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Introduction

The earth’s atmosphere is a multivariate dynamic system, with complex interactions and
hard to predict outputs. Climate is a major parameter that affects agriculture, human habitats and
influences the economy of countries, to mention just a few. In addition, pollution levels of the lower
part of the atmosphere is strongly correlated with human health effects.(Kampa and Castanas 2008;
Po6schl 2005). Air pollution is a major problem in many cities around the world. The work described
in this thesis aims in answering open questions in the field of atmospheric physics and provide
experimental tools with which future research can be performed more efficiently.

In a first oversimplified approach, the atmosphere is a vast chemical reactor which
contains gases and solid matter in the form of particles, powered by solar radiation and stirred by
the combined influence of the Earth’s rotation and pressure/temperature differentials. Particles
provide the necessary surface on which water vapors condense and form clouds. The role of clouds
in the atmosphere is very important. They form a protective blanket from solar radiation, but also
provide the closing link in the water balance between water masses and atmosphere. Without clouds
and rainfall, water would not find its way back to land. Furthermore, particles in the atmosphere is
contribute to the radiative forcing of the atmosphere by directly absorbing or reflecting solar
radiation.

The uncertainties, regarding the contribution of particles, are large and this is mainly
attributed to the large diversity of particles with different properties. Given that the interaction of
light with particles is a function of the particle properties, it is hard to conclude on whether particles
are cooling or warming the atmosphere. For example, black carbon particles absorb radiation,
resulting in warming of the atmosphere (Jacobson 2001) meanwhile sulphates scatter radiation
resulting in cooling of the atmosphere. Concluding on which direction the sum of all the
contributions goes to, is not a straightforward task. To this day, the effect that particles have in the
atmosphere remains one of the biggest unknown parameters in understanding climate change
(IPCC, 2014).

What is required to come to a better understanding of the role of particles in the
atmosphere? First, it is necessary to identify the sources of particles in the atmosphere. Particles
originate from a big variety of anthropogenic and natural sources. Natural sources of particles

include volcanic eruptions, sea spray and wildfires. These are sources, which, although very



localized, contribute significantly to the number of particles released in the atmosphere (Viana et
al., 2014).

An important natural mechanism through which particles are formed is via nucleation
and/or condensation of gaseous species present in the atmosphere. This mechanism is generally
referred to as new particle formation (NPF). Studies suggest that a significant fraction of the global
budget of cloud condensation nuclei originates from NPF processes.(Kulmala et al. 2013; Rose et
al. 2017) In principle, NPF starts with the formation of clusters having sub-1 nm sizes, which grow
through simultaneous nucleation and coagulation processes. Proposed mechanisms of NPF include
interaction of sulphuric acid with volatile organic compounds, binary nucleation, and ion-induced
nucleation.(Schobesberger et al. 2013) The importance of investigating and understanding NPF
derives from a vast number of field observations which confirm that NFP is a frequent global
phenomenon.

The formation of a large number of new particles in the atmosphere has been observed
worldwide at various rural, marine and urban sites, highlighting that NPF constitutes a significant
source of atmospheric aerosol particles.(de Espaiia et al. 2017; Kulmala et al. 2004; Kulmala et al.
2013; Platis et al. 2016) The identification of the initiating mechanism of NPF, however, remains
one of the most interesting questions to date. lon-induced nucleation is shown to be one of the
processes through which NPF initiates. Atmospheric ions act efficiently as nuclei on which organic
or inorganic vapors condense, leading to the formation of new particles.

Wilson was the first to observe that water nucleates more favorably on negative ions
compared to positive (negative sign-preference; Wilson 1911). Since then, many experimental
studies have reported contradicting results, the origin of which is attributed mainly to the not well-
defined chemical composition of the ions used in these studies.(Kangasluoma et al. 2016; Li and
Hogan 2017; Winkler et al. 2008) The need exists for an experimental setup, which will reduce
these uncertainties and will enable the study of such a fundamental NPF mechanism as the ion
induced nucleation. Identification of the initiating mechanism of ion-induced nucleation remains,
one of the most interesting open questions to date.

Furthermore, given the global scale of the NPF phenomenon, it is required to more deeply
understand its origin and quantify it in terms of particle production rates. This information is crucial
for global climatic models in order to be able to include more realistically the effects of particles
on climate (Adams and Seinfeld, 2002; Vignati et al., 2004; Spracklen et al., 2005a,b). Although
the effect of particles on climate is controlled by several physicochemical properties, the particle

size holds the most significant role (Dusek et al., 2006).



Historically, aerosol instrumentation was developed for measuring particles from the pm-
side of the spectrum and progressively was developed further in order to measure the size and
concentration of smallest particles. The Differential Mobility Analyzer (DMA; Knutson and
Whitby 1975) when coupled with a particle detector, provides a measurement of the particle size
distribution, and has proven to be an invaluable tool for the study for particle size distribution
related phenomena in the atmosphere (Wiedensohler et al. 2012). The most adequate detector for a
DMA is the condensation particle counter (CPC), mainly due to the capability of CPC of very low
concentration detection limit (i.e. 1 particle/cm?). Although state-of-the-art DMAs are capable of
measuring particle size down to the sub-1 nm range, the same is not valid for CPCs. The detection
efficiency of a CPC is greatly reduced when the particle size becomes smaller than 3 nm.
Nowadays, atmospheric particle research is focused on very small particles (i.e. sub-2nm size
range) and this makes the need of designing and developing CPCs, that will have better
performance in the sub-2nm range, even more pressing.

Recent developments in the way that atmospheric research is being conducted has created
the need to develop aerosol instrumentation further. The unmanned aerial vehicle (UAV)
technology has become, in the recent few years, a very popular means of performing research in
the atmosphere (Altstédter et al. 2015; Neitola et al. 2017; Pajares 2015). Such technology has very
low operational costs and high flexibility in terms of frequency of flights. Although UAVs are a
highly matured technology, often researchers stumble upon the incompatibility of existing
instruments with UAV specifications. To date, the existing DMA designs prohibit their use in

airborne measurements with UAVs due to their high weight and cost.

These challenges have motivated the research that is presented in this thesis. In the
following chapters, the reader may find extensive information on the challenges presented above.

The work reported in this thesis aims to contribute to the field of Atmospheric Sciences by:

1) highlighting a previously unknown characteristic of the supersaturation field inside a
CPC, which can be manipulated in order to significantly increase the detection
efficiency for sub-2nm particles (Chapter 2).

2) introducing a new concept of manufacturing aerosol instruments and applying it to build
anovel DMA of extremely low weight and production cost, with the help of 3D-printing
technology (Chapter 3).



3) developing a new production method of atomic clusters under atmospheric pressure,
which provides ideal seed particle for the investigation of ion-induced nucleation
(Chapter 4).

4) unraveling a new behavior of sign preference in ion-induced nucleation (Chapter 5).
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Chapter 1

Experimental Methods

In this chapter, the main experimental methods that were used in this thesis will be
presented. A general scheme, common amongst the experiments, is the usage of three main
equipment categories: 1) particle generation ii) particle classification and iii) particle detection.
Basic operating principles will be presented, as well as bottlenecks of the state-of-the-art. Finally,

the research questions will be formulated.

1.1 Particle Generation

Nanoparticles can be generated by many different methods, varying in the quality, size and
composition of produced particles. What follows is an introductory analysis of the operating
principles of the particle generators used in this thesis. Some generators were used as auxiliary
devices, e.g. for calibration purposes, while others were the subject of extensive research and
modification in order to answer the research question. Such a generator was the spark generator,

which was studied extensively in chapter 4.

1.1.1 Spark Discharge Generator (SDG)

The method of producing nanoparticles by using atmospheric plasma-based electrical
discharges was first introduced by Schwyn et al. (1988). Since then, the SDG has been recognized

as a versatile way of producing nanoparticles and has found application in many studies.

Figure 1 shows a schematic diagram of the SDG in its most basic version. The SDG
consists of a chamber which includes two electrodes of the material that is desired to produce

nanoparticles out of. In order to create a potential difference, one of the electrodes remains at
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ground potential while the second one is connected to a capacitor bank, charged by a high voltage
power supply. When the applied voltage exceeds the breakdown voltage of the gas, a spark
sequence is initiated forming a conductive channel which discharges the energy stored in the
capacitors through the spark gap. The plasma created in the spark gap is unidirectional and consists
of free electrons and ionized gas molecules (Vons, 2010). The heat that is dissipated on the
electrode surface is suitable to evaporate atoms from the material matrix, with temperature reaching

as high as 20000K (Reinmann and Akram, 1997; Tabrizi et al., 2009).

Cluster formation

*,
SDG
insulator-
%,
|79 TCGas inmm (| -Aerosol PR N

J W T out L L

Figure 1. Schematic of the system for cluster formation by SDG showing the electrical circuit and
the spark housing (cross-shaped block), /¢ is the constant current to charge the capacitor C; The
magnified region between the two electrodes is showing a cartoon of the particle formation process.

The cloud of evaporated atoms is then diluted by an inert gas flowing through the spark
gap and is brought to room temperature. This rapid quenching of temperature is the driving
mechanism for the formation of nanoparticles, through a combined process of nucleation and

subsequent coagulation (Feng et al.,2016).

In every discharge, the energy E; transferred from the capacitor bank to the spark gap is

given by:

cv?
Eq=""/, (1

where Vq is the breakdown voltage of the gas. The SDG offers the possibility to adjust the mean
particle size distribution by controlling only two operational parameters, the energy per spark,
through the capacitance, and the flow rate. The energy per spark defines the number of atoms that
evaporate from the electrodes, therefore the initial concentration available for coagulation. On the
other hand, the flow rate defines the residence time of particles inside the coagulation region, and

therefore the final particle size.
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The simplicity of the SDG method makes it a very attractive technique for particle
generation purposes. In this thesis, we used an SDG to produce the atomic clusters that were
required for the investigation of the sign preference phenomenon. In chapter 4, we describe the
modifications and operating conditions of the SDG that are necessary for the production of atomic
clusters. With this method, we produced atomic clusters ranging from 1 to 22 atoms of silver. In
Chapter 5, we describe how this improved SDG was used for experimentally measuring
heterogeneous nucleation probability of polar molecules on atomic clusters and the fundamental

issue of sign preference.

1.1.2 Electrospray

Electrospray is a widely studied and applied method for transferring molecules from the
liquid to the gas phase. In principle, one can achieve highly monodisperse aerosol samples, by

choosing the right operating conditions and liquid sample.

The simplest setup of an electrospray apparatus consists of a capillary needle housed inside
a chamber, kept at ground potential. The needle is immersed inside a vial containing the liquid
solution and is electrically connected to a high voltage source. Application of positive pressure
drives the liquid at the capillary tip. Due to the small size of the tip (i.e. a few tens of um), the liquid
experiences a high-density electric field that “pulls” micrometer-sized droplets into the gas phase.
A high number of charges is acquired by the droplets, which shortly after the tip, start to undergo
evaporation and reduction of their size. When the Rayleigh radius is reached, Coulombic explosion
is initiated resulting in fragmentation of the droplet. When the solvent evaporates completely, the

dry residue forms a nanoparticle.

An electrospray was used for calibrating the high flow differential mobility analyzer used
in most of the experimental work reported in this thesis, by using tetraheptyl ammonium bromide

salt dissolved in acetonitrile (Ude and de la Mora, 2005). In addition, an electrospray was also used

as a particle generator of sub-2nm particles of Tetrabutylammonium and the bromide ion.
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1.1.3 Glowing wire

Similarly to the spark generator, the operating principle of the glowing wire generator relies
on an evaporation/condensation process. In this generator, evaporation comes from resistively
heating a piece of metal wire, by passing high current through it (Peineke and Schmidt-Ott,2008;
Peineke et al., 2006; Schmidt-Ott et al., 1980). The evaporated cloud of atoms is quenched by a

flow of gas which carries the particles out of the housing chamber.

In this thesis, a home-made glowing wire generator was used in chapter 4 and provided the
test particles with which the transfer function of the lightweight DMA was evaluated in a TDMA

experimental setup.

1.2 Differential Mobility Analyzer

The differential mobility analyzer (DMA) is a core instrument in aerosol research, which
when combined with a particle detector, provides a measurement of the size distribution of
particles. A DMA can be used also for producing a monodisperse particle flow that can be used for
various purposes like understanding the particle dynamics, particle deposition on substrates or

calibration purposes.

The operating principle on which size classification is achieved, is surprisingly simple.
Although DMAs of various designs exist, we are using a cylindrical DMA to explain the operating
principle. Figure 2 shows a schematic diagram of a cylindrical DMA. The polydisperse aerosol
enters the DMA though a slot at the outer cylinder with a flow rate Q, and the charged particles are
either reflected or attracted from the central rod, due to the existence of an electric field. A stream
of sheath air flows along with the aerosol flow with a flow rate Qs. The particles that are being
attracted follow parabolic trajectories towards the central rod and eventually they will collide with
it. The distance that they will cover along the axis of the inner rod, is a function of their electrical
mobility, of the voltage applied to the rod and of the flow rates Qs and O, (Knutson and Whitby,
1975).
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Figure 2. Schematic diagram of cylindrical type DMA.

By controlling the voltage and the flow rates, particles with a narrow distribution of
electrical mobilities exit the slit located at the end of the central rod, where a detector is placed for
counting the concentration. Knutson & Whitby (1975) showed that this distribution has an upper
and a lower limit. The upper limit corresponds to particles that enter to the outermost radial position
on the aerosol inlet and reach the monodisperse slit at its beginning. Such particles will have an

electrical mobility equal to:

_ Qqat0Qs (1)

7 =
max - amr EqL

The lower limit corresponds to particles that enter the classification region at the innermost
position of the aerosol inlet and just reach the central rod at the end of the slit opening. Such

particles will have an electrical mobility equal to:

— Qa—0s (2)

Z
max - omr E L’

where r; is the radial position of the surface of the inner rod, measured from the axis of the rod.
Between these two limits, particles with intermediate mobilities will reach the slit and contribute
to the measured size distribution. The weight of this contribution is estimated through the DMAs’
transfer function, Q. The transfer function is defined as the probability that an entering particle,
with electrical mobility Z, will have the correct trajectory to exit through the exit slit with the

classified aerosol (Knutson & Whitby, 1975).

An ideal DMA with an ideal transfer function would produce only one size of aerosol when set at
a constant voltage. In reality, there is a narrow distribution of sizes which exit the DMA at a set
voltage. The width of this distribution can be controlled by the ratio of sheath-air to sample aerosol.

The higher the ratio of sheath to sample air, the narrower the resulting size distribution will be.
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Losses in the inlet and outlet regions outside the classification zone are not included in Q. In this
case the plot of the transfer function against the electrical mobility is a triangular shaped function.
If diffusion broadening of the particle trajectories is to be considered, the transfer function
broadens, thus including particles within a wider range of mobilities that can exit the DMA slit and

contribute to the aerosol distribution (Stolzenburg & McMurry, 2008).

The first experimental work using electrical mobility analysis dates back to the first half of
the 20" century. Based on an earlier design by Zeleny (1900), a DMA was developed by Erikson
(1921) and used for studying the aging of ions in gases and in the atmosphere. Later, Rohmann
(1923) used this method to measure the size distribution of airborne particles. Major improvements
that followed by Hewitt (1957) have led to the DMA that we know today. The cylindrical DMA is
the most recognizable design of all that exist, mainly due to the work of Whitby and Clark (1966)
who set the ground for the commercial version of the instrument known as the Electrical Aerosol
Analyzer (EAA; Liu and Pui 1974;1975). A comprehensive theoretical understanding of the
operation of the DMA was given later by Knutson and Whitby (1975), who introduced the concept
of the DMA transfer function and resolution. All of these DMAs though suffered from very low
resolution when measuring particles smaller than 10 nm. In the years that followed, significant
effort was put to develop DMAs that would perform better in that size range. It was identified that
in order to achieve this goal it was necessary to redesign the DMA to facilitate operation at much
higher flow rates. Nowadays DMAs that have significantly high resolution in the sub-2nm range
exist (Rosell-Llompart et al., 1996; Seto et al., 1997; de Juan and de la Mora, 1998; Rosser and de
la Mora, 2005)

The history of the DMA development is full of extremely interesting studies and
modifications that have increased the measuring capabilities of the instrument, and therefore its
value for research. This has been recognized by the scientific community and DMAs are being used
for a variety of different research studies. The most relevant application to this thesis is the
atmospheric and air pollution research. DMAs are being used as monitoring equipment for urban
air pollution, monitoring pristine environments, filtration studies, automotive exhaust studies and
many more. There are a few aspects of the DMA than remain to be improved though. DMAs are
constructed out of metal, therefore they tend to be heavy and require an expensive manufacturing
process. This fact hinders the widespread application of this instrument. For example, it is
acknowledged that in order to measure more accurately the urban air pollution, it is necessary to
establish a dense network of monitoring stations, which currently is not possible due to the

associated high cost. Low cost sensors are needed in order to facilitate such a goal. In addition, a
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whole new way of conducting atmospheric airborne measurements is emerging with the use of
UAVs. The current instruments do not fulfill the weight specifications that the UAV inherently
poses, they are too heavy and bulky. Light-weightness and portability are characteristics that are
highly needed in the next generation of DMAs.

The work described in Chapter 3 of this thesis is devoted in covering this need by
introducing a new method of manufacturing DMAs. The key concept behind the new method is
that the electrical conductivity that is required for the operation, is not needed throughout the whole
body of the DMA. Therefore, it is possible to construct the DMA out of any low-cost and low-
weight material and apply a conductive layer only on the inside surfaces, through which the aerosol
flow is exposed. Following this concept, we built a DMA out of polyurethane and compared its
performance with an identical DMA made out of stainless steel. The new DMA is extremely
lightweight (<100gr) making it ideal for incorporation inside a UAV. Overall, this new method
offers the possibility of producing lightweight DMAs, but also offers a new way with which
prototypes can be tested. By removing the necessity of a fully equipped workshop to process metal,
and instead using a 3D printer for production, prototypes can be easily manufactured at a very low
cost. Of course, this method is not limited to DMAs. In any aerosol instrument, it is necessary to
have conductive surfaces in order to avoid charge accumulation and therefore increase of particle
losses. Therefore, this method can be applied to a variety of aerosol instruments, boosting the

research and innovation in aerosol instrumentation significantly.

1.3 Condensation Particle Counter

Optical detection of particles is a reliable and robust method for counting particles and
relies on a simple operating principle. When particles transverse through a beam of light they scatter
and absorb the radiation. The intensity of scattered radiation can be detected by a photodetector as
a sequence of light pulses. The number of pulses corresponds to the number of particles present in
the sample. The main limitation of this method is that it cannot be applied for particle sizes smaller
than circa 200 nm. The scattering intensity decreases rapidly as particle size becomes smaller,
making the signal indistinguishable from the signal noise.

Condensation Particle Counters (CPCs) were developed to overcome this limitation. They
do so, by applying a very simple and ingenious solution. Particles are artificially grown to
micrometer sized droplets before they reach the optical detector. The artificial growth is achieved

by vapor condensation on the particle surface. Whether a particle will be activated (i.e. initiate

19



vapor-to-liquid phase transition) is dependent on various parameters of the liquid properties (vapor
pressure, surface tension) and of the particle (e.g. particle size, chemical composition, charge). The
theory describing the activation probability has been used extensively in CPC studies (described in
detail in Chapter 2), and good agreement with experimental results has been achieved.

The main limitation of existing CPCs is that particle sizes below as certain critical size will
get activated with a probability smaller than 1. The probability of activation decreases with
decreasing particle size. Therefore, it follows that the detection efficiency of the CPC will be
smaller than 100%, resulting in underperformance of the instrument.

Fueled by this limitation, a lot of research has been conducted in the past resulting in pivotal
moments in the history of the development of CPCs. Three main categories of CPCs exist, namely
the expansion, mixing and laminar flow CPC. What differentiates these types is the method used
to initiate phase transition. In expansion type CPCs, supersaturation is achieved by rapid expansion
of'a volume of sample which is saturated with vapors of the working fluid. Rapid expansion creates
a temperature drop throughout the whole volume of the sample, resulting in a uniform
supersaturation field. This constitutes the main advantage of expansion type CPCs because all
particles are exposed to the same supersaturation value. Mixing type CPCs, as the name implies,
achieve supersaturation by mixing the sample flow saturated with vapors, with another lower
temperature flow. Kousaka et al. (1982) built the first mixing CPC capable of sub-10 nm particle
detection.

The majority of CPCs used by aerosol research groups is a laminar flow type (Bricard et
al.,1976), and thus due to relevance, improving their performance is of high importance. This type
of CPC uses diffusion and convection cooling in order to create supersaturation. Figure 3 shows
the schematic diagram of the internal tubing of a CPC (model 3025, TSI). Sample enters the aerosol
inlet and is split into two flows. One of them passes through an orifice and meets the second flow,
which is saturated in vapors (e.g. butanol) and has been filtered to remove all particles. In addition,
the secondary flow serves the purpose of sheathing the aerosol flow and containing particles in the
centerline of the tube. Inside the condenser tube, which is maintained at a lower temperature than

the saturated flow, phase transition is initiated, and vapors condense on the particle surface.
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Figure 3. Schematic layout of the TSI 3025 CPC, showing the length L and diameter d of the tubing

through which the sampled aerosol flows.

The laminar flow CPC is the most used CPC since it has been commercially available for
many decades. Later, Stolzenburg and McMurry (1991) optimized the design of the laminar flow
CPC by introducing a sheath air flow and achieved sub-3nm particle detection. Their modifications
focused on reducing particles losses by bringing particles close to the centerline of the condenser
tube where the maximum supersaturation is achieved. This innovation was commercialized by TSI
by producing the ultrafine-CPC which has become one of the most popular CPC instruments. The
next major milestone in improving the detection efficiency of ultrafine CPCs was the work of
Mertes et al. (1995), in which they reported significant increase of the detection efficiency by
simply increasing the difference between the operating temperatures of the condenser and saturator
of'the CPC. This meant that the CPC could very easily be “boosted” to detect a new range of particle
sizes, without any hardware modifications.

In this work, we developed a new method for increasing the detection efficiency of laminar
flow CPCs. We did that by focusing on an aspect of the operation that had been overlooked or
neglected by previous studies. This aspect is the volume which the supersaturation profile occupies
inside the condenser tube. We found that by choosing the right absolute operational temperatures

of the CPC, the spatial characteristics of the supersaturation profile can be controlled with high
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resolution. This discovery has led to a new way of operating CPCs, which we refer to as
Temperature Window operation. The results of the Temperature Window method are described in
detail in Chapter 2. The benefit of this method is two-fold. On one hand, it can increase the detection
efficiency of a CPC by 40% and on the other hand it shines light on an aspect of the CPC operation
that was not considered in the past, which will aid to the design of CPCs optimized for the detection

of sub-2nm particles.
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Chapter 2

Enhancing the detection efficiency of condensation

particle counters for sub-2nm particles

*This chapter has been published as K.Barmpounis et al., J.Aeros.Sc., 117, 44-53, 2018
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Abstract

The detection efficiency of Condensation Particle Counters (CPCs) reduces drastically as particle
size becomes smaller than 2 nm. Increasing the supersaturation in order to enhance the detection
efficiency, has limited applicability because the onset supersaturation value of droplet formation
by homogeneous nucleation is very close to the heterogeneous onset supersaturation for sub-2 nm
particles. In this work we introduce a new method for increasing the detection efficiency of CPCs
for sub-2 nm particles, which relies mainly on controlling the spatial distribution of the
supersaturation profile by simply modifying the operating temperatures of the CPC. We evaluated
the new method by generating monodisperse particles in the size range of 0.98 to 4.50 nm and used
them to characterize a TSI 3025 CPC. We achieved significant increase of the detection efficiency
for sub-2 nm particles. Furthermore, we calculated the supersaturation field developed in the
condenser tube with a finite element model and used it to determine the detection efficiency
according to heterogeneous nucleation theory. These calculations reveal that the observed increase
of the detection efficiency can be explained by the manipulation of the spatial distribution of the
supersaturation field. The method introduced here can greatly improve the detection efficiency of
CPCs and in the meantime further extend their use for particle sizing purposes in the sub-2-nm

range.
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2.1 Introduction

Observations of nucleation events in the atmosphere are important for better understanding
the physical processes governing the evolution of the size distribution of acrosol particles, and thus
for improving the predictability of climate models. In these observations, measurements of the
concentration of particles smaller than 2 nm are of particular importance for understanding the early
stages of particle formation and their subsequent growth. Due to their highly diffusive nature,
however, the detection of particles having sizes in that range can be challenging, especially in the
context of atmospheric observations where their concentrations can be relatively low (Kulmala et
al., 2013).

Condensation Particle Counters (Agarwal & Sem, 1980; Bricard et al., 1976; McMurry,
2000; Stolzenburg & McMurry, 1991) have been widely used for measuring the concentration of
airborne nanoparticles. Compared to an aerosol electrometer (Liu et al., 1974), CPCs have an
extremely high counting sensitivity because, in principle, they have the capability of single-particle
detection. In addition, CPCs are unique detectors of uncharged particles, a fact that is especially
valuable for studies of the atmospheric aerosol (Kulmala et al., 2004).

One limitation of CPCs is that their detection efficiency decreases substantially when
particle size decreases below a threshold value. Smaller particles require a higher supersaturation
in order to initiate condensational growth, because the equilibrium vapor pressure over a curved
surface is higher than that over a flat surface (Kelvin effect). The 50% detection efficiency of
standard CPCs is ca. 10 nm (e.g., for the TSI Model 3010). A recent study has shown that by
modifying the operating conditions of the TSI Model 3772, detection of sub-2 nm particles is
possible with surprisingly high detection efficiency (Kangasluoma et al., 2015a). In the case of
ultrafine CPCs, the 50% detection efficiency is achieved for particles having sizes close to 2.5 nm
(e.g. TSI Models 3025 and 3776; (Kuang et al., 2012; Stolzenburg & McMurry, 1991). Parallel to
these developments, state-of-the-art aerosol classifiers can already size sub-2 nm particles and
atomic clusters with extremely high resolution (De Juan & Fernandez de la Mora, 1998; Maisser et
al., 2015; Rosser & Fernandez de la Mora, 2005; Rus et al., 2010). As a result, CPCs with higher
detection efficiencies than those of commercial systems are needed for integrating them in
spectrometers capable of measuring the size distributions of particles in the sub-2 nm range.

A number of studies have looked into further increasing the detection efficiency of CPCs
leading to the development of several instruments able to detect particles in the sub-2 nm range

(lida et al., 2009; Kulmala et al., 2007; Lehtipalo et al., 2009; Mordas et al., 2005; Saghafifar et al.,
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2009; Seto et al., 1997; Sgro & Fernandez de la Mora, 2004; M Sipila et al., 2009; Mikko Sipila et
al., 2008; Vanhanen et al., 2011). A common feature in many studies is that the detection efficiency
of a CPC is enhanced by augmenting the temperature difference between the saturator and the
condenser tube (Hermann & Wiedensohler, 2001; Kuang et al., 2012). Increasing the temperature
difference increases the supersaturation in the condenser tube, which in turn increases the activation
probability of the smaller particles. Other studies have focused on the use of working fluids other
than butanol, aiming to take advantage of their different physical behavior during nucleation
(Magnusson et al., 2003). Iida et al. (2009) pointed out that an ideal working fluid for activation of
small ions should have a high surface tension and low vapor pressure.

In thermally diffusive laminar flow CPCs, the supersaturation profile developed inside the
condenser has a non-uniform spatial distribution with values ranging from 1 (i.e. saturation) up to
some maximum value determined by the operating conditions of the instrument. Given that
particles follow a convective-diffusive trajectory inside the condenser, a certain fraction of their
population will not traverse regions at which the supersaturation is high enough for activation.
Controlling the spatial distribution of the supersaturation profile could increase the fraction of
particles traversing regions where they can activate, thereby providing a new way of increasing the

particle activation probability and therefore the detection efficiency of CPCs.

In this article, we introduce a new controlling parameter for increasing the detection
efficiency of continuous laminar flow CPCs, which relies on manipulating the spatial distribution
of the supersaturation profile by taking advantage of the nonlinear dependence of the
supersaturation on temperature. We call this new parameter temperature window (TW), defined by
the location of the temperature difference between the saturator and condenser (A7) in the
temperature domain. We have identified that for a given constant A7, variation of the spatial
distribution of the supersaturation profile can be achieved by choosing different TWs. This
variation was found to have significant impact on the detection efficiency of sub-2 nm particles.
We tested different TWs on a butanol-based ultrafine CPC (TSI Model 3025) and report the
measured detection efficiency for various particle sizes in the 0.94-4.5 nm mobility diameter range.
In addition, we provide a theoretical explanation of the observed effect, using a simple model of

the CPC detection efficiency.
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2.2 Simulations
2.2.1 Background

The operating principle of CPCs relies on the exposure of the sampled particles to a
supersaturated vapor (e.g. butanol), thereby initiating condensation of vapors on the surface of the
particles. Three methods are used for creating the required supersaturation: 1. expansion of a
saturated flow (Wagner, 1985), 2. mixing of cold and warm saturated flows (Kousaka et al., 1982),
and 3. thermally diffusive laminar flow cooling (Bricard et al., 1976; Stolzenburg & McMurry,
1991). The latter is applied in the majority of commercial CPCs, and thus the following discussion
is restricted to this method. In order to create the required supersaturation, the sampled aerosol
gets saturated in vapors by passing it through the saturator tube that contains the working fluid
maintained at a constant temperature. The saturated flow then enters the condenser tube, which is
maintained at a lower temperature than that of the saturator, in order to create the required
temperature difference for supersaturation to occur. The condensing vapors increase the particle
diameter to the micron size range, which can then be easily detected by optical methods (light

scattering).

The detection efficiency # of a CPC is defined as the ratio of number concentration of the

detected particles Ncpc over the total particle number concentration at the inlet of the CPC Njpa:

n = Ncpe/Neotar (D

and depends primarily on the activation probability of particles, which is mainly a function of the
supersaturation and the particle diameter. In addition, the chemical composition and the charge
state of the particles (i.e. number of charges and polarity) has an important effect on their activation
probability.

Diffusional particle losses inside the tubing of the CPC comprise another important process
defining 7, especially for particle sizes smaller than 2 nm. Ny is usually measured at the inlet of
the CPC. As a result, the number of particles that reach the inlet of the condenser tube is smaller
than the Ny value measured at the inlet of the CPC. Both activation probability and diffusional
particle losses inside the CPC are captured by our model and are discussed in the following

subsections.
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2.2.2 Particle activation probability

Particle growth by condensation occurs inside the condenser tube, in which a profile of
supersaturated butanol vapor is developed as a result of the cooling of the incoming saturated flow.
The saturation ratio S is defined as the ratio of partial vapor pressure P, over the equilibrium

partial pressure Py, r at any given gas temperature T
S= Pvap /Psat,T . (2)

Particles passing through the condenser provide the necessary surface energy for
heterogeneous nucleation. Vapor molecules then pass from the gas to the liquid phase via
condensation on the surface of the particles, leading to the formation of larger droplets. Classical
nucleation theory can be used to determine the droplet formation rate, resulting from heterogeneous

nucleation, as follows (Fletcher, 1958):

Jor = J55:xp(=AGhee/kpT) . 3)

Here AGr,, is the formation free energy of the critical droplet size, ki, is the Boltzmann constant, T
is the gas temperature and ]get = T[drz,lozgis a kinetic pre-exponential factor (cf. Fletcher, 1958) ,

where dp is the dry particle diameter.

The formation free energy is accordingly calculated taking into consideration that the
particles are charged. The charge-dipole interactions between the charged particles and the vapor
molecules becomes significant for particle sizes smaller than 2 nm. The electrostatic attraction
reduces the supersaturation required to promote nucleation as compared to heterogeneous
nucleation in the case of a neutral particle. The change in Gibbs free energy during the formation

of a droplet on an charged particle or cluster of atoms is given by (Thomson, 1888):
AG = 4nr? — (4n/3V)r3kTInS — (ne)?(1 — 1/)(1/8mey) (1 /19 — 1/7) , 4)

where r is the critical droplet radius, ¥ is the molecular volume of the liquid, & is the dielectric
constant of the condensing liquid, 7o is the radius of the seed particle, # is the number of elementary
charges carried by the particles, and e is the elementary electron charge. The first and second term
express the Kelvin effect while the third term express the electrostatic interaction between the
charged particle and vapor molecule. Heterogencous nucleation probability P can then be

calculated by:
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P =1~ exp(=Jpett), ®)

where ¢ is the residence time of the particle in the nucleation zone. Particles were considered
activated when their nucleation probability exceeded 50%. Particles were considered fully wettable
(i.e. vapor-particle contact angle equal to zero) and surface tension dependence on temperature was

taken into account (Dean, 1999).

2.2.3 Supersaturation profile

A two dimensional axisymmetric model was developed in COMSOL Multiphysics
simulation software, that solves the coupled heat and mass transfer equations for incompressible
flow (Naiver-Stokes) for determining flow, temperature and concentration profiles of the working
fluid (i.e. butanol) within the condenser (Stolzenburg & McMurry, 1991). Vapor concentration at
the wall of the condenser was set equal to the saturated concentration corresponding to the wall
temperature value (i.e. perfectly wetted wall). The tube walls were treated as temperature
boundaries, with thermal insulation at the contact points between the saturator and condenser tube.
The sheath Q, and aerosol flow rate Q, were fixed at 300 cm*/min and 33 ¢cm?/min, respectively,
resulting in a total flow rate of 333 cm?/min in the condenser tube. All tubes had cylindrical
geometry and fully developed laminar flow was assumed throughout the calculation domain. In
principle, growth of activated particles can lead to a decrease of vapor concentration (vapor
depletion by condensation on the seed particles) if their concentration is high, which in turn can
reduce the supersaturation inside the condenser and thus decrease the detection efficiency. This
process was experimentally evaluated, and the effect of vapor depletion was found to be negligible
and therefore not included in the model calculations (cf. Supplementary information). Although,
latent heat release during condensation of vapors can reduce locally the value of supersaturation,
this effect was not included in the calculations.

Under the assumption that butanol vapor behaves as an ideal gas, the partial pressure of
butanol vapors can be determined by the concentration and the temperature profile calculated
numerically. Figure 1 shows a typical supersaturation profile in the condenser; only the condenser
tube domain is shown here because the flow at its inlet was calculated to be saturated in butanol
vapors under the specific operating conditions. Maximum supersaturation is achieved close to the
centerline of the condenser tube. As a result, particles that deviate from the centerline will not be
exposed to the maximum supersaturation, thereby reducing their activation and detection

probability.
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Figure 1. Supersaturation profile developed inside the condenser tube of a 3025 TSI CPC, operated
at AT=32°C, T.=10°C and Ts =42 °C.

2.2.4 Particle transport losses

In order to calculate the diffusional losses of the particles within the TSI 3025 CPC, we
measured the length and diameter of the five tubes through which the sampled aerosol passes. A
simplified schematic layout of the entire aerosol path, along with its dimensions, is shown in Figure
2. The diffusional losses for particles of different sizes passing through each tube were calculated
using the well-established equation proposed by Gormley and Kennedy (1948) and appropriate
values of tube geometry and flow rate.

When particles are activated inside the condenser tube (Tube 1 in Figure 2), they grow into
micron-sized droplets, for which the diffusional losses can be safely neglected. Diffusional losses
in Tube 1 were calculated up to the axial point were supersaturation becomes critical for particles

of a given size to activate.
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Figure 2. Schematic layout of the TSI 3025 CPC, showing the length L and diameter d of the tubing
through which the sampled aerosol flows.

2.3 Experimental

Figure 3 shows the experimental setup used to measure the detection efficiency of the TSI
3025 CPC operated under a varying temperature window scheme. A custom-made electrospray

source (ES; Ude & Fernandez De la Mora, 2005) designed by one of us (Attoui@u-pec.fr) was

used to produce tetraheptylammonium bromide (THABr; Sigma Aldrich) and tetrabutylammonium
bromide (TBABr; Sigma Aldrich) ionic mobility standards for the tests. The electrospray was
operated with a constant nitrogen flow through the ES chamber, and the applied pressure over the
liquid solution was kept constant by using a syringe pump. This generation method produced a
steady concentration of monomobile, positively or negatively charged particles covering a mobility

diameter range from 0.94 to 1.73 nm.

Nickel particles larger than 2 nm were generated using a custom-made glowing wire
generator (GW; (Peineke et al., 2006). In the GW generator, high current was passed through a Ni
wire, causing significant resistive heating and material evaporation from its surface. The resulting
metallic vapor cloud was then cooled and diluted by a constant nitrogen flow, forming aerosol

particles by nucleation and subsequent condensation.
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The singly self-charged generated particles were then classified based on their electrical
mobility by passing them through a high flow differential mobility analyzer (half-mini DMA; (De
Juan & Fernandez de la Mora, 1998; Fernandez de la Mora et al., 1998; Fernandez de la Mora &
Kozlowski, 2013; Kangasluoma et al., 2014; MaiBer et al., 2015; Mail3er et al., 2011; Wang et al.,
2014). Mobility classification was achieved by operating the half-mini DMA at a high sheath flow
rate in a closed sheath loop configuration. The half-mini DMA was calibrated using the positive
monomer of the THAB particles produced by the ES. These particles have an electrical mobility Z
0f 0.971 Vs/cm? in N, (Ude & Fernandez De la Mora, 2005).

Following classification, the concentration of the monodisperse aerosol particles at the outlet
of the DMA was measured in parallel by the CPC and by an aerosol electrometer (AEM), in order

to determine respectively N, and Ny, used in Equation 1. The AEM consisted of a custom-

made aluminum Faraday cage and a hot electrode that was connected to a sensitive electrometer
(Keithley Model 6517B). In order to ensure that the particle transport losses in the tubes leading to
the detectors was the same, the two parallel paths were of identical length and the sampling flow
rates of both were set to 2.5 Ipm. For each particle size the AEM and CPC concentration signals
were recorded for a minimum of 2 min in order to monitor the stability of the concentration

produced by the ES.

| AEM
e
CPC

ES Half-mini DMA

Figure 3. Schematic layout of the experimental setup used for measuring the detection efficiency
of the CPC. Key: AEM, Acrosol Electrometer; CPC, Condensation Particle Counter; ES,
Electrospray Source.

Detection of sub-2 nm particles is not feasible under the default operating conditions of the
CPC. Two major modifications were applied to the instrument in order to increase #. Firstly, AT
was increased from 27 °C (i.e. default operating conditions) to 32 °C in order to increase the
supersaturation in the condenser tube and thus the particle activation probability. Secondly, the

sheath and aerosol flows were set to 300 cm*/min and 33 c¢cm?/min, respectively. Homogeneous
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nucleation rate at these conditions was below 1 particle per minute, at all temperature settings. In
addition, the inlet sampling flow rate of the CPC was increased from its default value of 1.5 Ipm to
2.5 lpm. This was done in order to reduce particle diffusional losses in the tubing from the DMA
to the inlet of the CPC, and to match the flow rate of the AEM thereby ensuring equal transport
losses for the two detectors. The detection efficiency of the CPC for each particle size was
determined at 5 different TWs, indicated by the absolute condenser and saturator temperature in
the nomenclature (e.g. TW-2-34 is the temperature window with 7. = 2 °C and T = 34 °C). The
temperature of the optics was kept always 1°C higher than the saturator temperature, in order to
avoid vapor condensation inside the optics chamber. Table 1 summarizes the modified operating

conditions as well as the experimental measurement scheme in each experiment.

Table 1. Summary of the modified operating parameters used for enhancing the detection
efficiency of the CPC under different temperature windows. Also shown are the default operating
parameters. Key: 7¢, condenser temperature; 75, saturator temperature; A7, temperature difference
between condenser/saturator; Q,, aerosol flow rate; Qs, sheath flow rate.

Temperature
Window T. (°C) T (°C) AT (°C) Q. (cm*/min) Qs (cm*/min)
TW-2-34 2 34
TW-4-36 4 36
TW-6-38 6 38
32 33 300
TW-8-40 8 40
TW-10-42 10 42
Default 10 37 27 30 270

In order to ensure that vapor depletion in the saturator is negligible and thus it does not affect
the detection efficiencies measured at the different TWs, we performed preliminary measurements
using positive THA" monomers (1.47 nm) at various initial concentrations. By varying the liquid-
solution flow rate through the ES source we produced sample aerosols having particle number
concentrations of 10, 10%, and 10°#/cm?, and used them to measure the detection efficiency of the

CPC operated at 5 temperature window settings. At the highest concentration (i.e., 10° #/cm?), the
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decrease of # ranged from 14.5 to 34.6% when the TW was varied from TW-2-34 to TW-10-42.
When the concentration was fixed to 10° and 10* #/cm?, however, # remained constant (within
experimental uncertainty) for the different TWs (cf. Figure S1; Supplemental information).
Following these tests, all the subsequent measurements of # reported in the rest of the paper were

carried out with an initial particle concentration of 10°#/cc.

2.4 Results and Discussion

We measured the detection efficiency of the TSI 3025 CPC operated at the TWs shown in
Table 1 using particles having mobility diameters from 0.94 to 4.5 nm. The temperature difference
between saturator and condenser was kept constant at 32 °C, while the temperature window was
varied by changing the condenser temperature from 2 to 10 °C and the saturator temperature from
34 to 44 °C (cf. Table 1). Further reduction below 2 °C was not possible due to the limited
achievable temperature range of the CPC.

Figure 4 shows the measured 7 of the CPC using bromide ions (0.94 nm), positive TBABr
particles (1.23, 1.55 and 1.71 nm), and positively charged Ni particles (2.5 to 4.5 nm). The detection
efficiency clearly increased for sub-2 nm particles when the TW was shifted to lower values,
whereas it remained constant for particles larger than 2.5 nm. Enhancement of # was found to
increase with decreasing particle diameter. Figure 5 shows the measured n-fold increase of 7 versus
particle size, calculated as the ratio of # measured at the lowest and highest temperature window
(i.e. # at TW-2-34 divided by # at TW-10-42), as a function of particle size. Operating the CPC at
the lowest temperature window resulted in a 7-fold increase of # for the 1.23 nm, a 2.5-fold increase
for the 1.55 nm, and a 1.8-fold increase for the 1.74 nm particles. The largest overall increase of #
was observed for the case of the bromide ion (0.94 nm), which exhibited a 35-fold increase of # at

the lowest temperature window (cf. Figure 5).
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are drawn to aid the eye.

It should be noted that particles of different chemical composition and polarity were used
in our experiments. As shown in Figure 5, the monomer and dimer of THABr yield detection
efficiency values which are larger than those of TBABr particles, even though their mobility
diameters are slightly bigger. This discrepancy can be attributed to differences in the particle
chemical composition, and other physical parameters such as particle solubility, affecting
heterogeneous nucleation. Although the temperature window effect described here can be used to
understand differences in the activation probability of particles of similar sizes but of different

composition, this is beyond the scope of this work and not investigated here any further.

Having identified that the temperature window effect becomes significant for sub-2 nm
particles, we calculated the detection efficiency in that particular size range using the model
described above. Figure 6 shows the measured detection efficiency of the CPC using positively
charged TBABr n-mer particles (with n = 1, 2, and 3) at different TWs (using the condenser
temperature in the x-axis), in comparison with predictions from the simulations described in section
2. Predictions and measurements agree well at TWs located at the highest temperature investigated
here, but start deviating from one another as the condenser temperature is reduced. Although the
differences between measurements and predictions range from 0 to 40%, qualitatively the model

predicts the increasing trend of the detection efficiency with decreasing temperature window.
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Figure 6. Measurements (symbols) and predictions (lines) of the detection efficiency
corresponding to the three positive TBABr n-mers used in our experiments. The CPC was operated

at a AT =32 °C, with the TW being varied across 5 different positions.
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In order to further understand why the detection efficiency increases at lower TWs, in the
discussion that follows we investigate the supersaturation profile within the condenser tube. Figure
7a shows the supersaturation value along the centerline of the condenser tube for three different
temperature windows (TW-8-40, TW-9-41 and TW-10-42). The peak value of supersaturation
increases as the TW shifts to lower temperatures. Following equation 4, higher supersaturation
values lower the Gibbs free energy barrier, yielding higher activation probability. On the other
hand, lower temperature would decrease the TIn(S) product resulting in the opposite effect. Figure
7b shows the calculated value of the TIn(S) for the full range of TWs used in this study. The
counterbalancing effect of the lower temperature was found to be negligible. As a result, larger
fraction of the sampled particles that traverse the condenser tube from the centerline will be
activated at lower TWs.

Figure 8 shows activation contours of 1.23 nm particles inside the condenser tube at three
different temperature windows. The contours indicate the position at which the supersaturation has
the critical value for the activation of these particles. The y-axis indicates the radial position while
the x-axis indicates the axial distance along the centerline of the condenser tube. The condenser
inlet is located at zero axial distance while the outlet at 8.8 cm. It is apparent that the contour area
is larger for the case of TW-2-34 compared to the two other cases. Going from TW-2-34 to TW-
10-42 results in a 5-fold increase of the surface area under the activation line. Assuming that the
particle trajectories are not significantly influenced by the absolute temperature of the condenser,
more particles will transverse the activation area in the case of the lowest temperature window
settings. In addition, the activation contour for TW-2-34 is extended with respect to the axial
distance compared to the TW-10-42 contour. As a result, the residence time of particles inside the
growth zone is increased, leading to an increase of the detection efficiency of the CPC.

Operating the CPC at different temperature windows may prove very useful in cases where
the CPC is operated in scanning temperature mode (Kangasluoma et al., 2015b; Kangasluoma et
al., 2015c). Gallar et al. (2006) and more recently Wang et al. (2015), have shown that it is possible
to extract information of the size of the sampled particles by scanning the AT of the CPC. This
effectively shifts the detection efficiency curve to large particle and thus information of particle
size can be obtained by comparing differences in the concentration measurements at the different
operating conditions. Scanning AT is usually achieved by increasing or decreasing the temperature

of the saturator or the condenser.

39



5.0 . , . . 500
(a) (b)
.;s'?-'-"-'?-'::-.-.. 400t w:"‘:::‘
= 407 d TION v 3
= 3 s
*g ¥ 300(
5 3.0} %)
— =]
2 - TW-8- = 200¢ ~ ~TW-10-42
t%_ TW-8-40 = = 4 TW-8.40
20 f TW-9-41 TW-6-38
—--TW-10-42 100¢ — TW436 ]
—TW-10-43 —TW-2-34
1.0 : : : : 0.0 : : : .
00 20 40 60 80 0.0 20 40 60 80
Axial distance (mm) Axial distance (mm)

Figure 7. (a) Supersaturation profile at the centerline of the condenser tube at 3 different
temperature windows with AT = 32 °C and one temperature window with AT = 33 °C. (b) TIn(S)
product calculated at 5 different TWs with AT = 32 °C. The x-axis represents the distance along

the centerline of the condenser tube.

Considering that the temperature control resolution of the 3025 is 1 °C, the user is restricted
to operating the instrument with temperature increments of 1°C, corresponding to a step in peak
supersaturation. Given this limitation in temperature control, the method of scanning the TW
(keeping AT constant) is more beneficial for sizing particles compared to scanning the AT. As
suggested in the calculations shown in Figure 7 that were discussed above, the resulting change in
the peak supersaturation value is smaller when the scanning TW mode is used (i.e. TW-8-40, TW-
9-41 and TW-10-42) compared to the scanning A7 mode (i.e. TW-10-42 and TW-10-43). The
intermediate values of peak supersaturation achieved by scanning the TW can lead to higher

resolving power when the CPCs are used for particle sizing.
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Figure 8. Activation contours corresponding to 1.23-nm particles at three different temperature
windows: TW-2-34 (dash-dotted line), TW-6-38 (dashed line), and TW-10-42 (dotted line); cf.

Table 1 for details of the operating conditions.

2.5 Conclusions

In this work we introduce a new controlling parameter for enhancing the detection efficiency of
continuous flow CPCs. We call this parameter Temperature Window (TW), defined by the absolute

value of the condenser temperature. Summarizing the key results, our investigations showed that:

o The detection efficiency of CPCs is greatly influenced not only by the temperature difference
between the saturator and the condenser, but also by the absolute values of the condenser
and saturator temperature. This effect is expected to influence all continuous flow CPCs
operating with a working fluid whose vapor diffusion coefficient is smaller than the thermal
diffusion coefficient of the carrier gas.

o A significant increase of the detection efficiency of the CPC was achieved for the sub-2 nm
particles by shifting the TW to lower temperatures. The effect becomes stronger with
decreasing particles size as also predicted by theory.

e By shifting the TW to lower temperatures, the peak supersaturation at the centerline is

increased, while the spatial distribution of the supersaturation profile is also affected; e.g. at
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low TWs the effective activation surface area is increased by a factor of 5, resulting in more
particles traversing regions in the saturator where they can activate.

e As the calculations show, scanning the TW could prove beneficial compared to scanning
only the AT when using the CPC as a particle sizer, due to the finer resolution in defining

the peak supersaturation inside the condenser tube.
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2.6 Supplementary Information

When particle number concentration exceeds a certain threshold value, the detection efficiency of
CPCs can be reduced significantly. This is because the amount of vapor molecules condensed on
the sampled particles substantially reduces the vapor concentration in the condenser, thereby
restricting particles to grow to sizes suitable for optical detection. We experimentally determined
the concentration threshold value by measuring the detection efficiency of the CPC using 1.47-nm
particles, at various initial number concentration values (Figure S1). From this measurements we
concluded that the detection efficiency did not alter significantly when using initial number

concentration in the range of 10* to 10° #/cc.
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Figure S1. Measured detection efficiency of the TSI 3025 CPC using positive THABr monomer
(1.47 nm) at 5 different temperature windows. Each data set corresponds to different initial particle
number concentration.
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Chapter 3

Lightweight differential mobility analyzers:

Toward new and inexpensive manufacturing methods

*This Chapter has been published as K.Barmpounis et al., Aerosol Science and Technology, 50:1, 2-5,
2016
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3.1 Introduction

The Differential Mobility Analyzer (DMA) is the most commonly used instrument for sizing sub-
micron particles suspended in gases. Numerous design variations, each of which aims toward
optimizing a certain aspect of its performance such as the size range and resolution, have been
proposed since the DMA was first introduced in the mid-70s (e.g., Zhang et al. 1995; Rossell-
Lompart et al. 1996; de Juan and de la Mora 1998; Giamarelou et al. 2011). Despite the wide variety
of DMA designs, however, little attention has been paid to other practical aspects such as their

weight and manufacturing cost.

The weight of conventional DMAs is in the order of a few kg, limiting their portability and
use in nanoparticle exposure studies or in airborne measurements using unmanned aerial vehicles
(UAVs). What is more, their manufacturing cost is in the order of several thousand USD, which is
significant, especially when a number of DMAs is needed for distributed measurements of
atmospheric aerosols. Although recent efforts have led to simple and inexpensive tools for sizing
acrosol particles (Bezantakos et al. 2015), using a DMA offers many advantages. An effort to
reduce the manufacturing cost of DMAs was made by Mei et al. (2011) who designed and built a
DMA consisting of fewer parts. By doing so, they managed to produce a DMA that costs less than
50% to build compared to the classical design, and weighs ca. 350 g (D. R. Chen 2015, personal

communication).

Existing DMAs are exclusively manufactured out of metal due to the necessary electrical
conductivity for establishing a well-defined electric field. Using metals as building materials,
however, is the very reason of their high weight and manufacturing cost. The possibility of
manufacturing DMAs out of polymers, therefore,would be highly advantageous since many simple
and inexpensive techniques (e.g., room temperature molding and three-dimensional (3D) printing)
are available. In addition, avoiding using metals would allow one to choose from a vastnumber of

materials with significantly lower density, thereby reducing instrument weight.

Here we describe an alternative method for manufacturing DMAs using low-cost and low-
density polymers to build their body, and metal coatings for providing conductivity only where
needed (i.e., on the inner DMA surface). More specifically, we have built a DMA using
polyurethane and spray-coated the inner surface with a 0.5-mm thick conductive Nickel film. The
weight of the polyurethane DMA (referred to as the PU-DMA from this point onward) is 95%

lower compared to that of its metallic counterpart, while its cost is also reduced substantially. The
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performance of the PU-DMA is tested in comparison to that of an identical stainless-steel DMA

(SS-DMA).
3.2. Manufacturing

The design of the PU-DMA developed in this work was based on a custom-made
cylindrical SS-DMA consisting of five metallic parts (i.e., the inner and outer electrode, the aerosol
entrance slit, and the inlet and outlet base; see Figure S1). To create these parts out of polyurethane
we used a mold-casting process. The first step of the process was to create a mold for each part of
the SS-DMA using flexible silicone rubber (see the online supplemental information [SI]). To do
so, each piece was placed inside a container and liquid silicone rubber was poured until fully
submerged. The metallic pieces were removed from their molds after ca. 1 h that was required for
the silicone to harden. Liquid polyurethane was then poured into the mold and allowed to solidify

forca. 1 h.

In order to make the inner surfaces of the PU-DMA (i.e., those coming in contact with the
sampled aerosols as indicated in Figure S1) conductive, we spray-coated them with a nickel film
and allowed to dry. Three cycles of a spraying/drying process were sufficient to achieve full
coverage of the surface, yielding a 0.5-mm thick conductive film on the surface of each part, as
determined by profileometry. As a result of the thickness of the conductive film, the gap between
the two electrodes in the PU-DMA is reduced by 1 mm compared to the SSDMA. The geometric

dimensions of both DMAs used in this work are summarized in Table S1.

The weight of the resulting PU-DMA is 150 g, which is significantly lower than that of the
SS-DMA (3.5 kg), while the cost of the materials used for manufacturing is ca. 100 USD.
Considering that multiple DMAs can be produced from a single mold, the associated cost can be

further reduced, making the proposed method highly attractive.

3.3. Characterization

The performance of the two DMAs was initially compared by using them as part of a
differential mobility particle sizer (DMPS) for measuring the particle size distribution of a stable
laboratory-generated polydisperse aerosol (see route 1 in Figure S2 and associated discussion in
the SI). Measurements were performed at aerosol to sheath flow rate ratios b of 1.5/5.0, 1.5/7.0,

and 1.5/ 10.0.
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The midpoint particle electrical mobility corresponding to each potential difference
applied between the two electrodes of the test DM As was calculated as (Knutson and Whitby 1975):

* QSh &
Z" = 2nVL In (Rl)

[1]

where Qsh is the sheath flow rate, V is the potential difference between the two DMA
electrodes, L is the distance between the polydisperse aerosol inlet and the monodisperse aerosol
outlet slit, while R1 and R2 are the inner and outer electrode radii, respectively. By definition, the
electrical mobility of the particles is given by (Hinds 1999):

__ neCc(dpm)
P 3nndm,

Here n is the number of elementary charges, e is the electron charge, h is the gas viscosity,

dm is the particle diameter, and Cc is the Cunningham slip correction factor given by:
C.(dy) =1+ %(2.51 +0.8 + exp (—0.55 ) [3]

where A is the gas mean free path. In all cases, we assume that the particles carry one
elementary charge. The size of the particles classified by the DMA for every set of operating
conditions (i.e., potential difference between the electrodes and sheath flow rate) can be estimated
by equating Equations (1) and (2) and solving iteratively. The transfer functions of both DMAs
(i.e., the SS- and the PU-DMA) were measured with a tandem DMA configuration (Rader and
McMurry 1986). Nearly monodisperse particles were produced by a glowing wire (GW) generator
in series with a long SS-DMA (LSS-DMA; see route 2 in Figure S2). The transfer function of the
tested DMA was determined by stepping their voltage across the mobility range of the
monodisperse particles produced by the GW generator and the LSS-DMA. The measured signal of
a tandem DMA system expressed as a ratio of the concentrations of particles at the polydisperse

aerosol inlet N1 and at the monodisperse aerosol outlet N2 of the test DMA, can be determined by:

+00 .
N _ Jo 01(2p,21)02(Z7,23)dZy

+00 .
Ny fo 01(2p.21)dzZy

[4]

Here V1 and V2 are the transfer functions corresponding to the LSS-DMA and the test
DMA, respectively, whereas Z 1 is the midpoint electrical mobility (see Equation (1)) of the

monodisperse aerosol particles downstream the LSS-DMA. The key parameters defining the
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transfer functions of the test DMAs were determined using the tandem DMA measurements and

the deconvolution scheme described by Stratmann et al. (1997).

3.4 Results and discussion

Figure 1 shows the normalized concentration of the charged tungsten particles (produced
by the GW generator) measured by the PU- or the SS-DMA when set at different voltages and at b
D 1.5/5.0. Log-normal curves were fitted to the data using a nonlinear least-square method. The
mean particle size determined by the measurements using the PU-DMA was in excellent agreement
with those using the SS-DMA. The total number concentration measured by the PU-DMA,

however, was found to be6 lower compared to that measured by the SS-DMA.
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Figure 1. Size distribution measurements of polydisperse charged tungsten nanoparticles
measured using either the PU-DMA (circles) or the SS-DMA (squares) at an aerosol to sheath flow
ratio of 1.5/7.0.

When the sheath flow rate through the two DMAs was increased to 7.0 (b D 1.5/7.0) and
10.0 Ipm (b D 1.5/10.0), the difference between the mean particle mobility diameter measured by
the two classifiers increased to 2.9 and 8.9%, respectively (see Figure S3). We attribute this
difference to structural non-idealities of the PU-DMA, which can cause small flow disturbances
closeto the electrode walls and thus to the trajectories of the particles as the flow rate through the
classifier increases. Such non-idealities can originate from surface defects (e.g., variability of the
coating thickness), or from misalignment of the inner electrode, which in turn can cause non-

idealities in the electric and flow fields that would require numerical models to evaluate them.
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Figure2 compares measured and predicted (using Equation (4)) N2/N1 ratios for 10-nm
monodisperse particles when either the PU- or the SS-DMA were used in the tandem DMA system.
The height and full width at half maximum (FWHM) of the transfer functions of both DMAs
determined by these measurements and the deconvolution scheme described by Stratmann et al.
(1997) are shown in Figure S4. Although the height and FWHM of the transfer functions of both
DMAs as a function of particle size follow the same trend with the theory, the PU-DMA exhibits
larger deviations compared to the SS-DMA. These deviations can be explained by small
geometrical differences between the two DMAs that cannot be captured by Equation (4). The 0.5-
mm thick coating, for instance, reduces the gap of every channel in the DMA, with the most sever
being that of the aerosol inlet slit, which narrows down to half the size of that of the SS-DMA.. This
can lead to pronounced aerosol recirculation affecting the performance of the PU-DMA (Chen et
al. 1999). To fully capture that, however, a particle-trajectory model would be required, which is

out of the scope of the current study.
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Figure 2. Predicted (line) and measured response of the tandem DMA system using either the PU-
DMA (circles) or the SS-DMA (squares) determined using 10 nm particles. Inset shows the
correlation between measured and calculated midpoint mobility diameter. For both DMAs.

The inset of Figure 2 shows the mean mobility diameter measured by the test DMAs versus
the midpoint mobility diameter calculated by Equations (1) and (2) using the dimensions provided
in Table S2. Evidently agreement for these specific operating conditions (b D 1.5/5.0) is well within
a 3% experimental uncertainty that is typical for DMAs (Kinney et al. 1991), showing that the PU-
DMA performs equally well compared to the SS-DMA in this respect. Repeated measurements

over a period of 6 months showed similar performance, indicating that the PU-DMA is also durable.
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3.5 Conclusions

In this work, we introduce a new method for manufacturing DMAs with extremely small
weight and low manufacturing cost. We do so by avoiding using metals as building material, which
has been the common practice thus far. Instead, we use parts made of a polymer that are coated
with a conductive film. We prove this concept by constructing a DMA out of polyurethane,
achieving more than 95% reduction in weight and a significant decrease in manufacturing cost. The
performance of this DMA (i.e., the PU-DMA) was evaluated in comparison to an identical metallic
DMA made of stainless steel (i.e., the SSDMA). The measurements performed with the PU-DMA
show good overall agreement with the ones performed with the SS-DMA, providing confidence in
using it for routine particle mobility measurements. Differences between the measured mean size
of particles from a polydisperse aerosol using the PU- and the SS-DMA was within experimental
uncertainty when low sheath flow rate (i.e., 5.0 lpm) was used through the classifiers, but increased
up to 8.9% for higher flows. These quantitative differences are attributed to manufacturing

uncertainties of the PU-DMA.

Despite these differences, the performance of the PU-DMA manufactured with the method
described in this work is encouraging, providing a first step toward the development of cost-
effective lightweight instruments. An upgrade of this method, in terms of manufacturing precision,
can involve the use of 3D printing technology for building DMA bodies out of a number of
polymers. Doing so will offer the possibility of improving the accuracy and precision of the

classifiers and further reducing their production costs.
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3.6 Supplementary Information

S1. Manufacturing materials and procedure

The polyurethane DMA (PU-DMA) described in them main manuscript was manufactured
with a mold casting production process, using silicone rubber as molding material. Silicone rubber
of low flexibility (PS 8530 by Poly-Service BV) was found to be beneficial for molding all the
DMA pieces (i.e., the inner and outer electrode, the acrosol entrance slit, and the inlet and outlet
base). Due to its low flexibility, this type of rubber provides structural support to the mold and
avoids bending due to its own weight, which in turn can cause misalignment problems between the
inner with the outer electrode. A high flexibility silicone rubber (PS 8510 by Poly-Service BV) was
found to be more practical for making molds of the smaller pieces that require higher accuracy.
The PU-DMA body parts were then cast out of the prepared molds. We used a twocomponent liquid
polyurethane (PU H 70 by Poly-Service BV), which solidifies after casting. The density of
polyurethane is 0.07 g/cm3. In order to make the PU-DMA parts conductive, their inner surface
was spray-coated with an electrically conductive material based on nickel powder (ENSCP400H
by Electrolube). The nominal resistivity of the material ranges from 0.3 to 0.7 Ohm/sq. for 50-pm
thick films.

S2. Experimental setup and procedure

Figure S1 (route 1) shows the experimental setup employed for measuring polydisperse
aerosol size distributions using the test DM As. Polydisperse tungsten nanoparticles were produced
by a glowing wire (GW) generator (Peineke et al., 20006), operated with a N2 flow of 3 lpm. The
polydisperse aerosol was subsequently passed through a 241 Am neutralizer (Vivas et al., 2008) in
order to establish an equilibrium charge distribution on the particles. The charged particles were
then classified by the test DMA (i.e., either the PU- or the stainless-steel DMA; SS-DMA), and
subsequently their concentration was measured by a condensation particle counter (CPC, TSI
3025A). Measurements were performed with aerosol to sheath flow rate ratios p of 1.5/5.0, 1.5/7.0
and 1.5/10.0. The sheath flow rate in both DMAs was controlled by closed loop flow systems (cf.
Biskos et al. 2006). Both DMAs were operated in stepping voltage mode, while the particle
concentration at their monodisperse aerosol outlets was measured by the CPC. After the completion

of one mobility distribution measurement, the DMAs were switched and the measurement was
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repeated. The reported size distributions are the average of three independent measurements using

each DMA.

Figure S1 (route 2) shows the tandem DMA configuration (TDMA; Hummes et al. 1996)
used to measure the penetration efficiency for particles having different diameters. A cylindrical
custom-made long stainless steel DMA (LSS-DMA,; cf. Table S1 for its dimensions) was used as a
first DMA in the setup. The LSS-DMA was operated at fixed voltages for selecting particles within
a narrow size/mobility range (i.e., near monodisperse aerosol) at an aerosol to sheath flow ratio of
1.5/8.0. The resulting monodisperse aerosol flow was then measured upstream and downstream the
test DMA (in order to determine N1 and N2 in Eq.2, respectively), which was operated at a stepping

voltage mode.

Test
toute 1
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Wire
Exhaust \|/
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Figure S1. Schematic layout of the experimental setup employed for characterizing the PU- and
SS-DMA using polydisperse (route 1) and monodisperse (route 2) aerosol particles.

Table S1. Characteristic dimensions of the DMAs used in this study.

Effective Outer Electrode Inner Electrode
Length Diameter Diameter
(cm) (cm) (cm)
SS-DMA 114 1.954 0.935
PU-DMA 11.4 2.004 0.985
LSS-DMA 443 1.954 0.935
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S3. Measured penetration efficiency at higher flow rates
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Figure S2. Size distribution measurements of tungsten polydisperse aerosol nanoparticles
measured using either the PU-DMA (circles) or the SS-DMA (squares) at an aerosol to sheath flow

ratio of 1.5/7.0 (a) and 1.5/10 (b).
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Figure S3. Measured penetration efficiencies of monodisperse aerosol particles, having sizes from
10 to 40 nm, through the PU- and SS-DMA operated at an aerosol to sheath ratio of 1.5/7.0.
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Chapter 4

Atomic Cluster Generation with an Atmospheric

Pressure Spark Discharge Generator

*This Chapter has been published as A.Maisser et al., Aer.Sci.Techn., 49:10, 886-894,2015.

K.Barmpounis and A.Maisser had equal contribution in this work.
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Abstract

A new method for generating metal clusters in the gas phase is described and characterized
in this work. The method is based on material evaporation by spark ablation, at atmospheric
pressure. The characterization of atomic clusters was done by measuring their electrical mobility.
The measured mobilities were compared with values found in literature in order to identify the
cluster species. We show that silver clusters consisting from one up to 25 atoms can be produced
in helium at atmospheric pressure. In addition, the effect of oxygen concentration on the resulting
cluster mobility distribution was investigated. Results show that at higher oxygen level, the
mobility distribution is dominated by the abundance of stable clusters (i.e. magic number clusters).

This can be attributed to an oxidation etching effect.
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4.1 Introduction

The need for nanoparticle production in various fields of science and technology has been growing
significantly over the past decades. Because of their large surface to volume ratio compared to bulk
material, nanoparticles show special properties different from the bulk materials. These properties
are related to quantum mechanic size effects or surface effects. Such properties are e.g. lower
melting points, higher solid-solid phase transition pressure, thermophysical properties or size-
dependent catalytic activity (Kruis et al. 1998). Because of these properties nanoparticles find
application in the fields of sensors (Leite et al. 2000; Luo et al. 2006), solar cell technology
(Subramanian et al. 2001), functional textiles (Perelshtein et al. 2008), but also in medicine for e.g
cancer treatment (Cho et al. 2008) etc. Nanoparticles are also important for environmental
processes that play a major role in particle formation in the atmosphere and thus subsequently affect

cloud formation and climate (Kulmala et al. 2004; Wang et al. 2010).

On the lower end of the nanoparticle size range, particles are often referred to as clusters and consist
only of a small number of atoms # (i.e. < 100/cluster). While the specific properties of nanoparticles
can be typically scaled with size, the physicochemical properties of atomic clusters are related to
the number of valence electrons. The valence electrons form electronic shells just like atoms which
led to the introduction of the term “superatoms”, when referring to atomic clusters that exhibit
similar properties with those of other elements of the periodic table (Jena 2013; Khanna and Jena
1995). Cluster assembled materials as well as catalysts (Claridge et al. 2009) tailored to specific

applications clearly appear possible.

Several different approaches for nanoparticle production have been developed in the past,
but most of these techniques carry certain limitations when trying to extend their sizes to the range
of atomic clusters. Mechanical milling processes require high energies if aiming for particle sizes
below 20 nm. Conventional wet chemistry methods require the use of solvents and surfactants
which are sources for contaminations. Physical aerosol-based methods (i.e.
evaporation/condensation) such as tube furnace, have been proven to be very useful for
nanoparticle generation. In this method material placed in a heated crucible is evaporated and
subsequently cooled to generate airborne nanosized particles (Scheibel 1983). Heating in this
method, however, is not only restricted to the material of interest but also to the rest of the ceramic
tube. This introduces a source of contamination which is difficult to control and is a significant
limitation to the production of high purity nanoparticles (Kruis et al. 1998). Flame synthesis

techniques using a range of precursor solutions (Pratsinis 1998; Wang et al. 2014; Zhang et al.
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2012) have been recently used to produce high concentration of stable clusters in the sub-2-nm size
range. Due to the presence of O, in flame synthesis reactors, however, these methods yield into

highly oxygenated clusters (Fang et al. 2014).

Atomic clusters for fundamental research are typically generated via pulsed laser ablation
where the energy of a laser is used to locally heat up and thus evaporate material (Bondybey and
English 1982; de Heer 1993). Because of the very localized heating, laser ablation offers a high
degree of control over contaminations that leads to high surface purity (Ullmann et al. 2002). This
technique works over a wide range of nanoparticle sizes and is especially suited for generation of
small atomic clusters. However, mainly due to high cost and safety issues associated to the work

with a laser, the method is not widespread for applications in aerosol research.

A different method, which carries the potential of being used as a cluster generation source,
is spark ablation or also called spark discharge generation (SDG), introduced by Schwyn et al.
(1988). The particle formation process in SDG is similar to that of laser ablation. The ion cloud of
evaporated material is small, compared to other evaporation-condensation processes (e.g. using a
tube furnace). The initial cooling is governed mostly by adiabatic expansion and radiation and thus,
cooling down to temperatures below the boiling point is relatively fast. These characteristics make
the SDG method suitable for the generation of very small particles (Tabrizi et al. 2009). Since the
SDG operation is based on localized heating of the material, it offers good control over

contamination of the produced nanoparticles.

In this work we describe how the use of atmospheric pressure spark ablation can be
extended to the generation of atomic clusters, preserving the advantages of the technique in terms
of versatility, energy efficiency and controllable sources of contaminants. This approach allows
atmospheric pressure at all stages: generation, classification/manipulation and detection. We report
mobility measurements of positive and negative silver clusters composed of one to 25 atoms. In
addition, we show how the operating parameters of the SDG technique can be used to tune the size
of the produced clusters and how reaction with oxygen can influence the resulting cluster

distribution.

64



4.2 Experimental procedure and methodology

Spark Discharge Generation (SDG)

The SDG operation is based on controlled electrical discharges between two electrodes.
Localized heating of the electrodes leads to evaporation and subsequent homogeneous
condensation of electrode material in a noble gas at atmospheric pressure. Figure 1 shows the layout
of the experimental setup. The electrical circuit we used in the SDG is equivalent to a simple RLC
circuit where a high voltage capacitor, placed in parallel to the gap between two sparking
electrodes, is charged by a constant current source. When the applied voltage on the capacitor
exceeds the breakdown voltage of the carrier gas, the capacitor is discharged, within about 1 ps,
over the gap. As a result, a conductive channel (plasma) is formed between the electrode pair. The
temperature rises locally to tens of thousand degrees Kelvin leading to evaporation of electrode

material. An inert gas flow is used for dilution and cooling of the vapor cloud.

The electrical energy E dissipated in the gap between the two electrodes is given by:
1
E=- cV,2, (1)

where C is the capacitance and Vg the discharge voltage. The capacitor is charged after every

breakdown, and the process repeats at a certain frequency that depends on current and capacitance.

The spark chamber used in this work was a standard 5-way cross (type KF NW40, vacuum
flange, Hositrad Inc.). Two opposite ends were used as the gas inlet and outlet. The two electrodes
were placed on the other pair of opposite ends, while the fifth end, covered by a glass window, was
used as a view port for observing the spark gap. The capacitor was charged by a constant current
supplied by a high voltage power supply (Technix Inc., Creteil, France). A micrometer screw was
mounted on the grounded electrode for adjusting the gap distance. All the electrodes were
purchased from Goodfellow (Goodfellow Inc., Pennsylvania, USA) with a purity of > 99.997%.
For our purpose of cluster generation a rod — wire configuration was applied. The diameters for the

rod and the wire electrodes were 3 mm and 1 mm, respectively.
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Figure 1. Schematic of the system for cluster formation by SDG: (top left) the electrical circuit
and the spark housing, /¢ is the constant current to charge the capacitor C; (top right) magnified
region between the two electrodes showing a cartoon of the particle formation process; (bottom)
the schematic diagram showing the experimental setup consisting of: a high-purity helium flow
supplied by a gas cylinder and two purification units that can optionally be bypassed, the SDG
device for cluster generation, and a differential mobility analyzer (DMA) for sizing. The DMA was
operated with a recirculating sheath flow system consisting of a low pressure-drop filter, a blower
and a cooler. The outer electrode of the DMA was on high voltage (HV) while the inner electrode
was grounded. Two detectors were used in parallel for number concentration measurements: an
aerosol electrometer (AEM) and an ultrafine condensation particle counter (uCPC).

The carrier gas (99.999% purity; H,O < 3ppm; O, < 2ppm) was provided by a gas cylinder
(Linde Inc., Benelux). Additional purification of the carrier gas was employed upstream of the SDG
chamber, for further reduction of water and O, traces down to the ppb levels. The purification
system consisted of an aluminosilicate (4 A, Sigma Aldrich Inc., St. Louis, USA) molecular sieve
for water removal, and of a copper-based catalyst (BASF R3-11 BTS catalyst) for oxygen removal.
Both systems were placed in 50-cm long ISO-KF NW40 tubes, and were regenerated before the
measurements (Vons 2010). The purification system could also be bypassed to investigate the effect

of gas purity on the generated clusters (cf. Figure 1).

SDG operation for cluster generation

Due to its low breakdown voltage, which in turn requires a low energy per spark, helium
is the most suited gas for cluster generation. Thus, all the results presented in this paper are for
measurements in helium. The mean size of the particles produced by the SDG can be controlled

by the energy per spark, the repetition frequency (Tabrizi et al. 2009), and the flow rate of the
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carrier gas. The energy per spark for cluster generation in helium was determined by initial
experimental testing and was in the range from 5 to about 300 pJ. These energies are 2 to 3 orders
of magnitude lower compared to SDG operation for nanoparticle production in nitrogen and were
achieved by operating the SDG at low capacitance and low breakdown voltage than compared to
most previously published studies (Meuller et al. 2012; Tabrizi et al. 2009). The breakdown
voltage can be controlled by the gap distance between the electrodes. In this work the capacitance
varied between 0.125 and 5 nF, and the gap distance was kept constant at 0.7 =0.1 mm for all
measurements. The discharge voltage was measured using a voltage divider and an oscilloscope,
was in the order of a few hundred volts for all measurements. The flows used were varied

between 10 and 15 Ipm.

It has been shown in previous studies that the electrode configuration in SDG affects the
final nanoparticle structure and size. Rod-rod SDG generated nanoparticles tend to agglomerate.
Agglomeration can be prevented to some extent by high dilution rates (Schwyn et al. 1988; Tabrizi
et al. 2009). In a recent study (Han et al. 2012) it has been found that a pin-to-plate configuration
generates smaller and less agglomerated particles at identical dilution flows. Through initial testing,
we observed that a rod opposite to a wire electrode (similar to a pin to plate configuration) led to
the production of stable concentration of clusters. Considering the benefits of the rod-wire
combination, we used this configuration for all the measurements reported in this work. The wire
was grounded and the rod was on high negative voltage. In this way, most of the material evaporates

from the rod electrode (Tabrizi et al. 2009).

It has been shown for nanoparticles that the main fraction of generated clusters is neutral
and only a small fraction is positively or negatively self-charged (Meuller et al. 2012; Tabrizi et al.
2009). Thus, it is safe to assume that only clusters with a single positive or negative charge are
produced by the SDG, as the charging probability of multiply charged sub-2 nm clusters is
extremely low (Fuchs 1963; Wiedensohler 1988). Clusters acquire their charge in the spark region,
as they co-exist with electrons and helium cations produced by the spark. Another possible
ionization mechanism is the UV radiation emitted from the spark, which may ionize atoms and
clusters by photoemission. Initial tests showed that the number of positively charged clusters
exceeded the number of negatively charged clusters in all possible electrode configurations (rod-
rod, wire rod, with all polarity and grounding options). For the rod-wire configuration, the number
concentration of positively charged clusters was about one order of magnitude higher compared to
negatively charged clusters. This is in agreement to the results reported by Fang et al. (2014) for

flame synthesized TiO and SiO- clusters. The predominance of positive clusters can be partially
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explained by the fact that metal cations are more stable than metal anions (Fernandez et al. 2004).
Another possible explanation is the expected dominance of positive charges in the condensing
cloud of atoms produced by the evaporation of the electrodes at each spark. This is a result from
the fact that they are not scavenged by the high electric field as easily as the negatively charged
carrier, i.e., the electrons (electrons have a much higher diffusion coefficient and electrical mobility
than the positive charge carriers). This is in agreement with findings of previous studies (Moini and

Eyler 1988)

Mobility measurement and detection — Differential mobility analyzer (DMA)

A differential mobility analyzer (DMA; (Hewitt 1957; Knutson and Whitby 1975)), coupled with
an aerosol electrometer (AEM) and an ultrafine condensation particle counter (WCPC) (Whitby and
Clark 1966) in parallel was used to measure the mobility distribution of the clusters. The cluster
laden gas flow is introduced close to the outer electrode of the DMA to merge with a laminar sheath
flow. An electrical field is applied between the outer and inner electrode of the DMA, resulting in
the migration of the charged clusters towards the inner electrode. Clusters having electrical
mobilities within a very narrow range exit through the monodisperse outlet slit located downstream
on the inner electrode, and are directed to the detector to be counted. The mobility distributions of

the sampled clusters can be measured by scanning over a range of voltages.

While DMAs have been designed originally for particles in the size range of 10 to several
hundreds of nanometers (Chen et al. 1996; Knutson and Whitby 1975; Reischl 1991), the DMA
used in this study (half mini DMA, NanoEngineering Inc.) has been designed to enable mobility
measurements of clusters and ions down to sub-nanometer sizes (Attoui et al. 2013; De Juan and
Fernandez de la Mora 1998; de la Mora and Kozlowski 2013; Mail3er et al. 2011; Wang et al. 2014).
The design of the half-mini DMA allows use of sheath flow rates of several hundreds of liters per
minute that get sonic at values > 700 Ipm for air. More details on the operation of high-flow DMAs
can be found elsewhere (Rosser and De La Mora 2005; Steiner et al. 2010; Ude and De la Mora
2005). High-flow DMAs require calibration because of inherent difficulties of sheath flow
measurements at high flow rates. To establish a mobility scale, the measurement of only one
mobility standard is required. For a constant flow velocity the relationship between inverse mobility

Z! and DMA V voltage is given by:

Z 1 = const-V. 2)
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Calibration was done by electrospraying tetraheptyl ammonium bromide (THABr) using a
home-made electrospray ionization (ESI) source similar to the one used by Ude and Fernandez de
la Mora (Ude and De la Mora 2005). THABTr salt (Sigma Aldrich, Inc., MO, USA) was diluted in
acetonitrile (HPLC, >99.9%, Sigma Aldrich, Inc., MO, USA) to produce a solution with
concentration in the range of a few tens mmol/l. The electrospraying and the mobility
measurements in the DMA were conducted in in pure helium. The mobility of the resulting bromide

ion (Br’) in helium is 18.8 cm?/Vs (Dotan and Albritton 1977).

The resolving power R of the DMA is given by R=V,/FWHM, where V, is the peak position
and FWHM is the full width of the half maximum of the peak. In our case R was in the range
between 15 and 20 for all measurements and has been determined by measuring size distribution
of monomobile, positively charged THABr monomer and dimer ions (Ude and De la Mora 2005)

in helium.

The measured electrical mobilities strongly depend on the gas composition in the DMA.
Particle mobility is related to the collisions of a particle (ion cluster in our case) with neutral gas
molecules. The nature of the collision, and therefore the measured mobility depends upon the gas
molecule size and mass, the ion size and other possible interactions caused e.g. by the polarizability
of the gas (Larriba-Andaluz et al. 2015; Tammet 1995). Before starting the measurements in
helium, the DMA and the closed loop for sheath flow contained air. Because helium gas was
introduced only through the DMA inlet, to ensure that the closed loop the sheath flow was filled
completely with the gas, we performed a number of mobility measurements before starting to
record the data. The position of the measured peaks during these first measurements shifted with
respect to the DMA voltage as a result of the decreasing level of air inside the loop. After a certain
amount of time, depending on the helium flow rate, the peak voltage of the clusters stabilized
indicating completed gas exchange. This gave a good control over the state of helium concentration
inside the DMA. Figure 2 shows the differences in mobility of THABr" in helium and nitrogen.
The bottom x-axis in this graph shows inverse mobility of the clusters and the top x-axis shows the
voltage (kV) applied at the DMA. It can be seen that the mobility shifts roughly by an order of

magnitude.

In our measurements, the outer electrode of the DMA was on high voltage while the inner
electrode was grounded. This has been found to increase transmission through the instrument due
to the absence of a potential difference between the monodisperse outlet of the DMA and the
grounded detector, and therefore significant minimization of electrophoretic losses (Martinez-

Lozano et al. 2006). Keeping the outer electrode of the DMA on high potential, however, means
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that its aerosol inlet is also at high potential. Considering that the housing of the spark chamber
needs to be grounded in our configuration, there is a potential difference between the spark and the
DMA inlet. To electrically insulate the spark chamber from the aerosol inlet, an electrostatic
dissipative polymer (leaky insulator) tube of 4 mm inner diameter (Ensital SD, a natural copolymer
acetal) was used to connect the SDG with the DMA. This material allows gradually varying the
potential difference from one side of the tube to the other. In addition, electrophoretic losses of
charged particles are significantly reduced by using this material, compared to those of a perfect
insulating material (Martinez-Lozano et al. 2006). The flow rate through the leaky insulating tube
was kept high in order to minimize the residence time and thus the cluster losses in the tube. The
flow rate of the exhaust line, located just before the aerosol inlet of the DMA, was controlled by a
needle valve in order to keep the aerosol flow through the classifier independent of the flow in the
spark. The flow rate used through the spark chamber varied between 10 to 15 Ipm while the aerosol
flow in the DMA was kept at 5 Ipm. The sheath flow rate in the DMA was adjusted in the order of
several hundred lpm using a brushless motor blower (Domel Inc., Slovenia). All measurements
presented in this study were performed using a recirculating sheath flow system at atmospheric

pressure.

Particles were detected by a custom-made Faraday cup aerosol electrometer (Whitby and
Clark 1966) and a commercial butanol based ultrafine condensation particle counter (CPC; TSI
Model 3025). In the CPC, particles are exposed to a supersaturated environment where vapor (n-
butanol) condenses on the clusters leading them to grow into sizes that are optically detectable. The
CPC was operated with optimized temperature difference AT between the saturator and the
condenser tube for helium. To find the appropriate AT we followed the procedure described by
Kuang et al. (2012) who used the commercial butanol-based CPC (TSI Model 3025) for detecting
of 1-nm sized particles. Because of the higher ratio between thermal diffusivity and mass diffusivity
of butanol in helium, compared to air, a lower AT is needed to achieve the same supersaturation
compared to air (Brus et al. 2005). In our case AT was set to 27 °C, compared to 34 °C that was
used by Kuang et al. (2012). The CPC flow rates were calibrated for operation in helium. These
settings led to a suitable butanol supersaturation level inside the condenser, enabling cluster

detection down to the sub-nanometer range.
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Figure 2. Comparison of inverse mobility distribution of THABr" electrosprayed and measured in
helium and nitrogen. The top x-axis shows the voltage applied to the DMA, the bottom x-axis
shows the inverse mobility.

4.3 Results and Discussion

Silver Cluster — Identification of cluster sizes through mobility measurements

The majority of mobility measurements of atomic clusters reported in the literature have
been made with drift tubes, typically in tandem with mass spectrometry (MS). In these instruments
the clusters are separated from each other by their drift times at a low pressure helium environment,
and the absolute cluster sizes (number of atoms) are determined by MS (Furche et al. 2002; Gilb et
al. 2002). Measuring the mobility of silver clusters in helium at atmospheric pressure in our

measurements gives the opportunity for direct comparison with literature values. (Weis et al. 2002).
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Figure 3. Inverse mobility distributions of positively charged atomic silver clusters generated and
measured in purified helium. Vertical lines indicate the inverse mobilities of Ag clusters calculated
based on experimental of collision cross sections reported in the literature (Weis et al. 2002).
Figures 3 and 4 show the measured inverse mobility distributions of positively and
negatively charged silver atomic clusters, generated in purified helium gas, for two different values
of spark energy, respectively. To facilitate comparison, the peaks were normalized to the highest
concentration peak. Relative abundance is then determined as the ratio of the measured
concentration over the concentration of the highest peak. The mean size of the clusters produced at
lower spark energies (i.e., using a lower capacitance; cf. Eq. 1) are smaller compared to those at
higher spark energies. Higher spark energies produce higher initial concentration of atoms and this

leads to larger cluster sizes due to increased coagulation rate.

The labeled vertical lines in the distribution of the positively charged clusters (cf. Figure
3) are taken from collision cross sections reported in the literature (Gilb et al. 2002; Weis et al.

2002). The collision cross sections €2 were converted into inverse mobilities using:

3ne 2w 1
Q=" -, 3)
o\ #kpT Zg
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where Ny is the number density of the gas, u is the reduced mass of the ion and gas molecule, &g is
the Boltzmann constant, 7 is the absolute temperature; n is the number of elementary charges the
cluster carries, which is equal to unity in our case. Because collision cross sections for negatively

charged clusters are not available in the literature, the vertical lines in Figure 4 indicate the peaks

of our measurements.
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Figure 4. Inverse mobility distributions of negatively charged atomic silver clusters generated and

measured in purified helium. The vertical lines indicate the inverse mobilities of the clusters
measured in this work.
The first peak of the mobility distribution of the positively charged clusters, measured at
0.044 Vs cm? inverse mobility (equal to a collision cross section of 26 A?) is between the expected
theoretical values for the one and two Ag atom cation. The shift of the first peak to a lower mobility
compared to the theoretically expected value can be associated to the attractive ion-induced dipole
interaction. The polarizability of the helium gas molecule leads to a potential that scales with 1/r%,
where r is the distance between the point charge (ion) and the induced dipole (gas molecule). This
means that the measured collision cross section for very small ions is governed mainly by the
attractive interaction due to gas polarizability, rather than by the repulsive interaction due to
collisions, which is determined by the van der Waals radii of the silver cluster and the He molecule
(Gilb et al. 2002; Steiner et al. 2006; Tammet 1995). The shift in mobility for the first peak was
also observed by Weis et al. (2002) who measured the first peak at 30.5 A% (Z! =0.0523 Vs cm?)
while the calculated theoretically expected value was 20.8 A2 (Z' = 0.0357 Vs cm?). The first peak
in the mobility distribution of the negative clusters is observed at an inverse mobility of 0.0361 Vs

cm? which is about 1 % higher than the theoretical value corresponding to the positively charged
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peak (i.e. 0.0357 Vs cm?). Although this deviation is within the uncertainty of our measurement, it
can be explained by the difference in the size of the negative and positive clusters, due to the
missing valence electron of the latter. The fact that the polarization effect is more significant for
the smaller positive single atom than for the larger negative single atom can explain the measured

difference in mobilities.

The observation of dominant peaks, corresponding to clusters consisting of odd number of
atoms, in our measurements is consistent with cluster stability calculations available in literature
(Peineke et al. 2009). Previous studies have shown that even-numbered neutral silver clusters show
enhanced chemical stability due to electron pairing. Meanwhile, for charged clusters, electron
pairing occurs when they consist of odd numbers of atoms (Bouwen et al. 1999; Peineke et al. 2009;
Schmidt et al. 2003; Yannouleas and Landman 1995). Higher chemical stability leads to lower

sensitivity to impurities and thus, more abundance in the measured distributions.

To check the validity of our measurements, Figure 5 shows a comparison between the
collision cross sections derived from the mobility measurements of this study and those reported in
the literature. The measured mobilities of silver cations in helium have, therefore, been converted
to collision cross sections using Eq. 3. To account for pressure differences between our mobility
measurements and the mobility measurements in Weis et al. (2002) both experimental values were
converted to a reduced mobility Zy (expected mobility at 1 atm, and 273.15 K) using:

P 273.15 [K]

7. =
07 py T

Z, 4

where P is the pressure in the measurement conditions, Pyis the atmospheric pressure and T is the
temperature during the experiment and Z is the measured mobility at the experimental pressure and
temperature conditions (Clemmer and Jarrold 1997; Tammet 1995). In our measurements the
pressure ranged from 1050 to 1160 mbar, whereas the temperature from 295 to 305 K, as measured
with a pressure gauge (Series 902, MKS Inc.) and a thermocouple at the inlet of the DMA sheath

flow.
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Figure 5. Comparison of collision cross sections (this work) with values from the measurements
reported by Weis et al. (2002). The dash-dotted line is a fitted function to the experimental values
provided by Weis et al. (2002) given by Eq. 5.

The dot-dashed line (cf. Figure 5) is a curve fitted to the experimental values of Weis et al.
(2002) (i.e., same as in Figure 1 of Weis et al. (2002). The curve shows the increase of collision
cross section with increasing number of atoms n of the cluster, which is given by:
qm( L 2
Q) = ey (n3 “Tag t rHe) , 5)
where 7ag and 7. are the radii of the silver atom and the helium molecule. In the fitting curve they

are 1.52 and 0.94 A, respectively.

The error bars in Figure 5 represent the uncertainty in our experimental results which was
estimated to be within 5%, associated with the resolution of the DMA and small fluctuations in
pressure and temperature during the measurements. The agreement between our experimental data
and respective values reported in the literature is within experimental uncertainty for all data points,

which verifies that the technique is suitable for generation of clusters.
Effect of Gas purity

An advantage of the SDG compared to other evaporation-condensation techniques is that
the purity of the generated particles can only be affected by the purity of the electrode material and

the purity of the gas. The two mobility distributions shown in Figure 6 correspond to positively
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charged silver clusters, with and without purification of helium carrier gas. The measurements
performed under non-purified conditions (red dashed line) exhibit two distinct peaks. In this case
the carrier gas was used directly from the helium tank, which contains ppm levels of water and
oxygen. The blue solid curve shows the mobility distribution measured at purified conditions with
significantly lower water and oxygen levels compared to the non-purified case (ppb levels). Earlier
studies have shown that water does not react with silver clusters in the absence of oxygen
(Bréchignac et al. 1999a). As a result, the elimination of most peaks of the cluster mobility
distribution can be attributed to etching by O». This is a well-known effect that has been verified
using mass spectrometry (Leuchtner et al. 1989; Reber et al. 2007). It has been observed though
that in the presence of oxygen, water reacts with the oxidized silver clusters (Bréchignac et al.

1999c).

The changes in the distributions are visible instantaneously, when switching to the purified
gas line. This indicates that any effect of impurities on the generated clusters happens inside the
spark chamber during or immediately after evaporation and not inside the classification zone of the
DMA. The sheath gas adapts to the input purity slower than the time scale of a mobility
measurement and the observed fast change indicates that contaminants in the sheath gas have no

detectable influence.

The reaction of O, with clusters leads to the emission of atoms from clusters, and the
emitted species react with instable clusters until they reach stable sizes. This explains why the stable
peaks appear to grow in intensity at the cost of unstable ones. Considering that the level of
impurities from the helium tank is in the ppm range, and can be reduced down to the ppb level by
using the purification units, the mean collision rate of atomic clusters with oxygen molecules at
atmospheric pressure can be reduced by three orders of magnitude (i.e., from 10* to 10!

collisions/s).

In Figure 6 two dominant peaks are observed in the mobility distributions measured with
non-purified helium. According to the comparison of literature values of ion mobility to our
mobility measurements, the first peak is identified as the 3-atom (Agsz*) cluster (Weis et al. 2002).
This corresponds to the magic numbers of electrons inside the clusters which can be related to shell
closing (Brack 1993). The second dominant peak appears between the expected mobilities for Ag;*
and Agye". The Agy" peak should show enhanced stability because of the eight valence electrons in
the cluster according to the Jellium model (Brack 1993). However, our measurements show that
enhanced stability occurs closer to the Ag;" cluster. It is known that rather stable bonds of silver

with one or two oxygen atoms can be found at small cluster sizes (Schmidt et al. 2003). We assume
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that this peak shows overlapping signals from various cluster species that cannot be resolved from
one another. The possible configurations are Agr, Ag;0, Ag;0,, and Agy (Jackschath et al. 1992;
Schmidt et al. 2003; Weis et al. 2002).
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Figure 6. Comparison of mobility distributions of positively charged Ag clusters measured in
purified (solid (blue) line) and non-purified (dashed (red) line) helium.

Our measurements also show that the Ag, " clusters, which can also be associated to a
magic number, exhibit enhanced stability. To identify the reactions of the Ag clusters with O, our
mobility measurements would need to be combined with measurements of mass spectra. In
addition, the resolving power of our ion mobility measurement is likely to be a limiting parameter
in our measurements as it is not sufficient for a clear resolution of structural differences of different
clusters. However, the goal of this study was to show that SDG can be used as a source of atomic

clusters and the mobility measurements confirms the feasibility of the method.

4.4 Conclusions

In this work we demonstrated how spark ablation under atmospheric pressure is useful for
synthesizing atomic clusters that range from 1 to 25 atoms in size. The produced clusters are either
neutral or self (singly) charged (positively or negatively). The cluster sizes produced can be
controlled by the spark energy. The method is capable of producing clusters of controlled purity.
The impurity level in the gas flow affects the generated cluster distributions. At higher impurity

levels stable clusters (magic numbers) dominate the produced distribution, and we attribute this to
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oxidation etching. Thus, etching by oxidation can be intentionally applied in cases where higher
concentrations of stable clusters are needed. The SDG method in combination with a DMA is an

appropriate technique to generate and size select atomic clusters under atmospheric conditions.

The SDG has obvious advantages compared to other, more established, methods of cluster
generation. The production, as well as size selection at atmospheric pressure, offers the opportunity
of collecting virtually all of the generated material for application purposes. Furthermore, spark
ablation does not require a vacuum pumping system and is thus a more energy efficient and cost-

effective method than low-pressure systems.
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Abstract

It is generally believed that nucleation of vapor molecules on gas ions has a unique preference towards
a specific ion polarity; a phenomenon referred to as the sign preference. Water vapor for instance, has
a preference to nucleate on negative ions as has originally been demonstrated by the pioneering
experiments of C. T. R. Wilson in the late 1800s and corroborated by numerous studies thereafter. All
the experimental evidence in support of the sign preference reported thus far, however, employ positive
and negative ions of different species. As a result, understanding whether the sign preference is solely
due to the sign or the structure/composition of the ions is still elusive. In this work spark ablation was
used, as a method to generate positive and negative silver ions that in principle have the same
composition but different sizes (i.e., the number of atoms they contain), and expose them to
supersaturated atmospheres of vapour molecules. Contrary to what is believed so far, results show that
the sign preference is not unique, but it can alternate for a given pair of molecule-ionic species. This
alternating behavior depends on the number of atoms forming the ion, thus on its electronic structure,
and not only on the ionic charge sign. Experimental data shows that this behavior holds both for polar

and non-polar vapor molecules, although for the latter it is less pronounced.
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5.1 Introduction

Ion-induced nucleation has been a field of high scientific interest for many decades due to its
importance in atmospheric processes. lons in the atmospheric environment form efficient nuclei on
which inorganic and organic vapors can condense, thereby yielding high concentrations of newly-
formed airborne nanoparticles.!” Particles formed by ion-induced nucleation in the atmosphere can
further grow by condensation and/or coagulation, and thus affect the visibility and the climate of the
Earth in a direct manner.®’ In addition, particles produced by ion-induced nucleation can act as cloud
condensation nuclei when exposed to supersaturated conditions of water vapors. 3°

Ion-induced nucleation of water vapors has been extensively studied since the pioneering
experiments of C. T. R. Wilson.!? In fact, Wilson was the first to report that water vapors nucleate
more efficiently on negative compared to positive ions. This effect has since then been referred to as
the sign preference. Apart from water, the same (i.e., negative ion) sign preferences has also been
reported for n-propanol.!’ In contrast, other vapor molecules (e.g., dibutylphthalate, methanol and
acetonitrile) have been shown to exhibit a nucleation preference towards positive molecules.'*! All
these studies demonstrate that the preference of specific vapor molecules to nucleate on negative or
positive ions depends strongly on the composition of the molecules.

More recently, Kangasluoma et al. showed that apart from the nucleating vapor, a key parameter
defining ion-induced nucleation is the chemical composition of the ion.!® They demonstrated that by
measuring the nucleation probability of three different liquids on positively, negatively and neutral sub-
3 nm particles. Their work strengthens the consensus that sign preference is rather specific to the seed
ion-liquid chemical interactions.

Sign preference has also been investigated by several modelling studies.*?* A common
conclusion amongst these studies is that the key to understanding the phenomenon lies in the electronic
structure of the ions. Nadykto et al. have shown that this electrostatic interaction is stronger with
decreasing size of the ion and that by accounting for their electronic structure, good agreement between
experiments and theory can be achieved.??® To validate the model predictions and further understand
the underlying mechanisms of ion-induced nucleation, however, we need experimental observations
involving ions of well-defined electronic structure and chemical composition.

In this chapter, we report novel experimental observations of ion-induced nucleation aiming to
understand the effect of the sign preference beyond the current state of the art. In contrast to previous
studies where the size, structure and composition of ions was not taken into account, here we employ
ions consisting of 2 up to 22 atoms. The novelty in those observations is in the ability to produce positive
and negative ions of different size, starting from that of a single atom, that in principle are of the same
chemical composition. Butanol and nonane were chosen as representatives of polar and non-polar

molecules, respectively, to study the preference of nucleation on either positive or negative ions.
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5.2 Experimental Procedure

Details of the generation method of the silver ions (referred to as ionic clusters from this point
onwards) used in this study are provided in a previous publication of our group.!” In brief, a Spark
Discharge Generator (SDG)'® was used to ablate silver in order to generate ionic clusters suspended in
high-purity He or N, gas. The SDG produces ions of variable sizes, the majority of which carry a single
positive or negative elementary charge. To select ionic clusters of one polarity having sizes within a
very narrow range (i.e., monodisperse ions) we used a high-resolution Differential Mobility Analyzer
(DMA; SEADM Model half-mini)!* downstream the SDG. Upon exiting the DMA, the concentration
of the monodisperse ionic clusters was measured in parallel by a Condensation Particle Counter (CPC;
TSI Model 3025),%° in which we could control the supersaturation level, and a custom-made Faraday
cage electrometer (EM).

The CPC consists of a heated saturator in which a working fluid (butanol or nonane in our case)
evaporates and saturates the sample flow, and of a condenser that provides a controlled region of
supersaturated vapor by subsequently cooling the sample flow. lonic clusters that enter the
supersaturated region act as nucleation sites for the vapors of the working fluid, resulting in the
formation of droplets that are subsequently counted by an optical detector inside the CPC. It should be
noted here that the ionic clusters cannot be directly detected (i.e., without growing to micron-sized
droplets) by the optical detector, and thus the CPC can only measure the concentration of the ions that
have effectively acted as nucleation sites for the vapors.

The concentration of the droplets formed in the CPC is always a fraction of the total
concentration of the sampled ions that depends on the size of the ions, the condensing vapor, and the
operating conditions. As a result, the ions can be detected by the CPC with a specific efficiency. To
determine the detection efficiency of the CPC during the measurements, a constant fraction of the flow
entering the CPC is branched off into the EM, which determines the ion current trapped in the Faraday
cage. The detection efficiency, which is proportional to the nucleation efficiency of the ions when
passed through the CPC, was then calculated as the ratio of the CPC signal over the signal of the EM.
For a specific value of the supersaturation in the supersaturated region of the CPC, the detection
efficiency is directly related to the probability that an ion surpasses the energy barrier required for

droplet formation, and therefore the nucleation efficiency.
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5.3 Results and Conclusions

Figure 1 shows the mobility distribution of both positive and negative ionic clusters produced
by the SDG in He. The spectra have peaks that correspond to ionic clusters containing 1 to 25 silver
atoms. Evidently, the peaks are more pronounced in the mobility spectrum of the negative ions,
reflecting their higher stability as has been systematically observed in previous studies.?! The same
experimental procedure was used to produce silver ionic clusters in N,. The respective mobility
distributions obtained in N, exhibit the same characteristics as the one in He (data not shown here).

It should be noted here that the mobility of the ionic silver clusters produced by the SDG is
proportional to their ionic collision cross section and thus to their size. The number of silver atoms
corresponding to each peak in the mobility distribution was estimated by calculating the associated
cross sections and using the respective values (or relation) provided by Weis et al.?? This analysis, along

with detailed presentation of the experimental details are provided by Maisser et al.!”
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Figure 1. Measured mobility spectra of positive and negative silver ionic clusters produced by the SDG
in He. The two spectra of ionic clusters for each polarity correspond to different operating conditions
(i.e., capacitance of the electric circuit producing the sparks) of the SDG.

Figure 2 shows the measured nucleation efficiency of butanol on positive and negative ionic
clusters suspended in Na. The inverse mobility of 0.8 Vs/cm?, corresponding to ionic clusters with 7
silver atoms, constitutes a threshold dividing their behaviour in two different regimes of sign preference.
Positive ions appear to be more efficient nuclei when they contain up to ca. 7 silver atoms, whereas
negative ions nucleate butanol vapors more effectively when they contain 7 to 10 atoms. For ions with
inverse mobility larger than ca. 1.2 Vs/m? positive ions appear to be again more effective nuclei, with
nucleation efficiency being higher than those of their negative counterparts. Evidently, the preference
of butanol vapor molecules to nucleation on ionic clusters of Ag is not unique for one polarity, but it

can switch from positive to negative depending on the size of the ionic clusters. To the best of our
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knowledge, it is the first time that such an alternating sign preference has been observed experimentally
for ionic clusters of the same chemical composition.

The crossover of the sign preference observed in this study is consistent with modelling results
reported in literature. Oh et al. studied theoretically the nucleation of methanol vapor on ions and
predicted a positive sign preference which they attribute to the competition between molecule-molecule
interaction, ion-molecule electrostatic interaction and the orientation of the methyl group on the surface
of the nucleating ion.?* Their calculations show that a crossover behaviour of the sign preference is
theoretically possible. Pointing at the same direction, Kathmann et al. calculated the chemical potential
of small aqueous positive and negative ions and found that the relationship with size is nonmonotonic.?*
They found that with decreasing size, the chemical potentials can cross each other leading to a switch

in sign preference.
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Figure 2. Measured nucleation efficiency of butanol on negative and positive silver ionic clusters in
nitrogen.

To investigate the effect of vapor polarity on the nucleation efficiency, we performed the same
experiments with nonane vapors. Nonane is a molecule with a small dipole moment (0.07 D) compared
to butanol (1.66 D). As a result, nonane molecules are attracted towards the ionic clusters primarily by
the induced dipole moment. Measurements of the nucleation efficiency of the non-polar molecule
vapors (nonane) on both positive and negative ionic clusters are shown in Figure 3. Indeed, there are no
significant differences of the nucleation efficiency of nonane between positive and negative ions above
an inverse mobility of 0.15 Vs/cm?, corresponding approximately to Agi>. However, below Agi, a
pronounced positive sign preference seems to exist. In the vicinity of the ion, the molecule becomes a
dipole, and is therefore attracted to the ion. Results indicate that switching to a low dipole moment

molecule, positive and negative ions exhibit approximately the same qualitative nucleation behaviour
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with the one observed for higher dipole moment molecules: i.e., positive ionic clusters are more
effective nuclei than negative when they contain up to a few atoms, whereas the sign preference is either
switched or becomes comparable for larger ions. These results indicate that the molecules’ dipole

moment influence on the qualitative behaviour of nucleation is weak.
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Figure 3. Measured nucleation efficiency of nonane on negative and positive silver atomic clusters in

He.

An interesting observation in the data shown in Figs. 2 and 3 is the plateau corresponding to
the smaller positive ions, suggesting that they are activated with the same efficiency, regardless of their
size, by both polar and non-polar molecules. This can be understood by considering the thermodynamic
aspect of nucleation. Vapor molecules attach to the ion to form a cluster ion with an equilibrium
diameter defined by a local minimum of the Gibbs free energy as a function of cluster size. Any ion
with diameter smaller than the equilibrium diameter corresponding to the energy local minimum will
follow the thermodynamically favorable route to form the same stable cluster ion, yielding the same
nucleation efficiency. Following this rationale, one would expect to observe a similar plateau for the
case of the negative ions, since the formation of the stable cluster ion is independent of the charge sign.
Our observations indicate that this is clearly not the case, as the measured nucleation efficiency on

negative ions decreases with decreasing ionic size.

A possible explanation for this observation is the difference in the stability between Ag,” and Ag,". This
can be understood by considering that metal atoms have a rather low electron affinity (1.3 eV for Ag).
For electron emission into a dielectric liquid, the energy required may very well be only 1/10 of this
energy”’, so that thermal emission of the negative charge becomes probable at room temperature. For

clusters (n>1), the electron affinity, and therewith stability, increases. We speculate that upon
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adsorption of the vapor, Ag, is unstable for very small n. This explains the fundamentally different
nucleation behavior of Ag,” and Ag,’, and that this is generalizable to all metal ions and all ions with a

small enough electron affinity.

The purity of ions is a parameter that certainly can affect the nucleation behavior of vapors, especially
when considering their small size. A first indication that the ionic clusters studies in this work behave
similar to those in pure, vacuum-based studies is provided by the fact that they exhibit the odd-even
peak oscillations that are expected for pure clusters. Parallel mass spectra of the ionic clusters would
certainly have provided evidence of the purity of the ionic clusters, but that was not possible when the
experiments were carried out. Our preliminary measurements on the composition of the silver ionic
clusters produced by the SDG, however, indicate that pure silver ionic clusters can be produced, and
that the most common impurities include trace amounts of water and oxygen that get through the
purification system. The oxygen reactions that are enabled by water traces in the system make the
chemical composition of the clusters for both polarities very similar as we found the presence of Ag+,
AgOH+, AgOH2+, Ag2+, AgOH+, AgOH2+ for positive ions and Ag-, AgOH-, AgOH2-, Ag2-,
Ag20H-, Ag202H4- for negative ions.

This work shows the first experimental evidence that the sign preference for a specific ion-
molecule pair can alternate between positive and negative ions. The experimental data demonstrate that
the established paradigm, which states that every ion-molecule pair exhibits a unique sign preference,
is invalid at least for the materials investigated in this study. The key factor enabling this study was the
ability to use positive and negative clusters of the same material. The experimental data and the
considerations presented in this work can be seen as in-line with former studies mentioned above, in so
far as they conclude that chemistry plays a role in sign preference of nucleation. Even if the material is

the same, Ag for both signs, positive and negative silver ions must be considered as chemically different.
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6. Conclusions and Summary

Understanding the processes related to particle formation in the atmosphere is crucial in order to
quantify more accurately their effect on climate. New particle formation is a global scale phenomenon,
through which significant amounts of new particles are introduced in the atmosphere. A main
mechanism of new particle formation is ion-induced nucleation, where vapor molecules nucleate on
pre-existing atmospheric ions. It follows that in order to understand the mechanism of ion-induced
nucleation, research must be focused on the very first steps of formation which normally lay in the sub-
2nm size range. The work of this thesis is focused on facilitating the research on new particle formation
by advancing the instrumentation state-of-the-art, but also performing experimental work on the

dynamics of ion-induced nucleation.

In Chapter 2, we introduce a new operation method of laminar flow condensation particle
counters which greatly enhances their ability to detect sub-2nm particles. The main finding is that
reducing the nucleation temperature leads to enhanced counting efficiencies. At the optimum operating
temperatures, we measured a 40% increase in the detection efficiency for the smallest ion used in the
study (0.94 nm). Good agreement of the experimental results with calculations deriving from the
Kelvin-Thompson theory was found. In addition, simulations of the supersaturation profile inside the
condenser tube revealed that the observed enhancement is attributed to the enlargement of the area
which the supersaturation covers, followed by a slight increase of the supersaturation maximum value.
Furthermore, we show that by choosing the right temperature window the supersaturation maximum
can be defined with much greater resolution than any existing method can achieve. It is the first time
that the concept of manipulating the spatial characteristic of the supersaturation profile is introduced in
the operation of laminar flow CPCs. The fact that our method does not require any hardware
modifications of the CPC, makes it extremely attractive and easy to apply. The number of laminar flow

CPCs that are used in aerosol research is high, and therefore this method is highly relevant.

In Chapter 3, we describe a novel manufacturing concept which enables the production of low
weight and low-cost Differential Mobility Analyzers (DMAs). This new concept relies on
manufacturing a DMA out of plastic instead of metal, which has been used traditionally in the
manufacturing process. The DMA is then coated with an electrically conductive layer, in order to
acquire the conductivity necessary for the electric field. To test this method, two identical DMAs were
built, one out of plastic and one out of stainless steel, and their performance was compared by measuring
their transfer functions in a Tandem DMA configuration. Excellent agreement of the measured midpoint
mobility diameters was found, with small deviations at high sheath flow rates. These deviations are

attributed to expected non-idealities of the plastic DMA, which cause small disturbances of the sheath
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flow field. The two main innovative characteristics of the new DMA are portability and low cost. The
implications of this work are numerous, and its generality can be applied in other aerosol instruments,
since electrically conductive surfaces is a key specification of all aerosol related equipment. The light-
weight and low-cost DM As pave the way to the development of an SMPS with the same characteristics.
Making the SMPS widely accessible facilitates the expansion of monitoring station networks that are
currently operating around the world. Furthermore, it enables their use in Unmanned Aerial Vehicles
(UAVs) for measuring the vertical profiles of aerosol particles in the atmosphere. By using 3D-printing
technology, our method enables aerosol scientists to manufacture their own DMAs. This means that
modifications and improved designs can be easily made and tested, at a fraction of the cost that would
be needed if the same DMAs were made of metal. More importantly, our method has great educational
value since it offers graduate and PhD students the opportunity to design and produce their own
instruments, without the bottleneck of extensive simulations and high cost related manufacturing

processes.

In Chapter 4, we optimize the operation of a spark discharge generator (SDG) for the
production well defined atomic clusters of high purity, which are the ideal seed particles for
investigating ion-induced nucleation. The atomic clusters were made out of silver and contained a
varying number of atoms ranging from 1 to 25. We show how by varying the amount of energy that is
released with every spark, the size of clusters can be tuned. In addition, we show that by controlling the
trace amounts of O, and H,O present in the carrier gas, one can tune the production of cluster species
with specific number of atoms (magic number). The SDG is a very attractive method due to its simple
operation and low infrastructure demands. It operates at atmospheric pressure and thus it does not
require high vacuum pump systems. This makes it a simple and yet highly stable and reliable atomic

cluster generator that is ideal for nucleation studies.

Chapter 5 focuses on the investigation of the sign-preference dynamics in ion-induced
nucleation. In order to eliminate the dependence of the nucleation on the chemical affinity between the
ion and the vapor molecule, we used the SDG to produce negative and positive ions from the same
material. Silver atomic clusters were used as ions, while butanol and nonane were used as nucleating
vapors. Measurements of the nucleation probability of butanol vapors on positive and negative silver
atomic clusters revealed an alternating sign-preference that has been observed experimentally for the

first time.
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Samenvatting

Het is van cruciaal belang om de processen die gerelateerd zijn aan deeltjesvorming in de atmosfeer te
begrijpen om het effect ervan op het klimaat nauwkeurig te kunnen kwantificeren. Het vormen van
nieuwe deeltjes is een fenomeen op wereldschaal, waardoor significante hoeveelheden nieuwe deeltjes
in de atmosfeer geintroduceerd worden. Een voornaam mechanisme voor het vormen van nieuwe
deeltjes is door ionen geinduceerde nucleatie, waarbij dampmoleculen een groeikern vormen op
bestaande atmosferische ionen. Het volgt dat om het mechanisme van door ionen geinduceerde
nucleatie te begrijpen, onderzoek gericht moet worden op de allereerste stappen in het vormingsproces,
welke normaliter in het sub-2nm deeltjesgroottebereik liggen. Het werk in dit proefschrift richt zich op
het faciliteren van onderzoek naar het vormen van nieuwe deeltjes door de stand van de techniek van
instrumentatie te verbeteren, maar ook door het uitvoeren van experimenteel werk op de dynamica van

door ionen geinduceerde nucleatie.

In Hoofstuk 2, wordt een nieuwe werkwijze voor laminar flow condensation particle counters
(CPCs) geintroduceerd, welke hun vermogen om sub-2nm deeltjes te detecteren sterk verbetert. De
voornaamste bevinding is dat het verlagen van de nucleatietemperatuur leidt tot verhoogde efficiéntie
van het tellen. Bij de optimale werktemperaturen maten wij een stijging van 40% in de detectie-
efficiéntie van het kleinste ion in deze studie (0.94 nm). De experimentele resultaten komen goed
overeen met berekeningen afgeleid van de Kelvin-Thompson theorie. Bovendien blijkt uit simulaties
van het oververzadigingsprofiel in de condensatiebuis dat de geobserveerde verbetering toe te wijzen is
aan het vergroten van het oppervlak dat door de oververzadiging wordt gedekt, gevolgd door een lichte
verhoging van de maximale oververzadiging. Verder kan door het juiste temperatuurbereik te kiezen
het maximum van de oververzadiging met veel grotere resolutie bepaald worden dan met bestaande
methodes mogelijk is. Dit is de eerste keer dat het concept van het manipuleren van de spatiale
karakteristiek van het oververzadigingsprofiel in CPCs met laminaire stroming is geintroduceerd. Het
feit dat deze methode geen wijzigingen in de hardware van de CPC vereist, maakt deze zeer
aantrekkelijk en gemakkelijk om toe te passen. In het gebied van aerosolonderzoek is een groot aantal

laminar flow CPCs in gebruik, zodat deze methode zeer relevant is.

In Hoofdstuk 3 wordt een nieuw fabricatieconcept gepresenteerd, welke het vervaardigen van
lichtgewicht en goedkope Differential Mobility Analyzers (DMAs) mogelijk maakt. In dit nieuwe
concept wordt gekozen om de DMA uit plastic te vervaardigen, in plaats van uit metaal zoals
traditionele vervaardigingsprocessen wordt toegepast. Vervolgens wordt de DMA bekleed met een
elektrisch geleidende laag, om zo de voor het elektrisch veld benodigde geleidbaarheid te verkrijgen.

Om deze methode te testen zijn er twee identicke DMA’s gebouwd, één uit plastic en één uit roestvast
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staal, en zijn de prestaties daarvan vergeleken door hun transferfunctie te meten in Tandem DMA
configuratie. Er is een uitstekende overeenkomst gevonden tussen de gemeten midpunt
mobiliteitsdiameter, met kleine afwijkingen bij hoge stroomsnelheid van het mantelgas. Deze
afwijkingen worden toegewezen aan verwachtte non-idealiteit van de plastic DMA, welke kleine
verstoringen in het stromingsveld van het mantelgas veroorzaken. De twee voornaamste innovatieve
karakteristieken van deze nieuwe DMA zijn draagbaarheid en prijs. De implicaties van di twerk zijn
talrijk, en kan generiek worden toegepast in andere aerosolinstrumenten, gezien elektrisch geleidende
oppervlakken een belangrijke specificatie zijn voor alle aan aerosolen gerelateerde apparatuur. De
lichtgewicht en goedkope DMA’s maken het mogelijk om een SMPS te ontwikkelen met dezelfde
karakteristicken. Door de SMPS, een instrument dat een centrale rol speelt in aerosolonderzoek,
toegankelijk te maken wordt het uitbreiden van de netwerken van meetstations die wereldwijd actief
zijn vergemakkelijkt. Verder maakt dit het mogelijk om deze instrumenten in Unmanned Aerial
Vehicles (UAVs) te gebruiken voor het meten van de verticale profielen van aerosoldeeltjes in de
atmosfeer. Door het toepassen van 3D-printtechnologie maakt deze methode het mogelijk voor
aerosolonderzoekers om hun eigen DMA’s te fabriceren. Dit betekent dat modificaties en verbeterde
ontwerpen gemakkelijk gemaakt en getest kunnen worden, tegen een fractie van de kosten welke
gemaakt worden wanneer dezelfde DMA’s uit metaal worden gemaakt. Belangrijker is dat deze
methode grote educatieve waarde heeft aangezien dit studenten en aio’s de kans biedt om hun eigen
instrumenten te ontwerpen en te ontwikkelen, zonder de horde van uitgebreide simulaties of hoge kosten

van de benodigde fabricageprocessen.

Hoofdstuk 4 gaat over het optimaliseren van de werking van een vonkgenerator (spark
discharge generator, SDG) voor het maken van chemisch goed-gedefinieerde atomaire clusters van
hoge zuiverheid, welke de ideale nucleatiekernen zijn voor het bestuderen van door ionen geinduceerde
nucleatie. De atomaire clusters zijn gemaakt van zilver, en bestonden uit een variérend aantal van 1 tot
25 atomen. Er wordt aangetoond hoe de grootte van de clusters gestuurd kan worden door de
hoeveelheid energie die vrijkomt bij elke vonk te variéren. Bovendien kan men, door de hoeveelheid
van O2 en H20 die als sporen in het draaggas aanwezig zijn te controlleren, het vormen van
clustersoorten met specificke aantallen atomen (magic numbers) sturen. De SDG is een zeer
aantrekkelijke methode door de simpele bediening en lage vereisten aan infrastructuur. Ze werkt bij
atmosferische druk, en heeft derhalve geen hoogvacuum pompsystemen nodig. Dit maakt de SDG een
simpele en desondanks zeer stabiele en betrouwbare generator voor atomaire clusters die ideaal is voor

nucleatiestudies.
Hoofdstuk 5 richt zich op het bestuderen van de dynamiek van polariteitsvoorkeur bij door ionen-

geinduceerde nucleatie. Om de afthankelijkheid van nucleatie van de chemische affiniteit tussen het ion

en de dampmolecule te elimineren, is de SDG gebruikt om negatieve en positieve ionen van hetzelfde
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materiaal te maken. Voor nucleatie zijn dampen van butanol en nonaan gebruikt. Metingen van de
nucleatiekans van butanoldamp op positieve en negatieve atomaire clusters van zilver onthullen een

alternerende polariteitsvoorkeur welke voor het eerst experimenteel is geobserveerd.
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