos
and Acree,
2003)

4.45 (Lide,
2008)

0 (Yaws,
2014)

5.10 (Leluk
et al., 2010)

0

benzene 78.11 kaolinite
(Si)

DFT 18.3 (Budi et
al., 2018)

1.8×
10−10

42.3 (Chickos
and Acree,
2003)

10 (Lide,
2008)

0 (Yaws,
2014)

5.10 (Leluk
et al., 2010)

0

limonene up 136.24 SiO2 DFT 46.3 (Fang et
al., 2019)

1.8×
10−5

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

0.7 (Svir-
bely et
al., 1935)

4.42 (Lide,
2008)

0

limonene
down

136.24 SiO2 DFT 41.6 (Fang et
al., 2019)

2.6×
10−6

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

0.7 (Svir-
bely et
al., 1935)

4.42 (Lide,
2008)

0

benzene 78.11 SiO2 DFT 27.5 (Fang et
al., 2019)

8.0×
10−9

33.83 (Chickos
and Acree,
2003)

10.44
(Bosque and
Sales, 2002)

0 (Yaws,
2014)

4.42 (Lide,
2008)

0

cyclohexene 82.143 SiO2 DFT 29.2 (Fang et
al., 2019)

1.6×
10−8

33.5 (Chickos
and Acree,
2003)

10.79
(Bosque and
Sales, 2002)

0 (Yaws,
2014)

4.42 (Lide,
2008)

0

cyclohexane 84.16 SiO2 DFT 24.3 (Fang et
al., 2019)

2.1×
10−9

33 (Chickos
and Acree,
2003)

11.04
(Bosque and
Sales, 2002)

0 (Yaws,
2014)

4.42 (Lide,
2008)

0

limonene 136.24 hydroxylated
TiO2

MD 71(Fan et al.,
2022)

0.5 49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

1.57
(Yaws,
2014)

86 (Lide,
2008)

0

carvone 150.22 hydroxylated
TiO2

MD 148.8 (Fan et
al., 2022)

3.4×
1013

58.2 (Hoskovec
et al., 2005)

18.25
(Yankova et
al., 2019)

3.56
(Yankova
et al.,
2019)

86 (Lide,
2008)

0.1

toluene 92.14 Nefta dust DRIFTS 88.8 (Roma-
nias et al.,
2016)

6.9×
102

38.9 (Chickos
and Acree,
2003)

12.12 (Lide,
2008)

0.375
(Lide,
2008)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

toluene 92.14 Touggourt
dust

DRIFTS 88.9 (Roma-
nias et al.,
2016)

7.0×
102

38.9 (Chickos
and Acree,
2003)

12.12 (Lide,
2008)

0.375
(Lide,
2008)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

toluene 92.14 N’Goussa
dust

DRIFTS 88.5 (Roma-
nias et al.,
2016)

6.0×
102

38.9 (Chickos
and Acree,
2003)

12.12 (Lide,
2008)

0.375
(Lide,
2008)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

toluene 92.14 Bordj dust DRIFTS 88.6 (Roma-
nias et al.,
2016)

6.1×
102

38.9 (Chickos
and Acree,
2003)

12.12 (Lide,
2008)

0.375
(Lide,
2008)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

toluene 92.14 Laayoune
dust

DRIFTS 87.9 (Roma-
nias et al.,
2016)

4.6×
102

38.9 (Chickos
and Acree,
2003)

12.12 (Lide,
2008)

0.375
(Lide,
2008)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

toluene 92.14 Tarfaya dust DRIFTS 87.7 (Roma-
nias et al.,
2016)

4.3×
102

38.9 (Chickos
and Acree,
2003)

12.12 (Lide,
2008)

0.375
(Lide,
2008)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0
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Table A7. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

limonene 136.24 Nefta
dust

DRIFTS 91.4 (Romanias
et al., 2016)

2.0×
103

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

1.57
(Yaws,
2014)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

limonene 136.24 Touggourt
dust

DRIFTS 88.5 (Romanias
et al., 2016)

6.0×
102

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

1.57
(Yaws,
2014)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

limonene 136.24 N’Goussa
dust

DRIFTS 91.6 (Romanias
et al., 2016)

2.1×
103

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

1.57
(Yaws,
2014)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

limonene 136.24 Bordj
dust

DRIFTS 91.8 (Romanias
et al., 2016)

2.3×
103

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

1.57
(Yaws,
2014)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

limonene 136.24 Laayoune
dust

DRIFTS 88.7 (Romanias
et al., 2016)

6.4×
102

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

1.57
(Yaws,
2014)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0

limonene 136.24 Tarfaya
dust

DRIFTS 88.1 (Romanias
et al., 2016)

5.0×
102

49.6 (Chickos
and Acree,
2003)

17.94 (Hel-
burn et al.,
2008)

1.57
(Yaws,
2014)

∼ 4.5 (Lide,
2008; Leluk
et al., 2010)

0
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Table A8. Compiled absorbate–substrate interaction energies of inorganic and organic gas species on ice. Gas species, gas species’ molar
mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using
Ades = 1013 s−1, enthalpy of vaporization (1Hvap), gas species’ polarizability (α), gas species’ dipole moment (µ), substrate’s relative
permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

H2O 18.02 ice MB 48.3 (Brown
et al., 1996)

4.1×
10−5

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

H2O 18.02 ice
(170–
230 K)

VM 43.1 (Delval
and Rossi,
2005; Delval
et al., 2003)

4.8×
10−6

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0

H2O 18.02 ice MD 50.0
(Schlesinger
et al., 2020)

8.2×
10−5

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

D2O 20.03 ice MB 42 (Kong et
al., 2014a)

3.1×
10−6

45.14 (Crab-
tree and
Siman-Tov,
1993)

1.26 (Lide,
2008)

1.87
(Townes
and
Schawlow,
1975)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

CO2 44.01 amorphous
ice

TPD 22.5 (Kim et
al., 2008)

1.0×
10−9

16.4 (Chickos
and Acree,
2003)

2.91 (Lide,
2008)

0.0001
(Kolomi-
itsova et
al., 2000)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.5

n-hexane 86.18 ice IGC 23.0
(Langenberg
and Schurath,
2018)

1.3×
10−9

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 97.5 (Lide, 2008;
Auty and Cole,
1952)

0

formal-
dehyde

30.03 ice GCMC 30.0 (Hantal
et al., 2007)

2.2×
10−8

24.3 (Chickos
and Acree,
2003)

2.63 (Lide,
2008)

2.33 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

1

acetal-
dehyde

44.05 ice KU 29.1 (Crowley
et al., 2010)

1.5×
10−8

27.6 (Chickos
and Acree,
2003)

4.6 (Lide,
2008)

2.75 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.5

methanol 32.04 ice KU 51.0 (Winkler
et al., 2002)

1.2×
10−4

37.8 (Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

acetone 58.08 ice KU 48.6 (Crowley
et al., 2010)

4.6×
10−5

31.3 (Chickos
and Acree,
2003)

6.37 (Lide,
2008)

2.88 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.33

formic
acid

46.03 ice KU 48.1 (Crowley
et al., 2010)

3.8×
10−5

36 (Chickos
and Acree,
2003)

3.4 (Lide,
2008)

1.43 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

2

acetic
acid

60.05 ice KU 70.7 (Crowley
et al., 2010)

0.4 41.6 (Chickos
and Acree,
2003)

5.1 (Lide,
2008)

1.7 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

1

acetic
acid

60.05 ice KU 73.2 (Sokolov
and Abbatt,
2002)

1.1 41.6 (Chickos
and Acree,
2003)

5.1 (Lide,
2008)

1.7 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

1

1-
pentanol

88.15 ice KU 71.5 (Sokolov
and Abbatt,
2002)

0.6 57.8 (Chickos
and Acree,
2003)

10.61
(Bosque
and Sales,
2002)

1.7 (liq-
uid)(Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.2
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Table A8. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

1-butanol 74.12 ice KU 67.8 (Sokolov
and Abbatt,
2002)

0.1 52.5 (Chickos
and Acree,
2003)

8.88 (Lide,
2008)

1.66 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.25

ethanol 46.07 ice KU 62.4 (Crowley
et al., 2010)

1.3×
10−2

42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.5

ethanol 46.07 ice KU 61.9 (Sokolov
and Abbatt,
2002)

1.1×
10−2

42.4 (Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.5

1-propanol 60.09 ice GCMC 70.0 (Joliat et
al., 2023)

0.3 47.45
(Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.33

2-propanol 60.09 ice GCMC 71.5 (Joliat et
al.)

0.6 47.45
(Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0.33

hexanal 100.16 ice KU 64.9 (Sokolov
and Abbatt,
2002)

3.7×
10−2

42.3 (Chickos
and Acree,
2003)

11.9
(McEachran
et al.,
2018)

2.6
(Wiberg
and
Rablen,
1993; Bak
et al.,
2000)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

peroxyacetyl
nitrate

121.05 ice IGC 30.0 (Bartels-
Rausch et al.,
2002)

2.2×
10−8

34.6
(Stephen-
son and
Malanowski,
1987)

8.27
(McEachran
et al.,
2018)

97.5 (Lide, 2008;
Auty and Cole,
1952)

2.5

acetylene 26.04 ice VS 15.5 (Silva and
Devlin, 1994)

5.8×
10−11

16.7 3.40 (Gus-
soni et al.,
1998)

0 97.5 (Lide, 2008;
Auty and Cole,
1952)

0

ethylene 28.05 ice VS 15.9 (Silva and
Devlin, 1994)

6.8×
10−11

13.8 4.09 (Gus-
soni et al.,
1998)

0 97.5 (Lide, 2008;
Auty and Cole,
1952)

benzene 78.11 ice VS 18.0 (Silva and
Devlin, 1994)

1.6×
10−10

33.5 9.96 (Gus-
soni et al.,
1998)

0 97.5 (Lide, 2008;
Auty and Cole,
1952)

HCl 36.46 ice
(100–
170 K)

TPD 28.0 (Isakson
and Sitz, 1999)

9.8×
10−9

16.15 (Lide,
2008)

2.63 (Lide,
2008)

1.11 (Lide,
2008)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0

HOCl 52.46 ice
(185–
225 K)

KU 39.6 (Crowley
et al., 2010)

1.1×
10−6

36.66 (Joback
and Reid,
1987)

3.31 (Hait
and Head-
Gordon,
2018)

1.3 (Lide,
2008)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0

H2O2 34.01 ice KU 31.6 (Pouvesle
et al., 2010;
Crowley et al.,
2010)

4.3×
10−8

51.6 (Lide,
2008)

2.3
(Giguere,
1983)

1.57 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

NO 30.01 ice (93–
150 K)

MB 15.4 (Lejon-
thun et al.,
2014)

5.7×
10−11

13.83 (Lide,
2008)

1.7 (Lide,
2008)

0.16 (Lide,
2008)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0
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Table A8. Continued.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293 K

des /
s

1Hvap (T )/
kJ mol−1

α/
10−24 cm3

µ/
D

εr O :C

NO2 46.01 ice (150–
171 K)

MB 25.1 (Lejonthun
et al., 2014)

3.0×
10−9

18.89 3.02 (Lide,
2008)

0.32 (Lide,
2008)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0

NO2 46.01 ice IGC 22.0 (Bartels-
Rausch et al.,
2002)

8.4×
10−10

18.89 3.02 (Lide,
2008)

0.32 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

HONO 47.01 ice KU 43.0 (Crowley et
al., 2010)

4.6×
10−6

2.81 (Jensen
et al., 2002)

1.42 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

N2O5 108.01 ice (135–
168 K)

MB 34.7 (Lejonthun
et al., 2014)

1.6×
10−7

57.4 (Stull,
1947)

7.7 (Wincel
et al., 1995)

0.5
(Grabow et
al., 1996)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0

N2O5 108.01 ice-
covered
HNO3
(135–
168 K)

MB 23.2 (Lejonthun
et al., 2014)

1.3×
10−9

57.4 (Stull,
1947)

7.7 (Wincel
et al., 1995)

0.5
(Grabow et
al., 1996)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0

HNO3 63.01 ice KU 38.1 (Crowley et
al., 2010)

6.2×
10−7

39.1 (Lide,
2008)

3.55 (Jensen
et al., 2002)

2.17 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

HO2NO2 79.01 ice KU 59.0 (Ulrich et
al., 2012)

3.3×
10−3

2.44 (Wei
et al., 2011)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

OH 17.01 ice (205–
230 K)

MC 31.2 (Remorov
and Bardwell,
2005)

3.6×
10−8

7.11 (Zen et
al., 2014)

1.65 (Lide,
2008)

119.5 (Lide,
2008; Auty and
Cole, 1952)

0

O3 48.00 amorphous
ice

TPD 20.0 (Borget et
al., 2001)

3.7×
10−10

12.2 (Stull,
1947)

3.21
(Lide, 2008)

0.53 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0

SO2 64.07 ice KU 17.2 (Crowley et
al., 2010)

1.2×
10−10

24.9
(Chickos
and Acree,
2003)

4
(Lide, 2008)

1.63 (Lide,
2008)

97.5 (Lide, 2008;
Auty and Cole,
1952)

0
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Table A9. Compiled absorbate–substrate data for water vapor and inorganic gases adsorbed on water and aqueous substrates. Gas species,
gas species’ molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at
293 K using Ades = 1013 s−1, enthalpy of vaporization (1Hvap) and solvation (1Hsolv), gas species’ polarizability (α), gas species’ dipole
moment (µ), substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv
(T )/
kJ mol−1

O :C

H2O 18.02 H2O MD 9.2 (Vieceli et
al., 2004)

4.4×
10−12

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

80.2 (Lide,
2008)

0

H2O 18.02 H2O,
1.92 nm
radius

MD 10.6 (Julin et
al., 2013)

7.8×
10−12

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

80.2 (Lide,
2008)

0

H2O 18.02 H2O,
4.14 nm
radius

MD 10.9 (Julin et
al., 2013)

8.8×
10−12

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

80.2 (Lide,
2008)

0

H2O 18.02 H2O,
planar

MD 11.4 (Julin et
al., 2013)

1.1×
10−11

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

80.2 (Lide,
2008)

0

H2O 18.02 H2O,
planar

MD 9.05 (Julin et
al., 2013)

4.1×
10−12

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

80.2 (Lide,
2008)

0

H2O 18.02 H2O,
planar

MD 10.4 (Julin et
al., 2013)

7.1×
10−12

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

80.2 (Lide,
2008)

0

H2O 18.02 H2O,
planar

MD 10.3 (Julin et
al., 2013)

6.9×
10−12

44 (Chickos
and Acree,
2003)

1.45 (Lide,
2008)

1.85 (Lide,
2008)

80.2 (Lide,
2008)

0

SO2 64.07 H2O KU 44.2 (Am-
mann et al.,
2013; Jayne
et al., 1990)

7.6×
10−6

24.9
(Chickos
and Acree,
2003)

4 (Lide,
2008)

1.633
(Lide,
2008)

80.2 (Lide,
2008)

24.11
(Sander et
al., 2011)

0

NH3 17.03 H2O ST 41 (Donald-
son, 1999)

2.0×
10−6

22.7
(Chickos
and Acree,
2003)

2.35 (Lide,
2008)

1.472
(Lide,
2008)

80.2 (Lide,
2008)

34.92
(Sander et
al., 2011)

0

O3 48.00 H2O MD 14.7 (Vieceli
et al., 2005)

4.2×
10−11

12.2 (Stull,
1947)

3.21 (Lide,
2008)

0.533
(Lide,
2008)

80.2 (Lide,
2008)

23.28
(Sander et
al., 2011)

0

H2O2 34.01 H2O KU 26 (Worsnop
et al., 1989)

4.3×
10−9

51.16 2.3
(Giguere,
1983)

1.573
(Lide,
2008)

80.2 (Lide,
2008)

63.19
(Sander et
al., 2011)

0

HCl 36.46 H2SO4 KU 14.1
(Ammann
et al., 2013;
Behr et al.,
2009; Robin-
son et al.,
1998)

3.3×
10−11

16.15 2.63 (Lide,
2008)

1.11 (Lide,
2008)

95 (Hall
and Cole,
1981)

19.12
(Marsh
and
McElroy,
1985)

0

O3 48.00 shikimic
acid
(aque-
ous)

KU 20
(Berkemeier
et al., 2016;
Steimer et al.,
2015)

3.7×
10−10

12.2 (Stull,
1947)

3.21 (Lide,
2008)

0.533
(Lide,
2008)

23.28
(Sander et
al., 2011)

0

N2O5 108.01 H2O MD 15.4
(Cruzeiro
et al., 2022)

5.6×
10−11

57.4 (Stull,
1947)

7.7 (Wincel
et al., 1995)

0.5
(Grabow et
al., 1996)

80.2 (Lide,
2008)

0
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Table A10. Compiled absorbate–substrate data for volatile aromatic gases adsorbed on water. Gas species, gas species’ molar mass, substrate,
experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using Ades = 1013 s−1,
enthalpy of vaporization (1Hvap) and solvation (1Hsolv), gas species’ polarizability (α), gas species’ dipole moment (µ), substrate’s relative
permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

toluene 92.14 H2O ST 31 (Blank
and Ottewill,
1964)

3.4×
10−8

38.9
(Chickos
and Acree,
2003)

11.8 (Lide,
2008)

0.375
(Lide,
2008)

80.2 (Lide,
2008)

35.75
(Staudinger
and Roberts,
2001; Sander,
2015)

0

toluene 92.14 H2O IGC 37.2
(Hartkopf
and Karger,
1973)

4.3×
10−7

38.9
(Chickos
and Acree,
2003)

11.8 (Lide,
2008)

0.375
(Lide,
2008)

80.2 (Lide,
2008)

35.75
(Staudinger
and Roberts,
2001; Sander,
2015)

0

toluene 92.14 H2O ST 43.4
(Hauxwell
and Ottewill,
1968)

5.5×
10−6

38.9
(Chickos
and Acree,
2003)

11.8 (Lide,
2008)

0.375
(Lide,
2008)

80.2 (Lide,
2008)

35.75
(Staudinger
and Roberts,
2001; Sander,
2015)

0

toluene 92.14 H2O IGC 28.8 (Goss,
2009)

1.4×
10−8

38.9
(Chickos
and Acree,
2003)

11.8 (Lide,
2008)

0.375
(Lide,
2008)

80.2 (Lide,
2008)

35.75
(Staudinger
and Roberts,
2001; Sander,
2015)

0

toluene 92.14 H2O ST 47.1 (Bruant
and Conklin,
2002)

2.5×
10−5

38 (Chickos
and Acree,
2003)

11.8 (Lide,
2008)

0.375
(Lide,
2008)

80.2 (Lide,
2008)

35.75
(Staudinger
and Roberts,
2001; Sander,
2015)

0

benzene 78.11 H2O ST 41 (Bruant
and Conklin,
2002)

2.0×
10−6

42.3
(Chickos
and Acree,
2003)

10.53 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0

benzene 78.11 H2O ST 25.8 (Blank
and Ottewill,
1964)

4.0×
10−9

42.3
(Chickos
and Acree,
2003)

10.53 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0

benzene 78.11 H2O IGC 31.4
(Hartkopf
and Karger,
1973)

4.0×
10−8

42.3
(Chickos
and Acree,
2003)

10.53 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0

benzene 78.11 H2O IGC 41 (Raja et
al., 2002)

2.0×
10−6

42.3
(Chickos
and Acree,
2003)

10.53 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0

1,2-
dimethyl-
benzene

106.17 H2O ST 45.9 (Bruant
and Conklin,
2002)

1.5×
10−5

43.4
(Chickos
and Acree,
2003)

14.5 (Lide,
2008)

0.63
(Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0
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Table A10. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

1,3-
dimethyl-
benzene

106.17 H2O ST 51.6
(Bruant and
Conklin,
2002)

1.6×
10−4

42.7
(Chickos
and Acree,
2003)

14.2 (Lide,
2008)

0.3 (Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0

1,4-
dimethyl-
benzene

106.17 H2O ST 46.5
(Bruant and
Conklin,
2002)

1.9×
10−5

42.3
(Chickos
and Acree,
2003)

14.27 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0

1,3,5-
trimethyl-
benzene

120.20 H2O ST 56.2
(Bruant and
Conklin,
2002)

1.0×
10−3

47.6
(Chickos
and Acree,
2003)

15.82 (Lide,
2008)

0.6 (Yaws,
2014)

80.2 (Lide,
2008)

34.92
(Sander,
2015)

0

ethyl-
benzene

106.17 H2O IGC 41.4
(Hartkopf
and Karger,
1973)

2.4×
10−6

42.3
(Chickos
and Acree,
2003)

14.2 (Lide,
2008)

0.59 (Lide,
2008)

80.2 (Lide,
2008)

42.40
(Staudinger
and Roberts,
2001; Sander,
2015)

0

fluorobenzene 96.10 H2O IGC 32.6
(Hartkopf
and Karger,
1973)

6.5×
10−8

34.5
(Chickos
and Acree,
2003)

10.3 (Lide,
2008)

1.6 (Lide,
2008)

80.2 (Lide,
2008)

34.92
(Staudinger
and Roberts,
2001; Sander,
2015)

0

chlorobenzene 112.56 H2O IGC 36.4 (Arp et
al., 2006)

3.1×
10−7

46.2
(Chickos
and Acree,
2003)

13.2 (Lide,
2008)

1.69 (Yaws,
2014)

80.2 (Lide,
2008)

31.59
(Staudinger
and Roberts,
2001; Sander,
2015)

0

chloro-
benzene

112.56 H2O IGC 35.1
(Hartkopf
and Karger,
1973)

1.8×
10−7

46.2
(Chickos
and Acree,
2003)

13.2 (Lide,
2008)

1.69 (Yaws,
2014)

80.2 (Lide,
2008)

31.59
(Staudinger
and Roberts,
2001; Sander,
2015)

0

naphthalene 128.17 H2O IGC 67 (Raja et
al., 2002)

8.8×
10−2

53.4
(Chickos
and Acree,
2003)

16.99 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

44.07 (Fogg
and Sangster,
2003; Sander,
2015)

0

naphthalene 128.17 H2O IGC 50.4 (Arp et
al., 2006)

9.7×
10−5

53.4
(Chickos
and Acree,
2003)

16.99 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

44.07 (Fogg
and Sangster,
2003; Sander,
2015)

0

phenanthrene 178.23 H2O IGC 104 (Raja
et al., 2002)

3.5×
105

78.7
(Chickos
and Acree,
2003)

30.75 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92 (Fogg
and Sangster,
2003; Sander,
2015)

0

1,2,3,4-
tetrachloro-
benzene

215.88 H2O IGC 54.5 (Arp et
al., 2006)

5.2×
10−4

60.1
(Chickos
and Acree,
2003)

18.2
(McEachran
et al., 2018)

2.42 (Lide,
2008)

80.2 (Lide,
2008)

39.91
(Sander,
2015; Ten-
hulscher et
al., 1992)

0

1,2,3,5-
tetrachloro-
benzene

215.88 H2O IGC 50.7 (Arp et
al., 2006)

1.1×
10−4

60.7
(Chickos
and Acree,
2003)

18.2
(McEachran
et al., 2018)

1.46 (Lide,
2008)

80.2 (Lide,
2008)

0

https://doi.org/10.5194/acp-24-3445-2024 Atmos. Chem. Phys., 24, 3445–3528, 2024



3502 D. A. Knopf et al.: Desorption activation energies influence multiphase chemical kinetics

Table A10. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

1,2,4,5-
tetrachlorobenzene

215.88 H2O IGC 64.7 (Arp et
al., 2006)

3.4×
10−2

60.7
(Chickos
and Acree,
2003)

18.2
(McEachran
et al., 2018)

0.06 (Baron
and Arevalo,
1988)

80.2 (Lide,
2008)

0

1,2,4-
trichlorobenzene

181.44 H2O IGC 57.2 (Arp et
al., 2006)

1.6×
10−3

55.5
(Chickos
and Acree,
2003)

16.32
(Bosque
and Sales,
2002)

1.26 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

37.62
(Sander,
2015)

0

1,2-dinitro-
benzene

168.11 H2O IGC 69.2 (Goss,
2009)

2.2×
10−1

60 (Chickos
and Acree,
2003)

15.6
(McEachran
et al., 2018)

6.3 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

0.67

1,3-dinitro-
benzene

168.11 H2O IGC 59.2 (Goss,
2009)

3.6×
10−3

96.7
(Chickos
and Acree,
2003)

15.6
(McEachran
et al., 2018)

3.84 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

0.67

2,4-dinitro-
toluene

168.11 H2O IGC 78.1 (Goss,
2009)

8.4 76.9
(Chickos
and Acree,
2003)

17.5
(McEachran
et al., 2018)

4.32 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

24.11
(Sander,
2015; Gold-
stein, 1982)

0.67

1-
methylnaphthalene

142.20 H2O IGC 48.4 (Arp et
al., 2006)

4.2×
10−5

62.4
(Chickos
and Acree,
2003)

19.35 (Lide,
2008)

0.51 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

50.72 (Fogg
and Sangster,
2003; Sander,
2015)

0

2,3-
dichlorophenol

163.0 H2O IGC 75.6 (Arp et
al., 2006)

3.0 60.8
(Chickos
and Acree,
2003)

15
(McEachran
et al., 2018)

80.2 (Lide,
2008)

0.17

2,6-
dichlorophenol

163.0 H2O IGC 65.4(Arp et
al., 2006)

4.6×
10−2

57.9
(Chickos
and Acree,
2003)

15
(McEachran
et al., 2018)

5.03 (in
benzene)
(Oszust and
Ratajczak,
1981)

80.2 (Lide,
2008)

0.17

2-
chlorophenol

128.56 H2O IGC 57.9 (Arp et
al., 2006)

2.1×
10−3

47 (Chickos
and Acree,
2003)

13.1
(McEachran
et al., 2018)

1.33 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

47.39 (Tabai
et al., 1997;
Sander, 2015)

0.17

2,4,5-
trichlorophenol

197.44 H2O IGC 85.4 (Arp et
al., 2006)

1.7×
102

54.5
(Chickos
and Acree,
2003)

17
(McEachran
et al., 2018)

2.4 (Baron
and Arevalo,
1988)

80.2 (Lide,
2008)

0.17

2-nitroanisole 153.14 H2O IGC 65.4 (Arp et
al., 2006)

4.6×
10−2

58.6
(Chickos
and Acree,
2003)

15.7 (Lide,
2008)

5 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

0.43

2-nitrotoluene 137.14 H2O IGC 50.1 (Arp et
al., 2006)

8.5×
10−5

59.1
(Chickos
and Acree,
2003)

14.9
(McEachran
et al., 2018)

3.75 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

24.11
(Sander,
2015; Baron
and Arevalo,
1988)

0.29

2-phenylethyl
acetate

164.20 H2O IGC 77.4 (Goss,
2009)

6.3 64.5
(Chickos
and Acree,
2003)

18.6
(McEachran
et al., 2018)

1.85 (in
benzene)
(Rajyam and
Murty, 1966)

80.2 (Lide,
2008)

0.2

3(m)-
nitroanisole

153.14 H2O IGC 55.6 (Arp et
al., 2006)

8.2×
10−4

49.8
(Chickos
and Acree,
2003)

15.7 (Lide,
2008)

4.51 (Groves
and Sudden,
1937)

80.2 (Lide,
2008)

0.43
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Table A10. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

4(p)-
nitroanisole

153.14 H2O IGC 69.7 (Arp et
al., 2006)

2.7×
10−1

54.2
(Chickos
and Acree,
2003)

15.7 (Lide,
2008)

5.22
(Groves
and
Sudden,
1937)

80.2 (Lide,
2008)

0.43

acenaphthene 154.21 H2O IGC 60.8 (Arp et
al., 2006)

6.9×
10−3

66.2
(Chickos
and Acree,
2003)

20.61 (Lide,
2008)

∼ 0.85
(Lide,
2008)

80.2 (Lide,
2008)

54.04 (Fogg
and Sangster,
2003; Sander,
2015)

0

acetophenone 120.15 H2O IGC 52.2 (Arp et
al., 2006)

2.0×
10−4

55.4
(Chickos
and Acree,
2003)

15 (Lide,
2008)

3.02
(Lide,
2008)

80.2 (Lide,
2008)

64.02
(Staudinger
and Roberts,
2001; Sander,
2015)

0

α-HCH 290.81 H2O IGC 85.5 (Goss,
2009)

1.7×
102

22.5
(McEachran
et al., 2018)

2.2 80.2 (Lide,
2008)

54.04
(Sander,
2015)

0

anthracene 178.23 H2O IGC 64 (Arp et
al., 2006)

2.6×
10−2

79.6
(Chickos
and Acree,
2003)

25.67 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

47.39 (Fogg
and Sangster,
2003; Sander,
2015)

0

azobenzene 182.23 H2O IGC 74.4 (Arp et
al., 2006)

1.8 72.8
(Chickos
and Acree,
2003)

23.3
(McEachran
et al., 2018)

0 (Merino
and Rib-
agorda,
2012)

80.2 (Lide,
2008)

0

benzaldehyde 106.12 H2O IGC 53.9 (Goss,
2009)

4.1×
10−4

49.1
(Chickos
and Acree,
2003)

12.7 (Bosque
and Sales,
2002)

3 (liquid)
(Lide,
2008)

80.2 (Lide,
2008)

45.73 (Fogg
and Sangster,
2003; Sander,
2015)

0.14

benzyl
acetate

150.18 H2O IGC 70.5 (Goss,
2009)

3.7×
10−1

55.5
(Chickos
and Acree,
2003)

16.7
(McEachran
et al., 2018)

1.22
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

0.22

biphenyl 154.21 H2O IGC 59.5 (Arp et
al., 2006)

4.0×
10−3

64.5
(Chickos
and Acree,
2003)

20.2
(McEachran
et al., 2018)

0 (Yaws,
2014)

80.2 (Lide,
2008)

38.80
(Sander,
2015)

0

bromo-
benzene

157.01 H2O IGC 31.2 (Arp et
al., 2006)

3.6×
10−8

44.5
(Chickos
and Acree,
2003)

13.62 (Lide,
2008)

1.7 (Lide,
2008)

80.2 (Lide,
2008)

34.92 (Fogg
and Sangster,
2003; Sander,
2015)

0

dibenzofuran 168.20 H2O IGC 61.5 (Arp et
al., 2006)

9.2×
10−3

66.2
(Chickos
and Acree,
2003)

21.5 0.88 (in
benzene)
(Yaws,
2014)

80.2 (Lide,
2008)

0.08

ethyl-
benzene

106.17 H2O IGC 35.9 (Goss,
2009)

2.5×
10−7

42.3
(Chickos
and Acree,
2003)

14.2 (Lide,
2008)

0.6
(Yaws,
2014)

80.2 (Lide,
2008)

41.16
(Sander,
2015)

0

m-cresol 108.14 H2O IGC 64.8 (Arp et
al., 2006)

3.6×
10−2

62.5
(Chickos
and Acree,
2003)

13.1
(McEachran
et al., 2018)

1.48
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

62.36
(Sander,
2015)

0.14

methyl-
benzoate

136.15 H2O IGC 54.8 (Goss,
2009)

5.9×
10−4

55.6
(Chickos
and Acree,
2003)

15.06
(Bosque
and Sales,
2002)

1.94
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

0.25
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Table A10. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

p-cresol 108.14 H2O IGC 66.6 (Arp et
al., 2006)

7.5×
10−2

62 (Chickos
and Acree,
2003)

13.2
(Bosque and
Sales, 2002)

1.48
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

62.63
(Sander,
2015)

0.14

phenanthrene 178.23 H2O IGC 66.5 (Arp et
al., 2006)

7.2×
10−2

78.7
(Chickos
and Acree,
2003)

30.75 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92 (Fogg
and Sangster,
2003; Sander,
2015)

0

phenol 94.11 H2O IGC 63 (Arp et
al., 2006)

1.7×
10−2

58.8
(Chickos
and Acree,
2003)

10.52 (Lide,
2008)

1.224
(Lide,
2008)

80.2 (Lide,
2008)

49.61
(Sander,
2015)

0.17

propyl-
benzene

120.20 H2O IGC 47.2 (Goss,
2009)

2.6×
10−5

46.2
(Chickos
and Acree,
2003)

16
(McEachran et
al., 2018)

0.37 (in
benzene)
(Yaws,
2014)

80.2 (Lide,
2008)

34.75
(Sander,
2015)

0

p-xylene 106.17 H2O IGC 35.5 (Goss,
2009)

2.1×
10−7

42.3
(Chickos
and Acree,
2003)

14.35 (Bosque
and Sales,
2002)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.92 (Fogg
and Sangster,
2003; Sander,
2015)

0

tetrahydrofuran 72.11 H2O IGC 42.6 (Arp et
al., 2006)

3.9×
10−6

32 (Chickos
and Acree,
2003)

7.97 (Bosque
and Sales,
2002)

1.75
(Lide,
2008)

80.2 (Lide,
2008)

35.75
(Sander,
2015)

0.25
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Table A11. Compiled absorbate–substrate data for volatile amine and alcohol compounds adsorbed on water. Gas species, gas species’
molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using
Ades = 1013 s−1, enthalpy of vaporization (1Hvap) and solvation (1Hsolv), gas species’ polarizability (α), gas species’ dipole moment (µ),
substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

methyl-
amine

31.06 H2O ST 28
(Mmereki
et al., 2000)

9.8×
10−9

26.1
(Chickos
and Acree,
2003)

4.24 (Lide,
2008)

1.31 (Lide,
2008)

80.2 (Lide,
2008)

33.67
(Sander,
2015)

0

dimethyl-
amine

45.09 H2O ST 37
(Mmereki
et al., 2000)

3.9×
10−7

27 (Chickos
and Acree,
2003)

6.37 (Hickey
and Rowley,
2014)

1.01 (Lide,
2008)

80.2 (Lide,
2008)

43.23
(Sander,
2015)

0

trimethyl-
amine

59.11 H2O ST 34
(Mmereki
et al., 2000)

1.2×
10−7

24.1
(Chickos
and Acree,
2003)

8.15 (Hickey
and Rowley,
2014)

0.612 (Lide,
2008)

80.2 (Lide,
2008)

49.6 (Leng et
al., 2015)

0

methanol 32.04 H2O ST 39.2 (Don-
aldson and
Anderson,
1999)

9.7×
10−7

37.8
(Chickos
and Acree,
2003)

3.28 (Lide,
2008)

1.7 (Lide,
2008)

80.2 (Lide,
2008)

46.56
(Sander,
2015; Sander
et al., 2011)

0

1-propanol 60.09 H2O ST 68.2 (Don-
aldson and
Anderson,
1999)

1.4×
10−1

47.45
(Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

80.2 (Lide,
2008)

57.37
(Sander,
2015; Sander
et al., 2011)

0.33

2-propanol 60.09 H2O ST 68.9 (Don-
aldson and
Anderson,
1999)

1.9×
10−1

45.34
(Chickos
and Acree,
2003)

7.29 (Lide,
2008)

1.58 (Lide,
2008)

80.2 (Lide,
2008)

62.36
(Sander,
2015; Sander
et al., 2011)

0.33

1-propanol 60.09 H2O ST 58.8 (De-
mou and
Donaldson,
2002)

3.0×
10−3

47.45
(Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

80.2 (Lide,
2008)

57.37
(Sander,
2015; Sander
et al., 2011)

0.33

1-propanol 60.09 H2O ST 56.7 (Goss,
2009)

1.3×
10−3

47.45
(Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

80.2 (Lide,
2008)

57.37
(Sander,
2015; Sander
et al., 2011)

0.33

1-butanol 74.12 H2O ST 62.8 (Don-
aldson and
Anderson,
1999)

1.6×
10−2

52.34
(Chickos
and Acree,
2003)

8.88 (Lide,
2008)

1.66 (Lide,
2008)

80.2 (Lide,
2008)

62.36
(Sander,
2015; Sander
et al., 2011)

0.25

2-butanol 74.12 H2O ST 63.5 (Don-
aldson and
Anderson,
1999)

2.1×
10−2

49.74
(Chickos
and Acree,
2003)

8.77 (Bosque
and Sales,
2002)

1.66 (Yaws,
2014)

80.2 (Lide,
2008)

60.70
(Sander,
2015; Sander
et al., 2011)

0.25

1-butanol 74.12 H2O IGC 56.1 (Goss,
2009)

1.0×
10−3

52.34
(Chickos
and Acree,
2003)

8.88 (Lide,
2008)

1.66 (Lide,
2008)

80.2 (Lide,
2008)

62.36
(Sander,
2015; Sander
et al., 2011)

0.25

ethanediol 62.07 H2O IGC 84.8 (Goss,
2009)

1.3×
102

65.6
(Chickos
and Acree,
2003)

5.72 (Bosque
and Sales,
2002)

2.36 (Lide,
2008)

80.2 (Lide,
2008)

73.17 (Com-
pernolle and
Muller, 2014;
Sander, 2015)

1

ethanol 46.07 H2O IGC 51.1 (Goss,
2009)

1.3×
10−4

42.4
(Chickos
and Acree,
2003)

5.41 (Lide,
2008)

1.69 (Lide,
2008)

80.2 (Lide,
2008)

53.21
(Sander,
2015; Sander
et al., 2011)

0.5

cyclohexanol 100.16 H2O IGC 79.5 (Goss,
2009)

1.5×
101

62 (Chickos
and Acree,
2003)

11.56 (Lide,
2008)

1.86
(in CCl4)
(Yaws, 2014)

80.2 (Lide,
2008)

66.51
(Sander,
2015)

0.17

https://doi.org/10.5194/acp-24-3445-2024 Atmos. Chem. Phys., 24, 3445–3528, 2024



3506 D. A. Knopf et al.: Desorption activation energies influence multiphase chemical kinetics

Table A11. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

cyclopentanol 86.13 H2O IGC 62.7 (Goss,
2009)

1.5×
10−2

57.5
(Chickos
and Acree,
2003)

9.72 (Lide,
2008)

80.2 (Lide,
2008)

63.19
(Sander,
2015)

0.2

3-methyl-
butan-1-ol

88.15 H2O IGC 61.6 (Goss,
2009)

9.6×
10−3

54.3
(Chickos
and Acree,
2003)

10.61 (Lide,
2008)

1.88
(2-methyl-
butan-1-ol)
(Lide, 2008)

80.2 (Lide,
2008)

63.19 (Kuhne
et al., 2005)

0.2

1,2-
propanediol

76.10 H2O IGC 64.5 (Goss,
2009)

3.2×
10−2

58.6
(Chickos
and Acree,
2003)

7.55 (Bosque
and Sales,
2002)

2.25 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

78.99 (Com-
pernolle and
Muller, 2014;
Sander, 2015)

0.67

1,3-
propanediol

76.10 H2O IGC 75 (Goss,
2009)

2.3 72.4
(Chickos
and Acree,
2003)

7.54
(McEachran
et al., 2018)

2.55 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

78.99 (Com-
pernolle and
Muller, 2014;
Sander, 2015)

0.67

1,4-
butanediol

90.12 H2O IGC 105.1
(Goss,
2009)

5.4×
105

79.3
(Chickos
and Acree,
2003)

9.35 (Bosque
and Sales,
2002)

2.48 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

91.46 (Com-
pernolle and
Muller, 2014;
Sander, 2015)

0.5

1-decanol 158.29 H2O IGC 94.8 (Goss,
2009)

7.9×
103

81.5
(Chickos
and Acree,
2003)

19.83
(Bosque
and Sales,
2002)

1.70 (Cross-
ley, 1971)

80.2 (Lide,
2008)

49.47
(Sander,
2015)

0.1

1-heptanol 116.20 H2O IGC 75.7 (Goss,
2009)

3.1 66.5
(Chickos
and Acree,
2003)

14.3 (Bosque
and Sales,
2002)

1.74 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

56.12
(Sander,
2015)

0.14

1-hexanol 102.18 H2O IGC 66.2 (Goss,
2009)

6.3×
10−2

61.6
(Chickos
and Acree,
2003)

12.46
(Bosque
and Sales,
2002)

1.55
(Speight,
2017)

80.2 (Lide,
2008)

51.96
(Sander,
2015)

0.17

1-nonanol 144.26 H2O IGC 86.3 (Goss,
2009)

2.4×
102

76.9
(Chickos
and Acree,
2003)

18
(McEachran
et al., 2018)

1.61 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

51.96
(Sander,
2015)

0.11

1-octanol 130.23 H2O IGC 75.7 (Goss,
2009)

3.1 71 (Chickos
and Acree,
2003)

16.14
(Bosque
and Sales,
2002)

1.76 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

53.63
(Sander,
2015)

0.13

1-pentanol 88.15 H2O IGC 68.9 (Goss,
2009)

1.9×
10−1

57.8
(Chickos
and Acree,
2003)

10.61
(Bosque
and Sales,
2002)

1.7 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

55.91
(Sander,
2015)

0.2

1-undecanol 172.31 H2O IGC 88 (Goss,
2009)

4.9×
102

83.5
(Chickos
and Acree,
2003)

21.6
(McEachran
et al., 2018)

1.67 (Yaws,
2014)

80.2 (Lide,
2008)

0.09

2-methyl-
propan-1-ol

74.12 H2O IGC 50.7 (Goss,
2009)

1.1×
10−4

54.1
(Chickos
and Acree,
2003)

8.92 (Lide,
2008)

1.64 (Lide,
2008)

80.2 (Lide,
2008)

59.86 (Kuhne
et al., 2005)

0.25
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Table A12. Compiled absorbate–substrate data for alkene and ketone compounds adsorbed on water. Gas species, gas species’ molar
mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using
Ades = 1013 s−1, enthalpy of vaporization (1Hvap) and solvation (1Hsolv), gas species’ polarizability (α), gas species’ dipole moment (µ),
substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

1-decene 140.27 H2O IGC 47.5 (Goss,
2009)

2.9×
10−5

50.4
(Chickos
and Acree,
2003)

19.1
(McEachran
et al., 2018)

0.42 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

0

1-
dodecene

168.32 H2O IGC 49 (Goss,
2009)

5.4×
10−5

60.8
(Chickos
and Acree,
2003)

22.7
(McEachran
et al., 2018)

0.52 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

0

1-
tridecene

182.35 H2O IGC 52.7 (Goss,
2009)

2.5×
10−4

65.3
(Chickos
and Acree,
2003)

24.6
(McEachran
et al., 2018)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

cis-2-
octene

112.22 H2O IGC 36
(Hartkopf
and Karger,
1973)

2.6×
10−7

40.2
(Chickos
and Acree,
2003)

15.5
(McEachran
et al., 2018)

0.31 (Yaws,
2014)

80.2 (Lide,
2008)

0

trans-2-
octene

112.22 H2O IGC 36
(Hartkopf
and Karger,
1973)

2.6×
10−7

40.2
(Chickos
and Acree,
2003)

15.5
(McEachran
et al., 2018)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

1-nonene 126.24 H2O IGC 44.3 (Goss,
2009)

7.9×
10−6

44.7
(Chickos
and Acree,
2003)

17.2
(McEachran
et al., 2018)

0.36 (Yaws,
2014)

80.2 (Lide,
2008)

0

1-
undecene

154.30 H2O IGC 54.1 (Goss,
2009)

4.4×
10−4

54.3
(Chickos
and Acree,
2003)

20.9
(McEachran
et al., 2018)

0.53 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

0

acetone 58.08 H2O ST 50.3 (Don-
aldson and
Anderson,
1999)

9.3×
10−5

31.3
(Chickos
and Acree,
2003)

6.37 (Lide,
2008)

2.88 (Lide,
2008)

80.2 (Lide,
2008)

44.27 (Sander,
2015)

0.33

propanone 58.08 H2O IGC 42.9 (Arp et
al., 2006)

4.4×
10−6

31.3
(Chickos
and Acree,
2003)

6.37 (Lide,
2008)

2.88
(=acetone)
(Yaws, 2014)

80.2 (Lide,
2008)

44.27 (Sander,
2015)

0.33

pentanal 86.13 H2O IGC 46.7 (Goss,
2009)

2.1×
10−5

38.3
(Chickos
and Acree,
2003)

10.1
(McEachran
et al., 2018)

2.57 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

51.55 (Sander,
2015)

0.2

2,3-
butane-
dione

86.09 H2O IGC 46.9 (Goss,
2009)

2.3×
10−5

38.5
(Chickos
and Acree,
2003)

8.2 (Lide,
2008)

1.03 (Hen-
derson and
Meyer, 1976)

80.2 (Lide,
2008)

51.55 (Sander,
2015)

0.5

2,5-
hexane-
dione

114.14 H2O IGC 64.1 (Goss,
2009)

2.7×
10−2

50.1
(Chickos
and Acree,
2003)

11.9
(McEachran
et al., 2018)

2.5 (in
dioxane)
(Wittwer et
al., 1988)

80.2 (Lide,
2008)

0.33

2-
butanone

72.11 H2O IGC 49.3 (Arp et
al., 2006)

6.1×
10−5

34.8
(Chickos
and Acree,
2003)

8.25 (Bosque
and Sales,
2002)

2.78 (Lide,
2008)

80.2 (Lide,
2008)

99.77 0.25
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Table A12. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

2-heptanone 114.19 H2O IGC 59.7 (Arp et
al., 2006)

4.4×
10−3

47.4
(Chickos
and Acree,
2003)

13.7
(McEachran
et al., 2018)

2.59
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

46.56 (Sander,
2015)

0.14

2-hexanone 100.16 H2O IGC 47 (Arp et
al., 2006)

2.4×
10−5

43.1
(Chickos
and Acree,
2003)

11.95
(Bosque
and Sales,
2002)

2.66
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

52.05 (Sander,
2015)

0.17

2-octanone 128.22 H2O IGC 63.2 (Arp et
al., 2006)

1.8×
10−2

52.6
(Chickos
and Acree,
2003)

15.5
(McEachran
et al., 2018)

2.7
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

60.69 (Kuhne
et al., 2005;
Sander, 2015)

0.13

2-pentanone 86.13 H2O IGC 43.2 (Arp et
al., 2006)

5.0×
10−6

38.3
(Chickos
and Acree,
2003)

9.93 (Lide,
2008)

2.7
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

41.85 (Sander,
2015)

0.2

cyclopentanone 84.19 H2O IGC 54.1 (Arp et
al., 2006)

4.4×
10−4

42.7
(Chickos
and Acree,
2003)

9.19
(McEachran
et al., 2018)

3.3
(liquid)
(Lide,
2008)

80.2 (Lide,
2008)

48.22 (Kuhne
et al., 2005;
Sander, 2015)

0.2

Table A13. Compiled absorbate–substrate data for volatile acid and ether compounds adsorbed on water. Gas species, gas species’ molar
mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using
Ades = 1013 s−1, enthalpy of vaporization (1Hvap) and solvation (1Hsolv), gas species’ polarizability (α), gas species’ dipole moment (µ),
substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α/
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

acetic
acid

60.05 H2O ST 58.8 (Don-
aldson and
Anderson,
1999)

3.0×
10−3

41.6
(Chickos
and Acree,
2003)

5.1 (Lide,
2008)

1.7 (Lide,
2008)

80.2 (Lide,
2008)

51.96
(Sander,
2015)

1

propionic
acid

74.08 H2O ST 61.4 (Don-
aldson and
Anderson,
1999)

8.8×
10−3

31.1
(Chickos
and Acree,
2003)

6.9 (Lide,
2008)

1.75 (Lide,
2008)

80.2 (Lide,
2008)

56.54 (Abra-
ham, 1984;
Sander, 2015)

0.67

butanoic
acid

88.11 H2O ST 58.6 (Don-
aldson and
Anderson,
1999)

2.8×
10−3

40.5
(Chickos
and Acree,
2003)

8.58 (Lide,
2008)

1.65 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

59.86 (Abra-
ham, 1984;
Sander, 2015)

0.5

hexanoic
acid

116.16 H2O ST 57.6 (De-
mou and
Donaldson,
2002)

1.9×
10−3

69.2
(Chickos
and Acree,
2003)

12.5 1.13 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

50.72
(Staudinger
and Roberts,
2001; Sander,
2015)

0.33

methyl
formate

60.05 H2O IGC 32.6
(Hartkopf
and Karger,
1973)

6.5×
10−8

31.6
(Chickos
and Acree,
2003)

5.05 (Lide,
2008)

1.77 (Lide,
2008)

80.2 (Lide,
2008)

33.26
(Sander,
2015; Sander
et al., 2011)

1
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Table A13. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

ethyl
formate

74.08 H2O IGC 28.9
(Hartkopf
and Karger,
1973)

1.4×
10−8

31.6
(Chickos
and Acree,
2003)

6.88 (Lide,
2008)

1.93 (Lide,
2008)

80.2 (Lide,
2008)

38.25
(Sander,
2015; Sander
et al., 2011)

0.67

butyl acetate 116.16 H2O IGC 60.4 (Goss,
2009)

5.9×
10−3

41.3
(Chickos
and Acree,
2003)

12.57
(Bosque
and Sales,
2002)

1.87 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

46.01
(Sander,
2015)

0.33

Diethyl
phthalate

222.24 H2O IGC 94.6 (Goss,
2009)

7.3×
103

81.8
(Chickos
and Acree,
2003)

23.4
(McEachran
et al., 2018)

2.73 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

100.7 (Kuhne
et al., 2005)

0.33

dimethyl
oxalate

118.09 H2O IGC 48.2 (Goss,
2009)

3.9×
10−5

48.8
(Chickos
and Acree,
2003)

9.57
(McEachran
et al., 2018)

2 (in
m-xylene) (Ai-
hara and
Davies, 1956)

80.2 (Lide,
2008)

1

dimethyl
phthalate

194.19 H2O IGC 84 (Goss,
2009)

9.4×
101

77.2
(Chickos
and Acree,
2003)

19.7
(McEachran
et al., 2018)

2.78 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

0.4

dimethyl
succinate

146.14 H2O IGC 63.3 (Goss,
2009)

1.9×
10−2

49.3
(Chickos
and Acree,
2003)

13.2
(McEachran
et al., 2018)

2.16 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

64.85
(Sander,
2015)

0.5

pentyl
acetate

130.19 H2O IGC 58.3 (Goss,
2009)

2.5×
10−3

48.6
(Chickos
and Acree,
2003)

14.9 (Lide,
2008)

1.75 (Lide,
2008)

80.2 (Lide,
2008)

54.04 (Kieck-
busch and
King, 1979;
Sander, 2015)

0.29

ethyl acetate 88.11 H2O IGC 47 (Goss,
2009)

2.4×
10−5

35.1
(Chickos
and Acree,
2003)

8.62 (Lide,
2008)

1.78 (Lide,
2008)

80.2 (Lide,
2008)

49.05
(Sander,
2015; Sander
et al., 2011)

0.5

di-n-
butylether

130.23 H2O IGC 57.4 (Arp et
al., 2006)

1.7×
10−3

45 (Chickos
and Acree,
2003)

16.31
(Bosque
and Sales,
2002)

∼ 1.17 (Lide,
2008)

80.2 (Lide,
2008)

54.87 (Kuhne
et al., 2005;
Sander, 2015)

0.125

di-n-
pentylether

158.28 H2O IGC 59.6 (Arp et
al., 2006)

4.2×
10−3

46.2
(Chickos
and Acree,
2003)

19.9
(McEachran
et al., 2018)

∼ 1.2 (liquid)
(Lide, 2008)

80.2 (Lide,
2008)

0.1

ethyl-t-
butylether

102.18 H2O IGC 47.9 (Arp et
al., 2006)

3.5×
10−5

33.5
(Chickos
and Acree,
2003)

12.5
(McEachran
et al., 2018)

1.22 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

39.2 (Kuhne
et al., 2005)

0.17

methyl tert-
butyl ether

88.15 H2O IGC 38.7 (Arp et
al., 2006)

7.9×
10−7

30.4
(Chickos
and Acree,
2003)

10.7
(McEachran
et al., 2018)

1.36 (in ben-
zene) (Yaws,
2014)

80.2 (Lide,
2008)

45.97
(Sander,
2015)

0.2

n-propyl
ether

102.18 H2O IGC 53.6
(Hartkopf
and Karger,
1973)

3.6×
10−4

35.7
(Chickos
and Acree,
2003)

12.5
(McEachran
et al., 2018)

1.21 (Yaws,
2014)

80.2 (Lide,
2008)

61.80
(Sander,
2015)

0.17
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Table A14. Compiled absorbate–substrate data for volatile alkane compounds adsorbed on water. Gas species, gas species’ molar mass,
substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at 293 K using Ades =

1013 s−1, enthalpy of vaporization (1Hvap) and solvation (1Hsolv), gas species’ polarizability (α), gas species’ dipole moment (µ), sub-
strate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

decane 142.29 H2O IGC 46.5 (Goss,
2009)

1.9×
10−5

51.4 (Chickos
and Acree,
2003)

19.1 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

dodecane 170.34 H2O IGC 58.1 (Goss,
2009)

2.3×
10−3

62.1 (Chickos
and Acree,
2003)

22.75 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

nonane 128.26 H2O IGC 34.6 (Goss,
2009)

1.5×
10−7

46.55 (Chickos
and Acree,
2003)

17.36 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.50 (Sander
et al., 2011)

0

tetradecane 198.39 H2O IGC 67.6 (Goss,
2009)

1.1×
10−1

71.73 (Chickos
and Acree,
2003)

26.22 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

tridecane 184.37 H2O IGC 58.2 (Goss,
2009)

2.4×
10−3

66.68 (Chickos
and Acree,
2003)

24.41 (Laib
and Mittle-
man, 2010)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

trimethyl
phosphite

124.08 H2O IGC 77.4 (Arp et
al., 2006)

6.3 42.5 (Chickos
and Acree,
2003)

28.6 (Aroney
et al., 1964)

80.2 (Lide,
2008)

1

undecane 156.31 H2O IGC 52.8 (Goss,
2009)

2.6×
10−4

56.58 (Chickos
and Acree,
2003)

21.03 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

n-pentane 72.15 H2O IGC 23.8
(Hartkopf
and Karger,
1973)

1.7×
10−9

25 (Chickos
and Acree,
2003)

9.99 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

25.77 (Sander
et al., 2011)

0

n-hexane 86.18 H2O IGC 27.6
(Hartkopf
and Karger,
1973)

8.3×
10−9

31.5 (Chickos
and Acree,
2003)

11.9 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

46.89 (Sander
et al., 2011)

0

n-heptane 100.21 H2O IGC 31.4
(Hartkopf
and Karger,
1973)

4.0×
10−8

36.6 (Chickos
and Acree,
2003)

13.61 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.64 (Sander
et al., 2011)

0

n-octane 114.23 H2O IGC 35.6
(Hartkopf
and Karger,
1973)

2.2×
10−7

41.6 (Chickos
and Acree,
2003)

15.9 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

45.31 (Sander
et al., 2011)

0

n-nonane 128.26 H2O IGC 39.7
(Hartkopf
and Karger,
1973)

1.2×
10−6

46.55 (Chickos
and Acree,
2003)

17.36 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

34.50 (Sander
et al., 2011)

0

n-decane 142.29 H2O IGC 44.8
(Hartkopf
and Karger,
1973)

9.7×
10−6

51.4 (Chickos
and Acree,
2003)

19.1 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

2-methyl-
heptane

114.23 H2O IGC 34.7
(Hartkopf
and Karger,
1973)

1.5×
10−7

46.55 (Chickos
and Acree,
2003)

15.5
(McEachran
et al., 2018)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

2,4-
dimethyl-
hexane

114.23 H2O IGC 33.5
(Hartkopf
and Karger,
1973)

9.4×
10−8

71.73 (Chickos
and Acree,
2003)

15.5
(McEachran
et al., 2018)

0 (Yaws,
2014)

80.2 (Lide,
2008)

38.5 (2,5-
dimethylhexane)
(Kuhne et al.,
2005)

0
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Table A14. Continued.

Gas species Molar
mass/
g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv (T )/
kJ mol−1

O :C

2,2,4-
trimethyl-
pentane

114.23 H2O IGC 32.2
(Hartkopf
and Karger,
1973)

5.5×
10−8

66.68
(Chickos
and Acree,
2003)

15.44
(Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

36.17 (Sander et
al., 2011)

0

cycloheptane 98.19 H2O IGC 31.4
(Hartkopf
and Karger,
1973)

4.0×
10−8

42.5 (Chickos
and Acree,
2003)

12.84
(Bosque and
Sales,
2002)

0 (Yaws,
2014)

80.2 (Lide,
2008)

0

cyclooctane 112.22 H2O IGC 35.6
(Hartkopf
and Karger,
1973)

2.2×
10−7

56.58
(Chickos
and Acree,
2003)

14.62
(Bosque and
Sales,
2002)

0 (Yaws,
2014)

80.2 (Lide,
2008)

39.63 (Sander et
al., 2011)

0

trichloroethane 133.40 H2O ST 26.3(Bruant
and Con-
klin, 2001)

4.9×
10−9

32.5 (Chickos
and Acree,
2003)

10.7 (Lide,
2008)

1.78 (Yaws,
2014)

80.2 (Lide,
2008)

32.15 (Sander et
al., 2011)

0

dichloromethane 84.93 H2O IGC 23.4
(Hartkopf
and Karger,
1973)

1.5×
10−9

30.6 (Chickos
and Acree,
2003)

6.49
(McEachran
et al., 2018)

1.60 (Yaws,
2014)

80.2 (Lide,
2008)

33.26 (Sander et
al., 2011)

0

chloroform 119.37 H2O IGC 26.8
(Hartkopf
and Karger,
1973)

6.0×
10−9

31.1 (Chickos
and Acree,
2003)

8.87 (Lide,
2008)

1.01 (Yaws,
2014)

80.2 (Lide,
2008)

37.00 (Sander et
al., 2011)

0

carbon
tetrachloride

153.81 H2O IGC 23.4
(Hartkopf
and Karger,
1973)

1.5×
10−9

32.4 (Chickos
and Acree,
2003)

10.85 (Lide,
2008)

0 (Yaws,
2014)

80.2 (Lide,
2008)

35.13 (Sander et
al., 2011)

0

1,2-
dichloroethane

98.95 H2O IGC 32.6
(Hartkopf
and Karger,
1973)

6.5×
10−8

35.2 (Chickos
and Acree,
2003)

8 (Lide,
2008)

1.83 (Lide,
2008)

80.2 (Lide,
2008)

35.47 (Sander et
al., 2011)

0
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Table A15. Compiled absorbate–substrate data for volatile acid and alcohol compounds adsorbed on aqueous solutions. Gas species, gas
species’ molar mass, substrate, experimental or theoretical method, desorption energy (E0

des), and desorption lifetimes (τdes) evaluated at
293 K using Ades = 1013 s−1, enthalpy of vaporization (1Hvap) and solvation (1Hsolv), gas species’ polarizability (α), gas species’ dipole
moment (µ), substrate’s relative permittivity (εr), and gas species’ oxygen-to-carbon ratios (O :C) are given.

Gas
species

Molar
mass/g mol−1

Substrate Method E0
des/

kJ mol−1
τ293K

des /
s

1Hvap (T ) /
kJ mol−1

α /
10−24 cm3

µ/
D

εr 1Hsolv
(T )/
kJ mol−1

O :C

hexanoic
acid

116.16 4 M NaCl
(aqueous)

ST 54.2 (Demou
and Donald-
son, 2002)

4.6×
10−4

69.2 (Chickos
and Acree,
2003)

12.5
(McEachran
et al., 2018)

1.13
(liquid)
(Lide,
2008)

40 (Maribo-
Mogensen et
al., 2013)

50.72
(Staudinger
and Roberts,
2001;
Sander,
2015)

0.33

hexanoic
acid

116.16 4 M
(NH4)2SO4
(aqueous)

ST 55.4 (Demou
and Donald-
son, 2002)

7.5×
10−4

69.2 (Chickos
and Acree,
2003)

12.5
(McEachran
et al., 2018)

1.13
(liquid)
(Lide,
2008)

42 (Lileev and
Lyashchenko,
2009)

50.72
(Staudinger
and Roberts,
2001;
Sander,
2015)

0.33

1-
propanol

60.09 4 M
NaCl
(aqueous)

ST 58.7 (Demou
and Donald-
son, 2002)

2.9×
10−3

47.45
(Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

40 (Maribo-
Mogensen et
al., 2013)

57.37
(Sander,
2015;
Sander et
al., 2011)

0.33

1-
propanol

60.09 4 M
(NH4)2SO4
(aqueous)

ST 58.9 (Demou
and Donald-
son, 2002)

3.2×
10−3

47.45
(Chickos
and Acree,
2003)

6.74 (Lide,
2008)

1.58 (Lide,
2008)

42 (Lileev and
Lyashchenko,
2009)

57.37
(Sander,
2015;
Sander et
al., 2011)

0.33
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