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ABSTRACT

Molecular singly charged clusters generated by electrospray sources are commonly used for
calibration measurements of ultrafine Condensation Particle Counters (CPCs) in the sub-2 nm
size range. This technique has been limited to the smallest singly charged clusters. In this
study, we used a bipolar electrospray source combining two electrosprays of opposite polar-
ities to generate singly charged clusters of ammonium salts dissolved in acetonitrile, i.e.,
tetra-heptyl ammonium bromide (THABr) and tetra-butyl ammonium iodide (TBAI) clusters.
A high-resolution UDMA acts as a classifier for positively and negatively charged clusters
which are used as mobility standards for the measurement of the complete ascent of the
detection efficiency curve of three ultrafine CPCs. The CPCs characterized in this work are
two laminar flow-type CPCs using n-butanol (TSI UCPC Model 3776, TSI Inc., Minneapolis,
MN USA) and diethylene glycol (DEG) (TSI UCPC Model 3777, TSI Inc.) as working fluid and
the turbulent mixing-type DEG-based Particle Size Magnifier (Airmodus A10 PSM). The clus-
ters generated by the bipolar electrospray source are analyzed for their elemental compos-
ition using the Atmospheric Pressure interface Time-Of-Flight mass spectrometer (ioniAPi-
TOF, lonicon Analytik GmbH, Austria) in positive and negative ion mode. We present mobil-
ity-dependent mass spectra from experiments using the UDMA and the ioniAPi-TOF in series
for the analysis of positively charged clusters when operating the electrospray source in uni-
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polar and in bipolar mode to demonstrate the charge reduction and purity of the sample.

Introduction

The study of new particle formation has encouraged the
development of instrumentation capable of analyzing
nanoparticles at the transition from molecular clusters
to newly formed particles. In recent years, the
Atmospheric Pressure interface Time-of-Flight mass
spectrometer (APi-TOF) has become a common tech-
nique for the analysis of single ions to molecular clus-
ters in laboratory and field experiments (Junninen et al.
2010). The APi-TOF instrument enabled the measure-
ment of charged clusters at mobility equivalent diame-
ters between 1 and 2 nm during new particle formation
(Almeida et al. 2013). Bridging the gap between the
measurement of large molecular clusters and the lower
detection limit of particle counters has become a major

ch-

all-

enge in aerosol science. The number concentration of
particles is commonly inferred from particle counting
by optical detection subsequent to condensational
growth. The cutoff diameter, i.e., the size where 50% of
particles are detected, is a parameter characterizing a
Condensation Particle Counter’s (CPC’s) performance.
For ultrafine CPCs, the cutoff diameter lies in the size
range between 1 and 4 nm depending on the working
fluid, working principle and instrument design.
Detailed instrument characterization studies are there-
fore essential to follow the growth of newly formed par-
ticles. Aerosol standards with nanometer dimensions
for instrument calibration are produced by means of
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electrospray generation. Previous studies (Kangasluoma
et al. 2013; Ude and Fernandez de la Mora 2005) have
demonstrated that solutions of tetra-alkyl ammonium
halides are well-suited for the clean generation of
mobility standards at inverse mobilities below 2 Vs/cm®
for instrument calibration (Cai et al. 2018; Jiang et al.
2011). It should be noted though that the mobility spec-
tra for cluster ions electrosprayed from tetra-alkyl
ammonium halides are dominated by larger multiply
charged clusters leading to a too pronounced back-
ground to distinguish mobility peaks of singly charged
clusters (Attoui et al. 2013). The analysis of mass spec-
tra showed distinct presence of peaks assigned to multi-
ply charged clusters from tetra-heptyl ammonium
bromide (Fernandez de la Mora, Thomson, and
Gamero-Castano 2005). The technique of generating
mobility standards from electrospray has so far been
limited to the smallest clusters consisting of monomers
and dimers due to the dominant presence of higher
charge states. Therefore, counting efficiencies obtained
from mobility standards were typically limited to 1-3
data points omitting major parts of a counting effi-
ciency curve. The high background composed of cluster
ions at higher charge states can be reduced by means of
controlled neutralization by exposing the cluster ions to
ions of opposite polarity produced by, e.g., an aerosol
neutralizer (Steiner et al. 2017) or their direct counter-
ions (Fernandez de la Mora and Barrios-Collado 2017).
The latter technique has the advantage that exact know-
ledge of the chemical composition of the counterpart
ions is given. In this study, we exploit the technique of
combining two electrospray sources described in the
study of Fernandez de la Mora and Barrios-Collado
(2017) for the generation of dominantly singly charged
clusters for the calibration of three different commer-
cially available ultrafine CPCs. Prior to counting effi-
ciency measurements, the generated clusters are
analyzed to ensure exact knowledge of the sample
composition.

Ultrafine CPCs have a detection limit in the
1-3nm mobility diameter size range depending on
the supersaturation of the condensing vapor that the
aerosol sample is exposed to. Various approaches have
been made to activate the smallest particles. A laminar
flow butanol-based CPC (Stolzenburg and McMurry
1991) has become a standard instrument for particle
counting and paved the way for the commercially
available and widely used TSI UCPC Model 3776
which was characterized in this study at modified
temperature settings. The use of different working flu-
ids in laminar flow CPCs (Wimmer et al. 2013; Iida,
Stolzenburg, and McMurry 2009) has further
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decreased the lowest detectable particle size. The
second particle counter characterized in this study is a
laminar flow DEG-based particle counter that is com-
mercially available as the TSI UCPC Model 3777.
Subsequent to particle activation, particles are detected
in a “booster”-stage butanol-based CPC (TSI CPC
Model 3772). Further research on instrument design
and working principle to achieve high supersaturation
for the promotion of condensational growth have led
to the development of mixing-type CPCs (Sgro and
Fernandez de la Mora 2004) such as the commercially
available Airmodus A10 PSM (Vanhanen et al. 2011)
which exposes the aerosol sample to a DEG vapor in
a turbulent mixing chamber to achieve supersatur-
ation and activate condensational growth. The
Airmodus PSM is the third instrument that was
implemented in the experimental setup of this study
in combination with the Airmodus A20 butanol-based
CPC. The above-mentioned CPC types are widely
used for number concentration as well as size distri-
bution measurements when coupled to a Differential
Mobility Analyzer (DMA) that classifies particles
according to their electrical mobility in both labora-
tory and ambient environments. Evidently, number
concentration and size distribution measurements in
the size range of the cutoff diameter require detailed
instrument characterization. Uncertainties on the
number size distribution in the size range of freshly
nucleated particles are especially sensitive to the
detailed knowledge of the detection efficiency curve
(Kangasluoma and Kontkanen 2017). Therefore, it is
of large experimental interest to have a variety of
aerosol standards in the critical mobility size
range available.

In this work, we first present mass spectra obtained
by the ioniAPi-TOF (Ionicon Analytik GmbH,
Austria) in positive ion mode and directly compare
mass and mobility spectra when the electrospray
source is operated in unipolar and in bipolar mode.
Further, we demonstrate results from an experimental
setup comprising three commercially available ultra-
fine CPCs, which are characterized in parallel using
the molecular clusters generated by the electrospray
source in both polarities, and positively and negatively
charged silver particles produced from a tube furnace.

Experimental methods

Cluster generation from the bipolar
electrospray source

The bipolar electrospray source was described recently
(Fernandez de la Mora 2018; Fernandez de la Mora
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and Barrios-Collado 2017) and is commercially avail-
able from SEADM, S.L., Spain. A stainless-steel cham-
ber combines two electrospray capillaries that are
inserted into two vial holders containing the analyte
solution which are set at opposite high voltages. The
analyte solution is pushed to the capillary tips (silica
capillaries, 125 um inner diameter) which are electro-
statically separated by a 50% transparent stainless-steel
mesh. Different mesh sizes are available to separate
the capillary tips. In this study, we used a mesh that
isolates the two electrospray regions to the center
point of the bipolar electrospray chamber (half mesh).
The bipolar electrospray source chamber is filled with
a dry and clean carrier gas which transports charge
reduced ions to the next stage. The relative humidity
(RH) of the transport gas was monitored and was
found <2% using SHT75 sensors with an accuracy of
+1.8% RH. The approach for charge reduction of
combining ions of a certain composition with their
counter-ions gives control of the composition of the
anion and cation. By reducing the charge state, dom-
inantly singly charged clusters are generated. For the
generation of charged clusters, tetra-butyl ammonium
iodide (TBAI) and tetra-heptyl ammonium bromide
(THABYr), are dissolved in acetonitrile at a concentra-
tion of 1 mMol/L. Positively and negatively charged
clusters of the form (A*/7) (AB), were produced,
where n is the number of neutral pairs in the cluster
and z the number of cations. The ideal position of the
two capillaries, i.e., where the single electrospray cur-
rents measured by two nano-amperemeters are inde-
pendent from each other, was empirically determined.
The electrospray currents between 100 and 200nA
were found to be most stable over time periods for a
measurement run of 1-2h when the pressure applied
to the vials containing the analyte solution was kept
between 1 and 10 mbar. Cleanliness of the sample
solution and the capillaries proved to be of essential
importance, therefore the capillaries were rinsed
through multiple times using ethanol and methanol
before and after each measurement run.

For the calibration of the CPCs, it is critical that
only singly charged clusters are present in the sam-
ple. Therefore, a cluster composition analysis is con-
ducted using the ioniAPi-TOF in positive and
negative ion mode. Second, a reference measurement
of the counting efficiency is performed using silver
particles generated by a tube furnace and subsequent
particle charging in an **'Am charger. With this
setup, a charge state of *1 of the classified silver
particles at sizes below 5nm can be assumed (Fuchs

1963) and the resulting counting efficiency used as
a reference.

To ensure that the electrospray is run at optimum
conditions, both electrospray currents need to be care-
fully adjusted so that symmetric sprays of positive and
negative polarity can be established. The approach in
this study is to classify one resolvable peak at a mobil-
ity equivalent diameter that is in the size range where
the counting efficiency reaches its maximum value
(plateau) and compare the number concentration
measured by the CPC and a Faraday Cup
Electrometer (FCE) at varying ratio of the electrospray
currents. The FCE used here was developed at the
University of Vienna and is based on the design pre-
sented by Winklmayr et al. (1991) with an improved
response time of 0.1s. When the counting efficiency
approaches the expected value, it can be inferred that
singly charged clusters clearly dominate the sample.
An example demonstration is displayed in Figure S1
with additional details in the online supplementary
material (SI).

Mobility and mass analysis

The intention of this study is to verify that solely sin-
gly charged cluster ions are classified in the Vienna-
type high-resolution UDMA (Steiner et al. 2010).
Large multiply charged ions having the same electrical
mobility would pass through the DMA and lead to
multiple counts in the FCE, which we used as the ref-
erence instrument during the counting efficiency
measurements. The clusters generated by the electro-
spray source in unipolar and bipolar mode were ana-
lyzed by coupling the DMA to the ioniAPi-TOF,
which is described elsewhere (Leiminger et al. 2019),
in positive/negative ion mode (see Figure la). The
tandem DMA-MS technique has been used in previ-
ous studies, e.g., on electrosprayed ionic liquid nano-
drops (Hogan and Fernandez de la Mora 2009), tetra-
hexyl ammonium bromide clusters (Rus et al. 2010)
and THABr clusters (Fernandez de la Mora,
Thomson, and Gamero-Castano 2005). Limitations of
this setup are given by resolution power of the DMA,
transmission of the DMA and mass-dependent trans-
mission of the mass spectrometer (Leiminger et al.
2019; Heinritzi et al. 2016).

The Vienna-type high resolution DMA used in this
study is referred to as UDMA-4 which was designed
to measure mobilities of clusters and ions down to
I1nm. The precursor prototype to the UDMA-4 is the
UDMA-1, which was found to have a comparatively
large resolution power of 15 to separate charged
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Figure 1. Two setups were used to, first (a), analyze the clusters generated by the bipolar electrospray source by a tandem
UDMA-MS setup where positively/negatively charged clusters are classified in the UDMA-4 and subsequently analyzed for their
mass-to-charge ratio in the ioniAPi-TOF in positive/negative ion mode. Second, panel (b), counting efficiency measurements were
conducted using three different ultrafine CPC (TSI UCPC Model 3776, TSI UCPC Model 3777 and Airmodus PSM A10) in parallel
and a fast-response FCE as a reference instrument using ion traps at the counter inlets (continuous lines). For the silver measure-
ments, the bipolar electrospray is replaced by a tube furnace and silver particles are generated and subsequently charged using

an 2*'Am aerosol neutralizer (dashed lines).

molecular clusters (Steiner et al. 2010). The design of
the cylindrical Vienna-type UDMA-4 was improved
for an increased laminarization of the sheath flow and
allows to use sheath flow rates between 400 and
1000 L/min. As discussed in Flagan (1999), the reso-
lution power of a DMA is inferred from the ratio of
the mobility at the peak of the transfer function to the
full width half maximum of the transfer function. At
the sheath flow (Qg,) and aerosol flow (Q,) settings
used during the experiments of this study (Qg, =
1000 L/min, Q, = 10L/min), the resolution power of
the UDMA-4 was found to be 20 at the size of the
THABr monomer at the wused experimen-
tal conditions.

The large sheath flow rates are not measurable
using conventional flow meters, therefore the sheath
flow rate is calibrated using a mobility standard. The
linear relationship between inverse electrical mobility,
Z, and set voltage, V, allows to infer the actual flow
rate from an operational characterization factor, K:

Z'=K -V. (1)

A fast-response FCE collects charged particles on a fil-
ter and measures the electrical current to obtain the
mobility spectrum. The centroid electrical mobilities
of the resolvable peaks in the mobility spectrum were
derived by applying normal (Gaussian) fits to the sin-
gle mobility peaks. The approximate mobility equiva-
lent diameter, d;, was calculated from an empirical
formula valid in the particle size range of 0.5-5nm
(Mikela et al. 1996) as

Z =22458-10"2. d, 19, )

The electrical mobility, Z, is given in units of m*/Vs
and the mobility equivalent diameter in m assuming
singly charged particles. Note that in the size range of
molecular clusters, the mobility equivalent diameter
can only be regarded as a convenient size indicator.

In addition to the mobility analysis, the generated
clusters were analyzed for their elemental composition
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using the ioniAPi-TOF with hexapole ion guides. The
ion transfer properties of the instrument for the mass
range of the analyzed clusters are therefore an import-
ant parameter. Compared with APi-TOF instruments
with quadrupole ion guides, e.g, APi-TOF MS,
Aerodyne Research Inc. and Tofwerk AG, instruments
with higher multipole ion guides are assumed to have
a broader mass window (Gerlich 2004). The ioniAPi-
TOF was recently characterized regarding ion trans-
mission efficiency, mass range transmission and the
effect of ion transfer properties by Leiminger
et al. (2019).

We investigated positively charged clusters using
the ioniAPi-TOF in positive ion mode when the
electrospray was operated in unipolar and bipolar
mode. Three-dimensional mass-mobility spectra (Rus
et al. 2010; Hogan and Fernidndez de la Mora 2009)
were obtained using the tandem UDMA-MS setup
that is schematically shown in Figure 1la. The
UDMA-4 voltage was stepped at an increment of
10V and integration of the mass spectra for 15s in
the mass range up to 2000Th vyielded the mass-
mobility spectra.

Additional non size-resolved measurements were
performed in positive ion mode by coupling the elec-
trospray source directly at the ioniAPi-TOF inlet for
chemical analysis at increased ion transmission and
are presented in Figure S2.

Negatively charged clusters were analyzed using the
ioniAPi-TOF in negative ion mode by classifying dis-
tinct peaks at a fixed voltage in the UDMA-4 and
recording the corresponding mass spectra. The time-
of-flight of the ioniAPi-TOF was adjusted to a mass
range up to 3400 Th in positive ion mode and up to
5000 Th in negative ion mode.

Counting efficiency measurements

Counting efficiency measurements of the three ultra-
fine CPCs in parallel were performed using the setup
presented in Figure 1b. Dry and particle-free air is
drawn into the high-resolution UDMA-4 at an aerosol
flow rate of 10 L/min which is controlled by the indi-
vidual inlet flow rates of the particle counters which
are each set to 2.5L/min. The relatively high aerosol
flow rate of 10 L/min was chosen to be able to charac-
terize the three CPCs in parallel at adequate number
concentrations detected in the FCE (>1000 cm™?).

The UDMA-4 is operated at ~1000 L/min sheath flow
rate. Subsequently, the flow carrying the particles is
evenly split using a four-way splitter and is drawn
into the three ultrafine CPCs and the FCE. At each

measurement point, the classifier voltage is fixed, and
the ion traps set to ground voltage for a duration of
120s. For the background measurement, the classifier
voltage is kept constant with the ion traps set to
+500V to remove all charged particles. Since particle
counting in the FCE is size-independent, it is used as
a reference instrument to infer the counting efficiency
of every CPC. By comparing the number concentra-
tion of each CPC, N¢po, to the measured number
concentration in the FCE, Ngcg, the counting effi-
ciency, 7, is determined as

~ Nepc

Nrce ®
When switching the electrospray from unipolar to
bipolar mode, an increased neutral background is
measured behind the classifier which we assume to
originate from the recombination of bipolar ions lead-
ing to a high number concentration of neutral par-
ticles. A fraction of the neutral particles is still
counted by the CPCs when the DMA is in classifier
mode. The CPCs count both neutral and charged par-
ticles whereas the FCE accounts only for charged par-
ticles. Therefore, the CPC number concentration is
background corrected by removing all charged par-
ticles using the ion traps at the counter’s inlets.
Simultaneously, the FCE’s baseline is determined by
removing all charged particles using the ion trap at
the FCE inlet. Thus, only the fraction of charged par-
ticles measured behind the classifier is accounted for.
Depending on the settings of the bipolar electrospray,
an increased background is also observed in the FCE,
i.e., charged particles, when the classifier is set to
zero. This background most likely originates from
extraordinarily high ion concentrations that are not
completely filtered out by the DMA when operating
the electrospray in bipolar mode.

For the counting efficiency measurements, the
CPCs and the PSM were operated at temperature and
flow settings which allow to have the increase of the
detection efficiency curve within the size range of the
inverse mobility between 1 and 4 Vs/cm®. The PSM
saturator temperature was set to 80 °C and the growth
tube temperature to 1°C at 1.0L/min saturator flow
rate. In principle, the PSM can be operated at settings
that further increase the detection efficiency
(Kangasluoma et al. 2013). The TSI UCPC Model
3776 was operated at reduced nucleation temperature
to increase the supersaturation inside the CPC which
mainly determines the CPC detection efficiency
(Barmpounis et al. 2018). The temperature of the sat-
urator, Ty, was set to 33.1°C and the condenser
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temperature, T, was decreased from standard factory
settings to 1.1°C which results in AT = 32°C. These
temperature settings of the TSI UCPC Model 3776
have been presented by a previous study (Tauber,
Brilke, et al. 2019). The inlet flow rate was augmented
to 2.5 L/min to reduce diffusional particle losses at the
instrument inlet. Likewise, the TSI UCPC Model 3777
was operated at modified temperature settings with
the saturator temperature set to 66°C and the con-
denser temperature decreased to 10°C.

Additional counting efficiency measurements were
conducted using silver particles (Ag) generated by a
tube furnace (Scheibel and Porstendorfer 1983) and
charged in a bipolar radioactive ! Am charger (see
Figure 1b, dashed lines). In the investigated particle
size range between 1 and 5nm, it can be assumed that
only singly charged particles enter the DMA. For each
measurement, the mean concentration at fixed classi-
fier voltage measured in the CPCs was compared to
the mean concentration measured in the FCE for
120s. The background measurement was performed
by setting the classifier voltage to zero to account for
possible homogeneous nucleation inside the CPCs and
the FCE noise level. Silver particles are considered as
a widely-used standard of a spherical and insoluble
test aerosol for laboratory characterization of ultrafine
CPCs and therefore serve here as a reference case of a
well-studied system (Hermann et al. 2007; Petaja
et al. 2006).

Results and discussion
Mobility and mass analysis

The mobility spectra were recorded by the FCE for
THABr and TBAI clusters of both polarities and are
shown in Figure 2. The peaks are labeled with the
number of neutral pairs in the cluster, n, where n=0
corresponds to the monomer, n=1 to the dimer and
so forth. Contrary to mobility spectra from a unipolar
electrospray source (Attoui et al. 2013; Steiner et al.
2010), the presented spectra exhibit a larger number
of resolvable peaks which was also shown by
Fernandez de la Mora and Barrios-Collado (2017).
Note that in the positive spectrum for THABr the
abundance of the A*(AB), ion peak (tetramer) is
lower than its neighboring peaks but clearly resolved.
Similar observations have been made by Ude and
Ferndndez de la Mora (2005). During the preparation
of our experiments, we found the 50% transparent
half mesh configuration of the bipolar electrospray
chamber favorable compared to the full mesh for
resolving the tetramer. The electric field and flow
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Figure 2. Positive and negative mobility spectra of tetra-heptyl
ammonium bromide (THABr) und tetra-butyl ammonium iodide
(TBAI) cluster ions recorded by the FCE. Peak labels denote the
number of neutral pairs in the cluster, n.

configuration in the bipolar electrospray chamber
might promote the abundance of the tetramer. For
the negative spectrum of TBAI at n=7,8 the peaks
are not fully resolved. However, we find a range of
peaks that can potentially be used as mobility stand-
ards. The positive THABr spectra reveal resolvable
peaks up to n=10, whereas for TBAI clusters up to
n=18 can be detected. The inverse electrical mobili-
ties, 1/Z [Vs/cm?], of the resulting peaks were deter-
mined by fitting a normal (Gaussian) function to the
series of peaks up to the decamer. The clusters were
classified in the UDMA-4 and the mass-to-charge
ratio was measured in the ioniAPi-TOF in either posi-
tive or negative ion mode. The experiments were con-
ducted in laboratory conditions at atmospheric
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Table 1. Inverse mobilities, 1/Z [Vs/cm?], and approximated mobility diameter, d; [nm], using Equation (2) for positively (A™) and
negatively (A™) singly charged (z=1) tetra-butyl ammonium iodide and tetra-heptyl ammonium bromide clusters. The exact
atomic mass is listed as m/z [Th].

TBAI, At THABr, A* TBAI, A~ THABr, A~
1/Z dz m/z 1/Z dz m/z 1/Z dz m/z 1/Z dz m/z
(AB), 0.71 1.21 242.28 1.03 1.45 410.47 0.48 0.99 126.90 0.44 0.953 78.91
(AB), 1.09 15 61147 1.52 1.77 899.86 0.85 1.32 496.09 0.95 140 568.30
(AB), 139 1.69 980.66 1.89 1.97 1389.25 122 1.58 865.28 130 163 1057.70
(AB), 157 179 1349.85 223 214 1878.64 142 1.71 1234.47 1.62 1.82 1547.09
(AB), 1.81 1.93 1719.04 2.45 2.25 2368.03 1.70 1.87 1603.66 1.92 1.99 2036.48
(AB)s 2,09 2,07 2088.23 279 240 2857.42 1.98 202 1972.85 219 212 2525.87
(AB), - - - 3.13 254 3346.81 218 212 2342.04 245 225 3015.26
(AB), - - - - - - - - - 271 236 3504.65
(AB), - - - - - - - - - 297 247 3994.04
pressure, T=22°C and RH < 3.5%. The mobility = smaller mobilities detected in the ioniAPi-TOF.

peaks, which were clearly resolved and identified in
the ioniAPi-TOF, are listed in Table 1 with their
inverse electrical mobility, 1/Z [Vs/cm?], exact atomic
mass, m/z [Th], and approximate diameter, d; [nm],
calculated from Equation (2).

For the assignment of mobility peaks to their mass,
the UDMA-4 was coupled to the ioniAPi-TOF. The
signal measured by the FCE was proved to be suffi-
ciently high and the UDMA-4 resolving power was
large enough to clearly distinguish single molecular
ions. The ioniAPi-TOF mass calibration was con-
ducted using the clusters generated by the bipolar
electrospray source. For the analysis of the mass spec-
tra, m/z values were converted to n/z, where n is the
number of neutral pairs in the cluster by calculating
(Rus et al. 2010)

m

n_(E= M) @

z MaB
The mass of the cation and cation-ion-pair is given by
my and myp, respectively. The representation by n/z
gives a clear indication of multiply charged ions pre-
sent in the spectra which then appear at fractions of
the integer values of n/z. Figure 3 shows the ratio of
number of neutral pairs in the cluster to their charge
state vs. the inverse electrical mobility of the cluster in
unipolar mode (a, ¢) and bipolar mode (b, d). Clearly,
in unipolar mode, higher charge states clusters are
present with doubly charged clusters at half integer
n/z values (z=2) and triply charged clusters at third
integer values (z=3). Whereas in bipolar mode, these
multiply charged ions disappear which suggests the
dominant presence of singly charged clusters. We
observe large contributions of the smaller monomer
and dimer clusters when classifying the dimer or tri-
mer, respectively. We suggest that at the transition
from ambient pressure to the low pressure in the
ioniAPi-TOF smaller clusters (n<3) do not remain
intact which results in a source of additional ions at

Similar observations of positively charged THABr
clusters have been made by Ude and Fernandez de la
Mora (2005).

Positive mass-mobility spectra for TBAI reveal
similar patterns regarding unipolar vs bipolar mode as
demonstrated in Figures 3c and d. Distinct bands of
ions at higher charge states become visible in unipolar
mode which are not detected in bipolar mode.
Additional peaks appear at higher m/z when the tri-
mer, tetramer and pentamer are classified. Likewise,
in the unipolar mobility-mass spectrum we observe
signals from the monomer when classifying the dimer.
Correspondingly, signals of smaller cluster ions
(n/z=0, 1, 2, 3) appear when classifying clusters up
to n/z=4. This indicates an instability of the smaller
clusters when entering the vacuum system of the mass
spectrometer.

The resolving power of the DMA is critical to
ensure chemical purity of the classified cluster. The
mobility spectra shown in Figure 2 exhibit non-ideal
shapes of the mobility peaks which can be explained
by non-idealities in the DMA geometry, i.e., DMA
eccentricity. Non-idealities in the DMA eccentricity
and thus limited resolving power can generally be
addressed by using a different DMA geometry such as
a parallel-plate DMA. However, the UDMA-4 resolv-
ing power showed to be large enough to resolve single
peaks as presented in Figure 2.

Ion transmission of the tandem DMA-MS setup is
limited by the transmission of the UDMA-4 and the
ioniAPi-TOF. A higher transmission probability of
larger ions is expected in the UDMA-4 while ion
transmission in the ioniAPi-TOF is lower at higher
m/z due to a decreased duty cycle and lower transmis-
sion of heavier ions. The reduced transmission effi-
ciency was accounted for by increasing the sampling
duration. The DMA-MS system would benefit from
an improved ion transmission in the DMA, which has
cylindrical geometry in this case. In principal, a



THABTr(+) unipolar THABr(+) bipolar

AEROSOL SCIENCE AND TECHNOLOGY 403

TBAI(+) unipolar ~ TBAI(+) bipolar

250

=TT
150 —
100 —

FCE current (fA)

U TS

5y
© o O
|

n/z

0.5 25 05 25
inverse mobility (Vs/cm?)

(sdo) jeubis pejelbayul

2.5 1.0 2.0 3.0

Figure 3. The upper panel shows the positive mobility distribution measured in the FCE during each measurement run. Positive
mass-mobility spectra from electrosprayed THABr and TBAI clusters are added in the lower panel when the electrospray is operated
in unipolar (a, c¢) and bipolar (b, d) mode. When operated in unipolar mode, the positive electrospray is used only whereas in bipo-
lar mode the positive and negative electrosprays are combined. The color scheme in the mass-mobility spectra shows the logarith-
mically scaled signal of intensity measured by the ioniAPi-TOF. Panels (a) and (c) show the spectra of clusters when the
electrospray is operated in unipolar mode and higher charge states are detected (white labels) for THABr and TBAI clusters. In

bipolar mode, higher charge states disappear, (b) and (d).

parallel-plate DMA with optimized geometry for clus-
ter transmission is recommended for DMA-MS stud-
ies, as shown in Rus et al. (2010). In this study,
additional non size-resolved measurements were per-
formed to verify the non-presence of higher charge
states by installing the electrospray source directly at
the ioniAPi-TOF inlet. The positive mass spectra are
presented in Figure S2. THABr clusters of charge
states z = +2 are marked in the upper panel and cor-
respond to the m/z values as listed in the study of
Fernindez de la Mora, Thomson, and Gamero-
Castano (2005). These and clusters of higher charge
states are substantially reduced in bipolar mode (lower
panel) indicating the dominant presence of singly
charged clusters.

In principle, negative ions from an electrospray
source can cluster with and ionize substances present
in the carrier gas. Therefore, the possibility of ion-
adducts forming due to impurities in the carrier gas

needs to be considered. Negatively charged THABr
clusters were analyzed by operating the UDMA-4 in
fixed voltage mode and at a sample duration of 1-2h
depending on the signal intensity. Figure 4 shows the
mass spectra of each classified negatively charged
THABr cluster to the number of neutral pairs in the
cluster calculated from Equation (4). The spectra were
normalized to the intensity at the dominant peak, i.e.,
the expected mass-to-charge ratio or n value, respect-
ively, to facilitate the comparison. The series of
dominant peaks is observed at the expected mass-to-
charge values for clusters up to 8 neutral pairs per
cluster, i.e., the nonamer. Commonly, the instrument
resolution of the ioniAPi-TOF substantially decreases
at the upper end of the mass range. In this case, at
the mass of the monomer (m/z=79 Th) an instru-
ment resolution of 1370 is derived, which decreases
for larger masses. The maximum flight-time in the
ioniAPi-TOF was increased by reducing the extraction
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Figure 4. Negative mass spectra were measured by the
ioniAPi-TOF of THABr for each classified mobility peak in the
mobility distributions demonstrated in Figure 2. The mass-to-
charge ratio was calculated to the number of neutral pairs in
the cluster using Equation (4) where ma =78.92 Th and
mpg = (78.92 + 410.47) Th. The dataset of each classified
cluster was normalized to the intensity at the expected cluster
mass. The measured intensities of large clusters are low com-
pared to small clusters based on a reduced transmission effi-
ciency of the ioniAPi-TOF at larger masses which in turn have
a higher transmission probability in the UDMA-4.

frequency to allow the detection of ions at higher
m/z.

When classifying the monomer, dimer and trimer,
we observe peaks of clusters of Br~ with acetonitrile
and ethanol. Ethanol is used for rinsing the capillaries
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Figure 5. Counting efficiency results using positively (+) and
negatively (—) charged silver (Ag) particles produced in a tube
furnace. The lower panel shows the normalized mobility distri-
bution of charger ions produced in the bipolar 2*'Am neutral-
izer in the absence of particles. A sigmoidal fit function was
applied to the data points and are presented as continuous
(Ag+) and dashed (Ag—) lines.

before and after each measurement run. Though RH
in the system is monitored and kept to a minimum
(<3.5% RH), we also detect Br~ water clusters. In the
case of the classified monomer, an additional promin-
ent peak is observed at m/z=232 Th which was not
identified here. The relative abundance of this peak to
the expected monomer peak at m/z=79 Th is 0.2:1.
This peak might originate from Br~ forming adducts
with possible impurities in the pressurized air used as
carrier gas. At larger clusters, an additional signal at a
similar distance to the cluster mass of the classified
mobility peak is noted. For classified clusters up to
n=4 (pentamer), a monomer peak is detected with
highest relative abundance for the classified trimer
(5:1). As discussed earlier, we suggest that the smaller
clusters originate from evaporation at the TOF transi-
tion which was also suggested by previous tandem
DMA-MS studies (Ude and Fernandez de la Mora
2005). At larger clusters (n > 3), an additional ion sig-
nal in the region of the classified cluster is recorded.
Due to the low resolution in this high mass range,
these peaks cannot be identified. Since the operational
settings are at the experimental limit of the instru-
ment, we cannot exclude that the signal originates
from scattering of heavy ions, i.e., the large clusters, at
the detector.

In summary, the mass-mobility study of the clus-
ters generated by the bipolar electrospray revealed



Table 2. Cutoff diameters, Dso, in nm at 50% counting effi-
ciency for the three characterized particle counters. The TSI
UCPC Model 3776 and the TSI UCPC Model 3777 were oper-
ated at modified temperature settings.

Substance Polarity TSI 3776 TSI 3777 Airmodus PSM
Ag + 2.10 2.0 -

- 1.80 1.71 1.45
TBAI + 1.95 2.01 141

- 2.01 1.81 1.59
THABr + 2.05 2.25 1.86

- 2.0 1.98 1.61

that, firstly, positive and negative mobility spectra of
THABr and TBAI as large as 3-4nm can be obtained
using the high-resolution UDMA-4. Second, by step-
ping the UDMA-4 voltage and sampling positively
charged clusters, mass-mobility spectra were generated
and the reduction of multiply charged clusters when
operating the electrospray in bipolar mode was veri-
fied and supported by results from a non-size-resolved
measurement of the mass-to-charge ratio (Figure S2).
Ultimately, mass spectra recorded by the ioniAPi-TOF
in negative ion mode demonstrated that the series of
the first mobility peaks corresponds to the expected
cluster mass, i.e., mobility peaks were clearly assigned
to their mass-to-charge ratio.

CPC counting efficiency

Silver particle measurements

First, we present results from counting efficiency
measurements using silver particles to have a refer-
ence to a well-known aerosol test substance. The
results of the counting efficiency curves from charged
silver particles using the tube furnace as aerosol
source are presented in Figure 5. The counting effi-
ciency is plotted versus the mobility equivalent diam-
eter which is calculated from Equation (2). At small
sizes, an additional increase of the counting efficiency
is observed for the Airmodus PSM and the TSI UCPC
Model 3776. In the lower panel of Figure 5, the
mobility distributions of ions generated by the bipolar
241Am aerosol neutralizer in the absence of particles
were added. Clearly, charger ions are activated by the
TSI UCPC Model 3776 and, much more pronounced,
by the Airmodus PSM when positively charged par-
ticles are classified. This observation highlights the
importance of accounting for ions produced by the
aerosol neutralizer present in the aerosol sample
(Hering et al. 2017). The cutoff diameters, at which
50% of the particles are detected, Dsy, are listed in
Table 2. For negatively charged silver particles, we
observe a decrease of the cutoff diameter for the TSI
UCPC Model 3776 and the TSI UCPC Model 3777.
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Figure 6. Counting efficiency measurements from positively
charged TBAI clusters were plotted against the inverse elec-
trical mobility, 7/Z. The positive mobility spectrum recorded by
the FCE is presented in the upper panel. Mobility peaks are
classified in the UDMA-4 and are carried into the particle coun-
ters, the TSI UCPC Model 3776 and TSI UCPC Model 3777
which are operated at modified temperature setting and the
Airmodus PSM. Uncertainties in the counting efficiency are
dominated by the 10% and 5% counting accuracy of the CPCs
and the FCE and are not depicted here.

Note that the cutoff diameter for positively charged
silver particles of the Airmodus PSM is omitted due
to the increased activation efficiency at small sizes
caused by charger ions present in the sample. The rea-
son for a decreased cutoff diameter in the case of
negatively charged silver particles remains unclear and
ion composition of silver was not measured by this
study. Sign preferences regarding the activation prob-
ability have been observed by previous studies
(Tauber, Brilke, et al. 2019; Winkler et al. 2008).

Tetra-alkyl ammonium halide cluster measurements
As a next step, we discuss results for mobility stand-
ards from positively charged TBAI clusters and com-
pare the plateau height of the activation curves. Figure
6 demonstrates the counting efficiency vs. the inverse
electrical mobility of the size-selected positively
charged TBAI clusters with the corresponding mobil-
ity spectrum of the generated clusters shown in the
upper panel. Evidently, the plateau of the activation
curve approaches the maximum activation efficiency
in the 3-4nm range of about 90% for the TSI 3777
and about 70% in the PSM. As we have seen in the
results of the silver particle measurement in Figure 5,
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Figure 7. Results of the counting efficiency measurements using positively and negatively charged THABr and TBAI clusters gener-
ated by the bipolar electrospray source vs. the mobility equivalent particle diameter. A sigmoidal fit function was applied to the
data points and are presented as continuous (TSI UCPC Model 3776), dashed (TSI UCPC Model 3777) and dotted (Airmodus

PSM) lines.

the cutoff curves of the TSI 3776 and the TSI 3777
reach a plateau at approximately 4 nm, which corre-
sponds to the maximum activation efficiency in the
investigated size range when only singly charged clus-
ters are analyzed. Based on Equation (3), the size-
selected clusters are therefore equally counted in the
CPCs and the FCE when using the mobility standards
by the bipolar electrospray. Hence, multiply charged
clusters are negligible in the sample which would lead
to overcounting in the FCE and thus an underesti-
mated counting efficiency.

Figure 7 summarizes the counting efficiency meas-
urements for the two tetra-alkyl ammonium halides
for both polarities and the resulting cutoff diameters
are reviewed in Table 2. An overview of the resulting
cutoff diameters for the different substances and

CPCs is given in Figure 8. The error bars in Figure 8
were estimated from the UDMA-4 resolution at the
monomer peak during each measurement run. Results
of the study by Kangasluoma et al. (2016), which
included the investigation of the activation behavior
of three different CPC’s using THABr clusters gener-
ated from a tube furnace and subsequent charging in
an *'Am charger, were added as black markers.

A trend toward an improved activation efficiency,
ie., lower cutoff diameter, can be observed for the
DEG-based counters with lowest cutoff diameters for
the turbulent mixing-type Airmodus PSM (see Figure
8). However, least scattering of the results when differ-
ent substances and polarities are tested is found for the
modified TSI UCPC Model 3776. Indeed, the cutoff
diameters from the tetra-alkyl ammonium halides agree
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Figure 8. Summary of the resulting cutoff diameters (listed in
Table 2) for the TSI UCPC Model 3776, the TSI UCPC Model
3777 and the Airmodus PSM using silver particles, THABr and
TBAI as test aerosols. Upward arrows represent positively
charged particles and downward arrow negatively charged par-
ticles, respectively. Measurement uncertainties were derived
from the UDMA-4 resolution using the positive THABr mono-
mer as calibrant ion. Results of THABr measurements from the
study of Kangasluoma et al. (2016) were added as black
markers(*), note that the counters were operated here at dif-
ferent settings.

within the measurement uncertainty (see Figure 8).
This finding suggests a reduced composition depend-
ency of the cutoff diameter for the butanol based and
modified TSI UCPC Model 3776. Based on the study of
Barmpounis et al. (2018), a maximum saturation ratio
of about 4.6 is achieved in a butanol-based laminar flow
type CPC for the temperature settings at AT = 32°C at
reduced condenser temperature. Tauber, Steiner, et al.
(2019) derived a maximum of the saturation ratio
between 4.5 and 4.6 for the TSI UCPC Model 3776
which was used in this study. In a previous study by
Tauber et al. (2018) negatively charged THABr/TBAI
monomer, Br~ and I, are found to activate at satur-
ation ratios between 4.47 and 4.57 using an adiabatic
expansion-type particle counter and n-butanol vapor.
The activation of monoatomic ions with a mobility
diameter close to 1 nm would be possible according to
the estimated supersaturation profile inside the CPC
condenser. Hence, the cutoff diameter at 2nm can be
attributed to the CPC geometry and flow settings, e.g.,
diffusional losses in the capillary at the saturator inlet at
a flow rate of 0.05L/min. The TSI UCPC Model 3777
operates at a capillary flow rate of 0.15 L/min and yields
lowered cutoff diameters compared to the TSI UCPC
Model 3776 which supports limitations due to inlet geo-
metries and flow rate settings. However, the activation
in the DEG-based TSI UCPC Model 3777 will differ
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from the activation achieved in the TSI UCPC Model
3776. Since the PSM activation is based on supersatur-
ation from turbulent mixing of the supersaturated
vapor and the aerosol sample, higher activation efficien-
cies can be accomplished (Kangasluoma et al. 2013;
Vanhanen et al. 2011). The resulting cutoff diameters
from the study of Kangasluoma et al. (2016) are com-
parable to the results of this study. However, note that
the CPC operational settings were different.

A tendency to improved detection, i.e., lower cutoff
diameter, of TBAI toward THABr clusters is observed
for the DEG-based counters, see Figure 7. TBAI and
DEG are both relatively polar in contrast to THABr
and n-butanol. A better solubility of TBAI in DEG
can therefore be expected and explain the lower cut-
off diameter.

A polarity dependence cannot be inferred from the
cutoff diameters for the tetra-alkyl ammonium halides
(see Figure 8). With clusters being composed of either
a surplus of a cation or anion, structural effects, i.e.,
the composition of the sample, on the cutoff diameter
might dominate over the polarity of the cluster
(Kangasluoma et al. 2013).

Conclusion

The bipolar electrospray source proved to be a power-
ful tool to generate bipolar mobility spectra domi-
nated by singly charged clusters from THABr and
TBAI when coupled with the UDMA-4 at decent con-
centrations for subsequent analysis and instrument
calibration purposes. In combination with the
ioniAPi-TOF in positive and negative ion mode,
mobility peaks were clearly assigned to their masses
for clusters up to the nonamer. Effective reduction of
higher charge states of ions generated from the elec-
trospray when switching from unipolar to bipolar
mode was confirmed from the ioniAPi-TOF
measurement.

We have demonstrated that the mobility standards
generated by the bipolar electrospray source can be
used to characterize ultrafine CPCs. Counting effi-
ciency measurements were performed for two laminar
flow CPCs using n-butanol and DEG as working fluid
(TSI UCPC Model 3776 and 3777) at modified tem-
perature settings and the turbulent mixing type
Airmodus PSM in the 1-4nm size range. The com-
parison of CPC and FCE concentration at larger clas-
sified clusters confirmed that the aerosol sample
consists of essentially singly charged clusters when
comparing the resulting cutoff curves to the results
from the silver measurements. The generation of
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dominantly singly charged clusters can be concluded
from the combined results of the counting efficiency
measurements and the chemical analysis.

The cutoff analysis using high-resolution mobility
classification showed a significantly reduced compos-
ition dependency when using the butanol-based TSI
UCPC Model 3776 at modified temperature settings
compared to the DEG-based TSI UCPC Model 3777
and Airmodus PSM. This finding is of general interest
for the measurement of sub-3 nm particle concentra-
tion and size distribution measurement of newly
formed particles, especially when the composition of
the sample is not known during ambient measure-
ments. Given its precision in the size and composition
of seed particles the setup presented here may well
serve as a calibration standard in future CPC calibra-
tion studies.
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