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ABSTRACT: The uptake of water vapor by various organic
aerosols is important in a number of applications ranging from
medical delivery of pharmaceutical aerosols to cloud formation in
the atmosphere. The coeﬃcient that describes the probability that
the impinging gas-phase molecule sticks to the surface of interest is
called the mass accommodation coeﬃcient, αM. Despite the
importance of this coeﬃcient for the description of water uptake
kinetics, accurate values are still lacking for many systems. In this
Feature Article, we present various experimental techniques that
have been evoked in the literature to study the interfacial transport
of water and discuss the corresponding strengths and limitations.
This includes our recently developed technique called photothermal
single-particle spectroscopy (PSPS). The PSPS technique allows for
a retrieval of αM values from three independent, yet simultaneous measurements operating close to equilibrium, providing a robust
assessment of interfacial mass transport. We review the currently available data for αM for water on various organics and discuss the
few studies that address the temperature and relative humidity dependence of αM for water on organics. The knowledge of the latter,
for example, is crucial to assess the water uptake kinetics of organic aerosols in the Earth’s atmosphere. Finally, we argue that PSPS
might also be a viable method to better restrict the αM value for water on liquid water.

1. INTRODUCTION
A nonreactive collision of a gas phase molecule with a liquid or
solid surface results in either reﬂection from the surface or
physical adsorption. Adsorbed molecules can subsequently
enter the corresponding condensed phase or they can desorb
back to the gas phase. Eﬃcient mass transport is key in
processes such as breathing and photosynthesis, where oxygen
and carbon dioxide, respectively, are transferred from the gas
to the liquid phase. Various plants and animals, such as
beetles,1,2 spiders,3 and cacti,4 have developed abilities to
capture water vapor from ambient air in order to survive.5
Inspired by these natural phenomena, the uptake of water
vapor by various surfaces has become a vibrant research topic.
For example, it has been shown that atmospheric water
harvesting can be used to produce freshwater,6−8 support
irrigation systems,9 or generate electric power.10−12
Aerosols are dispersions of small liquid or solid particles in
air with high surface-to-volume ratios,13 which results in a
signiﬁcant inﬂuence of mass ﬂux (evaporation and condensation) on their physical and chemical properties. For example,
heterogeneous uptake of various gases by atmospheric aerosols
inﬂuences the direct eﬀects (scattering and absorption of light)
and indirect eﬀects (ability to nucleate cloud droplets) of
aerosols on the climate.14−18 An accurate description of these
eﬀects is important for climate modeling,19,20 especially since
© 2021 The Authors. Published by
American Chemical Society

the impact of aerosol particles currently represents one of the
major uncertainties in climate models.15−17,21,22 Controlled
condensational growth of aerosol droplets is also starting to be
utilized in medical sciences, since the size of inhaled
pharmaceutical aerosols inﬂuences the eﬃciency of drug
delivery to the lungs.23−26 The ubiquitous nature of aerosols
in the atmosphere coupled with the high surface-to-volume
ratios of aerosol particles can also be exploited for the indoorremoval of semivolatile organic compounds from air and thus
reduce human exposure to these substances.27 Similarly, the
adsorption of pheromones on aerosols can inﬂuence the
chemical sensing of various insects.28
Despite the importance of a thorough understanding of mass
transfer in the applications described above, unravelling the
kinetics across interfaces still represents a signiﬁcant challenge,
both conceptually and experimentally. There are a number of
diﬀerent kinetic coeﬃcients that describe the transport across
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coeﬃcient is deﬁned through the transition correction factor
by Fuchs and Sutugin,40,41 which is used in the analysis of the
experimental data (eq 4).
Despite numerous eﬀorts to measure mass accommodation
coeﬃcients, accurate values for many important systems are
still lacking. For example, the experimentally retrieved values of
αM for water vapor on liquid water surfaces span 3 orders of
magnitude.30,34,35,42−50 Therefore, it is important to design
novel, sensitive experimental methods to retrieve reliable
values of the mass accommodation coeﬃcient. Studies
performed on a single-particle level enable investigations on
unsupported droplets that are kept at well controlled
environmental conditions (temperature, pressure, relative
humidity). The single-particle nature avoids averaging eﬀects,
which are present in ensemble measurements.51−53 There are
numerous methods available to ensure the single-particle
nature of an experiment. For example, probing droplets in
trains with long intermediate distances,54 performing sonoluminescent experiments,55 trapping particles using electrodynamical balances,50,56−58 or using optical traps. The latter
isolate a single particle in air at ambient conditions using
tightly focused laser light. Optical traps ensure robust particle
conﬁnement, generous working distances and allow for
trapping of a wide range of particle sizes, ranging from
submicrometers to micrometers. Recent developments in
optical trapping allow for isolating particles made of various
materials, including transparent and visible light absorbing
liquids and solids.59−67 Optical trapping has been used, for
example, to measure complex refractive indices and sizes of
aerosol particles,68−72 study the dynamics of phase transitions,73 investigate surface tension of droplets,74 monitor
spatial position and morphology of droplets using digital
holograms,75 or investigate the scattering patterns of core−
shell aerosols.76
In this Feature Article, we present a novel technique,
photothermal single-particle spectroscopy (PSPS), that
combines optical trapping with photoacoustic spectroscopy
and modulated Mie scattering measurements.77 We have
developed this technique to study the kinetics of water
transport from organic aerosol particles by retrieving the mass
accommodation coeﬃcients from three independent, simultaneous measurements.77 We study aerosol particles made of
tetraethylene glycol as a proxy for organics miscible with water.
Organic aerosols are ubiquitous in the atmosphere, constituting up to 50% of the total mass of the particulate matter at
continental midlatitudes and up to 90% in tropical forests.78−84
Due to the abundance of water vapor in the atmosphere,
studies of the mass transport of water to and from organic
aerosols are of great importance for a better understanding of
our climate, especially the inﬂuence of aerosol particles on the
formation of clouds.18,85−88 Despite the widespread relevance
of mass transfer between water and organic aerosols, the
literature data concerning the mass accommodation coefﬁcients of such systems is sparse. Few studies have investigated
water transport from organic aerosol particles directly,89,90
while more studies have been performed using organic
surfaces, either as coated aerosols58,91−94 or as coatings on
various other substrates.95−97 We compare our experimental
approach to other state-of-the-art methods used in the ﬁeld
and comment on their particular strengths and limitations.

the interfaces of multiphase systems. However, experimental
methods used to study the kinetics of mass transport are often
sensitive to only one particular kinetic coeﬃcient, making
comparisons across diﬀerent studies diﬃcult. The deﬁnitions of
the coeﬃcients themselves are also sometimes ambiguous,
leading to further discrepancies in the literature. It is, therefore,
crucial to critically evaluate the particular experimental method
in order to assess which transport process gives rise to the
observed behaviors. The IUPAC subcommittee for gas kinetic
data evaluation presented a summary of kinetic uptake
coeﬃcients and the corresponding formulas expressing the
relationships between them.29
Let us ﬁrst provide a brief description of the main
parameters commonly used in the literature to describe
heterogeneous mass-transfer processes. For more detailed
information the reader is referred to refs 20 and 30−34. In
1859, Maxwell introduced the concept of the mass
accommodation coeﬃcient (0 ≤ αM ≤ 1), which represents
the fraction of gas-phase molecules that completely stick to a
surface upon collision.35 When the size of a droplet is
comparable to the mean free path of the condensing (or
evaporating) species, the mass accommodation coeﬃcient can
become the limiting factor that dictates the corresponding
growth rates of aerosol particles.36,37 This naturally relates the
mass accommodation coeﬃcient to the hygroscopic growth.
Kolb et al. proposed that the mass accommodation can be
divided into surface mass accommodation, characterized by αS,
and bulk mass accommodation, characterized by αB.31 The
surface mass accommodation coeﬃcient represents pure
adsorption; thus all molecules that are not directly scattered
and stay at the surface longer than the duration of direct
scattering processes contribute to this coeﬃcient. The bulk
mass accommodation coeﬃcient (absorption) represents the
number of molecules incorporated into the particle bulk
divided by the total number of molecules colliding with the
surface. The distinction between αS and αB becomes relevant
when the mass diﬀusion in the bulk is slow and limits the
processes on the surface.38,39
The terminology for describing the transfer of gas-phase
species to the condensed phase varies between disciplines. As a
result, several terms describing the mass accommodation exist
and sometimes they refer to diﬀerent physical processes. For
example, the sticking coeﬃcient is often used in the context of
both physisorption and chemisorption happening at the
surface. The uptake coeﬃcient for a trace gas is deﬁned as
the ratio of the number of trace gas molecules removed from
the gas phase divided by the total number of trace gas
collisions with the surface.31 It accounts for surface and bulk
accommodation, as well as subsequent processes, such as
surface and bulk reactions. Thus, if the system under
investigation does not experience any subsequent processes,
the uptake coeﬃcient is equal to the combination of the
surface and bulk mass accommodation coeﬃcients.31 Yet
another description of the mass transport kinetics through the
interface uses the evaporation and condensation coeﬃcients. In
equilibrium, the net condensation and evaporation are equal
and, by inference, the coeﬃcients are equal too.31,35 However,
the equality of the two coeﬃcients has been questioned in a
recent review by A. H. Persad and C. A. Ward.32 In this work,
as in many other contributions, we use the term mass
accommodation coeﬃcient without diﬀerentiating between
surface and bulk contributions, as this diﬀerentiation is often
experimentally not possible. Our mass accommodation
3529
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2. MEASURING MASS ACCOMMODATION
COEFFICIENTS
Conceptually, mass accommodation coeﬃcients can be
measured through exposing the studied liquid (solid) to a
trace gas and observing the change either in the gas phase or
the liquid (solid) phase. However, the physical changes due to
gas uptake are often minuscule and require very sensitive
experimental techniques. In order to achieve trustworthy
results, it is important for the studied system to be close to
equilibrium as otherwise the retrieved αM values are potentially
biased.50 Generally, it is hard to design such experiments, since
the condensation and evaporation can only be experimentally
measured when the system is not at a strict equilibrium.
Reviews by Kolb et al.31 and Davidovits et al.30 provide an
extensive overview of diﬀerent techniques used for αM retrieval.
The techniques that we present below are general methods
that can be used for investigations of various systems and are
not restricted to water accommodation on organic surfaces.
For a further discussion of ensemble and single-particle
methods to measure αM of water on water, readers are referred
to ref 45.
2.1. Bulk Measurements. In general, bulk liquid measurements can be performed either by introducing a gas bubble
into a surrounding liquid or by directing a gas ﬂow onto a
liquid surface. Such measurements are usually performed at
reduced pressures where equilibrium conditions are diﬃcult to
achieve. Therefore, the scope of such studies is often limited to
nonvolatile substances to avoid the instabilities of a fast
evaporating bulk. The advantage of bulk liquid techniques is
their versatility, which makes it possible to investigate a large
variety of diﬀerent gases.
In a bubble train/column reactor, bubbles consisting of trace
gas mixed with inert carrier gas (e.g., helium) are injected
either into a liquid ﬂowing along a horizontal tube (bubble
train)98 or into a ﬂask of liquid (column reactor).99,100 The
bubbles burst once they reach the end of the column or the
liquid surface, respectively. Subsequently, the concentration of
the remaining gas phase species is measured using a mass
spectrometer, from which the uptake coeﬃcients can be
retrieved. This method allows for interaction times as long as
0.1−10 s (bubble train)98 or 0.1−1 s (bubble column),98
which ensures sensitivity to very small uptake coeﬃcients
(10−4−10−7),98,100 and a large surface-to-volume ratio.
However, a complex analysis is required to account for
diﬀerent deformations of the bubbles during their interaction
times. The apparatus has been used, for example, to study the
uptake of NO2 by aqueous surfaces101 or to study the
temperature dependence of the mass accommodation coefﬁcient of SO2 on water.102
In a Knudsen cell reactor, it is possible to investigate uptake
coeﬃcients of plane surfaces.103 The reactor, which consists of
two nested chambers, is kept at very low pressures (on the
order ∼mTorr)103,104 to minimize gas-phase collisions. The
inner chamber, called the Knudsen cell, contains the studied
liquid and is equipped with a removable lid. The reactant gas
ﬂows into the outer chamber through a valve and exits through
an aperture with a selectable diameter, in order to guarantee
ﬂow in the molecular regime and avoid measurement
limitations by gas phase diﬀusion. When the Knudsen cell is
opened, the liquid is exposed to the outer chamber’s
atmosphere and surface uptake competes with the escape
through the aperture, after which the reactant gas concen-
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tration is measured using a mass spectrometer. The drop of gas
species signal is related to the uptake rate, which itself is a
function of pressure. The exposure times in the Knudsen cell
reactor can vary between a few seconds and hundreds of
seconds, which allows for uptake coeﬃcient retrievals between
1 and 1 × 10−4.30 In general, the reduced pressure inside the
instrument limits this method to studies of highly viscous and
solid substances with very low volatility. For example, the
Knudsen cell reactor was used to study various stratospheric
processes that involve sulfur dioxide,104,105 investigate temperature dependencies of SO2,106 H2O2,107 and acrylic acid108
uptake coeﬃcients on mineral dust, or examine the relative
humidity dependence of small oxygenated organic acid uptake
on ammonium nitrate.109
Wetted wall f low reactors are routinely used to expose a
quasi-plane liquid surface to diﬀerent trace gases. There are
several techniques to coat the walls of the column with liquid,
some of which guarantee a continuous renewing of the surface.
After a certain exposure time (0.1−1 s),30 which is guided by
the ﬂow rate and exposed wet wall length, the loss of the trace
gas is determined, from which the uptake coeﬃcient can be
retrieved. The pressures inside the reactors are around a few
Torr, which allows for studies on liquid surfaces (as opposed to
Knudsen cell reactors, where solids are mostly investigated).30
However, higher pressures result in the gas phase diﬀusion
limitations, which restricts the retrieval of the uptake
coeﬃcients to approximately 10−1−10−6.30 These reactors
have been used in the past to, for example, retrieve mass
accommodation coeﬃcient of ozone on aqueous surfaces,110
measure reactive uptake coeﬃcients of ozone on liquid fatty
acid surfaces,111 determine radical uptake coeﬃcients of OH
and HO2 on liquid water and sulfuric acid surfaces,112 or
retrieve heterogeneous reaction probabilities of CF3OH on
bulk liquid water and sulfuric acid solutions.113 A limitation of
the wetted wall reactors are losses to the walls, which naturally
alter the values of the retrieved mass accommodation
coeﬃcients. Uptake on solid surfaces, such as mineral dust,
can be studied in a similar fashion using coated-wall f low
reactors.114−119 A conceptually similar approach uses rotating
wetted wheels that are partially immersed in a liquid in order to
achieve a constantly renewing surface.120−126 This method was
combined with molecular beam scattering measurements
under vacuum conditions to build a versatile tool for
investigations of gas−liquid interfaces, which also includes,
for example, determination of sticking probabilities of water on
sulfuric acid,122 retrieval of evaporation coeﬃcients for various
organics,120 or investigation of evaporation of water through
butanol-coated surfaces of sulfuric acid.125
The liquid jet method is one of the early methods used to
expose a quasi-plane liquid to a trace gas with a constantly
renewing surface.127−130 A liquid jet with a diameter on the
order of 100 μm and a variable length ranging from
submillimeters up to several millimeters is exposed to a
coﬂowing gas stream containing the trace gas, such that the gas
interaction time is below ∼1 ms. Kirchner et al. postulated
that, as the jet and the gas travel at roughly the same speed of
several ms−1, transport parallel to the jet by molecular diﬀusion
is negligible.128,129 Both the change in concentration of the
trace gas and the liquid can be monitored as a function of
contact time. The mass accommodation coeﬃcient is inferred
through comparison of the experimental data with an elaborate
mass-transfer model that includes bulk convective diﬀusion
processes and chemical reactions, depending on the studied
3530
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aerosol ensembles often originate from the diﬃculty to ensure
consistent, well characterized ensemble properties. Upon
formation, aerosols usually contain a variety of particle sizes,
morphologies, and number concentrations. As a result, the
total particle surface area is diﬃcult to predict accurately.
Nevertheless, measurements performed on aerosol particles are
crucial for a better understanding of the mass transport
between the condensed and gas phase.
In a droplet train f low reactor, a stream of droplets (∼100
μm) produced by a vibrating oriﬁce is injected into a trace gas
ﬂow tube, which is kept at low pressures (<60 Torr).144−151
The ﬂow tube contains a trace gas of interest, a carrier gas such
as helium, and vapor of the studied liquid. The vapor pressure
of the liquid has to be controlled to ensure stable particle
surface temperatures and sizes. The uptake coeﬃcient is
determined from the change in the trace gas concentration,
which is monitored via a mass spectrometer or by optical
means. The interaction time between the gas and aerosol phase
is on the order of milliseconds, resulting in a lower uptake
coeﬃcient detection limit around 10−3.30 While the droplet
ﬂow reactor enables studies on well-characterized droplets, the
accessible size range is well above the typical size distribution
of aerosols in the atmosphere. This method has been employed
to study the accommodation of, for example, acetic acid,147
ethanol,147,150 and other alcohols and glycols146 on liquid
water, HCl and HBr on ethylene glycol,152 HCl on sulfuric
acid solutions,153 and ozone, methyl hydroperoxide,149 or
water vapor46 on liquid water. The droplet train reactor was
also combined with ambient-pressure photoelectron spectroscopy to investigate heterogeneous chemistry of interfaces.154
In an aerosol f low reactor, aerosol particles (usually smaller
than ∼10 μm) are injected into a laminar ﬂow tube, where they
are exposed to a trace gas.155−160 Figure 2 shows the apparatus
as used by Tang et al.160 The size and concentration of aerosol

system. Such studied systems include accommodation of NH3
on water129 and HCl, HNO3, N2O5, C2H3NO5, and HONO
accommodation on water,128 to name a few. Liquid jets under
vacuum conditions were also used to probe gas−liquid
interfaces by means of molecular beam scattering.126,131−133
More recently, the environmental molecular beam (EMB)
technique has been used by Pettersson and co-workers to
measure the mass accommodation coeﬃcient of water on
various substrates, such as ice,134 ice coated with organics,95,96,135 or pure organics.136−138 Figure 1 shows a sketch of
the EMB apparatus used by Kong et al.96 By using a
multichambered, diﬀerentially pumped vacuum system, it is
possible to introduce a pulsed molecular beam generated under
HV conditions to a separate, small chamber that allows one to
maintain more atmospherically relevant vapor pressures in the
range of 10−3 mbar. The molecular beam enters the chamber
through a gated opening, where after a minimal distance to
reduce transmission attenuation, it acts as a focused gas ﬂow
impinging on the sample surface at a certain angle. A molecular
ﬂux escapes the environmental chamber, where selected parts
of it are captured by a quadrupole mass spectrometer (QMS).
The time correlation between the molecular beam pulses and
QMS signal reveals information about rapid surface kinetics
and mass accommodation on moderately volatile surfaces.
Optical methods can also be employed to investigate
interfacial mass transport, predominantly in the form of
spectroscopic studies. One example is laser-induced f luorescence,
which can be used to retrieve uptake coeﬃcients from the
measurements of concentration distribution139−141 or from
ﬂuorescence spectra combined with a kinetic uptake
model.142,143
2.2. Aerosol Ensemble Measurements. Recent advances
in aerosol sciences enable accurate measurements performed
on aerosol ensembles that more closely resemble real
atmospheric conditions and medical applications. Studies of
mass transfer to and from aerosol particles, as opposed to bulk
liquids, encompass relevant environmental conditions (temperature, pressure, and relative humidity) while directly
accounting for various aerosol eﬀects, such as strong
partitioning between the condensed and gas phase and various
size-speciﬁc eﬀects. Furthermore, aerosol particles provide high
surface-to-volume ratios, which is ideal for interfacial transport
studies, and for suﬃciently small aerosol particles the gas-phase
diﬀusion is not a limiting factor. The challenges associated with

Figure 2. Aerosol ﬂow reactor design used by Tang et al.160,170 The
aerosol particles from the atomizer are conditioned and injected into a
laminar ﬂow tube, where a sliding injector brings in the reactants. A
chemiluminescene detector (CLD) is used to monitor the reactants
gas-phase concentration and a SMPS system records aerosol size
distribution and number density. Measurements for various
interaction times reveal information about the uptake kinetics. The
ﬂows F2 and F3 are used for relative humidity control, F5 and F6 for
bringing in and dilution of the trace gas. Reprinted from ref 160.
Copyright 2014 by the authors. This work is distributed under the
Creative Commons Attribution 3.0 License; https://
creativecommons.org/licenses/by/3.0/.

Figure 1. In the EMB apparatus, a focused gas ﬂow impinges on the
sample surface and causes molecular ﬂux away from the interaction
region. A QMS is used to determine the composition of the escaping
ﬂux, from which mass accommodation coeﬃcients and surface kinetic
parameters can be inferred. Laser interferometry is used to monitor
the layer thicknesses. Reprinted with permission from ref 96.
Copyright 2014 American Chemical Society.
3531
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oxides.182 This method can be also applied to study uptake by
liquid substances.180
To study surface accommodation on small aerosol particles
(<1 nm), Fárnik and co-workers generated molecular beams of
(HNO3)M(H2O)N clusters using supersonic expansion.183
Clusters were passed through a skimmer to enter a chamber
with a controlled pressure of a studied gas. The pickup of the
gas molecules by the clusters is studied using mass
spectrometry. They recently reported surface accommodation
coeﬃcients of various volatile organic compounds.184
Droplet growth rate measurements can also be performed in
a thermal gradient chamber that allows for a good control over
super- or subsaturated conditions.185 Ruehl et al. used coated
ammonium sulfate aerosols to retrieve the mass accommodation coeﬃcients of water on palmitic and stearic acids.92 The
size-selected, coated particles were exposed to a relative
humidity of ∼99.9% for ∼10 s, after which time the droplet
sizes were measured using a phase Doppler interferometer.186
An alternative approach to measure growth rates of ambient
aerosols is to induce minor mass ﬂux of volatile species, which
is dependent on the mass accommodation coeﬃcient.
Langridge et al. employed photoacoustic spectroscopy at
varying levels of relative humidity to retrieve mass accommodation coeﬃcients of water on nigrosin dye and nigrosin
dye-ammonium sulfate aerosols.89,90 The principles of photoacoustic measurements are further discussed in section 3.
2.3. Single-Particle Measurements. The single-particle
nature allows for controlled and well-deﬁned experiments,
which are not impaired by averaging eﬀects or deposition to
the wallsa major source of uncertainty in ensemble aerosol
measurements. In the following, we discuss selected
publications that describe the use of single-particle setups to
determine the mass accommodation coeﬃcient of various
systems.
In sonoluminescent experiments, ultrasound is used to
continuously form, expand and collapse single vapor bubbles
(regarded here as a single particle) in a ﬂask ﬁlled with
water.187 The sound waves are applied such that a standing
wave is generated with a pressure antinode in the center of the
ﬂask. During the ﬁrst half of a sound wave cycle, negative
pressure builds at the antinode and results in the formation of a
single bubble made of water vapor. The bubble expands with
decreasing pressure from the size of a few μm to several 10 μm.
The acoustic timescales of the applied ultrasound are slow
compared to thermodynamic processes, ensuring local
equilibrium conditions between the bubble interior and
water evaporation.187 The size evolution of a bubble can be
determined by Mie scattering of laser light. Modeling the
temporal evolution of the bubble size during its growth can be
used to estimate the mass accommodation coeﬃcient of water
on water.55
In an experiment called Raman thermometry, a vibrating
oriﬁce is used to inject a train of water droplets into
vacuum.54,188 In vacuum, water droplets experience fast
evaporative cooling, which can be monitored by measuring
the Raman shift of the OH-stretching vibration as a function of
the residence time (microsecond time scale). The droplets are
well separated from one another, such that only <1.4% of the
evaporating molecules from one droplet condenses on an
adjacent one.54 By ﬁtting a model to the experimental data the
authors were able to retrieve the evaporation coeﬃcient of
water from water,54,188 ammonium sulfate,189 acetic acid,190
and HCl droplets.191

ensembles is monitored using a scanning mobility particle sizer
(SMPS). Depending on the design, the position of either the
particle injector or trace gas injector can be changed in order
to vary exposure times, which are typically on the order of tens
of seconds. The uptake of trace gas can be monitored by
measuring the mass spectrum with a QMS or chemiluminescence analyzer. Since operation at ambient pressures is
possible and more relevant size ranges are accessible
(submicrometers), this technique is able to operate closer to
real atmospheric conditions than most methods discussed
previously.156,159−162 A great variety of systems have been
studied using this technique, such as the uptake of NH3158 and
N2O5,156,157,163 by sulfuric acid aerosols, or the uptake of N2O5
by mineral dust.159,164,165 Furthermore, the aerosol ﬂow
reactors are routinely used to investigate the dependence of
the uptake coeﬃcients on relative humidity.160,161,166−169
Expansion chambers, or cloud chambers, have also been used
to retrieve mass accommodation coeﬃcients by measuring
controlled growth rates of aerosol seeds exposed to supersaturated vapor.48,49,171 Monodisperse aerosols in a supersaturated vapor environment formed by adiabatic expansion
act as condensation nuclei and induce droplet growth. To
monitor the droplet growth, constant angle Mie scattering48,49,172 or light extinction measurements173 can be used as
a noninvasive probe. The accommodation coeﬃcients are
determined indirectly through comparison of the experimental
data with a model. The expansion chambers have been used to
measure mass accommodation coeﬃcients of, for example,
various organic vapors colliding with the corresponding
organic surfaces,174 or gas-phase water accommodating to
liquid water.48,49
A conceptually similar approach was adopted by Jimenez,
Ziemann, and co-workers, who employed environmental
chambers in the form of bags with volumes up to 20 m3 to
retrieve uptake coeﬃcients of various organics.175−177 The
walls of the chamber are made of ﬂuorinated ethylene
propylene Teﬂon, which provides a chemically inert containment for the studied chemical reactions and is optically
transparent. The bag is initially ﬁlled with clean, dry air in
which seed aerosol particles are injected, while particle
number, surface area, and volume concentrations are
constantly observed with a SMPS system. Subsequently,
volatile organic compounds are introduced by heating liquid
organics and mixing their vapors with a clean nitrogen stream.
A deﬁned pulse of UV light activates a sequence of chemical
reactions, producing various organic gas-phase products, which
condense on the seeds. Through combination of the measured
particle size distribution with a chemical kinetic box model,
values of the mass accommodation coeﬃcient can be retrieved.
However, it is known that Teﬂon chambers suﬀer from losses
of semivolatile gaseous compounds to the walls when
compounds with low volatility are used, which in turn strongly
aﬀects aerosol mass yields. Corrections for these eﬀects are
imperative.175,178
Inf rared Fourier transform spectroscopy has been used to
probe reactive uptake on particles in the micrometer
range.179,180 In situ spectra of the reaction products are
recorded during the exposure of particles deposited on a
substrate to various reactant gases. He et al. tabulated the
ﬁndings of diﬀerent studies on SO2 oxidation by O3 or NO2 on
various solids.181 Recently, Wang et al. investigated the relative
humidity dependence of SO2 reactive uptake on manganese
3532
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Figure 3. (a) Conceptual representation of the photoacoustic process on a single aerosol particle (green) induced by the intensity-modulated laser
(pink). Absorption of this laser light results in heat ﬂux (blue) and mass ﬂux (red). In this case the mass ﬂux originates from the evaporation and
condensation of water molecules. (b) Schematic representation of Mie scattering (dark green) of the trapping laser (pale green) by a single particle.
The light scattered toward a certain angle is collected using an objective (gray) and further directed toward photodiodes and a camera for size
determination and feedback stabilization (not shown). The exemplary scattering diagram is created using the Mie code provided in refs 200 and
201.

Electrodynamical balances (EDB) are typically employed to
trap droplets in the size range above many micrometers. Light
scattering measurements are used to monitor the temporal
evolution of the particle size. Through comparison of the
experimentally retrieved size change with an evaporation
model, information about the mass accommodation can be
obtained. This technique has been used to retrieve the mass
accommodation coeﬃcient of water vapor on liquid water56,57
and water−glycerol192 droplets, to investigate the temperature
dependence of αM of water on water,50 and to investigate the
inﬂuence of organic coatings on the kinetics of water
evaporation.58 However, the analysis presented by Davies et
al.193 and Miles et al.45 suggests that, currently, this method
should be considered unreliable for the determination of large
mass accommodation coeﬃcients, e.g., as expected for αM of
water on water. This limitation primarily arises from the fact
that the mass transfer is governed by diﬀerent phenomena
depending on whether conditions correspond to the kinetic,
transition (Knudsen regime), or continuum regime.35,45,49,194
These regimes are characterized by the Knudsen number,
which is the ratio of the mean free path of the surrounding gas
to the particle radius. The kinetic regime is characterized by
Knudsen numbers much larger than 1, while the continuum
regime is reached for Knudsen numbers that are much smaller
than 1. Mass transport in the continuum regime is determined
by gas-phase diﬀusion and is thus insensitive to the mass
accommodation coeﬃcient. In the transition regime, i.e., at
typical EDB conditions, the determination of the accommodation coeﬃcient is in principle possible. However, the
sensitivity to the accommodation coeﬃcient decreases with
increasing particle size (decreasing Knudsen number) and
increasing value of the accommodation coeﬃcient (see eq 4).
An additional issue is the ﬁnite accuracy of the thermophysical
parameters entering the model which is used for the
determination of the accommodation coeﬃcient.45,193
Optical traps can be employed to spatially localize
submicrometer to micrometer sized particles, which is the
predominant size range of aerosols present in the atmosphere.
Smaller particles mean larger Knudsen numbers and thus
higher sensitivity to higher values of the accommodation
coeﬃcient, which could be, in principle, an advantage of optical
traps over EDBs. Optical trapping in ambient air has evolved
into a powerful method to overcome the shortcomings of
ensemble aerosol measurements without compromising
environmental control. Today, there is a suitable method

available for nearly any purpose, e.g., to trap absorbing and
nonabsorbing particles in both liquid or solid form. Details
regarding diﬀerent optical trapping conﬁgurations can be
found in a recent review by Gong et al.62 Precise size
determination is possible with, for example, Mie scattering172
or broadband light scattering,68,195 so that the surface-tovolume ratio of the probed aerosol particles can be determined
with high accuracy. Miles et al. coupled optical tweezers with
cavity-enhanced Raman scattering for the accurate size
determination of evaporating aqueous droplets by monitoring
Whispering Gallery Mode (WGM) resonances.196 They used
this technique to investigate the dynamics of water evaporation
and condensation at pressures between 2 and 100 kPa. Raman
spectroscopy coupled with optical tweezers was also used to
investigate the uptake of ozone by aqueous and organic
aerosols197 and to measure the mass accommodation
coeﬃcient of water vapor on aqueous ammonium sulfate
aerosols.198 In the next section, we elaborate on a novel
method developed in recent years in our laboratory.

3. PHOTOTHERMAL SINGLE-PARTICLE
SPECTROSCOPY (PSPS)
Our experimental approach to retrieve mass accommodation
coeﬃcients relies on measuring the photothermal response of
optically trapped particles, which is induced by the absorption
of intensity-modulated laser light (IR laser). This photothermal response manifests itself as a photoacoustic signal in
the form of a sound wave, as well as a modulation of the Mie
scattered light, which originates from oscillations of the
particle’s size and water content. Both the photoacoustic
amplitude (PAA) and phase (PAP) are measured concurrent
with the modulated Mie scattering (MMS). Thus, we refer to
our technique as photothermal single-particle spectroscopy
(PSPS), as it combines photoacoustic and modulated Mie
scattering measurements.
3.1. Concept of PSPS. In single-particle photoacoustic
experiments, a trapped droplet is irradiated with an intensitymodulated laser, the wavelength of which needs to match an
absorption band of the studied substance. The absorption of
the intensity-modulated light results in a temperature
oscillation of the particle about a slightly elevated average
temperature. The energy transfer between the particle and gas
phase occurs through two main dissipation pathwaysheat
ﬂux and mass ﬂux, both of which give rise to the photoacoustic
signal (Figure 3a). Heat ﬂux occurs through collisions of gas3533
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phase molecules with the surface of the particle, while the mass
ﬂux occurs when the particle contains volatile species.
Evaporation and condensation of such volatile species
contribute to the energy transfer through latent heat. In our
experiments, we induce particle temperature oscillations in the
sub-Kelvin to Kelvin range and evaporate volumes as small as
attoliters.199 These minuscule perturbations induce a periodic
pressure change in the surrounding gas, which gives rise to a
sound wave (the photoacoustic signal) at the modulation
frequency of the IR laser. This photoacoustic signal can be
measured using a microphone.
Through changing the relative humidity in the gas phase, we
can adjust the relative contribution of the mass ﬂux to the
photoacoustic signal. This allows us to retrieve the mass
accommodation coeﬃcients from the photoacoustic signals
(PAA and PAP), since the mass transfer of water through the
interface depends on the value of αM. The phase of the signal
encodes the delay between the particle’s irradiation by the IR
laser and the detection of the PA signal by the microphone. We
utilize both, the PAA and the PAP (in principle independent
measurable quantities), in order to determine values of αM.
The modulated Mie scattering signal represents a minuscule
perturbation in the intensity of the light scattered elastically by
the trapped particle, as a result of the physical changes induced
in the particle by the IR laser light. The scattering of the
trapping laser gives rise to characteristic angle dependent
resonances (Figure 3b), which strongly depend on the size,
shape, and refractive index of the particle. During our
measurements, the refractive index of the trapped particle
changes due to temperature and composition perturbations
described above. This results in periodic perturbations of the
scattered light at the modulation frequency of the IR laser.
Since the change in composition of the particle during one
photoacoustic cycle depends on the mass accommodation
coeﬃcient, the MMS signal also contains information about
the values of αM.
In this way, the PSPS technique allows us to retrieve the
mass accommodation coeﬃcient from the three simultaneous,
yet independent measurements of PAA, PAP, and MMS. This
simultaneous, multimetric approach aﬀords a more robust
assessment of the mass transport, as the respective biases and
limitations of the individual measurement quantities diﬀer. For
example, the photoacoustic part is inﬂuenced by the acoustic
properties of the resonator and microphone, while the
modulated Mie scattering is not. To the best of our knowledge,
retrieving values of αM simultaneously from multiple measurement quantities is a unique approach that overcomes
limitations of the individual measurements. Another important
advantage is that the PSPS measurements are conducted very
close to equilibrium. Initially, the trapped particle is left to
equilibrate completely, and subsequently it only experiences
very small periodic perturbations. As a result, mass and size
changes of the trapped particle remain exceedingly small,
ensuring close-to-equilibrium conditions throughout the PA
cycle.
3.2. Experimental Setup. Here, we provide a concise
description of our experimental setup, which has also been
described elsewhere.77,202,203 To isolate single particles at
ambient conditions in air, we use counter-propagating tweezers
(Figure 4). The trapping laser beam (532 nm, continuous
wave, Laser Quantum, Opus) is polarized at 45° using a halfwave plate (Thorlabs, WPH10M-532) and expanded from 1.85
to 7.4 mm using a telescope. The expanded beam is split into
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Figure 4. Schematic of our experimental setup showing a trapping
laser, 532 nm (green) and an IR laser, 9.47 μm (pink). The particle
(orange) is trapped in the acoustic resonator within a photoacoustic
cell. The power of the two trapping beams is adapted by the electrooptic modulator (EOM) to ensure a stable trapping position. The
scattered light from the particle is collected using an objective on top
of the photoacoustic cell (not shown). Adapted with permission from
ref 77. Copyright 2020 American Chemical Society.

two beams of equal intensities using a polarizing beamsplitter
cube (Thorlabs, PBS201). The two trapping arms (each ∼250
mW) are directed onto two facing aspherical lenses (79 mm,
ASL10142 Thorlabs), which focus the beams at the center of
the photoacoustic cell, creating a potential well to trap a
particle. To enhance the stability of the optical trap, a feedback
loop is introduced, which adjusts the respective powers in the
two trapping arms.77,202,204 This is achieved by monitoring the
particle’s position using a quadrant photodiode (Hamamatsu,
S5980) and changing the polarization of the trapping laser
prior to the polarizing beamsplitter cube using an electro-optic
modulator (EOM, 350-50-01, ConOptics), driven by a
proportional−integral−derivative (PID) controller.
The photoacoustic measurements are performed in a
custom-built photoacoustic cell (PA cell) made of brass,
which consists of an acoustic resonator (40 mm long, 4 mm in
diameter), two buﬀer volumes (20 mm long, 30 mm in
diameter), and gas inlets and outlets, as well as a temperature
and relative humidity sensor (RH&T sensor).199 The acoustic
resonator has an eigenfrequency at around 4 kHz, which
dictates the modulation frequency of our IR laser. The buﬀer
volumes serve as noise cancelers, which have to be carefully
designed in order to suppress the background signal from the
PA cell windows.205,206 The IR laser (AdTech Optics, 9.47 μm
diode laser) is focused onto the particle using a ZnSe lens
(75.0 mm, LA7660-G, Thorlabs), thereby inducing the
photoacoustic signal. The feedback loop described previously
is used to ensure that the focused IR laser is uniform over the
spatial extent of the particle and over time. This signal is
ampliﬁed by the acoustic resonator and measured by a
microphone (Knowles Electronics, EK-23133-C36), located
directly below the particle. The microphone signal is fed to a
lock-in ampliﬁer (Zurich Instruments, 500 kHz MFLI), which
demodulates the signal at 4 kHz. The relative humidity of the
PA cell is controlled by mixing dry and wet ﬂows of nitrogen
and is measured using a RH&T sensor located in one of the
buﬀer volumes.
Alongside the photoacoustic signal generation, trapped
particles also scatter the trapping laser light, giving rise to
3534
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where KnM represents Knudsen number and αM is the mass
accommodation coeﬃcient. The deﬁnition of the thermal
transition correction factor (βT) is analogous to eq 4 with
subscripts T instead of M.
Modulated Mie scattering can be calculated using Mie
theory as the diﬀerence between the total two-dimensional
angular optical scattering (TTAOS) at the maximal and
minimal particle temperature in the PA cycle:77

characteristic Mie resonances (Figure 3b). This scattered light
is collected over an angle of 49.6° using a microscope objective
(Mitutoyo, M Plan Apo 20×) and projected onto a CMOS
camera (Thorlabs DCC1645C), a photodiode (Hamamatsu,
S2506-02), and a quadrant photodiode (Hamamatsu, S5980).
The quadrant photodiode is used for the feedback stabilization
discussed above, while the signal from either the camera or
photodiode can be used for size ﬁtting.67,202 The signal from
the photodiode is brought to the lock-in ampliﬁer in order to
retrieve the modulated Mie scattering signal, which corresponds to a minuscule oscillatory component occurring at 4
kHz that is superimposed on the total scattering signal.
3.3. Modeling. The photothermal response of an aerosol
particle that is irradiated with an intensity-modulated IR laser
can be modeled by combining Mie theory with equations
describing transport phenomena. The absorption of the IR
laser can be calculated from the complex refractive index using
Mie theory, while the energy dissipation through heat and
mass ﬂux can be calculated using Fourier’s law of thermal
conduction and Fick’s ﬁrst law of diﬀusion, respectively.49,194
Murphy presented an elegant approximate solution to the
coupled heat and mass-transfer equations,207 which we adopt
in our simulations of the PA signal. In our most recent work we
have presented an extended model which accounts for elevated
average particle temperatures.204
Brieﬂy, the photoacoustic signal (S) originates from the heat
(Q) and mass (I) ﬂux from the particle to the gas phase and
can be described as
S=

ΔIT∞ yzz
R ijjj ΔQ
zz
+
jj
p j Mgcp ,g
M v zz
k
{

MMS =

where R is the universal gas constant, p is the ambient pressure
(1 atm), Mg is the molar mass of the surrounding gas (in our
case, nitrogen), cp,g is the speciﬁc heat capacity of the
surrounding gas, T∞ is the ambient temperature (293.65 K),
and Mv is the molar mass of the evaporating species (in our
case water). Using Fourier’s law, the heat ﬂux from a sphere
can be expressed as
(2)

where r represents the particle radius, K is the heat
conductivity of the surrounding gas, βT is the thermal
transition correction factor, and ΔT represents the maximum
particle temperature change during one photoacoustic cycle
(250 μs). Using Fick’s ﬁrst law of diﬀusion, the mass ﬂux from
a sphere can be expressed as
ΔI = 4πrDβM
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where D is the diﬀusion constant of the evaporating species
(water) in the surrounding air, βM is the mass transition
correction factor, pv is the partial pressure of evaporating
species (water), T̅ is the average particle temperature during
one photoacoustic cycle, and L is the latent heat of the
evaporating species (water). In this work, we use the transition
correction factors introduced by Fuchs and Sutugin,40,41 which
take the form
βM =

1 + KnM
1+

(

4
3αM

)

+ 0.377 KnM +

4
(KnM )2
3αM

|TTAOS(T̅ + ΔT ) − TTAOS(T̅ − ΔT )|
TTAOS(T̅ )

(5)

The diﬀerence is normalized for the direct comparison with
the experimentally measured quantities. The Mie theory
section of our model is based on the work of Jan-Patrick
Schäfer200,201 and the underlying theoretical work by C. F.
Bohren and D. R. Huﬀman.208
3.4. Assessment of PSPS. In this section, we analyze the
performance of the three independent measurements (PAA,
PAP, and MMS) for the retrieval of the mass accommodation
coeﬃcient and assess their respective strengths, limitations,
similarities and diﬀerences. All three make use of the relative
humidity dependence of the respective signals to derive values
for αM, as has been discussed in detail in our previous
work.202,203
3.4.1. Comparison of Mass Accommodation Coeﬃcients
from PAA, PAP, and MMS. Figure 5 shows the mass
accommodation coeﬃcient of water on tetraethylene glycol
retrieved from the PAA, PAP, and MMS using the data from
refs 77, 202, and 203 and our extended model.204 Overall,
nearly 400 single-particle measurements were taken to verify
reproducibility and ensure statistically signiﬁcant data
collection. The mass accommodation data is presented for
diﬀerent particle sizes (lower abscissa), which correspond to
diﬀerent particle temperatures (upper abscissa).202 The trends
shown in Figure 5 should be interpreted as temperature trends
only and not as a radius dependence of the mass
accommodation coeﬃcient. In our measurements, larger
particles experience elevated temperatures due to higher
absorption cross sections. Diﬀerent studies investigated the
dependence of αM on the size of aerosols and found that the
curvature of the surface plays a role only for very small particles
on the order of tens of nanometers, i.e., well below the size
range of our experiments.209,210 The photoacoustic phase
oﬀers the most robust retrieval of the mass accommodation
coeﬃcient and is therefore included in all three panels for
comparison.
Figure 5 top compares the mass accommodation coeﬃcients
retrieved from the photoacoustic amplitude (PAA, blue trace)
and phase (PAP, red trace). Both show a decrease of the mass
accommodation coeﬃcient with increasing particle radius,
attributed to an increasing particle temperature (upper
abscissa) as further discussed in section 4.2. (Note that the
PAA of the smallest droplets does not follow this trend, which
we believe to be an artifact.) For particle sizes of 1.0−1.8 μm,
we observe that the PAA yields mass accommodation
coeﬃcients that are roughly twice as large as the corresponding
value retrieved from the PAP. For larger particle sizes (2.1−2.8
μm) we observe a good match between the PAA and PAP
results, with diﬀerences of around 26% between the two
measurements. For particle sizes of 1.8−2.1 μm, it was not
possible to obtain a satisfactory ﬁt of the model to the
experimental PAA data. In this size range, we observe a reversal

(1)

ΔQ = 4πrKβTΔT
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phase (PAP, red trace). Overall, we observe good agreement
between the two, with the MMS data yielding slightly smaller
values of the mass accommodation coeﬃcients. The size range
spanned by the MMS data is smaller compared to that of the
PAP measurements due to a restricted data availability.77 The
modulated Mie scattering is independent of the acoustic
properties of the resonator and the microphone used.
However, it is strongly dependent on the accurate particle
size determination and on the accurate modeling of the change
of the refractive index of the particle. Both water concentration
and the temperature dependence of the refractive index have to
be taken into account in order to achieve good agreement
between theory and experiment.
The black stars in Figure 5 bottom represent the values of
αM that were retrieved using data from all three measurements
(PA amplitude, PA phase, and modulated Mie scattering)
simultaneously. To perform such ﬁt, the variance-weighted
sums of square diﬀerences of individual retrievals were added
and a minimum with a corresponding uncertainty was
determined. Such a ﬁt is more robust as it averages out
potential biases associated with the individual methods. Note
that if the uncertainty of a retrieval (individual or combined) is
too high, the values are omitted from the plot. This results in
the combined αM retrieval (black stars) to span larger size
range than, for example, the individual retrieval using the MMS
data.
We observe a relatively good match between the combined
and PAP retrievals, with deviations at small particle sizes.
Overall, we see that the mass accommodation coeﬃcient
decreases by almost an order of magnitude, when the
temperature of the droplet increases by ∼8 K. Such an inverse
temperature dependence of αM is in agreement with other
studied systems, for example of organic molecules sticking to
organic surfaces.123 While the exact temperature dependence
of αM was found to be substance dependent,145 we believe that
the temperature trends we observe are representative for
general water-miscible organic systems. This is further
discussed in section 4.2.
3.4.2. Challenges Associated with PSPS. The unique
feature of the PSPS method is the combination of three
simultaneous measurement quantities (multimetric approach)
that are performed at conditions close to equilibrium. As for
any other method, there are also challenges associated with the
PSPS method. Photoacoustic spectroscopy and modulated Mie
scattering are highly sensitive techniques. However, this also
means that even minor perturbations of the experimental setup
might impair reproducibility. For example, contaminations,
temperature drifts, or minor changes of the optical alignment
might bias the data collection. Photoacoustic measurements
carried out at varying levels of relative humidity might also
suﬀer from biases associated with the change of acoustic
properties of the PA cell due to elevated relative humidity.
Both the eigenfrequency of the acoustic resonator and the
sensitivity of the microphone might change with relative
humidity. As a result, PA cells have to be properly
characterized before performing RH-dependent measurements.204 Furthermore, accurate size determination (to a few
nanometers) of the trapped aerosol particles is essential in
order to obtain good ﬁts to the modulated Mie scattering
spectra. These issues are in principle solvable but require a
high degree of control over the experimental setup.
As all other methods that use optical traps for the isolation
of single particles, it is also important for PSPS to make sure

Figure 5. Comparison of the mass accommodation coeﬃcient
retrieval from photoacoustic amplitude (blue trace), photoacoustic
phase (red trace), and modulated Mie scattering (purple triangles)
and from using all three data sets (PAA, PAP, and MMS)
simultaneously (black stars). The αM retrieval from the photoacoustic
phase (red trace) is shown in all three plots for a better comparison.
The corresponding uncertainties are shown as either error bars or
colored bars. The particle radius (bottom abscissa) correlates with the
particle temperature (upper abscissa). The ﬁgure was produced using
the experimental data from our previous work77,202,203 and our
recently presented, revised model.204 The αM retrievals from PAA and
PAP were already reported in ref 204 as Figure 8.

of the PAA trend with relative humidity.202 Overall, the PAA
retrieval shows larger uncertainty than the PAP retrieval, which
can be attributed to two diﬀerent causes. First, in the size range
considered, the PAP signal shows a stronger dependence on
relative humidity than the PAA signal, which makes the PAP
signal more sensitive to the mass accommodation coeﬃcient.203 Second, the PAA signal is more susceptible to
experimental biases. For example, a change in relative humidity
inﬂuences the sensitivity of the microphone and the
eigenfrequency of the acoustic resonator, which is convoluted
into the measured PAA signal. The PAP signal, by contrast, is
only marginally inﬂuenced by the change of the eigenfrequency
of the acoustic resonator at varying relative humidity,204 while
it is, in principle, completely independent of the sensitivity of
the microphone used.
The middle panel of Figure 5 shows the mass accommodation coeﬃcients retrieved from the modulated Mie
scattering (MMS, purple triangles) and from the photoacoustic
3536
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Table 1. Mass Accommodation Coeﬃcients of Water on Various Organics
surface species

substratea

techb

TEG (aq)

TEG (aq)

acetic acid
acetic acid (aq)
palmitic acid
stearic acid
nitric acid
methanol
butanol (thick layer)

ice on graphite
acetic acid (aq)
AS aer
AS aer
ice on graphite
ice on graphite
graphite

PSPS
PAP
EMB
Ram Th
cond
cond
EMB
EMB
EMB

butanol (thin layer)

ice on graphite

EMB

hexanol
dodecanol
tridecanol

heptadecanol
octadecanol & EDTA
nopinone (thin layer)
nopinone (thick layer)

ice on graphite
water droplet
water droplet
water droplet
water droplet
water droplet
water droplet
water droplet
NaCl(aq)
NaCl(aq)
water droplet
water droplet
water droplet
graphite
graphite

EMB
EDB
EDB
EDB
EDB
EDB
EDB
EDB
EL
EL
MIC
EDB
RT & VM
EMB
EMB

nigrosin (aq)

nigrosin (aq)

PA

azelaic acid
dodecanoic acid

water
water
water
water
water
water
water
water
water
water
water

MD
MD
MD
MD
MD
MD
MD
MD
MD
MD
MD

tetradecanol
pentadecanol
hexadecanol

benzoic acid
myristic acid
octanoic acid
1-decanol
iso-undecanol
iso-decanol
5,9-dimethyl-1-decanol
3,7-dimethyl-1-octanol

droplet
droplet
droplet
droplet
slab
slab
slab
slab
slab
slab
slab

T/K

αM

ref

295.5−303.5
295.8−308
186−194
250−300
293
293
185−195
170−190
160−180,
191−200
155−168,
170−200
186−194
283
291.85−292.25
293
292.73−292.88
293
293
283−327
293
309.7
296
293
285−293
200−270
170−240
202
298.15
284.15
300
300
300
300
300
300
300
300
300
300
300

0.12−0.03
0.09−0.015
1 [0.95, 1.05]
0.53 [0.41, 0.65]
3 × 10−4
<10−4
1
1−0.95
0.58−0.09,
0.98−0.89
0.9−0.52,
0.58−0.9
0.79 [0.74, 0.84]
(2.35 ± 0.15) × 10−3
0.75 × 10−3−2.75 × 10−3
(1.2 ± 0.1) × 10−3
2 × 10−4−7.5 × 10−4
(4.0 ± 0.4) × 10−4
(8.0 ± 0.6) × 10−5
1.6 × 10−5−8 × 10−4
4 × 10−5
10−4
3.5 × 10−5
(1.65 ± 0.05) × 10−5
2.3 × 10−5
0.2 [0.02, 0.38]
0.40 [0.25, 0.55]
0.32 [0.23, 0.41]
0.05
0.1 [0.05, 0.1]
0.69 [0.40, 0.72]
0.11−0.16
0.18
0.75
0.0 [0.0, 0.04]
0.30 [0.21, 0.40]
8 × 10−4
0.02
0.04
0.01
0.05

this work
this work
95
190
92
92
96
135
96
96
135
135
96
91
58
91
58
91
91
91
217
217
218
91
219
138
138
137
89
89
220
94
221
221
216
216
213
213
213
213
213

a
TEG = tetraethylene glycol, AS aer = ammonium sulfate aerosol. bPSPS = photothermal single-particle spectroscopy, PAP = photoacoustic phase,
EDB = electrodynamic balance, EMB = environmental molecular beam, Ram Th = Raman thermometry, cond = condensation study, EL =
elutriator, MIC = microscopy, RT & VM = remote thermometry and video microscopy, PA = photoacoustics, MD = molecular dynamics.

be in the transition regime, where the droplet size is
comparable to the mean free path of the surrounding gas
phase. The possibility to access small particles is therefore
important. The size range currently accessed by the PSPS
technique can extend from the many micrometer to the
submicrometer regime, with the smallest sizes accessible
reaching approximately 0.3 μm in radius.

that the particle does not absorb the trapping laser light. This is
generally not a big issue, since trapping laser wavelengths can
nowadays be varied over a wide range and alternative optical
trapping options exist for droplets that absorb at the trapping
wavelength.72 Even though not unique to PSPS, one should
also mention the challenges associated with the models used to
retrieve αM from the photoacoustic and modulated Mie
scattering signals (section 3.3). Many physical properties of the
studied system such as refractive index, vapor pressure, density,
and heat capacity have to be known and their temperature and
concentration dependence have to be taken into account in
order to obtain accurate absolute values of αM.45 Conditions in
optical traps usually correspond to the transition (Knudsen)
regime or the near continuum regime (see above). For a
reliable determination of larger values of αM, it is important to

4. MASS ACCOMMODATION COEFFICIENT OF
WATER ON ORGANICS
4.1. General Trends. Table 1 summarizes studies of water
accommodation on various organic surfaces, which is
complementary to the data presented by Crowley et al.211
and Ammann et al.212 as part of the IUPAC campaign, where
mass accommodation coeﬃcients of numerous gases on
3537
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various liquids and solids are presented. The upper part of
Table 1 shows experimental results for αM, while the bottom
part shows results from theoretical calculations. The “surface
species” in Table 1 refers to the organic compound with which
the impinging water gas-phase molecule comes into contact.
The “substrate” speciﬁes the substance, on which the surface
species was deposited. For example, in the case of the
environmental molecular beam studies in ref 96, the surface
species was deposited on graphite. In cases where water
accommodation is studied on homogeneous aerosol particles
(e.g., for the case of tetraethylene glycol or nigrosin), the
surface species is the same as the substrate.
In general, the values of the mass accommodation coeﬃcient
of water on organics span orders of magnitude, ranging from
αM = 10−5 to αM = 1. This is to be expected as the interaction
of water with various organics diﬀers signiﬁcantly. Looking at
the experimentally retrieved values of αM, we can see that
surfactants, which are insoluble in water and typically have
long carbon chains with either alcohol (do-, tri-, tetra-, penta-,
hexa-, hepta-, and octadecanol) or carboxylic groups (palmic
and steric acids), show very low values (10−5 < αM < 10−3) of
the mass accommodation coeﬃcient of water. On the other
hand, organics that are miscible with water (e.g., acetic and
nitric acid, methanol, butanol, and hexanol) show much higher
values of the mass accommodation coeﬃcient (typically αM >
0.1). When considering the water accommodation on
methanol, butanol, and hexanol surfaces, we observe that the
mass accommodation coeﬃcient increases with increasing
miscibility of the compound (methanol being the most
miscible and hexanol the least miscible with water). As the
miscibility of organic compounds with water is the result of the
interplay of diﬀerent properties, it can only serve as a
qualitative indicator. Other studies have investigated the
dependence of the mass accommodation coeﬃcient on
properties such as carbon density,213 hydrocarbon chain
length,214,215 or packing density of surfactants.216
The studies reported in Table 1 have used diﬀerent
experimental methods, which is an important aspect in view
of potential biases of individual experiments. For example, both
photoacoustics (e.g., nigrosin and TEG) and the environmental molecular beam technique (e.g., nopinone) were
employed to study miscible organics yielding comparable
values of the mass accommodation coeﬃcients within an order
of magnitude. However, the temperature ranges of individual
studies reported in Table 1 do not always overlap, which makes
direct comparisons and identiﬁcation of trends diﬃcult.
Furthermore, individual techniques might have diﬀerent
sensitivities to mass accommodation coeﬃcient. For example,
the experimental method used to study octadecanol coated
water droplets, which were 1−3 mm in diameter, is only
sensitive to mass accommodation coeﬃcients smaller than 8.2
× 10−3.219 For completeness, we also list results from
molecular dynamics studies at the bottom of Table 1. These
studies mainly report mass accommodation coeﬃcients for
monolayer coatings on very small water droplets or water slabs
with less than 2500 molecules. General trends are not obvious
from these studies.
4.2. Temperature Dependence. Figure 6 shows the mass
accommodation coeﬃcient of water on selected organics as a
function of temperature. In the case of hexadecanol,91
tridecanol,58 and tetradecanol,58 aqueous droplets were coated
with the respective organics, which partitioned to the surface
forming a monolayer. Upon an increase of the temperature of
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Figure 6. Mass accommodation coeﬃcient of water on diﬀerent
organic substances as a function of temperature. Data points are taken
from the following studies: adata from ref 96, Figure 8, provided by
the authors and originally reported as absolute thermal desorption
probability (=1 − αM) in ref 136, Figure 2a; bthis work; cdata from
Figure 4b,c in ref 89; ddata from Figure 3A in ref 91 as evaporation
coeﬃcient; edata from Figure 1c and Figure 2c in ref 58 as
evaporation coeﬃcient.

the droplet, the organic monolayer was disturbed, possibly
exposing water at the interface. This resulted in an increase of
the mass accommodation coeﬃcient with temperature since an
impinging gas-phase water molecule interacts more favorably
with polar liquid water molecules than with hydrophobic
chains of the organic alcohols. The temperature trends in these
studies are therefore more indicative of structural changes of
the surface, rather than a genuine temperature dependence.
Note that the temperature dependence of tridecanol and
tetradecanol covers only a very narrow temperature range; see
Table 1.
In the case of butanol,96 a graphite surface was coated with
butanol and exposed to a beam of gas-phase water molecules.
An initial decrease of αM with increasing temperature was
observed. The sudden increase of the mass accommodation
coeﬃcient at ∼180 K was attributed to a phase transition of
butanol from its solid to liquid state.96 However, it should be
pointed out that in environmental molecular beam measurements, the substrate upon which the studied organics are
deposited might inﬂuence the observed values of αM.96
For miscible organics (nigrosin89 and tetraethylene glycol;
this work and refs 77, 202, and 203), an inverse dependence of
αM on the particle’s temperature can be observed. These
measurements were performed on organic aerosols with low
water concentration. Thus, the temperature trends can be
interpreted as a genuine dependence of αM on temperature
(i.e., not biased by surface eﬀects). The decrease of αM with
temperature is consistent with the trends observed for butanol
below the phase transition.96
Nathanson et al. proposed a critical cluster model to analyze
the temperature dependence of such systems.123 While we do
not apply this model to our data analysis, we provide a short
description of its main principles in this Feature Article. This
model invokes classical nucleation theory to describe the
absorption of a gas-phase molecule impinging on a liquid
surface (Figure 7). The underlying mechanism through which
a gas-phase molecule gets absorbed by the liquid surface is the
formation of a critical cluster (N*) at the interface. The
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Figure 8. Linear regression of the temperature-dependent mass
accommodation coeﬃcient. This ﬁgure is based on Figure 5 from ref
77 and uses experimental data from our previous work202,203 and our
recently presented, revised model.204

miscible organics. This marked temperature dependence has
implications since it has been postulated in the literature that
cloud droplet activation and growth is insensitive to values of
αM higher than 0.1.46,90,171 This suggests that the nucleation of
cloud droplets on organic miscible aerosols mostly occur under
gas diﬀusion control.
As a proxy for miscible organic aerosols present in the
atmosphere, tetraethylene glycol aerosols provide a model for
the temperature dependence of the mass accommodation
coeﬃcient of such species. It is conceivable that miscible
systems tend to have higher αM values, which would mean that
their cloud condensation potential becomes particularly
diﬃcult to assess. Overall, diﬀerent temperature trends of αM
can be observed in Figure 6 as a result of coupled eﬀects of
temperature on structure, morphology and phase of the
studied systems. Because of that, one has to be careful with the
interpretation of any temperature related trends.

Figure 7. Postulated free energy diagram for the liquid−vapor
interface. Note the change in reaction coordinate at N = 1. The
experimentally measured ΔGobs corresponds to the diﬀerence in free
energy between the vapor (ng) and surface transition state (n*s ).
Negative ΔHobs and ΔSobs values imply that the ns* barrier is entropic
in nature, with the barrier height determined by the critical cluster size
(N*). The mass accommodation kinetics is controlled by the relative
rates of kdesorb and ksol. Reprinted with permission from ref 123.
Copyright 1996 American Chemical Society.

striking vapor molecule ﬁrst becomes a weakly bound surface
species (ns), which participates in a nucleation process leading
to the formation of the critical cluster N*. The nucleation
process is favored enthalpically (negative ΔHobs), but hindered
entropically (negative ΔSobs) as a result of the transition from
the vapor to the liquid phase. This results in a kinetic barrier
that is entropic in nature. The diﬀerence in free energy ΔGobs
between the striking gas-phase molecule and the critical cluster
is given by
ΔGobs = ΔHobs − T ΔSobs

5. RELATIVE HUMIDITY DEPENDENCE OF THE MASS
ACCOMMODATION COEFFICIENT
Similar to the temperature dependence discussed in the
previous section, the relative humidity dependence of the mass
accommodation coeﬃcient can have diﬀerent physical origins.
Figure 9a shows results presented by Miles et al., who
determined the evaporation coeﬃcient of water from aqueous
aerosol droplets coated with monolayers of tetradecanol using
the droplets’ evaporation rate at diﬀerent RHs.58 They used an
electrodynamic balance to trap the aqueous droplets and
observed up to a 5-fold increase in the evaporation coeﬃcient
when the relative humidity increased from 50 to 90%. The
authors attributed this increase of the evaporation coeﬃcient
to an eﬀective increase of the surface temperature, which
causes changes in the packing density of the surfactant, and not
to a direct eﬀect of the relative humidity. The temperature
increase results from reduced evaporative cooling at elevated
levels of relative humidity. The authors found that the
evaporation coeﬃcient increased with increasing surface
temperature (not indicated in Figure 9a), which is the reverse
of what we found for the mass accommodation coeﬃcient of
water on TEG. Such diﬀerence in the temperature dependence
is to be expected due to diﬀerent morphologies of the two
systemsTEG is water miscible, while tetradecanol forms
ﬁlms on the surface of the droplets. An increase of the surface
temperature of tetradecanol coated droplets decreases the
packing density of the surfactant, allowing for higher
permeability of the coating layer, which results in higher liquid
water exposure to the impinging gas-phase water molecules.

(6)

The mass accommodation coeﬃcient is related to ΔGobs as it
describes the competition between the desorption (kdesorb) and
solvation (ksol) rate constants:
k
i ΔG y
αM
= sol = expjjjj− obs zzzz
1 − αM
kdesorb
k RT {

(7)

Performing a linear regression on our mass accommodation
coeﬃcient data for the water−TEG system at varying particle
temperature using eq 7 yields values of ΔHobs = −164 ± 2 kJ
mol−1 and ΔSobs = −569 ± 7 J mol−1 K−1 (Figure 8, this work
and ref 77). As stated previously, near equilibrium conditions
are crucial to retrieve accurate αM values. The good ﬁt between
the Arrhenius-type theory and the experiment is consistent
with near-equilibrium conditions in our experiment.
To correctly describe the eﬀects of organic aerosols on the
climate, understanding the accommodation of water onto
organic aerosols is of paramount importance. The Earth’s
troposphere spans a wide temperature range from above 293 K
to well below 273 K,222 so that mass accommodation
coeﬃcients are needed over an extended temperature range.
The regression shown in Figure 8 allows us to extrapolate the
mass accommodation coeﬃcient to temperatures outside the
range that we accessed experimentally. We ﬁnd values of ∼0.98
at 273 K and ∼0.26 at 293 K for water accommodation on
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Figure 9. (a) Evaporation coeﬃcient of water from aqueous droplets coated with tetradecanol. Data taken from Figure 2a in ref 58. (b)
Photoacoustic signal measured on 200 nm diameter nigrosin aerosols at 298 K compared to simulations at diﬀerent values of the mass
accommodation coeﬃcient. Data taken from Figure 4b in ref 89. (c) Mass accommodation coeﬃcients of water on tetraethylene glycol aerosol
particles at diﬀerent particle temperatures and compositions. These data points cover the relative humidity range from 22% to 85%. It is not
possible to plot a relative humidity scale as it depends on the temperature. This ﬁgure is a revised version of Figure 3 from ref 77 produced using
the experimental data from our previous work202,203 and our recently presented, revised model.204

determination of mass accommodation coeﬃcients above ∼0.3
becomes increasingly uncertain because of the uncertainties of
the current data and the generally lower sensitivity to diﬀerent
αM at higher values of αM. We estimate that optimization of the
measurement conditions (droplet size and pressure of the
surrounding gas) and of the existing setup should allow us to
determine αM values up to ∼0.9. Regarding accommodation
coeﬃcients of water on water, our current results thus indicate
that the mass accommodation coeﬃcient of water on water is
higher than 0.3, possibly even very close to 1 for particle
temperatures of ∼295 K, consistent with the results by
Langridge et al.90 and Miles et al.45
However, the general agreement between these recent
studies does not mean that the value of the mass
accommodation coeﬃcient of water on water surfaces has
reached a consensus. There has been a decades-long debate in
the literature over the value of αM. The reported values span
the range from 0.001 to 1,35,42,43,47,48,56 though more recent
experiments hint at values higher than 0.1.45,54,90,223 Systematic
studies on water miscible aerosol droplets at increasing relative
humidity using PSPS might provide a tool to restrict the values
of the mass accommodation coeﬃcient of water on pure liquid
water more accurately than previously possible. As the relative
humidity increases, so does the water concentration in the
organic droplet and, therefore, the value of the mass
accommodation coeﬃcient should in principle approach the
value of pure water on liquid water. Fully miscible systems,
such as water−tetraethylene glycol, seem particularly suitable
because the water content in the droplet is known from the
known relative humidity. The results of such investigations
provide a basis for developing analytical expressions for αM as a
function of the relative humidity that would reliably extrapolate
to the pure water limit.
To the best of our knowledge, the studies shown in Figure 9
are the only ones to address the inﬂuence of the water content
on the mass accommodation coeﬃcient of water on organic
particles. However, other authors discussed the eﬀect of
relative humidity on uptake coeﬃcients of other substances.116,161,169,224−226 For example, Li et al. investigated the
mass accommodation of HCl and HBr on ethylene glycol.152
They found a decrease in uptake of both HCl and HBr for
increasing water mole fraction (relative humidity). As an
expression for αM of aqueous solutions, they suggested a sum

Langridge et al. used photoacoustic spectroscopy of aerosol
ensembles to investigate the inﬂuence of relative humidity on
the mass accommodation coeﬃcient of water on nigrosin and
nigrosin-ammonium sulfate aerosols.89,90 Figure 9b shows the
measured PA signal (circles; ratio of the PA signal of wet and
dry particles) obtained from 200 nm nigrosin aerosol particles
together with the simulated PA signal calculated for diﬀerent
values of the mass accommodation coeﬃcient (lines).89 The
authors observed a considerable increase of the mass
accommodation coeﬃcient with increasing relative humidity.
When the relative humidity increased from 70 to 90%, the
mass accommodation coeﬃcient increased from ∼0.05 to ∼1.
This increase of αM was attributed to a water-rich surface
composition at elevated levels of RH. In a subsequent study on
internally mixed nigrosin dye−ammonium sulfate particles, the
authors stated that the aerosol surface is most likely pure water
at relative humidities greater than 88%, implying that the
accommodation coeﬃcient determined under these conditions
would correspond to αM for water on water.90 This would pose
a lower limit of αM for water on water of 0.3 (see below).90
Figure 9c shows our results for tetraethylene glycol aerosols
at diﬀerent particle temperatures and diﬀerent water
concentrations in the droplet.77,202,203 Note that water and
tetraethylene glycol are fully miscible so that the water
concentration in the droplet is determined by the relative
humidity. We observe that the mass accommodation
coeﬃcient is essentially independent of the water concentration inside the particle for molar fractions of water (xH2O)
lower than 0.5. This is understandable, since for xH2O < 0.5,
most collisions are between gas-phase water molecules and
liquid TEG molecules. Assuming a homogeneous composition,
only every ninth collision is between gas and the liquid-phase
water for xH2O = 0.5. Starting from molar concentrations of
water higher than 0.5, we observe an increase in the retrieved
αM values. The mass accommodation coeﬃcient increases by
almost an order of magnitude from ∼0.1 to ∼1 when the water
molar fractions reach values of ∼0.85. This is because at xH2O =
0.85, every fourth collision is between gas-phase and liquidphase water molecules. Obviously, water accommodation
becomes more favorable with higher water content in the
droplets. It is important to note here, that experimental values
of the mass accommodation coeﬃcient above ∼0.3 should be
interpreted with caution. For the present measurements, the
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6. SUMMARY
In this Feature Article, we have discussed the accommodation
of water on various organic surfaces. We have presented stateof-the-art experimental methods used in the literature to study
mass transport alongside our newly developed technique called
photothermal single-particle spectroscopy (PSPS). PSPS
employs optical trapping to study aerosol droplets under
ambient conditions (temperature and pressure). The singleparticle nature guarantees precise size-speciﬁc measurements
that do not suﬀer from ensemble averaging eﬀects. PSPS
enables the retrieval of the mass accommodation coeﬃcient
from three independent, yet simultaneous measurements of
photoacoustic amplitude, phase, and modulated Mie scattering.
Potential biases associated with individual measurements tend
to cancel out, resulting in a method with a robust αM retrieval.
Furthermore, the periodic perturbation of the studied system
by an intensity-modulated laser only leads to minor temperature and concentration changes, maintaining close-toequilibrium conditions during the measurements. These
advantages make PSPS suitable for studies of the water mass
transport to and from organic aerosol particles. We think that
PSPS might also be a viable tool to better restrict the value of
αM for water on liquid water.
The comparison of experimental studies on αM of water on
organics points to a trend of increasing mass accommodation
coeﬃcient with increasing miscibility of the organic compound
with water. The very few temperature dependence studies hint
at a negative correlation between the temperature and the
accommodation coeﬃcient for water on water-miscible
organics, which can be rationalized by a surface transition
state with a negative enthalpy of solvation. Of particular
interest is the threshold value of αM ∼ 0.1. Water uptake in the
Earth’s atmosphere, for example, is limited by surface
accommodation for αM values below ∼0.1, while above this
value other eﬀects, such as diﬀusion of water vapor to the
particle or heat dissipation become limiting factors (refs 45, 46,
90, and 171 and references therein). Values of αM below and
above 0.1 have been reported for diﬀerent organics. The
speciﬁc kinetics of water uptake impacts the cloud activation
potential of organic aerosol particles and their growth kinetics.
Especially important in this context is the value of αM for water
on liquid water. Recent studies as well as the present study
favor values above 0.3 for water on water (refs 45 and 90 and
references therein), i.e., values at which particle growth in the
atmosphere is not limited by the mass accommodation. In
general, large values of the mass accommodation coeﬃcient
result in a formation of bigger and less stable cloud droplets
which form darker clouds with smaller scattering albedos.18,47
Beyond atmospheric aerosols there are many other areas where
water mass transport plays an important role. Condensational
growth, for example, also aﬀects the eﬃciency of drug delivery
to the lungs through pharmaceutical aerosol particles.
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