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Abstract
Mass transfer processes at the interface between the vapor
and particle phase of an aerosol are ubiquitous in our environment. This article discusses current experimental challenges
and new experimental approaches for kinetic studies of new
particle formation from the vapor phase and water accommodation on organic aerosol particles.

Introduction
An aerosol is a highly dynamic system that reacts very sensitively to changes in environmental conditions, in particular when
the aerosol consists of multiple compounds of varying volatility.
Among the most important but least understood processes are
YDSRUQXFOHDWLRQLHWKHYHU\ÀUVWVWHSVLQWKHIRUPDWLRQRIQHZ
particles from the gas phase, and the accommodation of gas
molecules at the surface of an aerosol particle, which governs
the condensation and evaporation dynamics of that molecular
species. A truly molecular-level understanding of these phenomena, however, is still missing. The research in our group focusses
on fundamental laboratory studies of the said phase transitions.
Gas phase nucleation plays a critical role in the formation of
new particles in the atmosphere of our and other planets and
in various technical processes [1, 2]. Nucleation is exquisitely
sensitive to changes in the environmental conditions because
it often involves the formation of small, weakly-bound molecular clusters (“nucleating clusters”), which makes experimental
studies very challenging. Thus, major experimental issues concern the initiation of nucleation under well-controlled conditions
along with the sensitive, and destruction-free detection of nucleating clusters. As a consequence many questions regarding
QXFOHDWLRQDUHVWLOORSHQVXFKDVWKHLQÁXHQFHRIWKHFKHPLFDO
composition of a vapor [3, 4], how nucleation changes as it transitions from a barrier-dominated process to the collisional limit
[5], and where the huge discrepancies between experimental
results and theoretical predictions arise [6].
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The mass transfer of a substance across the gas-particle inWHUIDFHGHSHQGVRQWKHPDVVDFFRPPRGDWLRQFRHIÀFLHQWƠM. It
indicates the probability of a gas-phase molecule to stick to the
surface upon collision. Mass transfer of water is of particular
LQWHUHVWEHFDXVHRILWVZLGHVSUHDGDEXQGDQFHDQGLWVLQÁXHQFH
on many processes, from cloud formation to the delivery of
SKDUPDFHXWLFDODHURVROV>@$FFXUDWHYDOXHVRIƠMDUHGLIÀFXOW
to determine experimentally, and even for apparently simple
cases, such as the accommodation of water vapor on pure waWHUWKHYDOXHVRIƠM vary by orders of magnitude [7-9]. For reliable results, it is important that the studied system stays close
to equilibrium during the measurement. This is experimentally
challenging to realize since it means that only miniscule mass
transfer may occur, necessitating extremely sensitive measurePHQWWHFKQLTXHV7KHIDFWWKDWƠM values are usually required
for a range of different temperatures and relative humidities
(RH) makes experiments even more demanding.
This article illustrates different aspects of mass transfer for
WZRH[DPSOHV7KHÀUVWRQHDGGUHVVHVWKHUROHRIWKHYRODWLOity of different gas components in the nucleation kinetics. A
key result is that highly volatile components can catalyze the
nucleation of less volatile components [4]. The second example concerns water accommodation on water-miscible organic
aerosol particles. It turns out that the miscibility with water explains both the pronounced inverse temperature-dependence
RIƠM and its RH-dependence [7].

Gas Phase Nucleation
Nucleation kinetics are very sensitive to the exact conditions, i.
e. pressure, temperature and saturation ratio (ratio of the vapor pressure of the condensable substance and its equilibrium
vapor pressure). It is thus crucial that nucleation is initiated
and observed at constant values of these system parameters.
In our experiment (Fig. 1 and [4]), this is achieved by inducing
QXFOHDWLRQLQWKHXQLIRUPSRVWQR]]OHÁRZRID/DYDOH[SDQVLRQ
ZKLFKDFWVDVDÁRZUHDFWRUZLWKRXWZDOOVZKHUHIUHTXHQWFROOLVLRQVHVWDEOLVKHTXLOLEULXPDWFRQVWDQWÁRZSUHVVXUH pF ÁRZ
temperature (TF), saturation ratio (S DQGÁRZYHORFLW\ VF). The
molecular clusters that form during nucleation are probed with
a mass spectrometer after soft laser ionization, which keeps
the cluster largely intact. High ion extraction voltages up to
30kV allow us to detect the cluster ions with high sensitivity. By
LQGXFLQJQXFOHDWLRQXQGHUZHOOGHÀQHGFRQGLWLRQVDQGGHWHFWing the clusters almost destruction-free and with high sensitivity this experimental setup largely overcomes the experimental
challenges associated with gas phase nucleation studies.
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Systematically changing the nozzle-to-skimmer distance LNS
allows for the collection of mass spectra as a function of the
nucleation time t. These mass spectra contain information on
a variety of time-dependent cluster properties, such as the
mass, the chemical composition and absolute number concentrations of clusters. The analysis of these time-dependent
cluster data yields information about onset conditions for nucleation, critical cluster sizes and compositions, nucleation
rates and mechanisms.

to be detected – the CO2 is lost or evaporates before the clusters are detected. The increasing amounts of mixed clusters
observed in experiments at lower TF FRQÀUP WKLV H[SODQDWLRQ
(see ref. [4]). The temperature acts as a sensitive control for the
nucleation mechanism, turning on and off different pathways.
At lower temperatures, less excess energy from collisions must
be dissipated upon cluster formation while collisional deactivation by the carrier gas might become more effective. Further
insight into the nucleation mechanism was obtained by varying
the CO2:Tol ratio between ~10 and 50 [4]. The increase of the
nucleation rate both with increasing CO2 and with increasing Tol
concentration, together with the above observations provided
the basis for the kinetic scheme shown in the lower panel in Fig.
7KHÀUVWVWHSSRVWXODWHVDWUDQVLHQW7RO&22 dimer, which we
refer to as a chaperon complex. This complex precedes the formation of a Tol dimer (second equation), and eventually the formation of larger clusters. The two consecutive reactions in Fig.
2 represent a CO2-catalyzed toluene dimerization. Interestingly,
this mechanism is to some extent analogous to the chaperon
or radical-complex mechanism for radical recombination [10].

Fig. 1: Vapors of condensable substances along with a carrier gas (rare gases
or nitrogen) are supplied to the stagnation volume of the Laval nozzle with
stagnation pressure p0 and stagnation temperature T0. Expansion of the gas
mixture through the nozzle results in a large temperature drop, leading to supersaturation (S! DQGWKXVQXFOHDWLRQDIWHUWKHQR]]OHH[LWLQWKHÀUVWSDUW
RIWKHSRVWQR]]OHÁRZ FRQVWDQWÁRZSUHVVXUH pF ÁRZWHPSHUDWXUH TF), saturation ratio (S  DQGÁRZ YHORFLW\ VF  3DUW RI WKH SRVWQR]]OH ÁRZ HQWHUV WKH
KRPHEXLOWWLPHRIÁLJKWPDVVVSHFWURPHWHUWKURXJKDVNLPPHU7KHFOXVWHUV
DUH LRQL]HG E\ D KRPHEXLOW ORZÁXHQFH YDFXXP XOWUDYLROHW 989  ODVHU DQG
detected at a microchannel plate detector (MCP), resulting in mass spectra
(lower right) as a function of the nucleation time t (or nozzle-to-skimmer distance LNS) Reprinted from Fig. 1 of ref. [4], which is licensed under a Creative
Commons Attribution NonCommercial License 4.0 (CC BY-NC). https://creaWLYHFRPPRQVRUJOLFHQVHVE\QF

In natural settings, nucleating vapors usually consist of multiple components of different volatility, which all can affect
the nucleation behavior. The question is, how? While previous
experiments could identify comparatively strongly-bound constituents in nucleating clusters [3], our recent investigation on
QXFOHDWLRQLQELQDU\YDSRUVZDVWKHÀUVWH[SHULPHQWDOVWXG\WR
elucidate the role of weakly-bound constituents in nucleating
clusters [4]. Different CO2-containing binary vapors were investigated with toluene (Tol), water, propanol, hexane and butane
as the second component. Nucleation in such CO2-containg
vapors is, for example, relevant to natural gas separation processes and to cloud formation in the Martian atmosphere. The
study shows that the presence of more volatile gaseous components (here CO2) can enhance the nucleation of less volatile
components by the formation of transient, hetero-molecular
clusters. The comparison of the mass spectra for a Tol-CO2 mixture (upper trace in the upper panel in Fig. 2) and for pure Tol
gas (lower trace) illustrate this enhancement effect (see ref. [4]
for details). While nucleating clusters are clearly visible in the
mass spectra of the Tol-CO2 mixture, pure Tol gas does not nucleate (no nucleating clusters) under the very same conditions.
Evidently, the presence of CO2 greatly enhances the nucleation
of Tol. That only homo-molecular Tol clusters are present but no
mixed Tol-CO2FOXVWHUVVHHPVVXUSULVLQJDWÀUVWVLJKWJLYHQWKDW
hetero-molecular Tol-CO2 clusters must be involved in the nucleation mechanism. The reason is the transient character of the
mixed clusters. At a TF of 55K, their lifetime is simply too short
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Fig. 2: 8SSHUSDQHO0DVVVSHFWUDRIQXFOHDWLQJFOXVWHUVIRUDELQDU\WROXHQH&22
vapor showing the region from the trimer to the heptamer (upper trace) and
D SXUH WROXHQH YDSRU ORZHU WUDFH  P] LV WKH PDVVWRFKDUJH UDWLR 7KH GDWD
KDYHSUHYLRXVO\EHHQSXEOLVKHGLQUHI>@/RZHUSDQHOFKDSHURQPHFKDQLVP
SURSRVHGIRUWKHQXFOHDWLRQRIWROXHQHIURPELQDU\&22-toluene vapors.

Mass Accommodation
To minimize experimental biases associated with the determiQDWLRQ RI PDVV DFFRPPRGDWLRQ FRHIÀFLHQWV ƠM, we have recently proposed a new technique, which we refer to as Photothermal Single-Particle Spectroscopy (PSPS) [7, 11]. It allows
XVWRGHWHUPLQHƠM from simultaneous photoacoustic (PA) and
modulated Mie light scattering (MMS) measurements on a single optically-trapped aerosol particle (Fig. 3). The absorption of
an intensity-modulated laser induces small temperature oscil-
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lations in the particle in the sub-Kelvin to Kelvin range, resulting
in periodic heat and mass transfer between the particle and
the surrounding gas phase. This periodic energy transfer gives
rise to photoacoustic signals (photoacoustic amplitude (PAA)
and phase (PAP)), which are monitored with a microphone, and
to a periodic change in the droplet size, which is monitored by
006>@7KURXJKWKHPDVVÁX[FRQWULEXWLRQ3$$3$3DQG
006GHSHQGRQƠM, which can be retrieved from the respective
signals by combining Mie theory with a kinetic model that deVFULEHVKHDWDQGPDVVÁX[E\)RXULHU·VODZRIWKHUPDOFRQGXFWLRQDQG)LFN·VÀUVWODZRIGLIIXVLRQUHVSHFWLYHO\>@3636
KDVWKHIROORZLQJDGYDQWDJHVIRUWKHGHWHUPLQDWLRQRIƠM: i) The
single-droplet approach allows precise control over droplet size
and environmental conditions by avoiding ensemble averaging
effects. ii) The high sensitivity of PA and MMS measurements
allows us to detect minute perturbations of the droplet induced
E\ WKH PRGXODWHG ODVHU VR WKDW ƠM can be retrieved under
close-to-equilibrium conditions. iii) By minimizing potential biases associated with each individual method, the simultaneous
GHWHUPLQDWLRQ RI ƠM from three independent measurements
3$$3$3DQG006 PDNHVWKHUHWULHYDORIƠM very robust.

content at the surface increases and so does the frequency
of collision between gas phase and surface water molecules
OHDGLQJWRDSURQRXQFHGFRQFHQWUDWLRQGHSHQGHQFHRIƠM. The
V\VWHPDWLF LQFUHDVH RI ƠM ZLWK [ UHÁHFWV WKH KLJKHU YDOXH RI
ƠM for water on water compared with water on TEG (The relative frequency of collisions between water molecules increases
from about every 10th collision at x=0.5 to every 3rd collision
at x=0.85.). Furthermore, the analysis of the temperature deSHQGHQFHUHYHDOVDSURQRXQFHGGHFUHDVHRIƠM by about a factor of six with increasing temperature between 296 K and 309
K. This inverse temperature dependence follows an Arrhenius
behavior (Fig. 8 in ref. [7], [12]), which can be explained by a
barrier that is entropic in nature, likely a result of the loss of
unbound degrees of freedom (translations and rotations) upon
accommodation of a vapor molecule in the liquid phase.

Fig. 4: 0DVV DFFRPPRGDWLRQ FRHIÀFLHQW ƠM IRU DTXHRXV WHWUDHWK\OHQH JO\FRO
7(* DHURVROGURSOHWVDVDIXQFWLRQRIWKHZDWHUPROHIUDFWLRQ[LQWKHGURSOHW
DQG WKH WHPSHUDWXUH 7 FRORU VFKHPH  PHDVXUHG ZLWK 3636 5HSULQWHG IURP
)LJFRIUHI>@7KHDXWKRUV&UHDWLYH&RPPRQV/LFHQFH&&%<1&1'

Fig. 3: Sketch of the processes involved in a PSPS measurement. A single
GURSOHWLVLPPRELOL]HGLQDLUE\DQRSWLFDOWUDS JUHHQEHDP 7KHDEVRUSWLRQ
RIOLJKWIURPDQLQWHQVLW\PRGXODWHGODVHU DUURZ E\WKHGURSOHWUHVXOWVLQKHDW
4  DQG PDVV ,  ÁX[ EHWZHHQ GURSOHW DQG VXUURXQGLQJ JDV SKDVH DQG LQ D
change in the droplet size (not shown). See [7, 11, 12] for details. Figure adaptHGIURP)LJRIUHI>@ZLWKSHUPLVVLRQIURPWKH3&&32ZQHU6RFLHWLHV

Interfacial mass transfer of water between the gas phase and a
condensed phase containing organic compounds determines
the fate of organic aerosols in the atmosphere as well as during
the delivery of pharmaceutic sprays. Despite its importance,
FRPSDUDWLYHO\ IHZ GDWD H[LVW IRU ƠM values of such systems,
with even fewer information on temperature and concentration dependence (see e.g. Table 1 in ref. [7]). We have recently
studied interfacial water transfer for aqueous tetraethylene glycol (TEG) aerosol droplets as a proxy for mass accommodation
processes on water miscible organics [7, 11, 12]. The concentration (RH) and temperature dependence (selected data) is
summarized in Fig. 4. For water mole fractions, x, below ~0.5,
ƠM is essentially independent of x as the surface mainly consists of TEG with negligible water content. For x > 0.5, the water

Summary
It turns out that the nucleation enhancement by highly volatile
gas components follows a mechanism with analogies to the
chaperon radical-complex mechanism for radical recombination. This enhancement effect seems much more general in
new particle formation than previously anticipated. The strong
temperature and relative humidity dependence of the mass
DFFRPPRGDWLRQFRHIÀFLHQWIRUZDWHURQZDWHUPLVFLEOHRUJDQLF
aerosols implies that depending on the actual conditions the
water uptake kinetics can change from accommodation-limited
WRGLIIXVLRQOLPLWHG,QWKHDWPRVSKHUHIRUH[DPSOHWKHVSHFLÀF
NLQHWLFVLQÁXHQFHVWKHFORXGDFWLYDWLRQSRWHQWLDORIDHURVROV
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