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II.

Abstract
Inductively coupled plasma mass spectrometry (ICPMS) is a well-established and

widely applied technique of elemental analysis. However, even after the last three
decades of constant development of the ICPMS technology, applications demanding
the measurement of discrete samples of a small volume still remain a challenge. Single
micro- and nanoparticles (NPs), single droplets, individual cells, and low-dispersed
aerosols of solids generated by laser ablation belong to such type of samples. The
main challenge is the necessity to extract multi-element information from very short
transient signals generated by trace analyte amounts, which requires a synergy of
simultaneous, sensitive, rapid, and multi-isotope detection.
A new ICP time-of-flight mass spectrometer (TOFMS), providing quasisimultaneous detection with full spectral coverage and µs-temporal resolution, was
developed and is described in this study. The instrument is a combination of the ICP
and first vacuum stage of a commercial quadrupole-based ICPMS (ELAN 6000) and a
TOF mass analyzer manufactured by TOFWERK AG. The coupling was realized via a
custom-built interface, which contains a multi-notch filter, representing a new approach
for the attenuation of abundant plasma background ions (Ar+, O2+, N2+) in ICPTOF
mass spectrometry. The current filter selectively blanks the ions of four different massto-charge ratios (m/Q) prior to the TOF mass analyzer, reducing the total ion current
entering the drift tube and thus minimizing electrostatic repulsion between the charges.
Throughout the entire study, the analytical performance of the ICPTOFMS was
compared with the ICP quadrupole (QMS), which contains the same plasma and
vacuum interface. The ICPTOFMS has the sensitivity similar to the ICPQMS with a
more pronounced signal suppression of ions of low m/Q, but provides a higher mass
resolving power of >1200, abundance sensitivity of 10-5 and superior measurement
precision, which approaches statistically predicted limits. The instrument was used
together with a commercial microdroplet generator (MDG) for several fundamental and
applied studies.
Investigating the behavior of single particles in the plasma, an unexpected
temporal separation of element signals generated from a single droplet of a multielement solution was observed and studied in detail. Combining optical emission
imaging with time-resolved mass spectrometry performed on the ICPTOFMS, it was
revealed that signals of individual elements temporally shift relative to each other only
when droplets move through the plasma off-axis. Based on the obtained results and
plasma gas velocity modelling, the occurrence of signal shifting was attributed to a
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spatial element fractionation inside the plasma. This fractionation is likely driven by
anisotropic diffusion of already vaporized analytes towards the central plasma axis and
by a radial velocity gradient, which continuously separates them from a yet
unvaporized residue. The proposed hypothesis is founded on the idea of sequential
analyte vaporization and was partially confirmed by analyzing the behavior of core-shell
NPs, consisting of an Au core and an Ag shell.
Based on the gained practical and theoretical knowledge, optimal conditions for
single particle analysis could be established and the MDG-ICPTOFMS was applied for
simultaneous mass quantification of NPs of different composition, namely Au, Ag and
Au/Ag core-shell NPs, from a mixture. Calibration was realized using monodisperse
microdroplets of an element standard solution produced by the MDG and no reference
NP materials were required. Based on this mass quantification, nanoparticle sizes were
determined with accuracies in the range of 7-12%. Despite the same masses of Ag in
Ag only NPs and core-shell NPs, they still could be traced and characterized
separately, which would not be feasible with sequential scanning instruments.
The benefits of the MDG are not only the easy approach for the instrument
calibration in the analysis of single entities, but also very low sample consumption and
highly controlled sample introduction. Nevertheless, there is always a high risk of
system clogging, whenever samples containing concentrated salts or particles or cells
have to be measured. The commercial MDG applied in this study is relatively
expensive and requires time-consuming cleaning, once contaminated. Motivated by the
idea to create a new droplet dispensing system which is cheap and disposable, a
microfluidics-based chip was developed. This chip generates microdroplets by flow
focusing using immiscible and highly volatile perfluorohexane (PFH) with a tunable
frequency (90-300 Hz) and size (40-60 µm). The droplets are ejected from the chip in
the steam of the PFH and introduced into the ICP via a custom-built transport line with
a transport efficiency of >50%. The system includes a membrane desolvator to remove
the PFH vapor and to reduce interferences. The new device was successfully applied
for the analysis of micro sample volumes (<1 µl) and quantification of single cells.
The potential of discrete droplet introduction and simultaneous detection was also
explored for the direct quantitative bulk analysis of systems which cannot be dissolved
or which are available in very small amounts. Element ratios of CdSe quantum dots in
water or toluene and of SnO2 NPs doped with Pd in 2-ethylhexanoic acid could be
determined without any sample pretreatment.
Finally, the capabilities of the ICPTOFMS for the characterization of continuous
and discrete laser-generated aerosols were described for several laser ablation (LA)
8/160

systems and ablation cells. The advantages of the new instrument in combination with
fast washout cells for the LA analysis at high spatial resolution were demonstrated on a
few examples. Additionally, a new calibration strategy using single discrete
microdroplets of a synthetic standard solution for the quantification of low-dispersed
laser-generated aerosols was proposed and evaluated.
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III.

Zusammenfassung
Massenspektrometrie mit induktiv gekoppeltem Plasma (Inductively coupled

plasma mass spectrometry: ICPMS) ist eine etablierte und weit akzeptierte Technik der
Elementanalyse. Aber auch nach drei Jahrzehnten ständiger Weiterentwicklung der
ICPMS Technologie und ihrer Messmethoden, bleiben die Anwendungen, bei denen
eine Analyse

von diskreten, kleinsten Probenvolumina erforderlich ist, eine

Herausforderung. Dazu gehören einzelne Mikro- und Nanopartikel (NP), diskrete
Mikrotropfen oder Zellen sowie Aerosole, die durch Laserablation erzeugt werden. Die
größte Herausforderung dabei ist aus extrem kurzen, transienten Signalen, die von
Spuren der Analyten erzeugt werden, die Intensität für möglichst alle Elemente mit
hoher Zeitauflösung zu registrieren. Dies kann nur mittels simultaner, empfindlicher
und schneller Detektion aller relevanten Elemente ermöglicht werden.
Ein neues ICP-Flugzeitmassenspektrometer (ICP time-of-flight (TOF)MS),
welches quasi-simultane Messung mit der Abdeckung des ganzen Massenspektrums
der Elemente und eine hohe Zeitauflösung erreicht, wurde in dieser Studie entwickelt
und beschrieben. Das Gerät ist eine Kombination aus ICP-Ionenquelle und erster
Vakuumstufe

eines

kommerziellen

ICPMS

(ELAN

6000)

und

einem

Flugzeitmassenanalysator (hergestellt bei TOFWERK AG), die durch ein speziell
gebautes Interface gekoppelt wurden. Das Interface enthält einen Multi-Notch Filter,
der eine neue Technologie zur Reduktion der Intensität der Plasmaionen,
insbesondere Ar+, O2+, N2+, in der ICPTOFMS darstellt. Der Filter blendet selektiv vier
unterschiedliche

Masse-zu-Ladung-Verhältnisse

(m/Q)

vor

dem

TOF-

Massenanalysator aus, um den Gesamtionenstrom in der Flugstrecke des TOF zu
reduzieren.

Damit

werden

Raumladungseffekte

vermindert,

die

zu

Empfindlichkeitseinbussen und verschlechterter Massenauflösung führen können. In
dieser Studie wurden durchgehend die analytischen Leistungsdaten des ICPTOFMS
mit einem Quadrupol-basierten ICPMS (ICPQMS) verglichen, welches mit einer
baugleichen Plasma-Ionenquelle sowie identischem Vakuuminterface ausgestattet ist.
Das ICPTOFMS zeigt vergleichbare Empfindlichkeit zum ICPQMS bei hohen, aber
leicht geringere Empfindlichkeit bei niedrigen m/Q. Andererseits wird eine höhere
Massenauflösung von >1200 sowie eine Nachbarmassentrennung von 10-5 erreicht
und die Messpräzision entspricht in etwa dem zählstatistischen Limit. Das Gerät wurde
zusammen mit dem kommerziellen Mikrotropfengenerator (microdroplet generator:
MDG) für einige grundlegende und angewandte Studien verwendet.
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Bei der Untersuchung von Einzelpartikeln im ICP wurde eine unerwartete
zeitliche Trennung von Elementsignalen beobachtet und ausführlich untersucht. Mittels
abbildender optischer Emissionsanalyse und zeitaufgelöster Massenspektrometrie
konnte gezeigt werden, dass sich die Signale von unterschiedlichen Elementen
zueinander zeitlich nur dann verschieben, wenn sich die Tropfen außerhalb der
zentralen Achse durch das Plasma bewegen. Basierend auf diesen Ergebnissen sowie
einer Modellierung der Gasgeschwindigkeiten innerhalb des ICP wurde diese
Signalverschiebung einer radialen Trennung der Gaswolken der im Plasma
verdampfenden

Elemente

zugeschrieben.

Diese

Fraktionierung

ist

höchst-

wahrscheinlich durch eine anisotrope Diffusion in Richtung der Achse des ICP, wie
auch durch den radialen Geschwindigkeitsgradienten bedingt, wodurch sich die bereits
verdampften Analyten von dem noch nicht verdampften Partikel trennen. Die
vorgeschlagene Hypothese basiert auf sequenzieller Verdampfung der Analyten im
Plasma und wurde durch die Messungen von mehrphasigen Partikeln, bestehend aus
einem Goldkern und einer Silberhülle, untermauert.
Auf der Grundlage der gewonnenen praktischen und theoretischen Erkenntnisse
wurden optimale Bedienungen für die Analyse einzelner Partikel ermittelt und das
MDG-ICPTOFMS wurde erfolgreich für die simultane Quantifizierung der Massen
unterschiedlicher Nanopartikel eingesetzt. Die Größenkalibrierung konnte ohne sonst
erforderliche Nanopartikel-Referenzmaterialien mittels der von dem MDG produzierten
monodispersen Mikrotropfen einer Elementstandardlösung ausgeführt werden. Mit
dieser Methode konnte die Größe der unterschiedlichen Partikel mit einer Genauigkeit
von 7% bis 12% bestimmt werden. Trotz gleicher Massen des Silbers in Ag- und den
mehrphasigen NP, konnten diese Partikel anhand der simultan erfassten Goldsignale
separat charakterisiert werden, was sequenziell scannende Geräte nicht erlauben
würden.
Die Vorteile der MDG-Kopplung liegen nicht nur im einfachen Ansatz zur
Gerätekalibrierung bei der Analyse einzelner Partikel, sondern auch im geringen
Probenverbrauch und kontrollierbarer Probenzufuhr. Andererseits besteht bei Proben
mit hohem Gehalt gelöster Feststoffe oder mit hoher Partikeldichte das Risiko, dass die
Kapillare des MDG verstopft. Das MDG ist zudem vergleichsweise teuer und allfällige
Reinigungsmassnahmen sind in der Regel zeitintensiv. Daher wurde in einem weiteren
Projekt ein neuartiger Tropfengenerator auf Einwegbasis entwickelt. Dieser besteht aus
einem Mikrofluidik-basierten Chip, welcher Mikrotropfen aus wässrigen Lösungen
durch Flussfokussierung

mittels

des

hydrophoben und leicht

verdampfbaren

Perfluorhexans (PFH) bei einer Frequenz von 90 bis 300 Hz erzeugt und
11/160

Tropfengrößen von 40 bis 60 µm ermöglicht. Die Tropfen werden mittels des extra
Flusses von PFH aus dem Chip ausgeworfen und über ein speziell entwickeltes
Transportsystem mit einer Effizienz von >50% ins ICP überführt. Das Transportsystem
umfasst einen Membrandesolvator, um PFH zu entfernen und die Interferenzen zu
reduzieren. Das neue Gerät wurde erfolgreich für die Analyse der Mikroprobenmengen
(<1 µl) und für die Quantifizierung einzelner Zellen angewendet.
Das Potential der diskreten Tropfeneinführung mit simultaner Elementdetektion
wurde auch für die direkte quantitative Analyse von Proben untersucht, die nur schwer
in

Lösung

zu

bringen

oder

in

sehr

geringen

Mengen

vorhanden

sind.

Elementverhältnisse von CdSe-Quantenpunkten in Wasser oder Toluol sowie von
SnO2-NP mit Pd in 2-Ethylhexansäure konnten ohne Vorbehandlung der Probe
quantitativ bestimmt werden.
Schließlich wurde das ICPTOFMS in Kombination mit unterschiedlichen
Laserablations-Systemen und Ablationszellen für die Direktanalyse von Feststoffen
eingesetzt. Insbesondere wurden die Eigenschaften in Ablationsexperimenten mit
einzelnen Laserpulsen im Detail untersucht. Die Vorteile des neuen Gerätes bei
Verwendung

von

Ablationszellen

mit

kurzer

Auswaschzeit

wurden

anhand

ausgewählter Beispiele demonstriert. Zusätzlich wurde eine neue Kalibrierungsmethode

mittels

diskreter

vorgeschlagen und bewertet.
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Mikrotropfen

aus

synthetischen

Standardlösungen

1

Introduction

1.1

ICPMS: Towards micro- and nano-samples
The capability to generate and maintain a high frequency induction type plasma[1]

and the experience gained from its successful adaption for optical spectroscopy[2] gave
birth to ICPMS almost three decades ago. Today ICPMS belongs to the routine
techniques and is an integral part of most analytical laboratories which have to conduct
elemental and isotopic analyses. Its applications range from the classical analysis of
aqueous solutions to the direct quantification of solid materials[3] or proteins in
biological fluids.[4] Various disciplines including geology,[5] environmental,[6] forensic[7]
and life sciences[8] benefit today from the low limits of detection, multi-element
capabilities and wide dynamic range of the ICPMS.[9]
Advances in science and technology constantly create new challenges for the
ICPMS. One example is applications demanding the analysis of micro- and nanoentities. This includes, for instance, the online monitoring of airborne particulate matter
(APM) for the purpose of tracing air pollution sources and environmental control. The
size of air borne particles can vary from µm[10] to nm,[11] depending on their origin. The
capability of detecting and characterizing every single particle in the air is an important
advantage when the particle concentration is low (ng m-3)[10] and can provide more
information about a system. Moreover, avoiding time- and labor-consuming sample
collection and preparation allows for a faster and more accurate analysis of
atmospheric aerosols.[12,

13]

The ideas for quantification of single particles by ICPMS

were proposed already a decade ago[14-16] and complemented by some more recent
calibration methods using discrete microdroplets.[17, 18] Not only the absolute mass of an
element in the particle can be determined but also the particle size and number
concentration, provided that the composition and morphology are known. This is a very
important aspect, considering the fact that mobility and toxicity of particles directly
depend on the combination of these properties.[19]
With progress in nanotechnology and the integration of nanomaterials into our
everyday life the concerns about safety of these materials grow as rapidly as the
technology itself. The current scientific results and opinions are still controversial and
more research is required to obtain a solid basis for the establishment of regulations
specific to nanomaterials. This task in particular represents a great challenge to
analytical sciences. As has been mentioned, ICPMS can be used simultaneously as a
particle sizing and counting technique, additionally providing information about the
elemental composition. In this respect, it has a high potential to be applied for the
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quantitative characterization of engineered inorganic nanoparticles and therefore has
received significant attention in the last few years. Very low limits of detection of only a
few hundred particles per milliliter and the possibility of hyphenation with various
separation techniques such as field flow fractionation (FFF),[20] differential mobility
analyzer (DMA)[21] or size-exclusion chromatography (SEC)[22] make it particularly
suitable for environmental[23] and toxicological[24] studies.
Just like analysis of single micro- and nanoparticles in the environment, the
elemental analysis of individual biological cells plays an important role in biology. Many
non-metals (S, P, Se) and metals (Fe, Na, Zn, Cu, Mg) are essential constituents of the
cell and are responsible for its vital functions.[25] The abundance of a free metal or a
metal-containing protein can be used to determine the state of the cell or to identify a
disease.[26] Today, also proteins which do not contain any metals can be detected by
ICPMS. This became possible with the development of a new generation of protein
specific metal-based tags,[27, 28] which have established themselves in cell biology after
the commercialization of a new ICPMS,[29] devoted to the analysis of single cells. More
than 32 different proteins in the individual cell can be “marked” with isotopes of rare
earth elements (REE) and simultaneously monitored,[30] providing a great support for
the research and in the future for medical diagnostics. Some calibration approaches[31,
32]

and normalization procedures[33] for single cell analysis have already been proposed

and will definitely be improved and complemented in the future to enable an absolute
quantification of various biomarkers in a single cell.
Despite the indisputable importance of the analysis of these micro- and nanoentities, their measurement is not a simple task for the ICPMS because of very small
amounts of the material available (ag-fg) and very short signals (hundreds of
microseconds) generated from them.
The list of applications which require the measurement of small sample amounts
and short transient signals is not limited to the above mentioned cases and can be
extended by many more, such as laser ablation (LA), electrothermal vaporization
(ETV), and various separation techniques coupled to the ICPMS. One of the prime
examples is the analysis of solids by LA-ICPMS at high spatial resolution.[34]
It is thus apparent that highly sensitive, rapid and simultaneous multi-element
detection with full mass range coverage is necessary for the unambiguous
characterization of small sample volumes and masses. Development, evaluation and
application of an instrument suitable for the analysis of micro- and nano-samples were
the main focus of this work. To explain our motivation and to allow for a further
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discussion of the results, the general principles of the ICPMS and recent technological
progresses in the field will be reviewed in this Chapter.

1.2

ICPMS: Old problems and new solutions
The schematic representation of a typical ICPMS is shown in Figure 1. A sample

is introduced into the ICP in form of a gas or as an aerosol. The temperature of the ICP
is so high that the sample vaporizes and ionizes almost completely.[35] The ions are
then sampled through the so-called vacuum interface, focused and guided into the
mass filter, where they are separated on the basis of their mass-to-charge ratio (m/Q)
and subsequently detected. All of these processes are strongly interconnected and
define the quality of the ICPMS analysis.

Figure 1. Schematic representation of an ICPMS. The yellow region is evacuated by a
rotary vane pump to a pressure a of few mbar. In the blue region a lower pressure is
reached with turbomolecular pumps.

Since the release of the first commercial instrument, a lot of effort has been made
towards understanding of all underlying processes in the ICPMS and towards
improvement of the general performance of the technique. The contributions of every
process (from sample introduction to ion detection) to the final outcome of the analysis
and some recent advances in the ICPMS technology will be discussed in this Chapter.
The discussion will include some important aspects and challenges related to the
analysis of single entities and small sample masses. Table 1 summarizes the
characteristics of state of the art ICPMS commercially available today.
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Table 1. Characteristics of state of the art ICPMS. The values are taken from the references given in the first column unless otherwise specified.
Instrument

Mass analyzer

Sensitivity
(cps/ppb)

[36]

Quadrupole

238

U-1.3*10
(desolvated aerosol)

<1.3*10

[38]

Quadrupole

115

4[39]

Quadrupole

238

[39]

Quadrupole

[41]

Agilent 8800
NexION 350
iCAP-Q

[40]

Aurora Elite

Element XR
with Jet
Interface
[42]

AttoM

[43]

Spectro MS
Optimass
cyTOF

[48]

[45]

Abundance
sensitivity
(front-tail)

Mass
resolution

Minimum
dwell time

Mass
range

Dynamic
range

300*

100 µs

7-250

10

<1*10 - <1*10

300*

10 µs

7-250

10

5

-

300*

100 µs

7-250

10

115

6

-

300*

100 µs

7-250

10

Sector-field

115

In-2*10
(desolvated aerosol)

7

-

300-10000

0.1 ms

7-250

>10 (with a
Faraday cup)

Sector-field

115

6

-

300-10000

20 ms
(Escan)

7-250

>10 (with a
Faraday cup)

Sector-field
(Mattauch-Herzog)

238

U-1*10
(desolvated aerosol)

5[44]

-

-

20 ms

7-250

>10

Time-of-flight

140

4

<3*10 - 7*10

7-250

>10

Time-of-flight

159

5

<6*10 - 1*10

125-215

10

6[37]

In-8*10
U-5*10

In-1*10

In-1*10

Ce-3*10
Tb-3*10

-10

-9 [37]

- 3*10

-6

-7 [9]

-6

-5

2000

2 ms

-4

-3

>900

15 µs

All values are taken from the references in the first column, unless otherwise specified
* typical values expected for the system

[46]

Differentiating
feature

9

Highly selective
interference removal

10

Universal cell/fast
data readout

9

The smallest
collision cell

9

Collision reaction
interface

5

12

Highest mass
resolving power,
highest sensitivity

12

Fast magnet scan

9

Truly simultaneous
detection

6[47]

Quasi-simultaneous
detection
Optimized
specifically for REE,
fast data readout

1.2.1 Sample introduction
There are various ways to introduce liquid and solid samples into the ICP. Gases
are commonly measured after volatilization of an element, for example by hydride
formation or ETV. Although this approach is very efficient and extremely useful for the
separation of an analyte from the matrix and interferences,[49] it is relatively slow and
complex. Nebulization of liquids is the traditional and the most common way of sample
introduction. Generally, a liquid is dispersed into small droplets by a high-velocity gas
stream or ultrasonic vibration.[50] Depending on the operating conditions and the device,
the size of these droplets can range from a few µm to 100 µm.[51] Large droplets
(>25 µm) cannot be desolvated completely inside the ICP

[52]

due to their short

residence time inside the ICP (a few tens of milliseconds) and have to be removed.
This is normally done by passing the aerosol through a spray chamber, which also
partially reduces oscillations created during nebulization.[53] In addition, desolvation
systems can be utilized to remove the solvent from an aerosol to minimize or
completely eliminate its effect on the plasma characteristics,[54] analyte ionization
efficiency[55] and the formation of interferences.[56] The main drawback of traditional
liquid introduction systems is the high sample consumption and >90% sample loss.
This can be critical for applications, where only microliter sample volumes are
available.[57] For such applications, microflow, high-efficiency or direct injection
nebulizers have been developed, which operate with flow rates of a few µl min-1 and
can provide a sample transport efficiency close to 100%. An overview of some issues
related to sample introduction of micro samples will be given in Chapter 3.4.
In principle, solids can be measured in the same way after their digestion, if
dissolution of a sample is feasible. However, to perform the measurement faster and to
reduce the likelihood of contamination during the sample preparation, direct solid
sampling techniques such as spark[58] or laser ablation[3] are preferred. Whereas
electric conductivity is the main requirement for spark ablation, laser ablation can
practically be applied to any sample. In LA, when a laser pulse with a sufficient fluence
is focused on the surface of a sample, a fraction of the material is removed in form of
vapor and particles. Ablating the sample in an enclosed chamber and constantly
flushing it with a gas allows carrying >70% of the generated aerosol into the ICP.[59]
Along with the simplicity and speed of the LA-ICPMS, much higher spatial resolution
can be achieved, which is the most important advantage of the technique.[60-62] The
spatial resolution is mainly determined by the laser spot size and the degree of the

17/160

aerosol dispersion within the ablation chamber and transport line. Optimizing both
parameters has recently enabled the LA-ICPMS analysis at 1 µm spatial resolution.[34]
The characteristics of the produced aerosol, whether wet or dry, directly
determine the precision and accuracy of the ICPMS analysis. If the formed particles or
droplets are too large, they will not be completely vaporized and ionized in the plasma.
Vice versa, if they are too small, they may be vaporized too early and analyte may be
lost due to radial diffusion. Thus, a broad particle size distribution can significantly
deteriorate the signal stability. Moreover, if properties of the aerosol differ between the
sample and the calibration standard, the accuracy of the analysis will suffer. An ideal
sample introduction system should be universal, robust and be able to create a stable
aerosol with narrow size distribution, suitable for the most efficient ion detection. In
addition, it should not alter the composition of the sample by any analyte specific
losses (for example volatile species in a desolvator).[63] In efforts to create such a
device, many nebulizer geometries were designed, which can introduce aqueous and
non-aqueous liquids with different salt content, either via a spray chamber, a desolvator
or directly into the plasma.[64] In the field of LA-ICPMS, various lasers, their parameters
and ablation chambers have been tested to find the best conditions for an accurate,
reproducible and efficient sampling.[65] However, even after more than two decades of
intensive research and development focused on the improvement of the introduction
system, it still remains a weak point.
In this work an alternative approach of introducing liquid samples in the form of
monodisperse microdroplets[17] was applied. Discrete droplets can be generated in
several ways; by oscillation of a capillary,[31] by its heating[66] or by its contraction using
a piezoelement.[67] The commercial microdroplet generator (MDG) utilized in this work
is based on the latter technology and is equipped with a camera for direct droplet
imaging. Droplets can be transported into the ICP with close to 100% efficiency using
horizontally or vertically arranged transport systems developed by Gschwind et al.[18]
The main advantages of the MDG are droplet monodispersity, small sample
consumption, complete sample transport and low plasma solvent load. These
characteristics make it suitable for many applications involving the analysis of discrete
samples or undigested liquids. Some aspects related to the discrete droplet
introduction and its benefits for the quantification of micro- and nano-samples will be
discussed in Chapter 3.3 and Chapter 3.4.
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1.2.2 Inductively coupled plasma source
The analytical ICP is generated within a torch, which is commonly made of quartz
and centered inside an induction coil. All of the torches used in modern instruments are
Scott-Fassel type[68] and consist of three concentric tubes in which gas flows at
different rates. Ar is the common plasma gas used in ICPMS. The outermost gas flow
is used to protect the torch from melting (cooling gas, ≈10-20 l min-1), an intermediate
flow for the plasma formation and its positioning along the torch axis (auxiliary gas, 0.62 l min-1) and a central flow for carrying the sample (nebulizer gas, 0.6-2 l min-1). After
spark-assisted ionization of a few Ar atoms, an electromagnetic Rf-field, constantly
supplied through the induction coil, maintains the ICP.[9]
Since the first commercialization of the ICPMS, all the building blocks of modern
Rf-generators such as oscillators, amplifiers and impedance matching networks have
significantly improved their performance and allow for robust plasma operation at a
constant power, almost independent of the nature of the introduced sample. The former
problems, related to a secondary discharge formation, have been solved using either
metal shields or specific Rf-oscillators, whereby modern ICPs generate ions of a much
lower kinetic energy distribution.
A sample, let us consider only a single droplet or a particle, is introduced into the
ICP with the flow of the central gas, typically only Ar or a mixture of He and Ar, through
a narrow injector tube (typically 0.8-2.5 mm in diameter). The initial average velocity of
this gas is determined by the injector diameter and the flow rate and increases together
with the plasma temperature along the axis.[69] Following the stream lines of the carrier
gas, the sample spends only a few milliseconds inside the plasma and undergoes
desolvation (for droplets), vaporization, dissociation and ionization. At the same time,
evaporated analyte atoms and ions diffuse in all directions. The kinetics of all these
processes is analyte-specific and strongly depends not only on the plasma
characteristics such as gas velocity,[70] local gas temperature, electron temperature,
and electron density,[71] but also on the nature of the sample itself. For instance, if the
size of a particle exceeds a critical value, its vaporization may not be completed during
the residence time inside the plasma.[72] Concomitant species or solvents[73] might
furthermore influence the ion production efficiency of every analyte[74] in a different way.
It has also been observed that the presence of large droplets and particles results in
localized plasma cooling,[75] affecting excitation and ionization conditions. Considering
the described effects, it becomes apparent that the stoichiometry of analyte ions in the
plasma does not necessary represent the stoichiometry of the sample.
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The central region of the plasma containing the analyte ions is entrained into the
first stage of the vacuum interface through an aperture of a sampler cone, where the
pressure is reduced to a few mbar. In this process almost 2 l min-1 of the plasma is
sampled, consuming the entire sample carrier gas flow (normally 1 l min-1) plus some
fraction of the auxiliary and plasma cooling gases.[76] Eventually, not only
representative ionization of all the elements of interest but also efficient sampling of the
generated ions should be achieved. On the daily basis, this is realized by optimizing
plasma forward power, flow rates of all the gases and the position of the torch relative
to the sampler cone orifice. Additionally, the formation of doubly charged and
polyatomic species should be minimized (at typical operating conditions should not
exceed 3%). The “sweet spot”, a region with the highest density of singly charged ions
along the ICP, sometimes also called normal analytical zone (NAZ),[77] will be different
for different analytes due to the difference in vaporization temperatures and diffusion
coefficients.[78] Usually the plasma is not tuned for every element separately; instead,
compromise operating conditions are applied.[79]
The profiles of gas velocity, gas and electron temperatures,A and electron
density of the plasma are not homogeneous. Gas temperature might vary in the range
of 1000-10000 K and exhibits steep gradients in axial and radial directions.[69] The
distribution of the plasma gas temperature, as simulated by Aghaei et al.,[69] is shown in
Figure 2. The highest temperatures are indicated for the zones of the most efficient
power coupling. At typical operating conditions they are located between the second
and the third turn of the induction coil. The central channel, where the energy is
consumed for vaporization and dissociation of the sample, is characterized by much
lower gas temperature than its surroundings. Even the plasma parameters within this
region, which is in practice only a few millimeters in diameter, are not uniform.
This inhomogeneity within the central channel is normally not a problem for
continuous aerosol introduction, where it is entirely filled with millions of droplets or
solid particles. The measured signals, thus, represent the ion densities averaged over
the entire cross-section of the sampled region of the ICP. However, when we deal with
the analysis of a single particle or a cell, the radial distribution of temperature, velocity
and electron density within the central channel can become a critical issue. This means
that if two identical particles follow different trajectories inside the ICP, they will
experience different plasma conditions and due to this fact might be ionized or sampled
with different efficiencies. The effect of analyte trajectories inside the plasma on the
final signal outcome was studied in the course of this work and will be discussed in
Chapter 3.2.
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Figure 2. Plasma gas temperature profile at a sample carrier gas flow rate of 1.2 l min .
Adapted from Aghaei et al.

[69]

1.2.3 Ion extraction and focusing
Along with the sample introduction and ionization, the extraction of the generated
ions into the MS should be representative and efficient. Sampling of the ions from the
atmospheric ionization source into a mass analyzer, which is usually kept at the
pressure of 10-5-10-7 mbar, is realized through sequential pressure reduction stages.
First, the plasma is entrained into a first vacuum interface, which typically contains a
sampler cone and a skimmer cone with 0.8-2 mm circular orifices aligned co-axially.[80]
The region between these cones is evacuated by a rotary vane pump. The geometry of
the cones and the size of their orifices are optimized to achieve the highest ion
transmission while minimizing alteration of the plasma composition, for example, by
charge separation or reactive collision with the cone or background gas.[81]
The plasma is first entrained through the sampler orifice and its downstream
expansion can be broadly described by the flow dynamics of a neutral gas.[76] The
speed of the expanded gas exceeds the local speed of sound.[9] At the boundaries of
the expanding beam, atoms collide with the background gas forming a Mach disk and a
barrel shock, where the flow becomes non-uniform.[82] Therefore, the next extraction
cone (skimmer) is usually placed in the so-called “zone of silence” upstream the Mach
disk position. The gas density and temperature drop within the expansion, but electric
quasi-neutrality of the sampled plasma still persist within this region,[83] although some
change in the composition of the beam due to collisional scattering of lighter ions has
been observed.[84] In principle, only the gas fraction on the central axis is directed
through the skimmer orifice, which means that the majority of ions is lost inside this
region.[81]
The beam, still considered as quasineutral, enters a region of lower pressure
(typically 10-3 mbar) through the skimmer cone orifice. The sampled species expand
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further and the initial velocity of the expansion is still defined by the velocity of the most
abundant Ar ions and atoms, reaching 3000 m s-1.[85] Since the velocities of all ions are
to the first approximation equal, their energies will scale to their mass, resulting in
mass-dependent kinetic energies which can spread over as much as 10 eV.[86]
Moreover, even ions of the same m/Q will have a certain energy distribution. While the
beam is expanding, electrons diffuse readily outwards the beam axis due to their higher
mobility.[81] At this point (already at the inner side of the skimmer cone) the positive
charges start to predominate in the center and columbic interaction (also called spacecharge effect) comes into action, whereby the ions of lower kinetic energy are
predominantly repelled from the beam axis by heavier ions. This interaction
significantly decreases the transmission efficiency of light ions[87] and affects the
accuracy of isotope ratio analyses,[88] by depleting lighter isotopes from the beam.
Columbic interaction between ions and relative differences in ion energies can be
effectively minimized by accelerating the beam over a potential difference of a few kV.
Such rapid acceleration reduces the local charge density behind the skimmer and in
this way reduces the space-charge effect. This approach, however, is only suitable for
sector-field mass spectrometers, whose mass analyzers are designed for ions of high
velocity.
Whereas the sample introduction and ionization can be realized with close to
100% efficiency, most of analyte ions (more than two orders of magnitude) are lost in
the process of ion extraction.[81] If these losses were minimized, the sensitivity of the
ICPMS could be enhanced significantly. Most of the modern ICPMS instruments still
have this traditional double cone system. Recent developments, however, include triple
cone interface[38] or Jet-interface for sector-field instruments.[41] In the former, pressure
is reduced in smaller steps, thus minimizing beam dispersion and sample deposition on
the surface of the cones. The Jet-interface consists of a Jet-sampler, which has a
narrower opening angle compared to the standard systems, resulting in a more
confined expansion[89] and a skimmer with shorter tip and wider void. This skimmer
geometry probably provides better penetration of the electric field, which accelerates
ions much earlier, minimizing the time available for charge interaction.[89] In addition,
the interface region has to be evacuated by a pump of higher capacity than in other
commercial instruments. Using this Jet-interface in combination with a desolvation
system, the sensitivity of a sector-field instrument can be increased by almost two
orders of magnitude[41] and mass fractionation can be minimized.[90]
As the next step after the beam extraction, the ions should be efficiently
transmitted and focused into the mass analyzer. Focusing of the dense beam of a high
22/160

current (1.5 mA)[81] with ions of different energies is not straightforward. Focusing
efficiency and focus position of any electrostatic lens depend on the ion energy, which
scales to the mass in the supersonic beam. Additionally, the space-charge effects will
also affect the beam further downstream the skimmer, where the electrostatic field of
the ion lenses leads to complete stripping of electrons from the beam. Several
approaches are used to minimize ion losses in the ion optics. It can either be done by
reduction of the total ion current sampled (reducer),[9] which will unfortunately suppress
the sensitivity, by optimizing the lens voltages for every m/Q individually (applicable for
sequential mass analyzers) or by narrowing the ion energy distribution through
acceleration of ions towards the mass filter (suitable for sector-field instruments).
Another important aspect of the ion optics is the elimination of photons, which
otherwise would elevate background noise and reduce the life time of a detector.
Photons are usually removed by inserting a shadow stop into the ion beam[91] or by
placing the mass filter off-axis.[92]
Several of the recently introduced instruments (aurora Elite,[39] NexION,[38]
iCAP Q[40]) utilize a new concept of ion focusing, which includes a 90° turn of the ion
beam. This approach allows for simultaneous removal of photons and efficient ion
focusing onto the entrance slit of the mass analyzer. It reduces the ion path length,[93]
minimizing collision induced losses and, thus, improving the ion transmission efficiency,
and makes the instruments more compact. Different manufacturers use different
technology to deflect/reflect the beam but all report a significant improvement of
sensitivity and very low background signals.

1.2.4 Mass analyzers
The function of any mass analyzer is the separation of ions with respect to their
m/Q ratios. In terms of the operation principle, analyzers will be divided in this
discussion into sequential (one m/Q detected at a time) and simultaneous (several or
all m/Q detected at a time). The following important characteristics of mass analyzers,
which define sensitivity and measurement speed of an instrument, will be considered:
•

Measurement efficiency (duty cycle) is defined as the ratio of time spent for the
measurement of an isotope of interest to the total time when ions of this
isotope were generated

•

Measurement precision
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Mass resolving power will be defined here as m/Δm, where m is the m/Q of an

•

isotope and Δm is the width of the mass peak of this isotope at 10% of its
maximum, unless otherwise specified
Transmission efficiency

•

1.2.4.1 Sequential mass analyzers
Quadrupole and single collector sector-field instruments belong to sequential
scanning mass filters. They measure only one m/Q at a time when ions of all isotopes
are continuously generated in the plasma. Therefore, the more isotopes are measured,
the poorer will be the duty cycle. Sequential measurement also degrades the isotope
ratio measurement precision, because it cannot compensate for correlated fluctuations
in the system caused by multiplicative noise (flicker noise). Typically, precisions in the
range of 0.1-5% are achieved, limiting the use of sequential instruments for
applications aiming at high precision of isotope ratios.[94]
Quadrupole mass analyzers are the most frequently used analyzers in
commercial ICPMS, because they are easy to manufacture and do not require very
high vacuum conditions (operation pressure at ≈10-5 mbar). A typical quadrupole mass
filter consists of four cylindrical rods (two on x-plane and two on y-plane) made of metal
or metal-coated ceramics (Figure 3). Opposite pairs of rods are supplied with constant
DC-voltages of opposite polarity and Rf-voltages 180° out of phase. Ions traverse
between these four rods in complex spiral motion, being “pushed” and “pulled” towards
or away from the rods by forces proportional to the applied oscillating electric field. At a
particular set of DC/Rf voltages only ions of a particular m/Q will have stable
trajectories, whereas heavier and lighter ions will be defocused and neutralized on the
surface of the rods. A stable combination of DC/Rf can be found for every m/Q by
solving the Mathieu equation of motion.[9] A typical DC/Rf stability diagram is
schematically represented in Figure 3. A multi-isotope measurement is then realized by
sequentially setting DC/Rf combinations which correspond to every m/Q of interest.
Every m/Q is acquired for a defined period of time referred to as dwell time. The
change between different m/Q regimes does not happen instantaneously and takes
usually a few milliseconds (or less) to stabilize the electric field. The shortest feasible
dwell time depends on the residence time of an ion inside the quadrupole (the settings
cannot be changed while an ion is still inside the quadrupole). Quadrupoles in some
modern instruments can operate at high frequencies with dwell and settling times of a
few tens of µs or below.[95, 96]
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Figure 3. Left: Quadrupole mass analyzer rods. Right: Stability diagram for three different
m/Q. The slopes represent three mass resolution regimes.

The mass resolving power of the quadrupole depends on the chosen stability
region and the number of Rf cycles the ions experience while traversing the quadrupole
filter, which depends on their kinetic energy. Quadrupoles are commonly operated in
the first stability region (see Figure 3), where unity mass resolution can be achieved for
ions with kinetic energies of tens of eV,[97] and are considered to be low resolution
mass filters. Thus, the polyatomic spectral interferences commonly formed in the
plasma, such as ion clusters with Ar, O, C, N, H or with other elements originating from
the sample matrix, cannot be resolved from the m/Q of interest, degrading its detection
limit and accuracy of the analysis. In many cases a mass resolving power of ≈4000
would be sufficient to minimize the contribution of these interferences. Operating the
quadrupole at higher mass resolution significantly reduces the ion transmission and is
not practical. Theoretically, the mass resolution of a quadrupole can be increased to up
to 5000, operating in a higher stability region.[97] However, this requires more precise
and reproducible electronics. That is why almost all modern quadrupole-based ICPMS
contain additional devices to eliminate polyatomic interferences. Two main principles
are used; either the interferences are removed by performing a chemically specific
reaction with a reactive gas or by collision-induced attenuation with a chemically inert
gas.[98] These processes are carried out inside pressurized ion guides as quadrupoles
or multipoles, which focus the entire ion beam or additionally work as band-pass filters.
In principle both reaction- and collision-based attenuation can be performed in the
same device and a suitable method can be chosen for every specific case. The new
generation of PerkinElmer instruments[38] combines the two modes in the so-called
universal cell, which can additionally be used as a mass filter, removing all undesirable
species. Agilent Technologies launched an ICP-QQQ-MS,[36] which can operate in the
MS/MS mode. In this instrument three ion guides (quadrupole, octapole and
quadrupole) are placed sequentially, first to select an m/Q, let it react and then to filter
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the reaction product of interest from the rest. This device allows for a highly specific
removal of interferences and significantly improves the abundance sensitivity (<10-10) of
the instrument. The Bruker instrument aurora Elite[39] has an option to realize collisionor reaction-based interference removal by supplying gases already behind the tip of the
skimmer cone. In principle, more than 50% of ions of a measured m/Q entering the
quadrupole can be transmitted onto a detector operating at unity resolution.[99]
Single collector sector-field mass analyzers are usually applied when higher
sensitivity and higher mass resolution (<10000) are required for the analysis.[100] The
m/Q separation in these devices is realized in magnetic sectors. The radius of
curvature of the trajectory of a charged particle inside a magnetic sector is defined by
the magnetic field and ion kinetic energy.[100]
Equation 1

𝑚 𝐵2 𝑅𝑚 2
=
2𝑈0
𝑄

where B is the magnetic field, Rm is the radius of curvature and U0 is the voltage

to which ions are accelerated prior to entering the magnetic field.
It becomes apparent from Equation 1 that ions are dispersed in the magnetic
sector according to their m/Q and energies. Either B or U0 (in the kV range) can be
adjusted in a way that trajectories of ions of a particular m/Q will be focused onto a
stationary detector at the exit of the magnetic sector. As previously mentioned, even
the ions of the same m/Q will have slightly different energies after the supersonic
expansion of the beam. Therefore, an additional electrostatic analyzer (ESA) is applied
to compensate for this difference and to improve the MS performance. In an ESA the
radius of curvature of ions depends only on their energy and applied electric field.[100]
Equation 2

𝑅𝑒 =

2𝑈0
𝐸

where E is the electric field, Re is the radius of curvature and U0 is the voltage to

which ions are accelerated prior to entering the electric field.
Therefore, aligning an aperture at the focus position of the ions with a selected
radius Re allows filtering them from the beam of a broader energy. All state of the art
ICP sector-field (SF)MS combine magnetic and electrostatic analyzers (double
focusing sector-field configuration) with a set of slits placed before and after the
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sectors. The mass resolving power can be changed using slits of different sizes and
can achieve 10000 at the expense of sensitivity. Two geometries, namely Nier-Johnson
(ESA-magnet) and reverse Nier-Johnson (magnet-ESA), best suited for single m/Q
separation, are commonly applied in single collector ICPSFMS. ICPSFMS are still
considered to be the most sensitive instruments, achieving 107 cps/ppb at low mass
resolution.[41] It should be mentioned though that sensitivities of some modern ICPQMS
already approach those of many ICPSFMS, reaching 106 cps/ppb.[36]
The scanning speed of the SFMS depends on the difference of measured m/Q. In
an m/Q range of 30-40% the system can scan very fast by keeping B constant and
changing only U0. For isotopes within this mass window a dwell time as low as 100 µs
can be used.[18] To move to an m/Q which is outside of this mass window, a change of
B is required, which is the slowest step and needs tens to hundreds of milliseconds. A
new concept of faster mass scanning in ICPSFMS has been introduced with the Attom
instrument from the Nu Instruments.[42] A fully laminated fast magnet continuously
ramps up B for an m/Q range from 6 to 250 Thomsons (Th) and back in 220 ms. Within
this period of time, instead of adjusting U0, the beam angle is altered by deflector
lenses before it enters the magnet (E-scan). Alternation of the beam angle changes ion
trajectories within the magnet, which permits the shift of the ion beam either to a lower
or higher “apparent” mass. Since the lens voltages are changed within 10 µs, the scan
of the entire mass range takes only 220 ms, making this instrument an ideal tool for
applications requiring the measurement of many elements. Even though the E-scan
speed is claimed to be <20 µs/jump, the minimum dwell time per m/Q is still limited to
≈20 ms by data readout speed.
1.2.4.2 Simultaneous mass analyzers
In terms of measurement speed and precision, and especially for the
measurement of rapidly changing signals, simultaneous mass analyzers are ideal.
Simultaneous detection of a narrow mass range or the entire mass spectrum can be
realized with SF or time-of-flight (TOF) mass analyzers.
Multicollector sector-field mass analyzers utilize the same principle of ion
separation as single collectors but the magnetic sector accepts a range of m/Q. The
separated m/Q are focused on several individual detectors (Faraday cups or secondary
electron multipliers (SEM)) placed at different spatial locations after the magnet,
allowing for the simultaneous detection of a narrow m/Q range. Multicollector ICPMS
are somewhat complex, more expensive, and are mostly applied for the precise
determination of isotope ratios.[101]
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The Mattauch-Herzog mass analyzer is a double-focusing SF, which is based
on the Mattauch-Herzog geometry. In this geometry spatially separated focus positions
of all m/Q, after a stationary magnetic sector, are located on the same plane. Placing
an array detector on this focal plane enables simultaneous monitoring of the entire
mass range. The main challenge in realization of this concept was the development of
detectors which can accurately register a broad range of ions spatially distributed over
a distance of >100 mm. In 2002, a micro strip array consisting of 31 single Faraday
cups proposed by Knight et al.,[102] later referred to as a focal plane camera (FPC), was
coupled to the ICP Mattauch-Herzog (MH)MS[103] and showed performance comparable
to secondary electron multipliers.[104] A modified concept of this detector with 4800
channels is used today in the commercial ICPMHMS launched by Specto Analytical
Instruments in 2010 and can accept a mass range of 5-240.[43] The new system has
been characterized with an LA system for the determination of several platinum group
metals in NiS and improved signal precisions have been demonstrated.[105] The
precision of

235

U/238U of 0.05% could be achieved using an integration time of 15 min

and uranium concentration of 20 µg kg-1.[105] This new instrument has a considerable
potential for the multi-element analysis of transient signals and future developments in
the field of integrated circuits will most likely lead to further improvement of its
performance.
Time-of-flight mass analyzers separate ions based on their velocities. In TOF,
a portion of ions from the source is sampled into the extraction region (Figure 4). Then,
an electric pulse Vacc (kV) is applied to accelerate all ions from this region into a fieldfree drift tube, imparting them the same kinetic energy. When ions have the same
kinetic energy, their velocities scale to their m/Q and different m/Q reach the detector at
different times. Time-of-flight for every m/Q can be calculated using Equation 3.[99]
Equation 3

𝑚
𝑡 = 𝐷�
2𝑄𝑄𝑄
where D is the time-of-flight distance, E electric field applied for acceleration and
S is the distance between the initial ion position within the extraction region and the
beginning of the flight tube.
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Figure 4. Basic principle of time-of-flight m/Q separation.

The ion beam can be accelerated either co-axially or orthogonally, corresponding
to the axial (acceleration in the initial beam direction) or orthogonal (acceleration
orthogonal to the beam direction) TOF geometries. The TOF detection principle is
referred to as quasi-simultaneous, while ions are measured sequentially, but originate
from the same portion of the plasma. Therefore, TOF can provide measurement
precision as high as truly simultaneous mass analyzers. A more detailed discussion on
the combination of ICP with a TOF mass analyzer and associated challenges will be
discussed in Chapter 1.3.
The distance-of-flight mass analyzer operating principle is based on a new
concept of velocity-based ion separation.[106] In principle, it shares the same
components with TOF mass analyzers but the ions are accelerated to the same
momentum (not to the same kinetic energy) by applying narrower and weaker
extraction pulse. The ions then drift in the field-free tube and separate also according to
their m/Q-dependent velocities. In contrast to TOF, the distance of ion travel is
detected by orthogonally pushing the beam onto a detector at a certain time after the
acceleration.[107] The position of every m/Q captured on the detector corresponds to the
m/Q-specific distance. The advantages of the distance-of-flight (DOF) over traditional
TOF are the needlessness of expensive fast detectors, which are required in TOF for
time-resolved detection, improvement in the detection dynamic range[108] and
potentially in the duty cycle,[109] and reduction of the mass bias found in TOFMS (see
Chapter 1.3).[107] The mass range of the DOFMS is, however, limited by the detector
length.

1.2.5 Detectors and readout electronics
Devices used for ion detection and signal digitalization directly influence the
dynamic range, sensitivity and precision of the measurement.[110] The most common
detector type used in ICPMS is the discrete dynodes electron multiplier (DDEM), which
consists of multiple individual dynodes. When an ion hits the surface of the first dynode
it emits secondary electrons. These electrons are accelerated by a biased voltage to
sequentially strike the other dynodes, each of which emits more and more electrons,
enhancing the initial current by 106 or more.[110] If this amplification takes place inside a
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curved electrode-tube, this detector is called continuous-dynode electron multiplier
(CDEM). EM detectors in combination with appropriate electronics provide a dynamic
range of 109. Multi-channel plate (MCP) detectors are frequently used in TOFMS and
are represented by a set of miniature CDEMs placed next to each other. This plate has
a thickness of a few millimeters and provides a signal gain of 102-104.[110] Individual
plates can also be placed on top of each other to extend this gain. The pulse of
electrons exiting the EM or MCP is collected by an anode and the analog signal is
measured and digitalized.
Two ways of digitizing the signal are used to attain the maximum linear dynamic
range, namely time-to-digital conversion (TDC), also called pulse counting mode, and
analog-to-digital conversion (ADC), also called analog mode. In TDC only the arrival of
an incoming electric pulse is detected. This arrival is counted as one ion if the
integrated current exceeds a certain threshold. TDC generates erroneous results if the
registered pulse was caused by more than one ion or if ions arrive too frequently and
can therefore be only used at low or moderate count rates. The maximum dynamic
range of TDC, with some mathematical corrections applied to minimize the effect of
multiple ion occurrences, reaches 106 per second. ADC is usually used to extend this
range further. In ADC the current is directly converted to voltage and digitalized. Most
instruments have an option to cross-calibrate these two modes and switch between
them automatically during the acquisition.
Even if mass filters can switch between different m/Q and detect the entire mass
spectrum very fast (see Chapter 1.2.4), slow signal readout electronics can significantly
reduce the maximum available temporal resolution. That is usually the reason why
minimum dwell times used in most of the ICPMS are in the range of milliseconds. For
the analysis of single micro- and nano-entities longer integration times directly result in
a reduced signal-to-noise ratio and in an increased probability of overlapping of signals
of multiple events.
Specifications of a detector linear dynamic range in both pulse counting and
analog modes are usually given in counts per second (cps) for continuous signals and
have to be interpreted with caution for the detection of short transient signals,
generated for example from single particles. All the ions from one particle arrive at the
detector within ≈500 µs with the majority of them hitting the detector within only about
100 µs. This means that with a total dynamic range of 109 cps, a maximum of 105 ions
can be detected per particle using analog mode, while in pulse counting mode any
signal above 100 ions would exceed the linear dynamic range, irrespective of the dwell
time used. For instance, if 300 ions from one particle hit the detector within 100 µs,
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using the pulse counting mode and a dwell time of 10 ms, the system will report 30000
cps. This would make us erroneously believe that the signal is still within the linear
dynamic range of the pulse counting mode. However, during the actual time interval,
when the particle signal appears at the detector, the ion current is out of the linear
range in the pulse counting mode.
Some modern ICPMS offer the use of extra Faraday detectors to extend the
linear dynamic range up to 1012.[41] These detectors directly register ions with a
conducting electrode and are therefore only suitable for the measurement of relatively
high currents. Despite their lower sensitivity, Faraday detectors are very stable and are
applied in multi-collectors for precise isotope ratio determinations.
Another new type of detector, recently developed for spatially dispersive ion
detection, is called focal plane camera and is used in ICPMHMS and DOFMS[106] (see
Chapter 1.2.4.2). It consists of many linearly arranged discrete charge-collecting
Faraday strips, each of which has its own amplification circuit and acts as a separate
detection unit for a narrow m/Q range. The latest generation of this device has 4800
channels, can cover the entire mass range (5-240) and detect signals with intensities
over a dynamic range of 109.[43]
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1.3

Tandem of ICP and TOFMS
The credit for pioneering work in the field of ICPTOFMS belongs to the group of

Gary Hieftje, who designed the first instrument and optimized the technology.[111-114] As
a follow up of this work two ICPTOFMS were commercialized: the LECO
Renaissance[115] with an axial ion extraction geometry (not available anymore for
purchase) and the Optimass8000 from GBC Scientific with the orthogonal extraction.[45]
Even though these instruments have several advantages over ICPQMS and singlecollector ICPSFMS, they have not gained wide acceptance, which is mostly due to their
inferior sensitivity. Recently, a new ICPTOFMS, so-called cyTOF, with significantly
improved sensitivity was launched by DVS Sciences. However, this instrument was
optimized for a specific application in cell biology and offers a limited mass range of
125-215.[48] Despite the simple operation principle and design of TOF mass analyzers,
their combination with the ICP has often not provided sufficient analytical performance
to compete with other instruments. This can be explained with several challenges[99]
which arise when high current, energy-dispersed ion beams, prone to space-charge
effects, and very rapid signals over a wide intensity range have to be measured. These
challenges and technological advances in the field of ICPTOFMS will be addressed
here.
At a fixed acceleration voltage and TOF distance, the ions of equal m/Q will arrive
at the detector simultaneously only under the condition that they have the same initial
kinetic energy and travel the same distance S (Figure 4). Wide spatial and energy
distributions of ions significantly degrade the mass resolution of a TOF mass analyzer,
if not corrected for.
Ions of a particular m/Q initially located farther from the drift region will
experience a higher electric field and thus will be accelerated to a higher velocity, but
eventually catch up with those ions which are initially closer to the drift region and gain
lower velocity. This “catch up point” is located at the distance of 2S and represents the
spatial and temporal focus position. This position would also be suitable for the ion
detection; however, the short distance does not allow for adequate mass separation.
The distance can be extended by applying double-stage acceleration, with the first field
being weaker than the second. This approach cannot compensate for the initial energy
spread, which can reach a few eV[86] and results in a very broad Δt. The most common
way to correct for the energy spread is to use an electrostatic ion mirror (reflectron),[116]
which deflects the ion beam back to the detector. The energy distribution of ions of the
same m/Q is compensated for by the retarding field in this mirror. Ions with higher initial
energy penetrate deeper into the field, take longer to emerge and catch up with the
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ions of lower velocity, which will spend less time in the mirror. The reflectron-based
configuration also extends the ion flight distance without increasing the instrument
dimensions and hinders neutrals from reaching the detector. The reflectron is essential
in axial-TOFMS, where the initial kinetic energy of ions is coupled to their time-of-flight
and has to be corrected for to attain an adequate mass resolution.
In orthogonal TOFMS ions are accelerated perpendicular to the beam path and
the effect of their initial energy distribution on their time-of-flights is minimized. There is,
however, another problem associated with the mass dependent energy spread in the
direction of the supersonic beam. It affects the angle of divergence of ions in the drift
tube and shifts their focus position along the detector axis. This effect is schematically
shown in Figure 5. A typical spread of 5 eV can broaden the beam from 25 mm
(extracted length) to 125 mm at the detector,[114] whose typical size is in the range of
20-40 mm. The beam divergence together with the space-charge effects degrade
transmission efficiency of the TOF mass analyzers and cause pronounced mass
discrimination. To reduce this effect either a larger detector can be used or the beam
trajectories can be steered inside the drift tube using deflecting lenses.[111]

Figure 5. Scheme of an orthogonal TOF mass analyzer with a reflectron. Left: trajectories
of two ions of different m/Q with the same initial kinetic energy. Right: trajectories of two
ions of different m/Q and the kinetic energy of red>blue.

Another issue is related to the high current of Ar ions, which would damage the
detector if not attenuated. In the commercial Optimass ICPTOFMS this problem is
eliminated by applying a deflecting voltage in the drift tube at the spatial focus 2S and
during the time when m/Q=40 passes this region. A better way to block the most
abundant plasma species is to do it before the ions enter the extraction region, as this
would also reduce space-charge effects and most likely improve ion transmission. In
the cyTOF this is realized by an Rf-only quadrupole, operating as bandpass filter with a
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cut-off below m/Q≈80. If the entire mass range is of interest, an Rf-only quadrupole can
be used as a multi-notch filter to selectively remove several m/Q while still allowing for
the transmission of the other ions.[117] This blanking approach was applied in the
prototype instrument described in this study.
The duty cycle of TOFs directly influences their sensitivity. 100% duty cycle can
be achieved only if the time during which ions fill the extraction region equals the
longest time-of-flight recorded. Even though the velocity of the ion beam sampled from
the ICP is 1-2 orders of magnitude lower than the velocity of ions inside the flight tube,
the duty cycle of ICPTOFMS is usually in the range of 1% (Li)-30% (U). The maximum
frequency at which ion packets can be accelerated into the drift tube is defined by the
TOF of the highest m/Q (a new cycle cannot be started when there are still ions in the
drift tube). The frequency can be increased by reducing the total flight distance, which
will increase the duty cycle and thus sensitivity, but will compromise the mass
resolution. Another way to boost the duty cycle is to slow down the ions before the
extraction chamber. Collisional cooling of ions using a multipole prior to the TOF mass
analyzer has been demonstrated but has not shown any improvement in sensitivity.[118]
Another challenge is the need for fast electronic pulsing and detection and
digitalization of signals. The jitter in electronics between the acceleration pulse and
detection, detector pulse width (usually <2 ns) and signal transfer time from the
detector to the detector electronics can significantly widen the mass peaks. The width
of a pulse produced by one ion is in the range of a few nanoseconds. The typical time
for the detection of the entire spectrum is only 15-50 µs with a few tens of nanoseconds
difference between ions separated by one mass unit. TOF detectors and digitalization
electronics must have very fast response and TOFMS technology strongly depends on
the developments of high speed electronics. To preserve good resolution, signal
digitalization at the rate of Gsamples per second is required, in contrast to Ksamples
per second in sequential scanning instruments.[99] ADCs which can operate at this high
sampling frequency are available but they usually have a limited resolution of 8-14 bits,
resulting in a linear dynamic range of 256-16384 for a single TOF spectrum or less if
noise is considered. The dynamic range of the ADC can be increased by averaging.
The maximum of the ADC dynamic range is normally set to correspond to the highest
input voltage. Therefore, it becomes difficult to detect very weak signals. To cover the
region of very low to medium signal intensities, TDC can be used in combination with
ADC. This combination provides a dynamic range of 105-106 in commercial
instruments.[47,
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48]

TOFMS requires not only sophisticated electronics but also a large

storage space and higher computing power due to the larger amount of data
generated, which adds up to the cost of an instrument.
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2

Aim of the work
The aim of this work was the development and characterization of a new

inductively coupled plasma time-of-flight mass spectrometer (ICPTOFMS) with high
temporal resolution which is most suitable for detection of short transient signals. The
comprehensive characterization of short transient signals is of great interest in many
applications, such as laser ablation of small areas of solid materials as well as the
analysis of single droplets, particles and cells. The capabilities of the new instrument
were described for continuous and discrete sample introduction of various liquids and
solids.
Another part of this thesis was focused on the methodology development and
application of the ICPTOFMS in combination with a microdroplet generator for the
mass quantification of single nanoparticles of different composition from the same
aqueous suspension, which can be realized simultaneously and without using
nanoparticle certified materials. Along with the single particle analysis, elemental
composition of nanoparticles suspended in organic solvents could be determined in
bulk and without time-consuming sample pretreatment. Finally, the new mass
spectrometer in combination with several laser ablation systems was tested for the
direct high spatial resolution analysis of various solid samples.
Additionally, the high temporal resolution of the ICPTOFMS allowed fundamental
investigation of single particle behavior inside the ICP, which is important for the
improvement of general understanding of the plasma-analyte interactions and the
accuracy of the analysis of single entities, such as nanoparticles and cells.
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3

Results

3.1

A new inductively coupled plasma time-of-flight mass

spectrometer for the detection of single droplets and particles
This work is published in part as “O. Borovinskaya, B. Hattendorf, M. Tanner, S.
Gschwind, and D. Günther, A prototype of a new inductively coupled plasma time-offlight mass spectrometer providing temporally resolved, multi-element detection of
short signals generated by single particles and droplets, Journal of Analytical Atomic
Spectrometry, 28 (2013), 226-233.” Reproduced with permission from the Royal
Society of Chemistry.

3.1.1 Introduction
Inductively coupled plasma mass spectrometry (ICPMS) is widely used when
rapid and sensitive detection for a wide range of elements is required. A large body of
publications exists, which demonstrate the successful utilization of ICPMS in the
analysis of transient signals. Beside the majority of separation techniques hyphenated
with ICPMS, continuous development and modification of sampling accessories such
as electrothermal vaporization (ETV)[119] and laser ablation (LA) extended the range of
ICPMS applications, which demand multi-element monitoring of signals in second or
sub-second time ranges. Among them are fluid inclusion analysis,[61] high spatial
resolution imaging and bio-imaging by LA.[120] Recently, ICPMS has been employed for
sub-millisecond signal measurements of single cells[29] and single engineered
nanoparticles (ENPs).[121] Since the first attempt to use ICPMS in single particle (SP)
mode for the characterization of composition, mass and number concentration of
inorganic ENPs in suspensions,[16] this approach received attention and has been
extensively studied.[122, 123]
Although ICP mass spectrometers have been further developed over the past
years,[124] quadrupole MS (QMS) and single collector sector-field MS (SFMS) still
remain the most widely used instruments. When QMS and SFMS are utilized for multielement analysis of short transient signals, the sequential nature of isotope detection
becomes a major limitation, which can deteriorate accuracy and precision of the
analysis due to signal aliasing (spectral skew).[125] Moreover, when the signal duration
approaches the sub-second range, multi-element measurement represents a serious
challenge to sequential scanning ICPMS. One of the most demanding applications in
this respect is the analysis of single particles, where only one isotope can be monitored
on the time scale of the generated signal (a few hundred microseconds).[17, 126, 127]
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To overcome the problem of aliasing and to permit multi-element measurements
of short transient signals, various instrumental approaches have been investigated.
The first initiative (apart from specialized multi-collector ICPMS instrumentation) can be
seen in the development of the ICP time-of-flight mass spectrometer (ICPTOFMS)
instrument with quasi-simultaneous detection by Hieftje and Meyers,[111] a modified
concept of which is still commercially available.[46] Another recently introduced
approach utilizes a Mattauch-Herzog mass analyzer (MHMS)[128] in combination with a
Faraday strip detector arranged in the focal plane and capable of acquiring mass
spectra over a wide m/Q range simultaneously. However, the need for a direct analog
measurement of the ion current mitigates the achievable signal/noise ratios. It should
be stressed that the design of currently available ICPTOFMS and ICPMHMS does not
permit continuous signal monitoring at integration times below several tens of
milliseconds that can be a significant limitation for the single particle analysis. An
integration time longer than the duration of the single particle signal decreases
attainable signal/noise ratio.[129] Moreover, incomplete and multiple particle detection
can occur if the sample introduction is realized via nebulization, where the particles
enter the ICP randomly.[130]
In 2008, DVS Sciences (Markham, Ontario, Canada) introduced a specialized
ICPTOFMS (cyTOF®) which is devoted to single cell analysis after labeling with
isotopes of mass above 100 Da.[30] The instrument provides a high extraction
frequency, fast continuous data acquisition and sensitivities comparable to SFMS
instruments.[48] The characteristics of this instrument make it a powerful tool for multielement measurements of sub-millisecond signals. However, the superior figures of
merit of the instrument are partially based on the exclusion of m/Q below 100 thomson
(Th) and decreased mass resolving power, which restrict its general applicability.
Along with the characterization of single ENPs by ICPMS, other applications,
including analysis of low-volume samples,[60] high spatial resolution depth profiling[131]
and imaging[132] by LA-ICPMS, would benefit from the ability to perform multi-element
acquisition of signals with durations in sub-millisecond and sub-second ranges. To
enable unambiguous multi-element analysis of such short transient signals,
simultaneous detection of the entire range of relevant m/Q, fast data acquisition and
high sensitivity are required. This study describes design, analytical performance and
figures of merit of a prototype ICPTOFMS with µs-time resolution. The capabilities of
the instrument for the measurement of sub-millisecond signals were investigated
utilizing discrete microdroplet introduction. Droplets consisting of multi-element
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solutions and containing Au particles were used to study the feasibility of the
instrument for the analysis of single inorganic nanoparticles.

3.1.2 Experimental
3.1.2.1 Instrument description
A prototype ICPTOFMS was built by coupling a TOF mass analyzer (TOFWERK
AG, Thun, Switzerland) with the ICP and the first vacuum interface of a commercial
quadrupole-based ICPMS (ELAN 6000, PerkinElmer/Sciex, Ontario, Canada). The first
vacuum interface, containing the original Pt sampler and skimmer cones, remained
unmodified, except for the photon stop, which was removed. The TOF mass analyzer
was mounted on the original housing of the ICPQMS and connected to the vacuum
interface via three custom-made differential pumping stages. The region after the first
vacuum interface, the second vacuum stage, contains the cylindrical focusing lens of
the ICPQMS. It is followed by the third vacuum stage, holding ion optics to transfer the
ions further downstream to the TOF mass analyzer as well as a multi-notch filter to
attenuate the most abundant plasma background ions (m/Q = 16 Th, 28 Th, 32 Th and
40 Th). The second and third vacuum stages are separated by an aperture that can be
biased to a potential of up to -300 V by an external power supply. Another orifice is
located in the entrance of the TOF analyzer. Except for the first vacuum stage, the
entire instrument is evacuated using a multi-stage turbo molecular pump (Pfeiffer
Vacuum Technology AG, Asslar, Germany) with typical pressures of 2×10-3 mbar in the
second stage, 1.5×10-5 mbar in the third vacuum stage and 3×10-7 mbar in the TOF
mass analyzer. A schematic representation of the prototype instrument is shown in
Figure 6. The TOF mass analyzer is based on orthogonal extraction and consists of an
extractor, a reflectron and a detector. It can achieve a mass resolving power of >1200
(based on the width of a mass peak at 10% of its height). The mass analyzer was
operated at 30 kHz extraction frequency which can be adjusted depending on the
selected mass range. A more detailed description of the hardware of the TOF mass
analyzer and the detection system can be found elsewhere.[133, 134] The data recorded
during experiments were stored in a HDF5 file format in form of both full mass spectra
and integrated signals. The typical operating conditions of the ICPQMS (ELAN 6000)
and the prototype ICPTOFMS are shown in Table 2 and Table 3.
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Figure 6. Schematic representation of the ICP coupled to an orthogonal TOF mass
analyzer.
Table 2. Operating conditions of the ICPQMS (ELAN 6000) and the prototype ICPTOFMS.
Parameters
Plasma power (W)
-1
Plasma gas flow rate (l min )
-1
Auxiliary gas flow rate (l min )
-1
Nebulizer gas flow rate (l min )
Cylindrical lens (V)
Sampling depth (mm)
Injector diameter (mm)

ICPQMS
1350
16
1.2
1.1
Autolens regime
9.5
1.5

ICPTOFMS
1400
16.5
1.2
1.3
7-8 V
9.5
1.5

Table 3. Typical TOFMS voltages (given in Volts).
Parameter
Quadrupole aperture
Quadrupole offset
Lens1
Deflector
Deflector flange
Lens2
U-low
U-high

Value
-134
-2
-10
-50
-53
-134
640
37

Parameter
U+low
U+high
Reflectron plate
Reflectron grid
Lens
Drift
Post acceleration
MCP

Value
30
680
700
658
1500
3000
3500
2700

3.1.2.2 Materials
Multi-element stock solutions were prepared from single- and multi-element
standard solutions (Merck AG, Darmstadt, Germany and CPI International, Amsterdam,
Netherlands) diluting them to a concentration of 1 mg kg-1 using 2% sub-boiled HNO3 in
ultra high purity (UHP) water (Millipore, Billerica, MA, USA). All dilutions were carried
out gravimetrically using an electronic balance (Mettler AE240, Mettler-Toledo,
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Greifensee, Switzerland). Au particles were delivered in a suspension of citric acid with
a particle number concentration of ≈5×1010 cm-3 by the Federal Institute for Material
Research and Testing (BAM, Berlin, Germany). The measurement and characterization
of their size were performed by scanning electron microscopy and software based
image analysis (ImageJ, W.S. Rasband, US National Institutes of Health, Bethesda,
Maryland, USA), respectively, as described by Gschwind et al..[127] The mean size of
Au particles was found to be 114 nm with a standard deviation (SD) of 11 nm. The
suspension of Au particles was sonicated for 15 min and diluted by a factor of 5000
with UHP water. This suspension was then used to dilute the multi-element solution to
desired concentration levels for measuring with the ICPTOFMS. Immediately prior to
the measurements the suspension was again sonicated for 15 min.
3.1.2.3 Sample introduction systems
Continuous liquid introduction
The analytical performance of the prototype ICPTOFMS and the ICPQMS
(ELAN 6000) were evaluated based on continuous liquid sample introduction. A glass
concentric nebulizer (Meinhard, Auen, Colorado, USA) and a Scott-type spray chamber
were employed for this purpose. The delivery of the solution to the nebulizer at a rate of
≈0.4 ml min-1 was realized via a peristaltic pump. The aerosol transport efficiency to the
ICP was measured in 4 runs by monitoring the weight difference between aspirated
liquid and the one collected from the drain and resulted in 9.5% with an SD of 0.4%.
This transport efficiency measurement represents the upper level achievable with this
set up. Additional evaporation of the solvent could bias the analyte mass flow towards
the ICP. The error is however considered small because evaporation occurs from all
droplet sizes and only that of too large droplets will lead to the bias. The µs-time
resolution of the ICPTOFMS was not required for these measurements and, therefore,
1000 TOF extractions were averaged prior to data readout.
Single droplet introduction
A commercial microdroplet dispenser head (MD-K-150 with control unit MD-E201-H, Microdrop Technologies GmbH, Norderstedt, Germany) was used for single
droplet generation. According to the manufacturer, the variation of the diameter of the
dispensed droplet is ≈1%. The droplet introduction setup consists of a piezo-electricly
driven dispenser head, a control unit, a strobe light, a CCD camera, a custom-built
horizontally arranged adapter (see Figure 7) and a computer. A more detailed
description of the single droplet introduction system used in this study can be found
elsewhere.[18] A helium gas flow of 0.35 l min-1 was supplied through the microdroplet
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dispenser (MDG) head and 1.4 l min-1 of argon were admixed via the four gas inlets of
the adapter.

Figure 7. Experimental setup for introduction of microdroplets. He is supplied through
the MDG head and Ar is added through the four inlets of the horizontal adapter. The
image is modified after Gschwind et al.

[18]

3.1.2.4 Data evaluation
The volume of the generated droplets is influenced by the dispenser operating
settings, density of the solvent, ambient pressure and humidity. Therefore, video stills
from the CCD camera were analyzed using the ImageJ software to determine the
actual size of the droplets. A macro was employed to calculate the average size of
>950 droplets based on the known field of view of the CCD camera. The data,
recorded by the ICPTOFMS from single droplets, were extracted and evaluated in
MATLAB R2011b (MathWorks, Natick, Massachusetts, USA). To describe the signal
intensities, all counts registered per droplet were summed up. Fitting of the frequency
distributions of the signal intensities with a Gaussian function was carried out in
OriginPro 8.5 (OriginLab Corporation, Northampton, England). To evaluate the signal
structure fixed time intervals of 1 ms containing signals from the droplets were
extracted from the entire data set. Linear interpolation of 100 points and fitting with the
Gaussian function were applied to every interval. The maximum position of the
Gaussian fit was used as a central position to average ≈5000 interpolated intervals
(1 ms each). This procedure was repeated for all m/Q of interest. Additionally, the
position of the maximum of the Gaussian fit of the 89Y+ signal was taken as a reference
time (element with the earliest occurrence for each droplet) and the time shifts of signal
maximum positions (referring to the maximum of the Gaussian fit) of other isotopes to
this reference time were calculated. The average relative time shifts for all isotopes
were calculated from ≈5000 droplets. The full width at half maximum (FWHM) of every
individual transient was extracted from the corresponding Gaussian fit and FWHMs of
≈5000 individual transient signals were processed to estimate the signal width.
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3.1.3 Results and discussion
3.1.3.1 Analytical performance
The analytical figures of merit for the prototype were obtained utilizing continuous
liquid introduction and measuring under standard ICP operating conditions (CeO/Ce
<3%). To characterize the analytical performance of the TOF mass analyzer, a
comparison with the ICPQMS using the same ICP source and first vacuum interface
was carried out. However, it should be noted that signal acquisition of TOFMS and
QMS are fundamentally different. A sequential scanning MS measures only one m/Q at
any given time, whereas a TOFMS detects all m/Q in a fraction of the entire ion
production time. Therefore, to establish an effective comparison of the elemental
sensitivities between the ICPTOFMS and the ICPQMS, the duty cycle was considered.
The duty cycle is the ratio of the time spent for measuring to the total ion production
time. Sequential scanning mass spectrometers are not able to achieve a 100% duty
cycle if more than one isotope is monitored. The duty cycle of a sequential scanning
instrument depends on acquisition parameters and can be defined as the ratio of the
integration time of one isotope (dwell time) to the total time which is spent for
measuring all the isotopes of interest (sweep time). It should be stressed that the
ICPQMS reports the “raw” count rates which are extrapolated to 100% duty cycle.
Therefore, normalizing “raw” signal intensities with the duty cycle enables us to
demonstrate how many counts were actually recorded per unit of concentration and
within a certain period of time. The effective sensitivities Se(i), namely the sensitivities
normalized with the duty cycle, were calculated using the following equation:
Equation 4

𝑆𝑒 (𝑖) =

𝑡𝑑 (𝑖)
∙
𝑛
�𝑖=1(𝑡𝑑 (𝑖) + 𝑡𝑠𝑠𝑠 (𝑖))

𝑆(𝑖)

where td(i) and tset(i) are the dwell time and the quadrupole settling time used to
measure isotope i, respectively, and S(i) is the sensitivity of the corresponding element
i in cps per µg kg-1, calculated based on the count rates (cps) obtained with the
instrument.
As can be seen from Equation 4 and Figure 8, the duty cycle and therefore the
effective sensitivities of a sequential scanning ICPMS will decrease proportionally with
the number of isotopes acquired. The duty cycle of a TOFMS does not depend on the
number of measured isotopes but is defined by the ratio of the time, which ions need to
fill the extraction chamber (before orthogonal acceleration), to the extraction period.
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The fill time will depend on m/Q specific ion velocities, which are determined by the
electrostatic potential difference between the ICP and the extraction chamber.[135]
Based on this, the m/Q-dependent duty cycle of the prototype ICPTOFMS was
estimated to be in the range of 4% (6Li) to 26% (238U). The ion count rates (in cps)
reported by the TOFMS, however, represent the actual number of counts that are
registered within one second measurement time (not extrapolated to 100% duty cycle)
and were taken as such to describe elemental sensitivities (Figure 8).

Figure 8. Comparison of the sensitivity of the prototype ICPTOFMS and the ICPQMS. The
results were obtained measuring a multi-element solution and acquiring 30 isotopes with
the ICPQMS and the entire mass range (<288) in the case of the ICPTOFMS. The
sensitivities are given as averages and SDs (shown on the graph as error bars) of 5
acquisitions lasting 31 s each. The sensitivities labeled with ICPTOFMS and ICPQMS(1)
were calculated from the count rates reported by the instruments, whereas the
sensitivities labeled with ICPQMS(10), ICPQMS(20) and ICPQMS(30) were normalized with
the duty cycle using Equation 4 with 10, 20 and 30 measured isotopes, respectively.
Lines are drawn to guide the eye.

Although the sensitivity (without considering the duty cycle) of the prototype for
elements in the high mass range was close to that of the ICPQMS, a more pronounced
mass bias in the low mass range was observed. A sensitivity loss of more than one
order of magnitude for elements in the low mass range was partially attributed to
settings of the multi-notch filter, unfavorable for the transmission of ions of low m/Q.
However, the observed mass bias may also originate from space-charge effects and
mass discrimination in the ICPTOFMS.
The mass resolving power and the abundance sensitivity of the ICPTOFMS were
determined to be 1200 m/Δm (considering Δm as the width of the

238

U mass peak at

-5

10% of its height) and 3×10 on the leading side of the peak and 8×10-5 on the tailing
part (calculated for
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238

U at the U concentration of 200 µg kg-1), respectively.

Additionally, the non-spectral background intensity was estimated based on the signal
191 +

Ir and was found to be 15 cps, which is similar to that of the ICPQMS (10 cps

of

measured on m/Q = 220 Th). Due to the simultaneous extraction of ions in the
ICPTOFMS, multiplicative noise should contribute to the signals of all isotopes evenly,
thus, allowing the precise measurement of isotope ratios. The precision of the
206

Pb+/207Pb+ ratio was measured using a multi-element solution at concentrations of

10 µg kg-1, 33 ms integration time (1000 extractions were averaged prior to data
readout) and 31 s of total acquisition time and resulted in 0.73% relative standard
deviation (RSD), which is identical to the value predicted by Poisson statistics.[136, 137]
The precision of the

206

Pb+/207Pb+ ratio obtained with the ICPQMS using the most

closely matched acquisition settings (33 ms dwell time, 31 seconds total measurement
time) amounted to an RSD of 5.6% (0.5% predicted by Poisson statistics). The
comparison of the ICPTOFMS with the ELAN6000 ICPQMS was realized only to
evaluate the performance of the TOF mass analyzer. It should be mentioned that,
mainly due to modifications of the vacuum interface geometries, the analytical
performance

of

currently

available

quadrupole-based

instruments

has

been

significantly improved over that of the ICPQMS used in this study.
3.1.3.2 Multi-element detection of sub-millisecond signals generated by
individual droplets and particles
To describe the analytical capabilities of the prototype ICPTOFMS for multielement analysis of single particles, a solution of 30 elements at concentrations of
≈0.8 mg kg-1 containing monodisperse Au particles was introduced into the ICP as
individual and temporally separated droplets with a diameter of ≈40 µm (RSD of 1.7%).
Each droplet produced a transient signal with a duration between 200 µs and 500 µs,
which could be resolved by up to 15 TOF extractions operating the ICPTOFMS at
30 kHz extraction frequency (=33 µs extraction period). The advantages of
microdroplet sample introduction for the analysis of ENPs have already been
demonstrated, however, the frequency of droplet injection into the ICP was restricted
by the acquisition settings of the instruments and was kept at a maximum of 100 Hz.[17,
127, 138]

The temporal resolution of the ICPTOFMS enabled us to increase the sample

introduction rate up to 1 kHz. Transient signals of droplets produced at 1 kHz (Figure 9)
were acquired increasing integration times from 33 µs to 33 ms to demonstrate the
advantage of the µs temporal resolution over that of currently available ICP mass
spectrometers for detection of short signals. This has a significant impact particularly
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on the analysis of ENPs, where a compromise between sample introduction rate and
data acquisition rate would no longer be required.

Figure 9. Normalized transient signals of

103

+

Rh acquired at 1 kHz droplet dispensing

frequency and using different integration times of a) 33 ms, b) 3.3 ms, c) 0.33 ms, d)
0.033 ms.

Detailed optimization of sample introduction, however, showed that droplets
generated at 100 Hz yielded a better reproducibility of transient signal intensities. The
averages of ≈5000 signals generated by individual droplets at 100 Hz are depicted in
Figure 10 for several isotopes.

Figure 10. Temporally resolved signals generated from individual droplets consisting of a
multi-element solution at concentrations of ≈0.8 mg kg

-1

and containing Au only as

particles. The droplets were introduced at a dispenser frequency of 100 Hz. Every
transient signal is an average of ≈5000 individual signals, except for

197

+

Au , which

represents an average of ≈500 individual signals generated by Au particles. The elementdependent time shifts of the signal intensity maxima were explained by spatial element
separation within individual droplets.
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The signal intensities were calculated by integrating the transient signals of
individual droplets. Afterwards, the frequency distributions of the signal intensities were
calculated for all isotopes and fitted using the Gaussian function. As an example, the
histogram of the signal intensities of

238

U+ is illustrated in Figure 11. The RSD of the

analyte mass per droplet was calculated to be 5% and the RSD of the

238

U+ signal

intensity resulted in 7%. The obtained RSDs of the signal intensities were higher than
those predicted by the Poisson limit, which indicates additional sources of noise, such
as variations in the measured droplet volume and irreproducible droplet trajectories
within the plasma, which would lead to greater variations in the sampling efficiency of
analyte ions from individual droplets through the first vacuum interface.

Figure 11. Frequency distribution of

238

+

U signal intensities of ≈5000 individual droplets
-1

containing a multi-element solution at concentrations of ≈0.8 mg kg .

The detection efficiencies (DEs) of some elements, estimated based on
microdroplet introduction, differed slightly from those measured using continuous liquid
nebulization (Figure 12). The origin of this discrepancy can be attributed to different
plasma conditions used for the measurements of droplets, namely lower solvent load,
higher gas flows and helium addition, which may alter the efficiency of analyte
ionization and ion sampling.
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Figure 12. Detection efficiencies of the prototype ICPTOFMS for a selection of isotopes,
given for both single droplet and continuous liquid sample introduction. Lines are drawn
to guide the eye.

For Au particles, the histogram of

197

Au+ signal intensities is depicted in

Figure 13. Considering a particle number concentration of ≈107 cm-3 in the final
suspension, the two distributions with maxima at 139 ions and 327 ions most likely
correspond to one and two particles per droplet. The DEs for Ag and Au amounted to
1.3×10-6 ± 0.1×10-6 counts per atom and 3.1×10-6 ± 0.9×10-6 counts per atom,
respectively, which is in accordance with results found by Gschwind et al..[127]

Figure 13. Frequency distribution of

197

+

Au signal intensities, which were generated from

single droplets consisting of a multi-element solution and containing Au only as
particles. The Gaussian fit of the first peak (solid line) corresponds most likely to
1 particle per droplet and the Gaussian fit of the second peak corresponds to 2 particles
per droplet.

To estimate the sizes of the smallest detectable nanoparticles, spectral
background signals were measured using droplets containing only Sr at a
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concentration of ≈1 mg kg-1. The background signals were integrated over the same
time window as the signals of analytes, using

88

Sr+ as an indicator of the droplet arrival.

Means and SDs of the background signal intensities were computed from ≈5000
integrated intervals. Based on 3*δ of the corresponding background signal intensities
and current sensitivities the sizes of the smallest detectable Ag, Au and U metallic
nanoparticles (assuming spherical shape) were estimated to be 30 nm (140 ag), 17 nm
(50 ag) and 10 nm (5 ag), respectively. Although the sensitivity of the prototype was
lower, the determined size-related limits of detection (LODs) for Ag and Au
nanoparticles were in the same range as those measured previously with the
ICPQMS[127] due to the overall low background counts registered at µs-time resolution.
However, at low counts the background signal does not follow a normal distribution and
the estimation of LODs on the basis of the IUPAC approximation is recommended.[129,
139]

Employing the IUPAC approximation, the size-related LODs of Ag, Au and U

nanoparticles were calculated to be 46 nm (530 ag), 32 nm (340 ag) and 22 nm
(60 ag), respectively.
Detailed investigation of the structure of the temporally resolved signals
generated by single droplets revealed an element-dependent difference in signal width
(Table 4). Generally speaking, the signal width should depend on the size of the ion
cloud produced in the plasma and on processes associated with its sampling and
transport across the vacuum interface and ion optics.[140] The size of the ion cloud is the
result of the diffusion of an analyte along the plasma, which depends on the plasma
temperatures,[126] the residence time,[141] physicochemical properties of the analyte[142]
and effects of the matrix surrounding it.[126] It has been shown that the width of ion
emission intensity peaks and MS signal peaks decreases from light to heavy elements.
[142, 143]

However, our findings do not show a mass dependence in signal width. In fact, it

was not possible to correlate the signal width with physical-chemical properties of the
elements (like boiling or melting temperatures of metals or their oxides), as recently
shown by Flamigni et al..[141]
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Table 4. Summary of widths of the transient signals and of element-dependent time shifts
of the maxima of the signal intensity occurring within an individual droplet event. The
signal widths are given as averages and SDs of the FWHM calculated from Gaussian fits
of ≈5000 transient signals. The position of the maximum of the Gaussian fit of the

89

Y

+

signal was taken as a reference time since this element showed the earliest signal
intensity maximum occurring within an individual droplet event. The time shifts were
calculated as differences of the maximum position of the Gaussian fit relative to the
89

+

reference time ( Y ). The time shifts are given as averages and SDs of ≈5000 droplets.
Isotope
55
Mn
59
Co
88
Sr
89
Y
103
Rh
107
Ag
109
Ag
115
In
137
Ba
138
Ba
139
La
140
Ce
159
Tb
165
Ho
197
Au
206
Pb
207
Pb
208
Pb
209
Bi
238
U

Signal width ± SD (µs)
154 ± 32
194 ± 49
142 ± 21
152 ± 24
190 ± 31
172 ± 21
171 ± 34
170 ± 34
126 ± 24
138 ± 21
157 ± 23
138 ± 19
160 ± 23
156 ± 23
145 ± 29
183 ± 30
183 ± 20
189 ± 28
163 ± 24
167 ± 25

Time shift ± SD (µs)
126 ± 27
91 ± 29
130 ± 24
-99 ± 22
111 ± 31
112 ± 31
132 ± 31
138 ± 27
138 ± 26
87 ± 17
124 ± 23
26 ± 9
16 ± 9
74 ± 46
118 ± 32
118 ± 32
118 ± 31
139 ± 31
103 ± 21

Time shifts of the signal onsets and the signal maxima of some elements within
the event generated by an individual droplet were observed in this work (Figure 10). To
describe these time shifts quantitatively, the position of the maximum of the Gaussian
fit of the

89

Y+ signal (the isotope with the earliest occurring signal maximum within the

event of a droplet) was taken as a reference time and the shifts of the signal maximum
positions of other isotopes to this reference time were calculated. Table 4 shows mean
and SD of the time shifts, which were obtained from ≈5000 droplets. Due to the fact
that all analytes are initially present in the same droplet and the center of mass for all
elements should be the same, an overlap of maxima of signal intensities would be
expected.
The observed results indicate that ion clouds of different elements are shifted in
space. Therefore, the time differences in the occurrence of signals of various elements
can only be explained by spatial separation of elements during plasma-droplet
interaction. Phase separation of different elements in aqueous droplets at elevated
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desolvation temperatures (200°C) has already been observed by Garcia et al..[144] The
authors have explained this observation by element-dependent processes of solute
diffusion, co-crystallization and segregation which may lead to the formation of particles
with different element composition, morphology and size. Our results however indicate
that even chemically similar elements (La, Ce, Tb, Ho) appear to be separated in time
and space (Figure 10). However, to gain more insights into the process of droplet
drying and its interactions within the plasma requires further and more detailed
investigations, which will be presented in Chapter 3.2.

3.1.4 Conclusions
A prototype ICPTOFMS applicable for the measurement of multi-element
transient signals ranging in duration from µs to ms was characterized and compared to
a conventional quadrupole-based ICPMS with the same plasma interface. Although the
sensitivities of elements in the high mass range were similar to those of the ICPQMS, a
more pronounced mass bias in the low mass range was observed. The current mass
resolving power and abundance sensitivity of the prototype were >1200 and in the
order of 10-5, respectively. The isotope ratio precision measured for lead (206Pb+/207Pb+)
using continuous nebulization was in agreement with the prediction from counting
statistics. The capabilities of the ICPTOFMS for the analysis of single nanoparticles
were demonstrated using individual microdroplets consisting of a multi-element
standard solution and containing Au particles. The detection efficiencies for Ag and Au,
measured with single droplets and particles, were similar to those previously reported
for the quadrupole-based ICPMS. The sizes of the smallest detectable Ag, Au and U
metallic nanoparticles were estimated (using the detected ions from the droplet or solid
particles) to be 46 nm, 32 nm and 22 nm (Poisson), respectively. Quasi-simultaneous
detection of multiple isotopes at µs-time resolution is the major advantage of this
instrument, which allows determination of the elemental composition of single
nanoparticles as well as measuring mixtures of nanoparticles in complex samples and
which can significantly broaden the range of applications of SP-ICPMS. However, the
detection of very low analyte masses from single nanoparticles still remains a general
analytical challenge and requires further improvement of the instrumental sensitivity
(See 3.1.5 for hardware improvements). Nonetheless, the µs-time resolution of the
ICPTOFMS permitted to increase the sample introduction rate of the MDG to 1 kHz
without compromising the unambiguous detection of a single droplet. Higher sample
introduction rates can significantly reduce the time of analysis of highly diluted
nanoparticle suspensions, which are usually utilized for single particle measurements
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and which are environmentally relevant. Additionally, shorter measurement times
should also decrease the contribution of instrument drift to the quality of the analysis.
Furthermore, this work showed that the µs-time resolution of the instrument in
combination with controlled discrete sample introduction is valuable for investigating
analyte-plasma interactions taking place within a single particle or a droplet on the µstime scale. These studies would significantly improve the understanding of the
underlying processes inside the ICP, which are responsible for ion generation in
general and may assist in the refinement of ICPMS instrumentation. Despite the fact
that the characterization of the instrument was focused on the analysis of single
nanoparticles, this instrument can be utilized for other applications including rapid, high
spatial resolution multi-element imaging and bio-imaging by LA-ICPMS.
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3.1.5 Detector characterization
In this additional subchapter some modifications of the ICPTOFMS detector
system, carried out after the previous study and its current performance are described.
The ion detection system consists of an MCP and an analog to digital converter (ADC)
card. The original ADC card, described earlier by Tanner,[145] was replaced with an
ADC card providing 1.6 GS/s sampling rate and 14 bit/sample, which results in a
dynamic range of 16384 bins/sample. The values of detector threshold and single ion
response are measured using a software routine (SingleIon, TOFWERK AG), while
setting the Lens1 to 100 V to reduce the number of ion arrivals. This “single ion” value
is used to convert the signals from mV*ns to ions/extraction. A detailed description of
the data acquisition and storage concepts can be found in the PhD thesis of M.
Tanner.[145]
The on-board memory of the current ADC card is sufficient for buffering 1024
single TOF extractions, resulting in 30.7 ms of continuous data acquisition. When the
memory is full, the stored data is downloaded to the PC at a speed of 400 MB/s.
Therefore, when the signal of all isotopes is recorded at the resolution of a single TOF
extraction, the acquisition duty cycle is 4.5%. If only three single particles are detected
within these 30 ms, >90% of the recorded signal will be the background noise. To
reduce the size of the data files, a trigger system can be applied and signals will be
stored in the memory of the ADC only if the intensity of selected isotopes is higher than
a certain threshold, defined by the user. Using this trigger system thus allows collecting
a statistically relevant number of individual signal traces in a shorter time period. Great
care has to be taking when setting the trigger threshold, especially for particles, whose
signal intensities are close to limits of detection. If the temporal resolution of the single
TOF extraction is not required, the acquisition duty cycle can be increased by
averaging spectra of single TOF extractions prior to the data download. With 100 TOF
extractions averaged (or 16 TOF extractions with a reduced number of mass channels
saved), data recording and its downloading to the PC happens simultaneously,
resulting in 100% acquisition duty cycle.
The dynamic range of the detection system is defined by a linearity range of the
MCP and the ADC, level of the background noise and integration time used for the
signal acquisition. The response of the TOFMS detector was determined by measuring
different concentrations of a multi-element solution (see 3.1.2.2) and using 30 ms
integration time. These measurements were carried out using the same continuous
liquid introduction system as described in 3.1.2.3 and the results are shown in Figure
14 in comparison to the ICPQMS response. At 30 ms integration time a linear dynamic
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range of the ICPTOFMS detector of 106 is available. Even though higher
concentrations were not measured on the ICPQMS, its linear dynamic range is
specified to be in the range of 108-109.

Figure 14. Isotope sensitivities of the ICPQMS (left) and the ICPTOFMS (right) measured
at different concentrations of the multi-element standard solution and 30 ms integration
time.

A part of an average mass spectrum recorded with 100 mg kg-1 solution is
depicted in Figure 15. It shows that the background signal near the isotope peaks is
strongly affected up to almost five mass units.

Figure 15. A part of the average mass spectrum recorded with the 100 mg kg

-1

multi-

element standard solution at 30 ms integration time.

Figure 16 shows the effect of increasing U concentration on the background
signal at m/Q 237 and 239. The signal intensities at both ends of the

238

U+ peak

increased by two orders of magnitude, when the U concentration was changed from
0.1 µg kg-1 to 200 µg kg-1. Elevation of the background signal on the fronting and tailing
part of the

238

U+ peak is probably caused by

238

U ions, defocused from the main beam

inside the TOFMS. The same behavior was observed for other mass peaks as well.
This long peak tails will lead to erroneous results, whenever the trace concentration of
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one isotope has to be determined in the presence of a highly concentrated neighboring
isotope. To compensate for the effect of high abundant neighboring ions on the
intensity of the analyte peak, signal deconvolution schemes can be applied.

Figure 16. Effect of the

238

+

U signal intensity on the background signal at m/Q 237 and
+

239. The signal at m/Q=239 is likely to be affected by UH ions but the tailing of

238

U

+

certainly dominates.

To evaluate the detector response to very short transient signals, microdroplets
consisting of a standard solution of Co, Y, Ce and U were measured at different
concentrations. The droplets were generated, introduced into the ICP, and their signals
evaluated in the same way as described in 3.1.2.4. Every droplet signal was integrated
over 21 TOF extractions (630 µs). The analyte mass in a droplet were calculated based
on the droplet size, which was determined with the CCD camera, and the known
concentration. Sensitivities of single droplets measured at five different concentrations
are summarized in Figure 17. Only the

238

U+ signal was detectable at the concentration

of 5 µg kg-1, but its intensity was 15% lower than expected at 50 mg kg-1. Therefore, at
the temporal resolution of a single TOF extraction a linear response of 104 can be
achieved, which is in accordance with the dynamic range of the current ADC card.
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Figure 17. Isotope sensitivities of the ICPTOFMS determined with single microdroplets
consisting of a standard solution of Co, Y, Ce and U. Droplets were measured at five
-1

-1

different concentrations (5 µg kg - 50 mg kg ).
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3.2

Investigation of behavior of single droplets/particles inside the

plasma using the ICPTOFMS
This work is published in part as “O. Borovinskaya, B. Hattendorf, M. Tanner, S.
Gschwind, and D. Günther, Diffusion- and velocity-driven spatial separation of analytes
from single droplets entering an ICP off-axis, Journal of Analytical Atomic
Spectrometry, 29 (2014), 262-271.” Reproduced with permission from the Royal
Society of Chemistry.

3.2.1 Introduction
The dependence of the analyte response on the processes of sample-specific
desolvation, vaporization, atomization, ion production, and ion sampling in inductively
coupled plasma mass spectrometry (ICPMS) has been extensively studied.[52, 75, 79, 141,
146-148]

Comprehensive understanding of these processes is a key to the accuracy of the

chemical analysis. Common experimental approaches are based on continuous
sample introduction and time-integrated measurements that make an assessment of
the contribution of individual processes difficult.
The development of a monodisperse dried microparticulate injector (MDMI) by
French,[67] which allows well-defined discrete sample introduction, has opened the
opportunity to follow these individual processes tracking single droplets/particles inside
the ICP. Olesik et al. have used the MDMI for the first time to study the dependence of
analyte vaporization on the droplet size and plasma operating conditions.[149] Later
MDMI has been employed to investigate the processes of solvent evaporation, analyte
vaporization and diffusion by means of time-resolved emission, laser-induced
fluorescence and mass spectrometry.[126, 143, 150] Farnsworth and Lazar have conducted
several studies to reveal the effect of different matrices on atomization and ionization
processes.[151,

152]

Local effects of analyte atomization on the plasma,[142,

153]

ion

sampling through the MS-interface[154] and space charge effects in the ion optics[140, 155]
have also been assessed using isolated discrete droplets. Studying analyte-plasma
interactions on a single droplet/particle level is essential to extract fundamentally and
practically valuable information about bulk plasma processes. At the same time,
understanding local processes, which a particular droplet or particle is subjected to in
the ICP, is an important prerequisite for improving the analysis of single entities such
as single particles[16] or single cells.[30]
In Chapter 3.1 we described a prototype ICP time-of-flight mass spectrometer
(ICPTOFMS) with a temporal resolution of 30 µs.[156] A microdroplet generator was
employed to characterize its capabilities for the multi-element analysis of single
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particles.[156] In the course of these studies a reproducible temporal variability of the
occurrence of ion signals of different elements generated from the same droplet was
noticed. Ion signal maxima of some elements were shifted from others by tens of
microseconds. More surprising, however, was the observation that even the MS signals
of chemically similar elements (La, Ce, Tb, Ho) appeared to be separated in time. A
similar signal separation has previously been seen only for isotopes of significantly
different masses, such as Pb and Li or Mg, using a dual mass analyzer and was
explained by space charge effects predominantly.[140] Such effects, however, are not a
likely explanation for the observation made in our studies because there was no distinct
correlation between the magnitude of signal shifts and the isotope mass. It is thus far
more likely that time shifting of the signals generated from the same droplet is a result
of spatial separation of the analytes inside the ICP.
The current study was designed to reveal the cause and the origin of the signal
separation. The dependence of the temporal shifts, signal durations and intensities on
the radial position of the droplets, thermal properties of the ICP and the velocity profile
of the gases inside the ICP was investigated in this work.

3.2.2 Experimental
3.2.2.1 Time-resolved spectrometry
A detailed description of the prototype ICPTOFMS used for these studies can be
found in Chapter 3.1.[157] The signals of single multi-element droplets were acquired
with a time resolution of 30 µs. The operating conditions of the ICPTOFMS shown in
Table 5 were typically used unless otherwise specified.
Table 5. Operating conditions of the ICPTOFMS. Typical adjusted gas flow rates, varied in
the course of some experiments.
Parameter
Plasma power (W)
-1
Plasma gas flow rate (l min )
-1
Auxiliary gas flow rate (l min )
Cylindrical lens (V)
Sampling depth (mm)
Injector diameter (mm)
-1
Ar carrier gas flow rate (l min )
-1
He carrier gas flow rate (l min )

Value
1400
16
1.2
6
9.5
2
1.2
0.4

3.2.2.2 Optical imaging and image processing
A commercial ICP mass spectrometer (ELAN 6000, PerkinElmer/Sciex, Ontario,
Canada) with the same plasma generator and vacuum interface as in the ICPTOFMS
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was used for optical imaging. Emissions were imaged side-on via a Czerny-Turner
grating monochromator (Spex series 1000, Horiba Ltd, Japan) operated in open-slit 2D
imaging mode onto an iCCD camera (Andor iStar, Ador Thechnology, UK). A detailed
description of the optical imaging setup can be found in ref..[157] Individual droplets
consisting of a 100 mg kg-1 strontium nitrate solution were introduced at a frequency
of 100 Hz. Atomic and ionic emissions of Sr from single droplets were captured with
1 ms exposure time at 460 nm and 408 nm, respectively. The processing of optical
images was realized using Fiji, an open source software.[158] A slice of an image apart
from the Sr emission originated from a droplet was assumed to represent the plasma
background and was subtracted from the entire picture. Images at all wavelengths
were taken with the same magnification and the scale of the image was calibrated
using the shadow of the load coil from the ArІ emission (696 nm). The images were
cropped to the same region, which was centered for ionic and atomic emissions
separately along the arbitrary chosen emission clouds which appeared to be straight.
3.2.2.3 Single droplet introduction
The single droplet introduction system used in these studies is based on a
commercial microdroplet dispenser head (MD-K-150 with control unit MD-E-201-H,
Microdrop Technologies GmbH, Norderstedt, Germany) and an Ar-He gas adapter
arranged horizontally. He and Ar gas flow rates were typically 0.4 l min-1 and 1.2 l min-1,
respectively, unless otherwise specified. Droplets used for optical imaging were
transported using a vertical assembly, consisting of a similar Ar-He gas adapter and a
steel tube with an inner diameter of 4 mm.[127] An additional flow of Ar was admixed at
the injector inlet to transport the droplets further into the ICP. The gas flow rates of He,
Ar and the additional Ar were 0.4 l min-1, 0.3 l min-1 and 0.7 l min-1, respectively. A
schematic representation as well as specific characteristics of both single droplet
transport systems can be found in ref..[18]
3.2.2.4 Materials
Multi-element solutions were prepared from single element standard solutions
(Merck AG, Darmstadt, Germany and Inorganic Ventures, Christiansburg, Virginia,
USA) diluting them to the required concentrations with 2% sub-boiled HNO3 in UHP
water (Millipore, Billerica, MA, USA). The solutions contained nitrate salts of Cu, Zn, Y,
Cd, In, Ba, La, Ce, Ho, Er, Pb, and Bi. A suspension of the same CeO2 nanoparticles
(size range of 10-100 nm) as in ref.[18] was used. The suspension was sonicated for
15 min and diluted by a factor of 3000 with UHP water, then by a factor of 200 with a
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solution containing nitrates of Y and Bi. The concentrations of the solutions used are
given for every experiment in the Results section.
3.2.2.5 Data evaluation
The size of the generated droplets was evaluated from the images taken with a
CCD camera and the transient signals of the droplets were recorded by the data
acquisition system of the ICPTOFMS. The details of data processing can be found in
3.1.2.4.[156] The temporal shifts of the signals shown here represent the time shifts of
the respective intensity maxima from the maximum of the

89

Y+ signal (element with the

earliest occurrence time) and is referred as Δt.
Δt(E+) = t(E+) - t(89Y+)
where Δt(E+) is the time difference of the intensity maximum of an isotope E+
from the 89Y+ intensity maximum of the signals originated from the same droplet
The maxima positions and the full width at half maximum (FWHM) of the
ICPTOFMS signals were found for each droplet individually by performing the
Gaussian fit. The maximum of the

89

Y+ signal was always used as the reference time

(zero position) unless otherwise specified.

3.2.3 Results and discussion
3.2.3.1 Dependence of temporal shifts on droplet trajectories
In the course of these studies it was observed that the temporal shifts do not
always occur and the magnitude of the shifts depends on operating parameters of the
sample introduction system. Thus, both signals, with overlapping and with separated
intensity maxima, were detected under certain operating conditions. An example of this
situation can be seen in Figure 18, where

165

Ho+ and

209

Bi+ signals of selected

individual droplets of uniform size (the diameter evaluated from 140 shadowgraphy
images was 41.0±0.4 µm) are shown. Taking into account monodispersity of the
generated droplets, it was assumed that the variability of temporal shifts likely arises
from the instability of droplet trajectories.
In contrast to the example shown in Figure 18, signals with reproducible temporal
shifts could be attained after careful optimization of the carrier gas flow rates and the
droplet size and its initial velocity by adjusting the actuator controlling voltage. Such
transient signals of 40 µm droplets consisting of a 5 mg kg-1 Y, Ce, and Bi solution are
shown in Figure 19. The shift of the

209

Bi+ signal relative to the

89

Y+ signal amounted to

115±10 µs (9% relative standard deviation (RSD), 500 droplets evaluated).
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Figure 18. Example of variability of the relative occurrence of maxima of

209

+

165

Bi and

Ho

+

-1

signals generated from individual droplets. The droplets consisted of a 10 mg kg multielement solution and had a diameter of 41.0±0.4 µm, which was estimated by processing
140 video frames.

Figure 19. Droplet signals of droplets with stable temporal shifts of
relative to the maximum of

89

140

+

Ce and

209

+

Bi

+

Y . This part of the measurement is chosen to illustrate a

high temporal jitter in arrival times of the droplets into the plasma (droplets were
-1

generated at 100 Hz). The droplets consisted of a 5 mg kg Y, Ce and Bi nitrate solution
and had a diameter of 39.0±0.4 µm, which was estimated by processing 140 video frames.

The magnitude of the shifts could be changed by rotating the dispenser head
within the gas adapter. Figure 20 shows how the shifts of the signal peaks could be
increased by this rotation. As can be seen in Figure 18 and Figure 20, the signal
duration (width) increases together with the magnitude of the temporal shift. Since all
the remaining operating parameters were kept constant for both positions of the
dispenser head, the change in the shifts can only arise from the change of the droplet
trajectories in the transport system. Therefore, droplets followed two different paths at
dispenser positions 1 and 2 (Figure 20) and entered the plasma zone at different
distances relative to the torch axis.
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Despite significant signal broadening detected for position 2, there was no
dramatic change in the integrated peak intensities of the isotopes studied. The In, Ba,
La, Ce, Pb, and Bi signals remained constant within less than 10% deviation. The ion
signals of Y, Ho, Er, Cu, Zn, and Cd, however, appeared to be less intense at position
2 (Figure 20).
Figure 19 shows data from an experiment where individual droplets (generated at
100 Hz) have a high variability of arrival times to the ICP. The temporal shifts of signal
peaks from the maximum of the

89

Y+ signal and the element order within the

corresponding signals, however, remained stable and their widths varied only slightly
(the FWHM of 500

209

Bi+ signals was 145±30 µs). The residual size of the droplets has

been found to depend on their trajectories and thus on the residence time in the
transport system.[159] Our data indicate that the variation in the residual droplet size
caused by different delays of droplets in the transport system was not responsible for
the temporal shifts.

Figure 20. Temporal shifts, FWHM of ICPTOFMS signals and ratios of signal intensities
measured at two different positions. Position 2 was set by rotation of the dispenser head
in the inlet of the transport assembly from position 1. The error bars of Δt and FWHM
represent 1 standard deviation (1 SD) of 1000 measurements of individual droplets. The
line at signal ratio (position2/position1) = 1 and the lines between the points are drawn to
guide the eye.
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To assess the degree of radial scatter of the droplet position in the plasma,
imaging of the emission of atoms and ions produced from droplets consisting of a
Sr(NO3)2 solution was carried out. Larger (50 µm) droplets with a higher analyte
concentration (100 mg kg-1) were used for this experiment to provide sufficient
emission intensities. Therefore, the vertical droplet delivery system[18] had to be
employed to ensure the transport of droplets into the ICP. For better contrast, the
atomic emission was acquired at 1400 W ICP Rf-power and the ionic emission at
800 W. In contrast to the horizontal transport assembly, the variation of droplet
trajectories in the vertical transport system is expected to be more pronounced due to
the longer and bent transfer line. Figure 21 depicts images of Sr atomic and ionic
emission profiles generated from individual droplets taken with an exposure time of
1 ms. Profiles which start at an off-axis position show emission earlier that can be the
result of a combination of the higher temperature at the boundary of the central channel
and the longer path length of the droplet moving off-axis. Since excitation conditions
depend on the local thermal properties of the ICP, the intensity of atomic or ionic
emission alone does not represent the true analyte distribution in the plasma. However,
the same sloping direction of clouds of ions and atoms is an indication for their
continuous movement towards the sampler orifice. Entrainment of an ion cloud into the
sampler has previously been observed as far as 7 mm upstream from the orifice, being
more pronounced 3 mm apart.[154] That study has demonstrated that displacing the
sampler orifice by 3 mm from the torch axis led to bending of Sr ion emission clouds.
However, in our work, the sampler orifice position was in line with the injector tube
while some of the droplets entered the plasma with radial offset. A bending of the Sr
atom or ion emissions could be observed already ≈10 mm away from the sampler
orifice.

Figure 21. Left: images of SrІ emission produced from individual droplets acquired at
1400 W plasma power. Right: images of SrII emission produced from individual droplets
recorded at a plasma power of 800 W for better contrast. An approximate position of the
emission images in the plasma is indicated on the sketch shown in the left panel.
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3.2.3.2 Dependence of temporal shifts and signal widths on plasma thermal
properties
Droplets of multi-element solutions of different concentrations were measured.
The solutions were exchanged without adjusting operating parameters of the dispenser
to keep the droplet size and ejection speed constant. After the removal for solution
exchange, the dispenser head was inserted into the gas inlet at the same position to
maintain the droplet trajectory. Figure 22 shows FWHM and temporal shifts of the 209Bi+
signal from the signal of

89

Y+ measured at different concentrations. Despite significant

increase of signal intensities (from 700 ions per droplet to 8000 ions per droplet for
209

Bi+ at concentrations of 1 mg kg-1 and 10 mg kg-1, respectively) temporal positions of

maxima remained constant within uncertainty of the measurement (1 SD). A slight
increase of the signal width with concentration was observed.

Figure 22. Temporal shifts of

209

+

Bi signal from the

89

+

Y signal and signal widths of

209

+

Bi

measured at different concentrations of a multi-element solution. The error bars
represent 1 SD of 500 measurements of individual droplets.

The shifts and signal durations were strongly influenced by plasma operating
conditions. The flow rate of He gas, which is supplied through the dispenser head,
could be varied only in a narrow range of 0.2-0.6 l min-1 to ensure stable operating
conditions. Its effect on Δt, signal widths and intensities is shown in Figure 23 for
selected isotopes. The FWHM and temporal shifts decrease with increasing the He gas
flow rate. The signal intensities follow the same trend with a less pronounced decrease
for 209Bi+. Assuming that the radial position of the droplets is not affected, the change of
the FWHM can be explained by the penetration depth of the droplets inside the plasma.
At higher gas flow rates the vaporization of a residue that remained after solvent
evaporation will start deeper in the plasma. This will reduce the time available for the
analyte vapor diffusion and result in smaller ion clouds at the sampling position and
thus shorter signals. The suppression of signal intensities with the flow rate of He
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indicates either incomplete vaporization of the desolvated droplet residue and/or its
lower ionization efficiency due to the higher fraction of He. In contrast to the flow rate of
He, Δt changed randomly when the Ar gas flow rate was varied; this suggests that the
droplet trajectories were affected.

Figure 23. Temporal shifts of the

209

+

Bi signal, FWHM and the normalized ICPTOFMS

signal intensities of 3 isotopes measured at different He gas flow rates. The
-1

measurements at a gas flow rate of 0.44 l min were conducted in the beginning and at
the end of the experiment. The error bars represent 1 SD of 500 measurements of
individual droplets.

To investigate the effect of ICP Rf-power, the flow rates of the carrier gases, He
and Ar, were set to 0.4 l min-1 and 1.3 l min-1, where large temporal shifts between the
peak signal of

89

Y+ and other elements could be reproducibly observed. Figure 24

shows that the Δt of the

209

Bi+ signal and the FWHM decrease with decrease of the

plasma power. Lower plasma gas temperature at lower powers should shift the
vaporization onset deeper inside the plasma and slow down diffusion in general,
resulting in narrower MS signals, in a similar way to increasing the gas flow rates.
However, the axial gas velocity will decrease with the Rf-power as well, increasing the
residence time of the droplet and its vaporization products in the plasma before they
reach the sampler. Therefore, only a slight effect on the FWHM was observed for
refractory elements, which was even less pronounced for volatile elements, as Bi
(Figure 24). The same behavior of the FWHM with the change of the plasma power
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was also observed for signals whose maxima overlap (droplets moving on the plasma
axis). It has been previously demonstrated that the position of complete vaporization of
a single particle in the plasma shifts much less with the Rf-power than with the carrier
gas flow rate.[146] Nevertheless, it should be mentioned that the FWHM of MS signals is
not a direct representation of the ion cloud size but is also influenced by ion sampling
and transport, which may not be the same at different plasma powers.[148]

Figure 24. Temporal shifts of the

209

+

Bi signal, FWHM and the normalized ICPTOFMS

signal intensities of 3 isotopes measured at different plasma powers. The measurements
at a plasma power of 1400 W were conducted in the beginning and at the end of the
experiment. The error bars represent 1 SD of 500 measurements of individual droplets.

Figure 25 shows the dependence of Δt, FWHM and signal intensities on the flow
rate of the auxiliary gas measured at the carrier gas flow rates mentioned above and
1400 W Rf-power. Even though the plasma central channel is expected to be hotter,
which would increase the diffusion rate, a decrease of signal width was observed when
reducing the auxiliary gas flow rate. Δt of the

209

Bi+ signal changes in the same way as

the signal width (Figure 25). The observed dependences indicate a link between signal
widths and temporal shifts.
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Figure 25. Temporal shifts of the

209

+

Bi signal, FWHM and the normalized ICPTOFMS

signal intensities of 3 isotopes measured at different auxiliary gas flow rates. The
-1

measurements at a gas flow rate of 1.2 l min were conducted in the beginning and at the
end of the experiment. The error bars represent 1 SD of 500 measurements of individual
droplets.

3.2.3.3 Element dependence of temporal shifts
Despite the variability observed in the magnitude of signal shifts, the sequence of
occurrence of elements remained relatively constant in these experiments. For
instance, the peaks of Y, Ce and Bi signals appear in this order when present in a
solution containing 12 dissolved metals or only these three metals. As also shown in
Chapter 3.1,[156] the signal maxima of isotopes of the same element overlapped in time.
Thus, if shifts occurred, the signal maximum of Y always appeared at the earliest time
while the maxima of Bi and Pb were shifted most, irrespective of operating conditions.
Since the exact composition of the droplet residue formed inside the plasma after
solvent evaporation is not known and thermal properties of the nitrate salts are often
not available, the vaporization process of such a residue is difficult to describe.
Therefore, the nitrates were assumed to decompose to oxides before volatilization.
Boiling temperatures of oxides are given in Table 6.
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Table 6. Boiling temperatures of oxides.

Cu2O
ZnO
Y2O3
CdO
In2O3

Boiling
temperat
ure (K)
d
2073
2623
s
4573
1832
1123

BaO
La2O3
Ce2O3
Ho2O3
Er2O3
HfO2
PbO
Bi2O3
ThO2

3893
4003
4173
4193
5673
1743
2163
4673

Chemical
formula

d

Literature source
http://www.hbcpnetbase.com/
Arch. Sci. Phys. Nat., 1919 , vol. 1, p. 48 - 48
Troshkina, O. B. Spektrosk. At. Mol., 1969 , p. 17 - 22
http://www.hbcpnetbase.com/
Zeitschrift fuer Anorganische und Allgemeine
Chemie, 1999, vol. 625, p. 1890 - 1896
http://www.hbcpnetbase.com/
http://www.wolframalpha.com/
http://www.hbcpnetbase.com/
http://www.hbcpnetbase.com/
Gmelin Handbook: Hf: SVol., 6, page 20 - 22
Z. Erzbergbau Metallhuettenwes., 1957 , vol. 10, p. 64 - 71
http://www.hbcpnetbase.com/
http://www.hbcpnetbase.com/
s

Decomposition temperature, sublimation temperature

When plotting the temporal shifts against the reciprocal of boiling temperatures of
the corresponding oxides, (Figure 26) a reasonable correlation can be seen, indicating
that the vaporization process plays a dominant role in the temporal behavior of
individual elements. Despite the scatter observed, Δt increases with decreasing oxide
boiling temperatures. This suggests that the signal maxima of elements whose oxides
start to vaporize earlier in the plasma have the longest delay.

Figure 26. Temporal shifts of all elements (except Ba) present in the multi-element
solution plotted against the reciprocal of boiling points of the corresponding oxides. The
-1

-1

carrier gas flow rates of He and Ar were 0.4 l min and 1.3 l min , respectively. The error
bars represent 1 SD of 500 measurements of individual droplets.

To assess the validity of the assumed simplification, Δt of Ce signals generated
from the droplets was compared for the dissolved nitrate salt and suspended oxide
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nanoparticles. Droplets consisting of a solution of Y(NO3)3 and Bi(NO3)3 at
concentrations of 5 mg kg-1 together with either Ce(NO3)3 at the same concentration or
a suspension of CeO2 nanoparticles in a size range between 10 nm and 100 nm were
measured. To provide an adequate signal intensity, the initial suspension was diluted in
a way that more than 1 particle was present per droplet. A comparison of the temporal
shift of Ce relative to Y for the different species is shown in Figure 27. The
reproducibility of the Bi shift indicates that the measurement conditions remained stable
for both species. Despite the larger spread, the occurrence of the signal maxima of
both Ce isotopes did not show a distinguishable difference for CeO2 nanoparticles
compared to dissolved Ce(NO3)3.

Figure 27. Temporal shifts of
89

209

+

Bi ,

140

+

Ce ,

142

+

Ce ICPTOFMS signals from the signal of

+

Y (shown at Δt=0 on the graph) measured with droplets consisting of a Y, Ce and Bi

nitrate solution and a solution of Y and Bi nitrate containing CeO2 nanoparticles. Δt for
Ce(NO3)3 was measured twice, before and after the measurement of Δt for CeO2.

3.2.3.4 Inverse element order of temporal shifts with 0.85 mm injector diameter
Droplets consisting of a solution containing Y, Ce, Hf, Bi and Th were measured
using injectors with 2 mm and 0.85 mm diameters. The carrier gas flow rates and
dispenser parameters had to be optimized for both injectors separately to attain
maximally stable Δt, whereas the plasma power and auxiliary gas flow rate were kept
constant (Table 5). In contrast to the wider injector, where the signal maxima of Hf
isotopes appeared first and Bi showed the longest delay, the order was reversed and
the

209

Bi+ signal occurred at the earliest time when using the injector with the smaller

diameter. Reference time positions of signals of a single droplet were set on the
maxima of the

178

Hf+ and

209

Bi+ signals for the 2 mm and 0.85 mm injector diameters,

respectively. The temporal shifts of other isotopes from these reference positions are
given in Table 7. Δt determined for the 0.85 mm injector were smaller and the signals
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much narrower, most likely because the vaporization onset was shifted further
downstream in the plasma by the higher carrier gas initial velocity. The signal maxima
of Hf and Th, whose oxides have the highest boiling points (5673 K and 4673 K) of all
elements investigated, overlapped for the 0.85 mm injector but Δt of other isotopes
follow an inverse order. It is important to mention that whenever shifts occurred, the
element order with the 0.85 mm injector was always reverse to that observed with the
2 mm injector irrespective of operating conditions, droplet size and its initial velocity.
Table 7. Temporal shifts of ICPTOFMS signals from the reference position (shown as
dash) generated from a single droplet measured with 2 mm and 0.85 mm injector
diameters.
Isotope
89
Y
140
Ce
178
Hf
209
Bi
232
Th

Δt (2 mm)
42±16
153±32
184±57
55±15

Δt (0.85 mm)
35±19
28±9
57±22
59±19

* The values are given in µs. The carrier gas flow rates of He and Ar and the droplet size for the
-1

-1

0.85 mm injector diameter were 0.3 l min and 0.7 l min , and 37.0±0.3 µm, respectively, and
-1

-1

the corresponding values for the 2 mm injector diameter were 0.4 l min and 1.1 l min , and
32.0±0.3 µm, respectively. The plasma power, plasma gas and auxiliary gas flow rates
remained constant for both experiments. The errors represent 1 SD of 500 measurements of
individual droplets.

3.2.3.5 Interpretation of temporal shifts
For the signal maxima of elements to be temporally separated by 100 µs the
center of mass of the corresponding ion clouds would have to be separated along the
axis of the ICP by 2 mm, assuming an average gas velocity of 20 m s-1.[70] Such a
significant spatial separation might occur if elements are distributed in different discrete
phases formed from a multi-element droplet.
Garcia et al. have observed element phase separation in individual aqueous
droplets desolvated at elevated temperatures (200°C) and formation of particles of
different element compositions, morphologies and sizes.[144] Particles of different sizes
and masses might attain different velocities in the plasma due to the drag force of the
accelerating gas and, as a result, ions generated from smaller particles should be
sampled and detected earlier. In the same way the vapor phase generated from a
particle could be accelerated in relation to the particle itself. However, this effect would
be the same for both droplets moving on- and off-axis. The element sequence of
signals and its reproducibility strongly indicate that this effect is most likely not
72/160

responsible for the signal shifting. Nevertheless, elemental inhomogeneity of a residue
produced in the plasma after solvent evaporation, formation of a layer like structure or
even different particles cannot be excluded.
The experimental observations suggest that the temporal shifting of the signals is
a result of an element fractionation in the plasma, which is directly related to
vaporization and diffusion. These processes strongly depend on the local plasma
conditions, which differ for droplets moving on- and off-axis. As discussed, droplets at
the outer boundaries of the central channel probably start to evaporate and the
desolvated residue to vaporize earlier thanks to the hotter plasma in this region. The
species produced during vaporization will undergo diffusion-driven expansion, which is
proportional to the plasma gas temperature and the atomic mass of an analyte.[146] A
decrease of the widths of emission clouds and MS signals with an increase of the
atomic mass of the analyte has been previously demonstrated.[142,

143]

However,

although the FWHM did show a general increase with decreasing isotope mass in
these studies, that effect was clearly overprinted by the chemical properties of the
elements (Figure 20). Signal broadening can be predominantly explained by an atomic
mass dependence of the diffusion if vaporization onsets are located at the same
position for all elements and the distortion of ion clouds in the ion optics is excluded.
The broad range of vaporization temperatures of the analytes (considering oxides of
the corresponding elements) used in this work might also be responsible for the
deviation of our results from the expected behavior.
Diffusion as an isotropic process, generating a symmetrical ion distribution, can
only occur for very small clouds.[142] This may be true if an analyte moves on the central
axis of the torch, where the temperature gradient remains comparably small. With
displacement of its trajectory from the plasma axis the uniformity of vapor expansion
might be distorted. In this case the diffusion rate can increase in one direction due to
gradients of temperature, gas density or plasma viscosity.
The vertical profiles of the Sr atomic and ionic emissions shown in Figure 21
indicate a continuous movement of the analyte cloud towards the central axis of the
torch when the droplets enter the ICP off-axis. This movement could be caused by the
gas entrainment into the sampler, as has been previously shown.[154] However, the
entrainment cannot explain the temporal shifts since the ion cloud would move in the
same direction and at the same velocity as the particle it originates from. The shifts
may, however, occur if the vaporized analyte moves towards the plasma axis due to
the preferential diffusion in this direction. This behavior can probably be explained by a
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higher plasma viscosity at the outer region of the central gas channel, which would
hinder the analyte expansion in this direction.[160]
Thus, atoms and ions of the analytes which vaporize earlier in the plasma start to
diffuse towards the plasma axis earlier than those of the refractory ones, which
vaporize further downstream. For the spatial separation of elements to occur, the
fraction of the gas on the central axis must have a different velocity from that at the
boundaries. Gas acceleration due to the increase of the plasma gas temperature can
be expected with the radial distance, especially approaching the zone of the highest
power coupling.[160] Therefore, in the case of the 2 mm injector diameter, the gas
velocity most likely decreases towards the plasma axis, causing a continuous delay of
the vapor phase in this region (enriched in volatile elements) from the particle residue
(enriched in refractory elements). Reducing the injector diameter to 0.85 mm leads to a
significant increase of the initial velocity of the carrier gas.[141] However, the gas
velocities at the outer boundaries of the central channel were probably similar for both
injectors, being determined by the same auxiliary gas flow and plasma power (Table 5).
Thus, for droplets which are close to the outer boundaries, the inverse velocity gradient
can cause an acceleration of the volatile species in relation to the refractory ones.
Therefore, the order in which signal maxima of elements appeared can be explained by
a vaporization sequence of the corresponding analytes from the desolvated residue of
the droplet and the direction of the radial velocity gradient.
The experimentally observed dependences of temporal shifts on the plasma
operating conditions are consistent with the proposed explanation. An increase of the
injector gas flow rate increases the penetration depth of the droplet and reduces its
residence time in the plasma that is consistent with less pronounced signal shifts and
widths. Moreover, at a higher rate of the injector gas flow the difference of gas
velocities between the plasma axis and the central channel boundaries might be
reduced, which additionally should reduce Δt. Smaller shifts were also detected at
lower plasma powers, which can further be related to the delay of the vaporization
onset of the desolvated residue within the plasma and the smaller radial velocity
gradient. Additionally, the diffusion rate will likely be lower when operating at low
plasma powers and high injector gas flow rates, which will also reduce the Δt, as
outlined in Section 3.2.3.2. The decrease of the Δt with the decrease in the auxiliary
gas flow rate, which at first glance seems to be contradicting, can probably be
explained by a less steep radial velocity gradient established due to a better energy
exchange between the central channel and the outer region of the plasma.
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The behavior of the signal integrated intensities with the change of the droplet
radial position, shown in Section 3.2.3.1, can also be explained by the suggested
hypothesis. The In, Ba, La, Ce, Pb, and Bi signals, which peak with the longest delay,
remained constant. This indicates that the ions of these elements can be efficiently
sampled due to the effect of diffusion-driven focusing even if the initial position of the
droplet was shifted from the plasma axis. Y, Ho and Er most likely penetrate deeper
into the plasma due to their higher vaporization temperatures, thus following the outer
streamline for a longer period of time. Therefore, a part of these analytes might still be
present off-axis at the sampler position. The decrease of their signal intensities can be
explained either by an incomplete entrainment of the ion cloud or a drop in ion density
due to the cooling effect at the sampler surface. The signal suppression of Cu, Zn and
Cd can only partially be assigned to the same process, since they were still detected
with longer delays than Y, Ho and Er. The oxides of Cu, Zn and Cd are of similar
volatility (2073 K, 2623 K and 1832 K, respectively) and have lower atomic masses
than the other elements. Thus, the rest of the ion loss can probably be explained by an
increased rate of the overall diffusion with the radial shift of the droplet to a hotter
region in the plasma. The overall relative invariability of signal intensities with the radial
distance of the droplets suggests that the above described processes must take place
within the region of the central gas flow. Even though the signal suppression is
discussed only from the perspective of vaporization and diffusion, the processes of
excitation and ionization might also change along the radial distance in the ICP.
3.2.3.6 Plasma gas velocity modeling
To verify the proposed hypothesis the gas velocities inside the ICP were
calculated using FLUENT, a commercial computational fluid dynamics (CFD) program,
which was already employed in several theoretical studies.[69,

160-162]

The operating

conditions used for the simulation were matched as closely as possible with the
experiments where the maximal temporal shifts were detected and are shown in Table
8. The velocities were calculated only for the 2 mm injector diameter. A more detailed
description of the model can be found in ref..[69, 160-162]
The position of three streamlines of the injector gas in the torch and their scalar
velocities are shown in Figure 28 a and Figure 28 b for an auxiliary gas flow rate of
1.2 l min-1, respectively. The fraction of the gas closer to the highest power coupling
region (represented with the green line in Figure 28 b) accelerates earlier due to the
increase of the gas temperature and reaches a higher velocity than the central
streamline (represented by the black line) along the distance from the second turn of
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the induction coil until short before the MS-interface. A few millimeters away from the
sampler cone orifice the velocities rise steeply due to the gas entrainment through the
sampler cone. The part of the gas close to the cooled metal surface of the sampler
cone decelerates before the entrainment. Thus, if a desolvated droplet residue travels
off-axis with the local gas velocity (green line in Figure 28 b) its vaporized part diffusing
towards the plasma axis can be continuously delayed from the yet unvaporized residue
along a distance of more than 10 mm. The same simulation was performed for an
auxiliary gas flow rate of 0.4 l min-1. As shown in Figure 28 c, the relative difference in
scalar velocities between the central and the outer streamlines is reduced in
comparison with the flow rate of 1.2 l min-1, which can explain the experimentally
observed decrease of the magnitude of the temporal shifts.
Table 8. Plasma operating and boundary conditions used in the model for calculating the
gas velocities inside the ICP.
Parameter
-1
Injector gas flow rate (He and Ar) (l min )
-1
Auxiliary gas flow rate (l min )
-1
Plasma gas flow rate (l min )
Rf-frequency (MHz)
Input Rf-power (W)
Inlet gas temperature (K)
Sampler cone temperature (K)
Pressure at the sampler cone (Pa)
Sampling depth (mm)

Value
0.4 and 1.2
1.2
16
27
1400
297
500
134
9.5

The radial component of the velocities of the streamlines calculated with an
auxiliary gas flow rate of 1.2 l min-1 is plotted in Figure 28 d. This pattern indicates
hindering of the radial gas expansion in the region close to the highest plasma coupling
(approximately between 15 mm and 30 mm), probably by a higher viscosity of the core
plasma. Furthermore, there is no gas movement directed towards the center of the
torch, suggesting that only anisotropic diffusion can lead to the observed bending of the
atom and ion clouds (Figure 21) towards the axis of the ICP until only short before
entering the sampler orifice.
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Figure 28. a) Scalar velocities and paths of three streamlines originating from the injector
gas. b) Scalar velocities of three streamlines as a function of the axial distance from the
-1

injector inlet calculated with an auxiliary gas flow rate of 1.2 l min . The black curve
represents the streamline at the central axis, the green curve is the outermost streamline
and the red one is a streamline in between. c) Scalar velocities calculated with an
-1

auxiliary gas flow rate of 0.4 l min . d) Radial component of the velocities of the
streamlines shown in a) and b).

3.2.3.7 Analytical consequences
The dependence of the detection efficiency of a single droplet/particle on its
radial position in the plasma has already been discussed.[72] If discrete samples are
introduced into the plasma in a random manner, a scatter in their radial position will be
an additional source of error and can deteriorate the quality of their analysis. In the
course of these studies it was shown that signal intensities of the elements which start
to vaporize earlier in the plasma are not affected by the radial shift of the droplets from
the central axis, probably due to the effect of the inward diffusion. Therefore, if the right
operating conditions are chosen, this effect might play a role of self-focusing of analyte
clouds generated from single particles off-axis in the plasma improving the precision of
nanoparticle size determination. However, signals of some elements, including REEs,
could be suppressed by as much as 10% if droplets move off-axis. Since REEs are
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used for labeling and detection of single cells, this observation will be of particular
importance for example in mass cytometry. The effect of the radial scatter on the
detection efficiency of single particles and cells has to be investigated in more detail;
nevertheless, a proper sample focusing in the plasma will most likely improve the
analysis precision. Nebulizer/spray chamber sample introduction systems, which
generate polydisperse aerosols, are definitely more robust and convenient to use in
comparison to the single droplet introduction. However, for certain applications such as
the analysis of small aliquots of precious liquids and single particle/cell mass
quantification, the nebulizer/spray chamber system might not be the most suitable.
If the radial location of droplets entering the ICP can be controlled precisely and a
steeper velocity gradient can be achieved, the observed effect of the analyte-specific
element fractionation in combination with high speed multi-element signal acquisition
could be employed to resolve elemental isobaric interferences. An important
requirement for an effective element separation in the plasma would be significantly
different vaporization temperatures. In fact, the separation of the maxima of

87

Rb and

87

Sr signals was already observed in our laboratory for nitrate salts using the same

setup (Figure 29). The potential of this approach must, however, be evaluated based
on a detailed study.

Figure 29. Normalized ICPTOFMS signals generated from a droplet consisting of a
-1

-1

5 mg kg Rb nitrate and 20 mg kg Sr nitrate solution.

3.2.4 Conclusions
The element-dependent temporal shifts of ICPMS signals generated from an
individual droplet consisting of a multi-element solution were studied in detail by optical
emission imaging and time-resolved mass spectrometry. It was proposed that the
temporal separation of signal peaks can occur only for droplets moving in the plasma
with a radial shift from the central axis.
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The magnitude of this separation as well as the FWHM of the signals varied with
the droplet radial position and thermal properties of the ICP. Based on the experimental
results and modeling of the gas velocities inside the ICP it was concluded that droplets
which follow off-center trajectories in the plasma are subjected to an analyte-dependent
spatial element fractionation, which causes the temporal separation of signal maxima.
This elemental fractionation takes place via anisotropic diffusion of vaporized analytes
towards the plasma axis where the radial velocity gradient continuously separates them
in space from the still unvaporized droplet residue. Thus, if the velocity increases with
the radial distance from the plasma axis, the volatile species, which vaporize earlier in
the plasma, will be delayed from the analytes with higher boiling temperatures. As a
result of this delay, the signals of the most volatile elements are detected with the
highest temporal shifts from the most refractory elements. Vice versa, the volatile
species will be accelerated and their signals will be detected before the refractory ones
if the velocity gradient has an inverse direction. Therefore, the element order of the
occurrence of signals generated from a multi-element droplet is defined by vaporization
temperatures of the corresponding analytes and the direction of the radial velocity
gradient of the plasma, whereas the magnitude of the signal shifts is determined by the
radial position of the droplets and thermal properties of the ICP.
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3.3

Application of the microdroplet dispenser-ICPTOFMS for

simultaneous mass quantification of nanoparticles of different
composition
This work is published in part as “O. Borovinskaya, S. Gschwind, B. Hattendorf,
M. Tanner, and D. Günther, Simultaneous mass quantification of nanoparticles of
different composition in a mixture by microdroplet dispenser-ICPTOFMS, Analytical
Chemistry, 86 (2014), 8141-8142.” Reprinted with permission from the American
Chemical Society. Copyright (2014) American Chemical Society.

3.3.1 Introduction
These days, nanobased materials are used in a wide range of applications
related to the environment, health, nourishment, energy and communication. According
to the voluntary database established by the Project on Emerging Nanotechnologies,
nanomaterials are already present in the composition or involved in the manufacture of
more than 1000 different products.[163] Due to extensive production and use of
nanomaterials, their potential risk to the environment and humans must be carefully
evaluated followed by introduction of safety regulations. Implementation of any
nanospecific legislations requires the availability of appropriate and validated analytical
techniques and methods, which can support quick, accurate, and comprehensive
detection, characterization, and quantification of different types of nanoparticles (NPs)
in various matrices. In this respect, the development of such techniques is a current
challenge.
Inductively coupled plasma mass spectrometry (ICPMS) has been proposed for
the characterization of inorganic engineered NPs on a single particle basis.[16] The socalled single particle ICPMS (sp-ICPMS) is based on the measurement of highly diluted
aqueous suspensions (103-107 cm-3)[164,

165]

and can be used to determine
[123, 165, 166]

environmentally relevant number concentrations
NPs,

[123]

and size distribution of

provided their elemental composition, shape and density are known.[167]

Another interesting feature of the sp-ICPMS is the ability to distinguish particulate and
dissolved forms of an analyte.[168,

169]

The mass of an NP can be quantified using a

calibration based on standards of dissolved salts.[123] For the quantification of both
mass and particle concentration, an accurate determination of the transport efficiency
of a sample introduction system (usually a combination of a nebulizer/spray chamber)
is a crucial step.[170] It has been reported that the waste-collection method tends to
overestimate

the

transport

efficiency

and

leads

to

incorrect

sizes

and
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concentrations.[123] Two alternative approaches to measure the transport efficiency
using reference NPs of either certified size (1) or certified number concentration (2)
were proposed. In approach (1), the efficiency is calculated from the signal intensities
of a particle of known size and the standard solutions with the assumption that their
detection efficiencies are identical. In (2), the efficiency is estimated based on the
difference in the number of particles measured and initially present in the suspension.
Au reference NPs were suggested as a universal system to conduct the transport
efficiency measurement, which can be used to quantify NPs of any composition. So far,
this approach was validated and demonstrated its feasibility only for Ag NPs.[123, 171] It is
still unknown if the transport of particles through the system is the same for all the
materials or the assumption of identical detection efficiencies of a particle and a highly
dispersed aerosol of dissolved analyte is valid for all NP types.
An alternative to sp-ICPMS, a microdroplet-based quantification approach, which
can determine the mass of an NP without the use of NP standards, has been recently
proposed[17] and demonstrated.[18] In this method, a liquid containing NPs is not
aspirated in a random manner but introduced in a form of monodisperse microdroplets,
which are generated by a piezoelectricly driven dispenser head at a defined frequency
between 5 Hz[127] and 2 kHz. Owing to their high monodispersity, the same droplets
consisting of a standard element solution are used to calibrate the instrument. The
droplet size is mainly defined by the nozzle diameter of the dispenser and can be
slightly adjusted by changing the actuator voltage and its pulse duration. Nozzles in
size of 30, 50 and 70 µm are commercially available (Microdrop Technologies GmbH,
Norderstedt, Germany). Depending on the droplet size, various systems for their
efficient transport into the ICP have been proposed.[18, 138, 172] They are all based on the
use of He as carrier gas, which was shown to improve droplet transport by accelerating
solvent evaporation.[127,

159]

Measurement of the transport efficiency, which is an

additional source of error,[170] is not required for the mass quantification because the
content of every droplet is completely transported into the ICP. The sizes of Au NPs
determined using the monodisperse microdroplet generator (MDG)-ICPMS and
external and internal calibration approaches were in good agreement with those
obtained with asymmetric flow field-flow fractionation in combination with dynamic light
scattering and transmission electron microscopy (TEM).[18] The absolute particle
transport through the system has still to be determined for the quantification of particle
number concentration and will be discussed in another publication.
The signal produced from a single particle in the ICPMS is very short (< 500
µs).

[126]
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Scanning frequencies of most of the sequential instruments such as ICP

quadrupole (Q)- or sector-field (SF)MS are thus not sufficient for detecting the signal of
more than one m/Q per particle. Recent advances in quadrupole technology have
enabled to reduce the dwell time and the settling time to tens of µs.[95] The new system
has already been used to qualitatively determine Au and Ag from single core-shell
NPs.[173] A quantification of more than one isotope per particle will nevertheless always
be associated with high uncertainties due to spectral skew.[125] This prohibits in general
the analysis of mixtures of composite particles,[13, 174] thus limiting the application of the
sp-ICPMS for unknown and environmentally relevant systems. Moreover, the loss of
signal is unavoidable if two or more isotopes have to be monitored sequentially with a
finite settling time.[173]
Fast and simultaneous detection would be most suitable for single particle
analysis. It permits the elemental characterization of a single particle, improve the
attainable signal-to-noise ratio, and significantly minimizes the effect of incomplete and
coincident particle detection (dwell time effect)[168] on quantification accuracy. An ICP
time-of-flight (TOF)MS which possess this property was developed by Tanner et al..[29]
This instrument was designed especially for the analysis of single cells labeled with
rare earth element tags, and its operation mass range is limited to 125-215 m/Q.[48]
A prototype ICPTOFMS, which covers the entire mass range and can read out
the spectrum every 30 µs, was described in Chapter 3.1 for the detection of single
microdroplets and NPs.[156] In this study, the capabilities of the ICPTOFMS in
combination with the MDG for simultaneous mass quantification of NPs of different
composition from the same suspension were tested. Sizes of three types of NPs,
namely Ag NPs, Au NPs, and core-shell NPs composed of Au and Ag, were
determined using external calibration with monodisperse droplets of standard solutions.

3.3.2 Experimental
3.3.2.1 Materials
Calibration solutions in a concentration range of 10-100 µg kg-1 were prepared
from single element standard solutions (dissolved salts) (Inorganic Ventures,
Christiansburg, Virginia, USA) diluting them with 3% HCl (TraceSelect, Fluka
Analytical, Buchs SG, Switzerland) in ultra high purity (UHP) water (Millipore, Billerica,
MA, USA). All dilution steps were carried out gravimetrically using an electronic
balance (Mettler AE240, Mettler-Toledo, Greifensee, Switzerland). UHP water
containing 3% HCl was used as blank. All particles were delivered as aqueous
suspensions stabilized in citrate. Reference material 8013 monodisperse Au NPs of
60 nm with a mass concentration of 52 mg kg-1 was purchased from NIST
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(Gaithersburg, MD 20899, USA). Ag NPs of 60 nm with a particle concentration of
1.9×1010 cm-3 were purchased from NanoComposix (San Diego, CA, USA). Core-shell
particles, consisting of an Au core of 30 nm and an Ag shell with 15 nm thickness, with
a particle concentration of 6×1011 cm-3, were purchased from the same supplier. All
suspensions were diluted in UHP water, first by a factor of 1000 and then by a factor of
10, except for the core-shell NPs, which were diluted in the second step by a factor of
100. After the second dilution, the suspensions were mixed and further diluted to
number concentrations of ≈1.5×106 cm-3, 5×105 cm-3 and 3×106 cm-3 for Au, Ag, and
core-shell NPs, respectively. All dilution steps were followed by 15 min sonication.
3.3.2.2 Experimental setup
A commercial microdroplet dispensing system (MD-K-150 with control unit MD-E201-H, Microdrop Technologies GmbH, Norderstedt, Germany) was used in
combination with a custom-built horizontal gas adapter described in details by
Gschwind et al..(see Chapter 3.1)[18] Droplets were generated at 100 Hz and imaged
with a CCD camera to determine their size. A detailed description of the prototype
ICPTOFMS employed in this work can be found in Chapter 3.1.[156] The data acquisition
card was replaced with a new card providing 14-bit dynamic range (see 3.1.5). The
larger signal bandwidth improved the discrimination from the background noise. The
instrument was specifically tuned for the highest sensitivity of Ag and Au, and its
operating conditions are summarized in Table 9. Improved data acquisition together
with the element specific tuning resulted in 5-fold sensitivity increase for Au and Ag
compared to the previously reported results.[156]
Table 9. Operating conditions of the ICPTOFMS.
Parameter
Plasma power (W)
-1
Plasma gas flow rate (l min )
-1
Auxiliary gas flow rate (l min )
Sampling depth (mm)
Injector diameter (mm)
-1
Ar carrier gas flow rate (l min )
-1
He carrier gas flow rate (l min )

Value
1400
16.5
1.2
9.5
2
1.5
0.4

3.3.2.3 Data evaluation
The video slices of droplets recorded with the CCD camera were processed with
the open source software Fiji.[158] The sizes of 200 droplets from the measurement of
every calibration solution were averaged. The mean of these average sizes together
with the known analyte concentrations in the solution were used to calculate masses of
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Au and Ag per droplet. The error reported on the analyte mass is the combined error of
droplet volume (calculated from the standard deviation (SD) of the measured size),
analyte concentration and dilution.
A script written in MATLAB R2012a (MathWorks, Natick, Massachusetts, USA)
was used to evaluate the data recorded with the ICPTOFMS. The ion counts detected
from every transient signal of droplets or NPs were integrated over 630 µs. This interval
was chosen to ensure that no ions detected from an NP or salts were omitted and the
contribution of the background noise was minimized. Further processing of the
integrated signals, including plotting of frequency distribution histograms and their
fitting, was realized in OriginPro 8.6 (OriginLab Corporation, Northampton, England).
The Gaussian function was applied to fit signal intensity distributions of droplets
of calibration solutions. The mean signal intensity corresponds to the mean of the
Gaussian fit. Intensity distributions of signals produced from NPs were fitted using
either the lognormal function or the Gaussian function. In case of the lognormal peak
fitting, the median represents the mean signal intensity. The mean signal intensities are
all reported with standard deviations. The fit parameters were then converted into
analyte masses, and reported standard deviations include the standard deviations of
the intercept and the slope of the linear regression fit of the calibration curve. The
particle size was then estimated from the analyte mass assuming its shape to be either
a sphere or a hollow sphere (shell of the core-shell NP) and its density to be equal to
the density of the pure metal. This approach is referred to either as Gaussian 1 or
Lognormal. In a second approach (Gaussian 2), the particle size was first calculated
from individual integrated signal intensities and then the mean size and its standard
deviation were determined performing a Gaussian fit of the size distribution. The choice
of fitting functions was based on the best correlation of the experimental and theoretical
values.
Signal widths (expressed as full width at half maximum (FWHM)) and temporal
shifts of the Ag peak from the Au peak were calculated in the same manner as
described in Chapter 3.1,[156] by setting the reference position at the maximum of

197

Au

signal. Linear interpolation of 100 point was applied to every individual transient
signal.[156] The average signals shown here represent ≈2000 individual interpolated
signals.
Calculation of limits of detection
For the short integration time of 630 µs, the background noise is very low and
follows the Poisson statistics. Therefore, limits of detection (LODs) for Au and Ag were
calculated according to the IUPAC recommended approximation (Poisson).[129, 139, 156]
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𝐿𝐿𝐿 = 3.29 ∗ √𝑁 + 2.72

where N is the average number of background ions detected in 630 µs (interval
used for the signal integration of droplets or NPs)
LODs were also calculated based on 3*σ criterion (3*σ), commonly applied in spICPMS. For zero background counts, the IUPAC formula leads to a detection limit of
approximately 3 counts, whereas LOD calculation based on the 3*σ definition would
give the value of 0 counts. Average background signal of <1 counts is a typical
observation in the ICPMS for integration intervals (dwell times) of <10 ms. A minimum
of 3 counts/integration time is required to have a maximum of 5% uncertainty on the
decision: 'signal' or 'background'.[129, 175] The LODs (in counts) were converted into the
minimum detectable mass of the element, dividing them by average sensitivities, which
were calculated from the responses (counts/g) of droplets of all standard solutions.
3.3.2.4 Vaporization behavior of core-shell NPs and solutions: Experiment
description
To study the vaporization behavior of core-shell NPs in the plasma, a similar
experiment as described in detail in 3.2.3.1[176] was carried out. The parameters of the
dispenser head (its position inside the gas adapter, voltage, and pulse duration of the
actuator) and the gas flow rates were optimized until the temporal separation of Au and
Ag MS signals generated from core-shell NPs could be seen, indicating the off-axis
trajectories of the droplets in the plasma. The carrier Ar gas flow rate was different from
the one used for the quantification and was set to 1.2 l min-1. Fitting of the transient
signals of individual core-shell NPs could not be performed reliably due to their low
intensity, therefore, an aqueous suspension with a higher particle number
concentration of 3*108 cm-3 was used. At this concentration, every droplet contained
one or more NPs.
The droplets consisting of a standard solution of Au and Ag at a concentration of
200 µg kg-1 were measured at the same operating conditions of the dispenser and
plasma. In our previous study (Chapter 3.2), we have demonstrated that the sample in
the dispenser can be exchanged without influencing the droplet trajectories. Moreover,
NPs were measured again after the standard solution and delivered the same results.
Therefore, in this experiment, we assumed that droplets containing dissolved salts and
particles followed the same trajectories. To establish better comparison, only signals of
NPs with intensities close to those of the solution were evaluated for width and shift.
The mean number of integrated counts of the evaluated signals of
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197

Au and

109

Ag

amounted to 55±23 and 83±34 for NPs and to 128±29 and 53±14 for the solution,
respectively.

3.3.3 Results and discussion
3.3.3.1 Mass quantification of nanoparticles
LODs for

197

Au and

109

Ag (Poisson) amounted to 3.5 counts and 3.3 counts and

are equivalent to the diameter of a pure metallic spherical particle of 19 and 27 nm,
respectively. These values were lower compared to the previously reported LODs of
32 nm and 46 nm,[156] due to higher sensitivity. The sensitivity increase can be
explained by the improved signal processing and operating conditions of the ICPMS
optimized specifically for Au and Ag. LODs estimated with the 3*σ definition
corresponded to 13 and 16 nm, respectively. The current detection limits are very
similar to those presented in the literature for more sensitive instruments.[167] For
instance, the LODs for Au and Ag obtained with a ICPSFMS (Element 2 ThermoFisher,
Bremen, Germany) were 19 and 24 nm (3*σ).[170] This can be explained by the overall
lower background noise of the ICPTOFMS and shorter integration times accessible
with the instrument. When the background noise of the same total duration was
integrated in intervals of 10 ms instead of 630 µs, the LODs (3*σ) increased by 70%
and the size-equivalent LODs of Au and Ag increased to 19 and 24 nm, respectively.

Figure 30. Results of the external calibration established measuring single droplets
consisting of standard solutions of Au and Ag in 3% HCl. The error bars on the analyte
mass are the combined errors of droplet volume (calculated from the SD of the measured
size), analyte concentration, and dilution. The error bars on the y-axis are the standard
deviations of the signals of ≈4000 droplets. The solid lines represent the linear
regressions fitted using the weighted least-square approach. The dashed lines represent
the 95 % confidence level of the regression.

Mass quantification of Au NPs, Ag NPs, and core-shell NPs present in the same
aqueous suspension was realized by external calibration. Calibration curves were
87/160

obtained by measuring ≈4000 droplets of standard salt solutions of Au and Ag and are
shown in Figure 30. The R2 of their linear regression fits were 0.996 for Au and 0.992
for Ag. An example of transient signals of NPs from the mixture is shown in Figure 31.
Frequency distribution histograms of all Au and Ag signals of NPs detected above the
LODs (Poisson) are shown in Figure 32.

Figure 31. Transient MS signals of an Au NP, a core-shell NP, and an Ag NP recorded at
the temporal resolution of 30 µs.

Figure 32. Frequency distribution histograms of signals generated from a) Au cores of
the core-shell NPs and Au NPs (zoomed representation on the top) and b) Ag shells of
the core-shell NPs and Ag NPs. All distributions are lognormal fitted, except for the
distribution of Au NPs, which was fitted with the Gaussian function. The displayed values
represent the parameters (mean or median and SD) of the corresponding fits.

Au signals generated from two different sources are distinguishable, whereas the
signals generated from Ag NPs and Ag shells, corresponding to 1.27 fg and 1.12 fg of
Ag per particle, cannot be resolved based on their intensities. These two types of
signals, however, could still be discriminated based on the Au signature thanks to the
simultaneous detection of the ICPTOFMS. In this case,
Ag NPs if the

109

Ag signals were assigned to

197

Au signal was below the LOD (Poisson) and vice versa. The series of

signals produced from Ag NPs and Ag shells could then be treated separately. Despite
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almost identical mean signal intensities, the shape of their respective distribution
histograms, shown in Figure 33, appeared to be different. The distribution of Ag NPs
was Gaussian, whereas the distribution of Ag shells could more closely be described
by the lognormal function.

Figure 33. Frequency distribution histograms of signals generated from a) Ag shells of
the core-shell NPs and b) Ag NPs. The distribution of signals generated from Ag shells is
lognormal fitted, and the distribution of signals generated from Ag NPs is Gaussian
fitted. The displayed values represent the median and SD or the mean and SD of the fit,
respectively.

The Au signals from the core-shell NPs were also lognormal distributed (Figure
32), in contrast to the signals generated from Au NPs, whose distribution had Gaussian
shape. The lognormal shape of the signal distribution of the core-shell NPs can have
several origins. It can reflect their actual lognormal size distribution,[122] which can result
from the synthesis and is often observed,[177] or it can be caused by the occurrence of
two particles in one droplet. At the final concentration of the mixed suspension the
probability that one droplet carries more than one particle of either type was ≈0.5%
(estimated based on particle number concentrations and element mass concentrations
provided by the suppliers) and therefore cannot explain the tailed distribution. However,
the situation will be different if the core-shell NPs undergo agglomeration before
entering the droplet. Particle agglomeration is another likely explanation for the
lognormal shape of the signal intensity distribution of the core-shell NPs observed.
The particle diameter was calculated from the analyte mass assuming spherical
shape and its density to be equal to the density of the pure metal. The thickness of the
Ag shell was obtained by subtracting the measured radius of the Au core from the total
radius, which was calculated assuming spherical shape of a particle. Mean particle
sizes and sizes provided by the suppliers are summarized in Table 10. For comparison,
all types of NPs were also measured individually and their sizes were determined
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(Table 10). Using a lognormal fitting instead of the Gaussian function in the Gaussian 2
approach delivered almost identical results. The NP sizes obtained with the MDGICPTOFMS deviated from those measured with TEM (results provided by the supplier)
by 7-12%. This deviation is in the range of what has been previously reported for the
MDG-ICPMS[18] and sp-ICPMS[170,

171]

and for most particles lies within the

measurement uncertainty. There was only a slight difference in the sizes estimated
with different data evaluation approaches. The recoveries of particle number
concentrations were NP specific. The origin of losses has still to be investigated.
Table 10. Results of the MDG-ICPTOFMS calculated with three different approaches and
NP diameters provided by the suppliers. NPs were measured either in the mixture or
individually. The values are given in nm.
NPs

Supplier

Au sphere

56.0±0.5* 56.6±1.4†
57.4±4.0* 60.1†
30.3*
15.3††

Ag sphere

Mixture
lognormal
60.9±4.4

Mixture
Gaussian 1
60.7±4.5

Mixture
Gaussian 2
61.1±3.5

Individual
Lognormal
59.7±4.6

61.5±8.2

60.8±7.3

61.3±6.8

59.8±10.0

Au core
34.0±5.3
33.4±4.1
33.8±4.2
32.9±3.6‡
Ag shell
14.2±6.0
13.7±4.5
13.7±3.8
14.8±4.7‡
thickness
* measured with TEM, † hydrodynamic radius, ‡ measured on a different day,
establishing a new calibration curve, †† calculated from the total particle size of 60.8±6.3 nm
(TEM).

3.3.3.2 Vaporization behavior of core-shell NPs and solutions
The importance of studying processes which a particle undergoes inside the
plasma should not be underestimated. For instance, a change in the axial or radial
position of its vaporization onset by only a few millimeters might already influence the
total amount of ions sampled through the MS interface. Therefore, understanding and
later controlling all processes inside the ICP is highly desirable for the accurate
analysis of nanoparticles.
In the previous studies described in Chapter 3.2, we have observed an indication
for a spatial separation of analytes originating from the same droplet which travels offaxis through the ICP.[176] This spatial separation was responsible for reproducible
temporal shifts of maxima and onsets of transient MS signals of different elements
relative to each other. The separation of elements was explained by their sequential
vaporization from a desolvated droplet residue, diffusion towards the central plasma
axis, and fractionation due to a radial velocity gradient of the plasma.[176] The signals of
elements which started to vaporize from the droplet residue at the earliest time were
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detected with the largest temporal delay. The principal part of our proposed hypothesis
was an idea that vaporization of different analytes from the same particle in the plasma
happens sequentially. In this respect, core-shell NPs with distinct phases of two metals
are a suitable system, which can be used to further study this hypothesis.
By conducting the experiment described in the Experimental Section, the
temporal signal separation of Au and Ag from single core-shell NPs was observed. An
average transient signal of ≈2000 individual core-shell NPs is shown in Figure 34 a.

Figure 34. Normalized average of ≈2000 individual transient signals of

109

Ag and

197

Au

generated from droplets containing a) core-shell NPs and b) dissolved salts. Every
droplet contained one or more NPs.

The maximum of the

109

Ag signal was shifted from the maximum of

197

Au by

38±19 µs. The variation in temporal shifts was much higher than previously shown (see
Chapter 3.2)[176] and is likely due to less stable trajectories of droplets within the ICP.
The sequential vaporization of two elements can be caused by either the nature of the
core-shell particles or the difference in boiling temperatures of Au and Ag, as
previously shown.[176] To assess the latter, droplets consisting of a standard solution of
Au and Ag were measured at the same operating conditions without altering their
trajectories. Assuming decomposition of the dissolved salts to metallic Au and Ag after
solvent evaporation in the plasma and formation of an alloy of spherical shape, its size
would correspond to ≈100 nm. In contrast to the NPs, signals generated from the
homogeneous dissolved salts overlapped and the shift of
-11±14 µs (Figure 34 b). The shift of the

107

109

Ag from 197Au amounted to

Ag signal was identical to that of

109

Ag.

Therefore, the temporal signal separation detected from the core-shell NPs indicate
that vaporization of the Ag shell takes place prior to Au core vaporization, and particles
are not initially molten and homogenized. If the gas velocity is assumed to be constant
along the plasma and 20 m s-1,[70] the observed delay of 38 µs in vaporization would
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correspond to 0.8 mm in distance. To further proof the hypothesis, the comparison of
core-shell NPs with alloy NPs should be realized.
The position of vaporization onset (axial and radial scale) of an analyte in the ICP
defines the extent of its subsequent diffusion and the final sampling efficiency of its
ions. For instance, if vaporization sets on too early, a significant part of the analyte can
be lost by diffusion and will not be measured. The length of an MS signal reflects the
size of the ion cloud sampled from the plasma[143] and can serve as an indication for the
extent of diffusion.
FWHM of signals generated by dissolved salts and NPs amounted to 76±21 µs
and 126±27 µs for

109

Ag and to 81±17 µs and 139±40 µs for

197

Au, respectively. There

was no significant difference in signal width between Ag and Au for both species.
Signals of NPs were longer than signals of standard solutions. In this respect, wider
signals detected from the NPs indicate their earlier vaporization onset (more time for
diffusion). This behavior can be either species[141] or solvent related[73] because NPs
were diluted in UHP water, whereas standard solutions contained 3% HCl. The
difference in vaporization onsets of NPs and dissolved salts should remain also if
droplets travel on-axis in the plasma due to similar or even less steep axial temperature
gradient.[176] The results presented in this study and reported by other authors using spICPMS[18,

123]

suggest that this difference in vaporization does not affect detection

efficiencies,[141,

178]

and calibration with standard solutions is applicable for the mass

quantification of Au NPs and Ag NPs. However, the feasibility of this calibration has still
to be validated for other particles, especially those with higher boiling temperatures,
where a more pronounced difference in vaporization might influence detection
efficiencies. The amount of water vapor introduced into the plasma might also play an
important role in changing the shifts of vaporization[157] and its effect on the particle
mass quantification should be investigated.

3.3.4 Conclusions
The feasibility of an ICPTOFMS in combination with a microdroplet dispenser for
the mass quantification of different NPs in a mixture without using NP reference
materials was demonstrated. By employing the previously proposed external calibration
approach,[18] the sizes of Au, Ag and Au core Ag shell NPs could be determined with an
accuracy in the range of 7-12%. Despite the fact that the masses of Ag originating from
the pure 60 nm Ag NP and the 15 nm thick Ag shell were similar, their signals could still
be discriminated by using the Au signal as tracer thanks to the simultaneous multiisotope detection of the ICPTOFMS.
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The temporal resolution of the instrument can significantly reduce problems with
incomplete or coincident particle detection (a part of or more than one particle detected
within a dwell time) that is beneficial for a reliable quantification of particle number
concentrations in case of unsynchronized sample introduction and signal acquisition. In
addition, it allows adjusting the signal integration interval to the real signal duration to
maximize the attainable signal-to-noise ratio and improve detection limits. The sizeequivalent LODs of 19 nm for Au and 27 nm for Ag were estimated based on the
Poisson statistics, which is a more appropriate description of the low background noise.
For comparison, the values calculated with 3*σ are also given and amounted to 13 nm
and 16 nm, respectively. The MDG-ICPTOFMS has a considerable potential to extend
the application range of the ICPMS towards analyses of environmentally relevant
samples containing composite or surface modified NPs and their complex mixtures.
Additionally, utilization of single microdroplets opens up an opportunity to work with
matrices, which otherwise would be problematic for the plasma stability when
conventional liquid sample introduction systems are used (high salt content, organic
matter). Furthermore, the approach presented here is not restricted to the analysis of
NPs in suspensions and can also be transferred to quantification of elemental
composition of atmospheric aerosols on the basis of individual particles.[13, 179]
As demonstrated in Chapter 3.2,[176] this instrument is a unique tool for studying
interactions of an analyte with the plasma. Results of the time-resolved MS indicated
that vaporization of Ag from the shell sets on prior to vaporization of Au from the core
that is in agreement with our hypothesis of sequential vaporization.[176] In addition, the
detected difference in signal widths of droplets containing dissolved salts or NPs
suggested the difference in their vaporization onsets. These observations are important
for the fundamental understanding of the plasma processes and also can be used to
improve the single particle analysis.
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3.4

A new microfluidics-based droplet dispenser for ICPMS
This work is published as “P.E. Verboket, O. Borovinskaya, N. Meyer, D.

Günther, and P.S. Dittrich, A new microfluidics-based droplet dispenser for ICPMS,
Analytical Chemistry, 86 (2014), 8141-8142.” Reprinted with permission from the
American Chemical Society. Copyright (2014) American Chemical Society.

3.4.1 Introduction
Conventionally, elemental analysis of liquids in the inductively coupled plasma
optical emission spectrometry (ICP-OES) and ICP mass spectrometry (MS) is realized
by means of pneumatic nebulizers in combination with spray chambers.[50] The
operating principle of such a sample introduction system is based on the conversion of
a liquid into a polydisperse aerosol (nebulizer) and subsequent filtering out of large
droplets (spray chamber). These systems exist in various geometries, are robust, and
are routinely used in many applications.[9] Their main drawback, however, is a high
sample consumption (designed to run with the liquid flow of >0.3 ml min-1)[180] and an
incomplete sample transport, which limit their applicability for the analysis of micro
sample volumes commonly available in biological, forensic, toxicological, and clinical
studies.[57] Reducing the nebulizer nozzle dimensions has decreased the effective
sample consumption from a few ml min-1 to µl min-1 and even nl min-1

[181]

and has

significantly enhanced the aerosol transport efficiency (TE) thanks to a much lower
sample uptake.[182] These days, there are many variations of microflow nebulizers,
which can operate with close to 70-100% sample TE with or without spray
chambers[182,

183]

and desolvation systems; these include the microconcentric

nebulizer,[184] micromist nebulizer,[184] high-efficiency nebulizer[185] and direct injection
high-efficiency nebulizer.[186] Reduction of the nebulizer opening dimensions, however,
leads directly to the increased risk of clogging whenever samples containing highly
concentrated salts or undigested biological fluids have to be analyzed.[57] In addition,
the highest stability of the aerosol production in microflow nebulizers is achieved by
passive liquid uptake,[187] whose rate depends on the pressure difference at both ends
of the nebulizer capillary that is directly determined by the nebulizing gas flow rate.
Since the range of the optimum flow rate of this gas is normally very narrow, the
flexibility of the system in terms of the sample uptake is also limited.
A new concept of injecting the liquid sample into the ICP in the form of
monodisperse discrete droplets was introduced by Olesik and Hobbs.[149] Uniform
≈50 µm droplets could be produced on demand by a micropump,[67] which ejected a
defined liquid volume after capillary contraction, and transported via a laminar flow
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oven into the ICP with 100% efficiency. This very system did not find wide application
but has significantly contributed to the fundamental understanding of analyte behavior
in analytical ICPs.[126]
A system for controlled generation of monodisperse microdroplets consisting of a
piezoelectricly driven dispenser head, a control box, and a droplet visualization system
is commercially available (Microdrop Technologies GmbH, Norderstedt, Germany). The
droplets can be produced in sizes of 30, 50, 70, and 100 µm in a frequency range from
100 Hz to a few kHz with only 1% droplet variation in volume, and liquid volume flow
rates of pl min-1 to nl min-1 can be measured. The transport of these relatively large
droplets into the ICPMS was realized using ambient temperature desolvation with
He[127] instead of Ar[188] as a carrier gas.[138, 172] The droplets can be transported into the
plasma either vertically or horizontally, depending on their size, with close to 100%
efficiency.[18] This system has already shown its potential in quantitative analysis of
single nanoparticles[17,
ICPMS,

[189]

18]

and characterization of individual biological cells by

which have recently gained great interest in the field of nanosafety[167] and

in cell biology.[30] Another similar system based on the thermal inkjet technology has
been recently introduced[66] and successfully applied to the elemental analysis of urine
using dosing frequency calibration.[190]
Even though the single droplet introduction is very efficient and promising for the
analysis of micro sample volumes or single entities such as nanoparticles and cells, the
currently available microdispenser modules have several drawbacks. They provide
droplets with a fixed volume, which is set by the nozzle diameter and can only slightly
be varied by dispenser settings (unless custom settings are used[172]), are sensitive to
the changes of the physical properties of the liquid (salt content, pH), are prone to
clogging, difficult to clean, and rather expensive. In addition, efficient and
nondestructive introduction of cells might be problematic due to the passive liquid
uptake through the capillary and the application of a high voltage.
In this work a different approach to generate microdroplets for ICPMS analysis
using droplet microfluidics is presented. Droplet microfluidics has been intensively used
for studying (bio)-chemical reactions[191-194] and for single cell studies.[195, 196] Recently, it
has been proposed as a valuable system for sample preparation in matrix-assisted
laser desorption/ionization mass spectrometry[197] and as sample introduction system
for electrospray mass spectrometry.[198,

199]

In our interface, monodisperse aqueous

droplets are produced using the highly volatile carrier phase perfluorohexane (PFH) in
a custom-designed liquid-assisted droplet ejection (LADE) chip, which is made entirely
of poly(dimethylsiloxane) (PDMS). The chip is cheap, disposable, can produce droplets
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in a broader volume range and is more robust to changes of liquid sample properties.
Interfacing of the new chip with the ICPMS was accomplished via a custom-built
transport system including a membrane desolvator, which permitted the PFH vapor
removal. This paper summarizes characterization and optimization of the system and
its application for the analysis of single bovine blood cells.

3.4.2 Experimental
3.4.2.1 Materials
SU-8 2002 and SU-8 2050 photoresists were purchased from Microchem Corp
(Massachusetts, USA). 1H,1H,2H,2H-Perfluorodecyltrichlorosilane was purchased from
ABCR-Chemicals (Karlsruhe, Germany). PDMS and curing agent (Sylgard® 184) were
obtained from Dow Corning (Michigan, USA). Perfluorohexane, 95+% and 99% (used
for the ICPMS tests) were purchased from AlfaAesar (Karlsruhe, Germany) and SigmaAldrich (Missouri, USA), respectively. Merck IV multi-element standard solution was
purchased from Merck Millipore (Massachusetts, USA). The test solutions were
prepared from single element standard solutions (Inorganic Ventures, Virginia, USA)
and contained nitrate salts of either Ce or Na, Mg, Ca, Mn, Fe, Mo (referred as multielement solution) at concentrations of 1 mg kg-1. Merck IV and the test solutions were
diluted to the required concentrations with 2% sub-boiled HNO3 prepared in ultrahigh
purity water (Merck Millipore, Massachusetts, USA).
3.4.2.2 Cell preparation and digestion
Washed pooled bovine/calf red blood cells in phosphate buffered saline (PBS)
were obtained from Rockland Immunochemicals Inc. (Pennsylvania, USA). Additional
PBS for dilution of the cell suspension was purchased from Life Technologies (Paisley,
UK). The concentration of cells was manually determined using a hemocytometer (5
replicates). Three aliquots of 1 ml of the cell suspension were microwave digested
(Ethos Plus, Milestone Inc., Connecticut, USA) in 8 ml of 60% sub-boiled HNO3 and
2 ml of 30% H2O2 (TraceSelect, Fluka Analytical, Buchs SG, Switzerland) adding Co to
determine the digestion recovery. After 5000x dilution of the dissolved cell suspension,
the quantification of Fe was realized by ICPMS using external calibration and Mn as
internal standard. Acid and PBS blanks were monitored in the same way.
3.4.2.3 Microfluidic chip fabrication
The microfluidic chip consists of two PDMS pieces that are bonded together. One
half is patterned with the microfluidic channels and the other half is flat and used to
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seal the channels. The PDMS was prepared by mixing the oligomer and the curing
agent at a ratio of 10:1. After degassing the PDMS mixture it was poured into a custom
made casting form placed on top of a silicon wafer. All details of the master mold
fabrication can be found in the supporting information in ref..[200] The casting form has
an opening allowing filling with PDMS and provides the semicircular shape. The chips
for use on the microscope were fabricated in a rectangular shape with an open-top
casting form. The PDMS was cured at 150 °C for 6 min. Holes were punched in the
patterned PDMS half using a 1.5 mm outer diameter biopsy puncher (Miltex,
Pennsylvania, USA) to form the inlets. The layers were then bonded together by
adhesive bonding using the PDMS curing agent.[201] A blank 100 mm carrier wafer was
spin-coated with PDMS curing agent for 30 s at 6000 rpm. Subsequently, the patterned
PDMS half was stamped onto the coated carrier wafer and then manually aligned on
top of the flat PDMS half. After curing for 24 h at room temperature the tip of the chip
was cut off with a utility knife opening the outlet nozzle. It has a rectangular shape with
the dimensions of approximately 40 µm x 25 µm. Finally, the microfluidic channels
were silanized by flushing for 20 min with a stream of dry N2 carrying 1H,1H,2H,2HPerfluorodecyltrichlorosilane to achieve a more robust droplet generation. The entire
chip design including all feed lines is shown in Figure 35.

Figure 35. Scheme of the chip design. Channels for PFH and aqueous sample are shown
in orange and blue, respectively. Scale bar 500 µm.

3.4.2.4 Microfluidic chip operation
All fluids were supplied using a neMESYS syringe pump (Cetoni, Korbussen,
Germany). The aqueous sample solutions were added with a 1 ml Primo syringe
(Codan, Lensahn, Germany), at flow rates of 0.3 to 1 µl min-1. PFH for generation and
acceleration of droplets was delivered at flow rates between 30 and 100 µl min-1 with
5 ml syringes (B.Braun, Melsungen, Germany). Fluids from the syringes were
transferred to the LADE chip using PTFE tubing (PKM SA, Lyss, Switzerland). After the
flows were started, 3-5 min was required to fill the microfluidic channels with liquid and
to stabilize the droplet generation.
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3.4.2.5 Optical droplet measurements
Bright field microscopy was performed on an Olympus IX71 inverted microscope
(Tokyo, Japan) with a Miro M110 high-speed camera (Vision research, New Jersey,
USA). The LADE chips for microscopic use were mounted horizontally on a custommade microscope insert. This insert holds the chip in place above a plastic Petri dish,
which collected the ejected liquids. The high-speed recordings were analyzed using the
droplet morphometry and velocimetry software[202] to obtain droplet size and droplet
frequency statistics. All images were recorded at 10000 frames per second with an
exposure time of 10 µs. Before each measurement the system was given at least 3 min
to stabilize. The droplet size and frequency for various flow rates of deionized H2O and
PFH were measured twice for 1 s on two different chips (in total four measurements).
The average of the frequency and droplet size of these four measurements was
calculated. The experiments with deionized H2O, Merck IV solution, and PBS were
performed on three different chips. Each solution was measured once for 1 s, and the
average droplet size and frequency were calculated.
3.4.2.6 Droplet transport system
The setup of the droplet transport system is shown in Figure 36. The droplet jet
was ejected vertically into a custom-built adapter made of poly(methyl methacrylate)
(PMMA). A cyclonic gas flow of He supplied through the adapter transported the
droplets further into a vertically arranged stainless steel tube with 6 mm inner diameter
and 50 cm length. A cartridge heater placed in the middle of the steel tube was used to
accelerate the solvent evaporation and to reduce the total droplet size permitting its
further transport. A poly(vinyl chloride) (PVC) tubing was used to connect the steel tube
with a membrane desolvator (CETAC6000AT+ (only the desolvator unit), CETAC
Technologies, Nebraska, USA), whose operating parameters are summarized in Table
11. The dry droplets were introduced into the ICP after admixing with Ar via a laminar
flow adapter to maintain stable operating conditions within the ICP. Besides the
microfluidic chip, a commercially available microdroplet dispensing system consisting
of a dispenser head, a control unit, and a CCD camera for the droplet visualization
(MD-K-150 with control unit MD-E-201-H, Microdrop Technologies GmbH, Norderstedt,
Germany) was used with the same transport setup for comparison experiments.
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Figure 36. Schematic drawing of the experimental setup (not to scale). The system
consists of the LADE chip, a heater, a membrane desolvator, and an ICPMS.

3.4.2.7 ICPMS
A

commercial

quadrupole

based

ICPMS

(ELAN6000,

PerkinElmer,

Massachusetts, USA) was employed in this work. Its operating conditions are
summarized in Table 11. The data was read out every 10 ms with 3 ms interval in
between, resulting in the measurement duty cycle of 77%.
Table 11. Optimized operating parameters of the transport system and ICPMS.
Parameter
Cartridge heater (W)
-1
He gas flow rate (l min )
Desolvator membrane temperature (°C)
-1
Desolvator sweep gas flow rate (l min )
-1
Ar gas flow rate (l min )
ICP plasma power (W)

Value
30
0.6-0.8
160
3-4
0.1
1300

3.4.2.8 Data evaluation
The MS signals generated by droplets were evaluated using OriginPro 8.6
(OriginLab Corporation, Massachusetts, USA). The signals were plotted as frequency
distribution histograms, which were subsequently fitted with the Gaussian function. The
mean and σ of the fit represented the mean signal intensity and its standard deviation
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(SD), respectively. The transport efficiency was derived from the total number of
droplet events detected per total effective measurement time (only the dwell time) and
the droplet production frequency. The total number of droplets was estimated summing
up all the transient signals. The intervals for signals produced by one, two, and more
droplets were chosen based on minima of their frequency distribution histograms.

3.4.3 Results and discussion
3.4.3.1 Microfluidic device
A photograph of the LADE chip is shown in Figure 37 a. It is made entirely of
PDMS by means of standard soft lithography. One part of the chip was designed to be
cylindrical so that it fits tightly into the inlet of the droplet transport system. To achieve
this round shape a custom made casting form was produced. The chip is composed of
two halves (Figure 37 b). Due to the low cost of the material (approximately $2 per
chip) and the fast fabrication time (about 15 min hands on time per chip, excluding the
wafer fabrication) the use of a new chip for every experiment is feasible, which
eliminates cross contamination and the need for time consuming cleaning.
Furthermore, the fabrication technique allows for fast changes of the design and the
integration of additional microfluidic components.

Figure 37. a) Photograph of the LADE chip next to a one Swiss franc coin for scale. All
fluidic channels are filled with blue food dye for visualization. The round part of the chip
can be directly inserted into a socket on the desolvation system. The rectangular part of
the chip contains the three access holes for sample and PFH introduction. b) Rendering
of the two components of the LADE chip.

Figure 38 a shows a micrograph of the key microfluidic features of the LADE
chip. In the first channel junction, monodisperse droplets of an aqueous sample
solution are generated. The aqueous phase is segmented by flow focusing using the
immiscible and highly volatile PFH (boiling point 58-60 °C).[203] Size and frequency of
the droplets can be controlled by the flow rates of the aqueous phase and the PFH.
The second junction is used to add more PFH in order to increase the flow speed to at
least 1 m s-1, which is necessary for the ejection of the liquid in a stable and straight jet
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(Figure 38 b). This double-junction design allows controlling the jet stability
independent from droplet generation, enabling the production of a broader range of
droplet sizes. Furthermore, this concept simplifies the integration of further microfluidic
components. It is also an advantage that the liquid sample droplets do not get into
direct contact with the nozzle, which prevents clogging of the nozzle by dried residues.
After ejection, the PFH carrier phase breaks into small droplets, whereas the aqueous
droplets remain intact inside a PFH shell (Figure 38 c). Fragmentation of the aqueous
droplets during the ejection was not observed under the microscope.

Figure 38. a) Scheme of droplet generation and acceleration. In the first junction
monodisperse aqueous droplets are generated in the stream of PFH. To accelerate the
droplets, further PFH is added at the second junction. Subsequently, the droplet stream
exits the LADE chip through the nozzle. Arrows indicate the direction of the flows for
liquid streams. b) Micrograph showing the on-chip droplet generation and acceleration
as well as the ejection from the chip. Scale bar 500 μm. c) Micrograph of an aqueous
droplet and its surrounding PFH after ejection from the LADE chip. Scale bar 100 μm.

3.4.3.2 System characterization
The droplet sizes and frequencies were characterized with a high-speed camera
and an automated image-processing program. The results (shown in Table 12) from
the two chips demonstrate the droplet monodispersity and a low chip-to-chip variation.
The size of the on-chip produced aqueous droplets ranges from 40 to 60 μm in
diameter (30 pl to 110 pl). However, the droplet size range can easily be extended by
changing the channel height or chip design. The influence of the dissolved substance
in the aqueous phase on the droplet generation was insignificant (see Table 13). This
indicates that the system can potentially be used for various aqueous solutions without
the need for an individual measurement of the frequency and size.
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Table 12. Droplet size and frequency for various flow rates measured twice for 1 s on two
separate chips, with H2O as aqueous phase.
Flow rate of
-1
H2O [µl min ]
0.3
0.3
0.3
0.3
0.5
0.5
0.5
0.5
0.5
0.5

Flow rate of PFH
droplet
generation
-1
[µl min ]
35
40
50
60
35
35
35
40
50
60

Flow rate of PFH
droplet
acceleration
-1
[µl min ]
35
40
50
60
35
40
50
40
50
60

Average
droplet
diameter
[µm]
57±2
54±1
47±1
44±1
57±1
58±2
57±1
55±1
49±1
43±2

Average droplet
frequency [Hz]
89.4±3.8
104.1±16.7
158.8±22.6
181.1±24.1
158.2±10.1
158.8±31.0
155.8±5.6
168.7±17.6
251.7±36.8
288.1±24.7

Table 13. Droplet size and frequency for three different solutions. Flow rate of PFH for
-1

droplet generation and acceleration was 35 µl min each.
Flow rate
of
aqueous
sample
-1
[µl min ]
0.3
0.5

H2O
droplet
frequency
[Hz]
90.7
145.5

H2O
average
droplet
diameter
[µm]
55±2
56±1

Merck IV
droplet
frequency
[Hz]
90.1
144.9

Merck IV
average
droplet
diameter
[µm]
57±1
58±1

PBS
droplet
frequency
[Hz]
90.2
146.7

PBS
average
droplet
diameter
[µm]
57±1
58±1

A transient MS signal generated by one single droplet is very short and lasts only
a few hundred of microseconds.[143] These signals could not be temporally resolved
with the mass spectrometer used (10 ms minimum dwell time). The transient signals of
single droplets containing Ce nitrate solution and their frequency distribution histogram
are shown in Figure 39 a and Figure 39 b. The double distribution (not including the
first tailing peak) is the result of a high temporal jitter in droplet arrival at the ICP
(>10 ms) and unsynchronized signal acquisition. It corresponds to the signal of one
(630±50) or two (1250±70) droplets detected within the dwell time of 10 ms. Table 14
summaries the relative standard deviation (RSD) of signals of single droplets for
several other isotopes measured using a multi-element solution at a concentration of
1 mg kg-1.
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Figure 39. a) Transient signals generated by droplets consisting of the Ce nitrate solution
and b) their frequency distribution histogram. The first and the second fitted peaks
correspond to the signals of one and two droplets acquired within 10 ms dwell time,
respectively. The Gaussian function was fitted to find the mean and SD of the signals.
The droplets were produced using 0.3, 35, 35 µl min

-1

of aqueous solution, generating

PFH, and accelerating PFH, respectively.
Table 14. RSDs of the signals generated from single droplets consisting of the multielement solution. The droplets were produced using 0.5, 50, 60 µl min

-1

of aqueous

solution, generating PFH, and accelerating PFH, respectively.
Isotope
23
Na
55
Mn
56
Fe
95
Mo

RSD (%)
11
8
11
13

The signal precision is not only a function of the variation in droplet volume but
also of the multiplicative noise related to the transport system and the ICP and of the
Poisson noise.[136] An additional source leading to a broadening of the signal
distribution is the incomplete signal detection due to splitting of single droplet signals
between the dwell time (10 ms) and quadrupole settling time (3 ms). This can be
eliminated employing continuous, time resolved detection.[127, 156] A signal RSD as low
as 8% was achieved, which is comparable to the RSDs obtained using the
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commercially

available

microdroplet

generator

system

and

indicates

high

monodispersity of the aqueous droplets generated by the chip.
The first peak of the intensity distribution histogram (Figure 39 b from 0 to 25
counts per 10 ms) cannot be attributed to the background only because of its longer
tailing in comparison to the signal measured with the aqueous phase switched off,
which amounted to only 2.8±1.9 counts. The ratio of the mean of this peak to the mean
of the next peak, which is produced by the single droplets, was element specific and
varied with operating conditions of the chip and the He gas flow rate. The appearance
of the first peak can mainly be explained by disruption and fragmentation of the
droplets during the transport, and additionally, by washout of an aqueous solution
remaining on the channel walls by PFH plugs, or other memory effects within the
transport system. Further detailed studies are required to investigate this phenomenon
in more detail.

Figure 40. Droplet transport efficiency dependence on the flow rate of He carrier gas and
-1

Ar sweep gas. The droplets were produced using 0.3, 35, 35 µl min of aqueous solution,
generating PFH and accelerating PFH, respectively. For the experiment with He the flow
-1

rate of Ar was set at 3 l min and for the experiment with Ar the flow rate of He was set at
-1

0.6 l min .

The TE of the droplets depended strongly on the He gas flow rate and reached its
maximum at ≈65% (Figure 40). The 58% maximum TE achieved using the commercial
dispenser, which produced aqueous droplets in the size of 72.1±0.5 µm at 10 Hz,
suggests that the number of droplets delivered to the ICP is strictly limited by the
transport assembly and not by the chip itself. The temporal jitter of droplets generated
by the microdroplet dispenser was also significantly higher (>10 ms) than reported
using horizontal and vertical transport assemblies operated at ambient temperature.[18]
Only a minor change in the droplet TE was observed varying the flow rate of the Ar
sweep gas (Figure 40). The current TE and high variation in arrival times of droplets at
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the plasma can be improved by optimizing the geometry of the transport system,
shortening the total distance between the position of droplet ejection and the ICP, and
implementing the desolvation at a very early stage.
To increase the analysis throughput a discrete sampling strategy is of an
advantage. Similar to the cartridge sampling technique,[204] small volumes of different
samples can be introduced into a capillary between PFH plugs which will prevent their
intermixing. A series of droplets of each sample plug produced on the chip can be
sequentially measured. Approximately 0.5 µl of the multi-element solution was
measured in this way, and the signal of

56

Fe was monitored. The signal distribution

histogram is shown in Figure 41. Even such a small liquid aliquot could still be
measured and produced signals with an RSD of 11%. Approx. 8% of this RSD can be
assigned to the contribution from counting statistics.[139]

Figure 41. Frequency distribution histogram of signals generated by single droplets.
Approximately 0.5 µl of the multi-element solution was injected. The Gaussian function
was fitted to find the mean and SD of the signals. The droplets were produced using flow
-1

rates of 0.5, 40, 40 µl min of aqueous solution, generating PFH, and accelerating PFH,
respectively.

3.4.3.3 Cell analysis
The new system can be employed for introduction and subsequent analysis of
single biological cells. First tests were carried out using 6-7 µm in diameter bovine/calf
red blood cells suspended in PBS. The suspension was diluted in PBS to a
concentration of 1x107 cells ml-1 ensuring that only 7% of the droplets carry more than 1
cell. The sample was introduced at a rate of 0.5 µl min-1, and the flow rates of the PFH
generating and accelerating streams were 40 µl min-1. Transient signals generated by
single cells and their frequency distribution histogram are shown in Figure 42 a and
Figure 42 b. A frequency distribution histogram of PBS without cells is shown in
Figure 43. The TE of the cells was significantly lower (4.5%) than the TE obtained with
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droplets containing multi-element solution and degraded during the measurement due
to the cell precipitation in the syringe and the capillary. No clogging of the microfluidic
channels by cells after operation was detected under the optical microscope.

Figure 42. a)

56

+

Fe transient signals generated by single red blood cells and b) their

frequency distribution histogram. The droplets were produced using flow rates of 0.5, 40,
-1

40 µl min of aqueous solution, generating PFH, and accelerating PFH, respectively.

The size of the red blood cells is larger than the size of the completely desolvated
salt particle, which would be ≈1 µm for a 50 µm droplet generated from a 1 mg kg-1
multi-element solution used in this work. Additionally, the high salt content of the PBS
will result in an even larger residue of the droplet carrying the cell after liquid
evaporation. Therefore, the low TE is most likely a result of losses in the transport
assembly, whose length was relatively long and should be further optimized specifically
for applications involving cells. Nevertheless, the RSD of the

56

Fe+ signal produced by

single cells from the detected cell population amounted to 23% (Figure 42 b).
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Figure 43. Frequency distribution histogram of droplets consisting of PBS. The droplets
were produced using flow rates of 0.5, 40, 40 µl min

-1

of PBS, generating PFH, and

accelerating PFH, respectively.

The average number of Fe atoms per cell of 5.3±1.2x108 was determined based
on calibration of the instrument with droplets consisting of the multi-element solution.
The cells and the standard solution were measured using 2 different chips. The mean
signal intensity of the first background peak was subtracted from the mean signal
generated by the single cells. The means were determined by fitting the distribution
histograms with the Gaussian function. The first peak originates mostly from the ArO+
polyatomic species interfering on the measured m/Q; however, the contribution of Fe
released from the cells to its tailing cannot be excluded. Employing the non-matrix
matched standard, the content of Fe per cell was underestimated by 25% compared to
6.2±0.6x108 atoms cell-1 calculated from the cell concentration and bulk concentration
of Fe. This underestimation can be caused by incomplete vaporization of droplets
residues carrying cells in the plasma[72] or by cell hemolysis.
It has already been demonstrated that the element content of individual cells can
be quantitatively determined using calibration with solid particles[32] and monodisperse
aerosols.[31] Recently, monodisperse microdroplets consisting of an inorganic salt
standard solution were utilized for quantitative mass determination of single metallic
nanoparticles.[18] This approach can be directly transferred to the quantification of
naturally occurring or exogenous elements in single cells and quantification of the
proteins after chemical and biospecific labeling.[205] The recent developments in metalbased labeling of the cell proteome[28] and in the field of mass cytometry[48] have
enabled multiplexing in the single cell analysis and extended the use of the ICPMS to
cell biology. The single droplet-based calibration approach can expand the capabilities
of the mass cytometry towards the absolute protein quantification in the cell, provided
the labeling can be performed quantitatively. The results obtained with the microfluidic
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system demonstrate its potential towards quantitative metallomics and proteomics in
bulk or on the single cell basis. For a more accurate quantification, the system can be
further modified in the way that the sample and standard can be introduced from the
same chip in parallel or sequentially.

3.4.4 Conclusions
A novel droplet microfluidics-based sample introduction system for the ICPMS
analysis of micro samples was described. The droplets generated in the microfluidic
chip are highly monodisperse and can be produced in the size range from 40 to 60 μm.
This size range, however, can be further extended by modifications of the microfluidic
channels. The aqueous droplets ejected from the chip in the stream of PFH remain
intact and can be transported into the ICPMS via a custom-built transport system with
>50% efficiency. The proposed sample introduction system demonstrated its potential
for the analysis of liquid volumes <1 µl and for the quantitative elemental analysis of
single cells. In this respect, the development of a chip capable of generating the
droplets of sample and standard sequentially or in parallel[206] would be highly
beneficial for the accurate quantification. In addition, the integration of a multi-channel
sample introduction can potentially be used for the internal standardization or to
increase the measurement throughput by running more than one sample in parallel.
This parallel approach will be valid only if isotope signatures of the samples are
different. Furthermore, such an approach would require a simultaneous mass
spectrometer. This new introduction technique has also a potential for the integration of
further

microfluidic

modules

for

sample

pretreatment,

e.g.,

separation,[207-209]

dilution,[210-212] fast mixing,[213] chemical reactions[214] or cell sorting.[215,

216]

In addition,

cells encapsulated inside the droplets can be lysed to reduce the volume of the cell
residue and to possibly improve their transport efficiency.
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3.5

Direct bulk quantification of nanoparticles in organic solvents

by microdroplet generator-ICPTOFMS
3.5.1 Introduction
Inductively coupled plasma mass spectrometry (ICPMS) is designed for the
analysis of aqueous liquid samples, which still remains the most common area of
application. Samples containing organic solvents or solid residues are commonly
treated by ashing, acid digestion, oxidation or combustion prior to the analysis. The
sample pretreatment step is usually not straightforward, time consuming and often
involves hazardous compounds, such as, for example, HF for the dissolution of
silicaceous minerals. Furthermore, it introduces additional errors due to contaminations
and losses of volatile or insoluble compounds. In some applications the digestion step
is not feasible, as in the case of chromatographic separation techniques coupled to the
ICPMS, where an organic sample and mobile phase eluting from the column have to
be detected online.[217] The direct analysis of non-aqueous samples or suspensions is
of interest to many applications in biology,[8] environmental science,[218] the
semiconductor industry[219] and oil industry,[220] but is associated with several
challenges.
The drawbacks of the direct introduction of organic samples are the formation of
carbon-based polyatomic spectral interferences and an instrument drift caused by high
solvent load and soot deposition on the torch and cones.[220] It is apparent that the less
organic solvent is introduced into the plasma, the less pronounced these effects will be.
Many nebulizers or nebulizer/spray chamber combinations, which can operate at
microflow rates, are available today and have been successfully applied for the
analysis of samples containing organic matter.[57,

221]

To further reduce the effect of

organic solvents on the measurement stability, the aerosol can be desolvated

[222]

or

oxygen gas can be added to the plasma.[223] However, membrane desolvation systems
might cause selective losses of volatile analytes[63,

222]

and additional oxygen in the

plasma increases the formation of oxide polyatomic interferences and might degrade
the lifetime of sampler and skimmer cones.
For the direct analysis of suspensions, their homogeneity and particle size
distribution are important factors. Solid residues should be small enough (<5 µm) to be
efficiently and representatively transported into the plasma, vaporized and ionized.[224]
To prevent particle agglomeration, suspensions are often stabilized by adjusting their
pH or by adding surfactants[225] in order to sterically or electrostatically hinder particle
interaction. Many engineered nanoparticles such as, for example, quantum dots (QDs)
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are stabilized in organic solvents.[226] When measuring such suspensions, also the
abovementioned adverse effects of organic constituents on the plasma stability should
be minimized. Microflow nebulizers are not always suitable for this application, due to
an increased risk of clogging by particulate matter. As an alternative to
nebulizers/spray chambers, other direct sample introduction methods such as
electrothermal vaporization can be applied for the analysis of samples containing
organic matter and for slurries.[119]
The quantification of organic samples and suspensions with aqueous standard
solutions does not always provide accurate results, due to sometimes severe
differences in transport efficiencies and ion detection efficiencies between a sample
and a standard. To improve the accuracy and precision, matrix-matched calibration,
standard addition or the use of an internal standard are recommended.[225]
In this work a microdroplet generator (MDG) in combination with the horizontal
droplet transport system and the ICPTOFMS were characterized for the direct analysis
of nanoparticles suspended in organic solvents in two case studies. The rate of sample
introduction using the MDG is 100-1000 times lower than typically provided by
microflow nebulizers, which reduces the plasma solvent load significantly. The
frequency of droplet production can be adjusted to obtain flow rates from tens
of picoliters per minute (one droplet) to a few microliters (60000 droplets) per minute. In
addition, the low liquid consumption makes the MDG suitable for the direct analysis of
samples available only in micro amounts.
The aim of the first case study was the determination of the Cd/Se atomic ratio in
CdSe QDs, which changes with the particle size and capping agent. The Cd/Se ratio in
some systems deviates from theoretical 1 towards 1.2 due to the excess of Cd atoms
on the surface of a nanocrystal.[227] This phenomenon has been explained by
passivation of surface Cd atoms with capping ligands present in the synthesis, which
results in passivation of Se by additional Cd atoms.[227] The Cd/Se ratio of a QD
depends on the surface area to volume ratio, which decreases when the particle size
increases. The dependence of the Cd/Se ratio on the particle size was investigated
using QDs of five different sizes capped with oleic acid[228] and suspended in toluene.
Long-chain capping ligands with metal binding sites are commonly applied for the
stabilization of QD colloids, but they change their unique electronic properties acting as
insulators.[229] To prevent this adverse effect, the ligands can be exchanged with
inorganic anions, which are more conductive. Understanding the mechanism and
efficiency of this exchange is an important prerequisite for the design of new
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nanomaterials. Oleate ligands on CdSe QDs were replaced with SnS44-,[230] which
enabled to stabilize QDs in water, and the ratios of Cd/Se and Cd/Sn were determined.
In the second case study the ratio of Sn/Pd in SnO2 NPs doped with Pd were
characterized. These NPs were synthesized by flame spray synthesis,[231] suspended in
2-ethylhexanoic acid and analyzed directly using the MDG-ICPTOFMS.
In addition, a new transport system for discrete microdroplets containing a
membrane desolvator, which should allow for complete solvent removal, was
developed and characterized. This system was designed for the operation with both the
MDG and a microfluidic chip described in Chapter 3.4.

3.5.2 Experimental
3.5.2.1 Experimental setup
The experimental setup used for all case studies consisted of the prototype
ICPTOFMS and MDG with a nozzle diameter of 30 µm. Droplets were generated at
100 Hz and transported into the plasma via the horizontal adapter, described in
Chapter 3.1. The optimized operating parameters of the sample introduction system
and the ICPTOFMS are given in Table 15. The MDG has to be regularly removed from
the adapter for manual sample exchange. The signal stabilization time after the
exchange was optimized for every type of NP suspension.
Table 15. Optimized operating parameters of the ICPTOFMS and the droplet introduction
system (the horizontal adapter).
Parameter
Plasma power (W)
-1
He gas flow rate (l min )
-1
Ar gas flow rate (l min )
-1
O2 gas flow rate (ml min )
-1
Plasma gas flow rate (l min )
-1
Auxiliary gas flow rate (l min )

CdSe in
H2O
1200
0.4
1.1
16.0
1.2

CdSe in
toluene
1400
0.3
1.1
20
16.5
1.2

SnO2 doped
with Pd
1400
0.4
1.2
10
16.5
1.2

3.5.2.2 Analysis of CdSe QDs in water
The synthesis of CdSe QDs used in this experiment is described by Chen
et al..[228] For the ICP optical emission spectrometry (OES) analysis, 30 mg of solid
CdSe QDs capped with SnS44- were digested in a microwave oven using 3 ml
concentrated HNO3 (sub-boiled), 3 ml HCl and 0.5 ml H2O2 (TraceSelect, Fluka
Analytical, Buchs SG, Switzerland). The digested samples were diluted to 50 ml with
UHP water and then diluted by a factor of 10 with a mixture of 1% HNO3 and 2% HCl.
Calibration solutions were prepared by diluting single element standards of Cd, Se, Sn
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and S (Inorganic Ventures, Christiansburg, Virginia, USA) using the same acid mixture
as for the sample. Mn was added to control the digestion recovery. The analysis was
carried out using ICPOES (Spectro Arcos, SPECTRO Analytical Instruments GmbH,
Kleve, Germany).
For calibration of the atomic ratio with the MDG only one standard was used with
concentrations of Cd, Se and Sn of 50, 50, 20 mg l-1, respectively. This calibration
solution contained 0.5% HNO3 and 1% HCl. QDs with SnS44- ligands (synthesized in a
different batch) in an aqueous suspension were stable only for a short period of time.
Therefore, the analysis had to be performed with freshly synthesized and suspended
QDs. The suspension was diluted in UHP water to a concentration of CdSe of
≈100 mg l-1. Only 50 µl of the initial sample was used for the analysis.
3.5.2.3 Analysis of CdSe QDs in toluene
Five samples of CdSe QDs suspended in toluene (total volume was 500 µl) with
sizes of 2.9, 4.5, 4.8, 5.2, and 9.0 nm were analyzed. The total masses of QDs in the
samples were 6, 13, 53, 30, and 1.7 mg, respectively. In contrast to QDs in water,
these suspensions were stable at room temperature for months. The samples were
further gravimetrically diluted in toluene in two steps to concentrations of CdSe of
≈100 mg l-1, except for the 9 nm QDs, which were diluted to ≈300 mg l-1. For the
calibration of Cd/Se ratios trioctylphosphine selenide (SeTOP) and cadmium di[(9Z)-9octadecenoate] (Cd oleate) of 0.1 M were used. The synthesis of both compounds is
described by Protesescu et al..[230] Cd oleate in toluene at a concentration of 0.1 M had
a gel-like consistence and was kept in a water bath at 40°C for 15 min prior to dilution.
The solutions were mixed and further diluted in toluene. The Cd/Se concentration ratio
in calibration solutions was 1.6, with Cd concentrations of 10, 20 and 30 mg l-1.
3.5.2.4 Analysis of SnO2 NPs in 2-ethylhexanoic acid
15 nm SnO2 NPs doped with Pd were custom synthesized by flame spay
synthesis.[231] The NPs, suspended in 2-ethylhexanoic acid at a concentration of 5 wt%,
were diluted by a factor of 100 using the same solvent. A mixture of organometallic
precursors in 2-ethylhexanoic acid with an Sn/Pd concentration ratio of 394 and the
same Sn and Pd concentrations was used for calibration. The composition of these
precursors is intellectual property of the particle manufacturer.
3.5.2.5 Membrane desolvation transport system
A sketch of a new transport system for droplets is shown in Figure 44. The
support was designed to provide both convenient alignment of the desolvator tube
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(accurate vertical orientation is required for efficient droplet transport) and stability of
the system. The system is described from top to bottom. An MDG is inserted into an
adapter made of acrylonitrile butadiene styrene by 3D printing. Its geometry is similar to
the geometry of an adapter designed earlier for the direct injection of droplets into the
ICP.[142] The top part of the adapter has small holes arranged in a circle, which provide
cyclonic flow of a carrier gas,[159] He in our experiments, with typical flow rates of 0.40.6 l min-1. This design was chosen to allow for the operation with a microfluidic
dispenser, which, in comparison to the MDG, has no gas supply. Thus, a carrier gas
can be supplied either through the adapter or through the MDG head. He flow was
directed through the adapter only when using the MDG with a nozzle of 50 µm. The
adapter is equipped with two glass windows arranged opposite of each other for droplet
visualization with a camera. The adapter is connected to a membrane tube, which is
centered inside a metal tube. The membrane tube is made of fully sintered extended
polytetrafluoroethylene (PTFE) and has an inner and outer diameter of 3.9±0.2 and
6.2±0.3 mm, respectively (Zeus, Orangeburg, SC, USA). The material density is
7.0±0.2 g cm-3 and the pore size is 0.6 µm. Ar sweep gas flows between the membrane
and the metal tube in opposite direction of the carrier gas at a rate of 1-5 l min-1. The
metal tube can be heated to a temperature of up to 300 C. The actual temperature of
the membrane is lower due to the Ar sweep gas in between. A higher temperature
should be possible, because the membrane can resist up to 260 °C. The metal tube is
connected to a laminar flow adapter via a PVC tubing. The laminar flow adapter was
used to add Ar to the gas exiting the desolvator. This additional flow of Ar allows for a
more flexible tuning of ICP conditions. The new system was characterized using the
MDG with nozzles of 30 µm and 50 µm. Either an aqueous standard solution Merck IV
at a concentration of 1 mg kg-1 (see 3.4.2.1) or 5.2 nm CdSe QDs in toluene were
dispensed. Both the ICPQMS (ELAN 6000, PerkinElmer/Sciex; Ontario, Canada) and
the ICPTOFMS were employed. The desolvator temperature and the sweep gas flow
rate were optimized to 160°C and 4 l min-1 for all experiments. The operating conditions
of the MDG-ICPMS are shown in Table 16.
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Table 16. Optimized operating parameters of the MDG and the ICPMS used.
Parameter
MDG nozzle size (µm)
MDG frequency (Hz)
Plasma power (W)
-1
He gas flow rate (l min )
-1
Ar gas flow rate (l min )
-1
Plasma gas flow rate (l min )
-1
Auxiliary gas flow rate (l min )
Dwell time (ms)

ICPQMS/
Merck IV
50
10
1350
0.6
1.0
16
1.2
10

ICPTOFMS/
Merck IV
30
100
1400
0.6
1.0
16.5
0.9
0.03

ICPTOFMS/
CdSe QDs
30
100
1400
0.4
0.6
16.5
0.9
300 and 0.03

Figure 44. a) Photo of the membrane desolvation transport system for droplets, b) its
schematic drawing, c) sketch of the transport tube, d) photo of the top part of the adapter
with holes for the gas supply. Ar was used as sweep gas and He as droplet carrier gas
(the gas flow directions are indicated with arrows).

3.5.2.6 Data evaluation
Transient signals of single droplets were evaluated in Matlab R2012a
(MathWorks, Natick, Massachusetts, USA) and droplet images in Fiji[158] in the same
way as described in Chapters 3.1 and 3.3. The time interval for signal integration was
either 630 or 930 µs, depending on the total signal duration, which changed with the
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analyte concentration and plasma conditions. The ratio of integrated signals of every
droplet was calculated and then the average and SD of these ratios were obtained.
This evaluation approach provided the most precise data, because it allows
compensating for droplet instabilities. When only integrated signal intensities were
evaluated, the average and SD were estimated from the mean and δ of the Gaussian
fit of the intensity distribution histogram. Data from the ICPOES analysis were
evaluated using the software routine of the instrument.

3.5.3 Results and discussion
3.5.3.1 Analysis of CdSe QDs in water by MDG-ICPTOFMS
The suitability of the MDG-ICPTOFMS for the direct bulk quantification of Cd/Se
and Cd/Sn atomic ratios in QDs capped with SnS44- ligands was tested applying single
point calibration. Signals of all sulfur isotopes were undetectable. The results obtained
with the MDG-ICPTOFMS, shown in Table 17, were similar to those measured with the
ICPOES after sample digestion. Samples measured with both techniques were not
synthesized in the same batch, which may explain some of the discrepancies. Signal
RSDs of droplets containing NPs were similar to RSDs of droplets of the standard
solution.
4-

Table 17. Cd/Se and Cd/Sn atomic ratios of QDs capped with SnS4 ligands determined
with the MDG-ICPTOFMS and ICPOES. The given values represent the mean and SD of
signal ratios of ≈7000 droplets.
Method
MDG-ICPTOFMS
ICPOES

Cd/Se
1.06±0.14
1.20±0.02

Cd/Sn
8.5±0.8
8.7±0.1

3.5.3.2 Analysis of CdSe QDs in toluene by MDG-ICPTOFMS
Droplet generation with toluene was stable for several hours. Despite the low
amount of solvent introduced, depositions of carbon black on the sampler cone were
observed after a long run but could be completely avoided by introducing 20 ml min-1 of
O2, added to the line, which supplies Ar to the horizontal adapter.

111

Cd/78Se signal

intensity ratios of three standard solutions are shown in Figure 45. The Cd/Se ratio
quantification of QDs was performed twice for all sizes. The obtained Cd/Se atomic
ratios are shown in Figure 46.
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Figure 45.

111

78

Cd/ Se signal intensity ratios of three standard solutions. The

concentration ratio of Cd/Se was 1.6. The given values and error bars represent the mean
and SD of signal ratios of ≈3000 droplets.

Figure 46. Cd/Se atomic ratios of QDs of different sizes. Black and red colors represent
the results of two separate experiments. The given values and error bars represent the
mean and SD of signal ratios of ≈3000 droplets. A dashed line is the linear weighted fit of
the data displayed in red. Photo depicts QD suspensions after the first dilution.

Cd/Se ratios, measured in two runs, differed by 1-10%. Signal intensity ratios of
the first standard solution, measured in the beginning and at the end of the experiment,
(after 3 hours) differed by 8%. A reproducibility of 3% was achieved when the same
standard solution was measured twice consecutively. In this case, a standard solution
was measured, the dispenser removed, the capillary emptied, filled with the same
solution and measured again. This poor reproducibility is most likely caused by the
change in droplet trajectories after manipulations with the MDG. Based on other
experiments described in Chapter 3.2, we know that if droplets start to fly faster or at a
different angle the signal intensity can be affected significantly. The size, position and
angle of droplets relative to the capillary, monitored with the CCD camera during the
entire experiment, remained constant. Nevertheless, minute fluctuations in droplet
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trajectories can still cause of poor signal reproducibility. The observation that intensity
ratios differed even when the solution was not exchanged, but just refilled, supports
this explanation. Despite the fact that the sample exchange procedure was always the
same and the time for system flushing was optimized, memory effects also cannot be
excluded. QDs and ionic compounds can adhere to the surface of the capillary and be
randomly released during the analysis. Plasma drift due to a regular removal of the
dispenser head can also result in poor signal reproducibility. A drift of 10% in Ar2+
signal intensity was indeed observed during three hours measurement. The observed
variation in ratios was, however, still within the measurement uncertainty. The change
in the Cd/Se atomic ratio was very small and could not be precisely determined with
the MDG-ICPTOFMS. Unlike the reproducibility, which depends on many factors, the
measurement precision can be statistically improved to a few percent by measuring
more droplets. The absolute atomic ratios were lower than determined by Protesescu
et al..[230] To reveal the origin of this underestimation, the purity and stoichiometry of
SeTOP and Cd oleate used as standards have to be verified.
3.5.3.3 Analysis of SnO2 NPs in 2-ethylhexanoic acid by MDG-ICPTOFMS
A sample of SnO2 NPs doped with Pd was provided by Nanograde AG and the
Sn/Pd mass ratio needed to be monitored as part of the production process quality
control. These NPs can be representatively dissolved by alkaline fusion and
subsequent micro-wave assisted digestion with aqua regia and HF (Nanograde AG)
and measured using conventional methods. To simplify the measurement procedure,
MDG-ICPTOFMS was applied. A single point ratio calibration was established with a
mixture of organometallic precursors dissolved in 2-ethylhexanoic acid. The
concentrations of both the standard and sample were adjusted to provide sufficient
signal intensity for Pd. The NP suspension was measured twice, before and after the
standard, for controlling the reproducibility, and the results are shown in Table 18.
Relatively small droplets of 20 µm were generated with the solvent used and their size
could not be increased further by adjusting the voltage and pulse duration of the
dispenser actuator. The difference of signal intensities in two measurements of the
same suspension indicates interaction of NPs with the surface of the dispenser
capillary. Higher signal intensities detected in the second run suggest that the capillary
surface was saturated with NPs after the first measurement and more NPs were
released from the system. Despite the smaller size of droplets, their signals were very
stable for both suspension and solution (RSDs of 4-5%). The comparably high
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uncertainties of Sn/Pd ratios are caused by the low signal intensities of Pd and
associated with it high standard deviation.
Table 18. Results summarized from the MDG-ICPTOFMS direct quantification of SnO2
NPs doped with Pd. NPs (1) measured before the standard, NPs (2) after. The given
values represent the mean and SD of signals of ≈6000 droplets. The ratio uncertainties
include the SD of both standard and suspension.
MDG-ICPTOFMS
122
Sn counts
105
Pd counts
Sn/Pd

Standard
2120±100
20±6
394

NPs (1)
1450±90
15±5
360±120

NPs (2)
2960±120
33±8
330±80

3.5.3.4 Evaluation of a new membrane desolvation transport system for droplets
The new membrane desolvation system was characterized with respect to signal
stability and droplet transport efficiency with both dispensers of 30 µm (actual droplet
size of 44±0.3 µm) and 50 µm (actual droplet size of 66±0.4 µm) nozzles. Examples of
signal distribution histograms of selected isotopes from droplets of the Merck IV
solution are shown in Figure 47.

Figure 47. Left:

55

+

Mn signal distribution histogram of 3000 single droplets generated by

50 µm dispenser. The second peak is due to two droplets detected within the dwell time
of 10 ms. Right:

63

+

Cu signal distribution histogram of 2000 single droplets generated by

30 µm dispenser. The peaks are fitted with the Gaussian function to obtain the given
RSDs.

Signal RSD of the isotopes observed did not differ significantly from RSDs
obtained with both horizontal and vertical droplet transport systems. The temporal jitter
in droplet arrival at the ICP was >10 ms, which is similar to the value obtained using the
vertical adapter, designed by Gschwind et at..[18] A better droplet transport efficiency of
smaller droplets could be achieved when the gas was supplied through the dispenser
head directly, rather than through the adapter. The maximum transport efficiency of
66 µm droplets was 35%, whereas more than 90% of 44 µm droplets were transported
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into the plasma. The flow rate of the sweep gas influenced neither signal RSDs nor the
transport efficiency significantly. Both parameters were much more sensitive to the flow
rate of the He carrier gas and the optimum was found at 0.6 l min-1. The transport
efficiency of the system degraded when increasing the desolvation temperature over
160°C.
As has been shown, the analysis of CdSe QDs in toluene using the horizontal
adapter resulted in poor reproducibility. Signal stability and reproducibility of QDs in
toluene were also tested using the membrane desolvation transport system. In this
case no carbon depositions were observed after one day of continuous introduction of
toluene and addition of O2 to the ICP was not required. Figure 48 shows the stability of
the
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Cd/78Se signal intensity ratio during a measurement of 20 min. For this

measurement, the same suspension of QDs was used and every acquisition interval
was followed by MDG removal, emptying the capillary and refilling it with the same
liquid. The difference in ratios between the first and the last acquisitions amounted to
8%, which was similar to the results obtained with the horizontal adapter. The same
variation was observed measuring single droplets in the time-resolved mode.

Figure 48.

111

78

Cd/ Se signal intensity ratios of the same CdSe QDs suspension measured

with the MDG and the membrane desolvation transport system. The drops in the ratio are
due to MDG removal. The colors indicate the corresponding integrated regions.

In contrast to the horizontal adapter, the variation in signal length was more
pronounced, which indicates higher instability of droplet trajectories.[176] An example of
two transient signals generated from monodisperse droplets is shown in Figure 49. The
RSD of

111

Cd/78Se ratios was similar to the RSD measured with the horizontal setup.

RSDs of integrated signal intensities of single droplets for both Cd and Se were twice
as high as those obtained with the horizontal adapter. Higher deviation of signal
intensities is most likely due to a wider spread of droplet trajectories within the plasma.
Despite the fact that O2 addition to the ICP could be avoided, the results of the first
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evaluation suggest much higher instability of droplet trajectories and, thus, signal
intensities, and necessity of further system optimization.

Figure 49. Example of two signals of monodisperse droplets containing CdSe QDs
acquired at 30 µs temporal resolution.

3.5.4 Conclusions
The very low sample consumption of the MDG makes it highly suitable for the
direct analysis of samples containing organic matter. Application of the MDG for the
droplet-based bulk quantification of NPs suspended in organic solvents was
demonstrated in two case studies. The precision and reproducibility of the analysis can
be considered as sufficient for some applications,[181] aiming at a quick screening or
semiquantitative results. This direct quantification method can become particularly
useful for the analysis of samples which cannot be digested or are available only in
micro amounts. In this respect, the use of the MDG as interface for separation
techniques coupled to ICPMS, such as nano-HPLC or capillary electrophoresis, which
operate at flow rates much lower than supported by many microflow nebulizers, is
advantageous. The dispenser flow rate can be matched to the flow rate of eluting
liquids (down to 200 nl min-1)[181] by adjusting the droplet size and generation frequency
without addition of a sheath flow.
The observations made in this study emphasize the importance of simultaneous
detection for the single droplet-based bulk analysis. Even though NP suspensions were
highly homogenous and stable, instabilities in droplet trajectories adversely affected the
signal precision. Application of the ICPTOFMS with simultaneous detection and the use
of signal intensity ratios in data evaluation resulted in improved precisions. This
approach would also be beneficial for the analysis of highly polydisperse suspensions,
which are usually characterized by poor signal precision, provided the ionization of
particles is representative.
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A new membrane desolvation transport system for droplets, which can be used
when solvent removal is required, was developed and characterized. Despite the very
small volume rates of toluene introduced into the plasma with the MDG and the
horizontal adapter, soot depositions on the cones was still an issue and addition of
oxygen was necessary. No oxygen was required when the new system was utilized.
Despite a high droplet transport efficiency of the system of >90%, the temporal jitter of
>10 ms and the wide spread in droplet trajectories deteriorated the signal stability.
Further optimization of the system is required to improve droplet transport.
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3.6

Characterization of the ICPTOFMS with laser ablation

3.6.1 Introduction
Laser ablation (LA)-ICPMS imaging is of growing interest for many applications in
different scientific disciplines. This includes the analysis of minerals,[232] fluid and melt
inclusions,[233] and imaging of biological tissues.[234-236] The development of laser
systems and ablation chambers, which minimize the dispersion of laser-generated
aerosols, allow for resolving individual laser pulses and increase the measurement
throughput, have enabled LA-ICPMS imaging with a spatial resolution of 1 µm.[34] Using
optimized ablation cell designs, an MS signal generated from an individual laser pulse
can be as short as 30 ms.[62] If multi-isotope information has to be extracted from such
a signal pulse, simultaneous detection becomes an inevitable requirement for the
analysis. Figure 50 illustrates how much the results from a single laser shot (600 ms in
duration) can be skewed when sequential acquisition is performed. Figure 50 a shows
abundance corrected signals of several isotopes measured simultaneously using the
ICPTOFMS. Figure 50 b displays a simulated case, showing how the same signals
would appear if they were measured using a sequential mass spectrometer with a
dwell time of 10 ms and 14 isotopes per mass scan. It is apparent that the shorter the
LA signal pulse will become, the less elements can be determined accurately.

Figure 50. a) Abundance corrected element signals and their ratios to U generated from a
single laser pulse and measured by the ICPTOFMS at an integration time of 10 ms. b)
Simulated signals which represent the sequential measurement of 14 isotopes at a dwell
time of 10 ms. A bias in the element ratios is observed in the case of sequential
acquisition.

Quantification in LA-ICPMS relies on external calibration standards. Calibration
with matrix-matched reference materials is certainly the most accurate method to
quantify laser-generated aerosols. Unfortunately, such materials do not exist for every
particular type of sample and all element combinations and can suffer from
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heterogeneity on the micro-scale, as demonstrated for the most common calibration
material (glass series NIST SRM61X).[237] Therefore, alternative quantification
approaches have been proposed using nanoparticle-based solid standards[238] or
synthetic standard solutions which can be nebulized into the ICP through a spray
chamber and/or a desolvation system,[63,

239, 240]

ablated directly,[241] or ablated after

drying.[242] Calibration with an aerosol of a synthetic liquid adds a high degree of
flexibility in preparation of standards and avoids problems related to the heterogeneity.
The suitability of this method has already been demonstrated and the most accurate
results have been achieved with desolvated aerosols and the application of internal
standardization or normalization strategies.[63]
In this study we have explored the potential of a single droplet-based calibration
for the quantification of low-dispersed laser-generated aerosols. Along with advantages
this approach shares with the calibration by continuous liquid nebulization, several
others can be highlighted. The amount of solvent introduced into the plasma is
significantly minimized by utilizing a microdroplet generator (MDG), which can minimize
the production of polyatomic interferences, and the use of desolvation units might not
be required, which sometimes cause the loss of volatile compounds.[63] The plasma
load[243] from a low-dispersed laser pulse can possibly be matched more closely by a
single microdroplet than a continuously nebulized standard solution. Furthermore,
taking into account the fact that any additional parts connected after a low dispersion
ablation cell will broaden the signal, the liquid standard should ideally be introduced
into the gas stream before the ablation cell. In this case, single microdroplets might be
carried through the cell more efficiently than a continuous flow of a nebulized aerosol,
without contaminating the sample and reducing the condensation of solvent.
The proof of concept of the single droplet-based calibration and general
characterization of the ICPTOFMS for the analysis of continuous and discrete lasergenerated aerosols are described in this Chapter.

3.6.2 Experimental
3.6.2.1 Experimental setup
For the comparison of analytical performance of the ICPQMS (ELAN 6000) and
the ICPTOFMS the LSX213 laser ablation system (CETAC Technologies, USA) was
employed. Ablation was performed under He atmosphere and Ar was admixed after the
cell through a laminar flow adapter. The NIST SRM610 reference material was ablated
and measured for 60 s after 30 s of gas blank.
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The capabilities of the ICPTOFMS for the detection of discrete laser-generated
aerosols were described using an ArF excimer laser ablation system (GeoLas
Complex, MicroLas, Göttigen, Germany) applying either a microcell[98] or a fast
washout tube cell, which has recently been designed in the group.[62] When the
microcell was used, Ar was admixed to the laser-generated aerosol in He through the
laminar flow adapter. In the tube cell both gasses, Ar and He, are mixed within the cell
cavity. The NIST SRM610 was used for all experiments, unless otherwise specified.
LA-ICPMS in both, repetitive and single pulse, modes was optimized to high
signal intensity, low oxide formation (ThO/Th<0.2%) and a
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Th+/238U+ signal intensity

ratio close to one. The operating conditions used during all experiments are
summarized in Table 19.
Table 19. Operating conditions of LA-ICPMS used for all experiments.
Parameter
Plasma power (W)
-1
He gas flow rate (l min )
-1
Ar gas flow rate (l min )
-1
Plasma gas flow rate (l min )
-1
Auxiliary gas flow rate (l min )
Laser frequency (Hz)
Laser spot size (µm)
-2
Laser fluence (J cm )
Ablation mode

ICPQMS
/LSX213
1350
1
1.1
15
1.1
10
100
19
Raster
-1
at 10 µm s

ICPTOFMS
/LSX213
1400
1.1
1
16
0.9
10
100
18
Raster
-1
at 10 µm s

ICPTOFMS
/micro cell
1400
1.2
1.1
16.5
1.1
1
5-120
22
Spot
ablation

ICPTOFMS
/tube cell
1400
0.8
1
16.5
1.1
10
10
Spot
ablation

3.6.2.2 MDG-LA-ICPTOFMS setup and quantification procedure
The experimental setup consisted of the ArF excimer LA system, the fast
washout tube cell and the MDG (see 3.1.2). A sketch of the sample introduction system
is shown in Figure 51 and operating conditions of the system are given in Table 20.
The same droplet transport system as described in Chapter 3.4 was used, but without
the heating cartridge and desolvator. The falling tube was connected to the laminar
flow adapter, where a laser-generated aerosol of the NIST SRM610 in He and Ar was
mixed with another flow of He carrying microdroplets, whose rate was 0.4 l min-1.
Droplets of 32±0.3 µm were generated at a frequency of 10 Hz and used for external
calibration to quantify the aerosol from a single laser pulse. The calibration solution
contained Mg, Ca, Mn, Cr, Fe, Cu, Zn, Rb, Sr, Y, Ag, Cd, In, Ce, Ho, Pb, Th, and U at a
concentration of 0.7 mg kg-1 and 2% of HNO3. Signals produced by droplets and LA
pulses were acquired at a TOF integration time of 10 ms. Ratios of signal intensities of
Y, which was chosen as internal standard, to an analyte were calculated for every
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droplet. Signal intensities of every single laser pulse were integrated and ratios of
analyte to internal standard were obtained. Concentrations were determined using
average values of these intensity ratios according to Longerich et al..[244]

Figure 51. Sketch of the sample introduction system which was applied for the dropletbased quantification of discrete aerosols generated from the NIST SRM610 by laser
ablation. Image of the ablation cell is modified after Wang et al..

[62]

Table 20. Operating conditions of the LA system and the ICPTOFMS.
Parameter
Plasma power (W)
-1
He gas flow rate (l min )
-1
Ar gas flow rate (l min )
-1
Plasma gas flow rate (l min )
-1
Auxiliary gas flow rate (l min )
Laser frequency (Hz)
Laser spot size (µm)
-2
Laser fluence (J cm )
Ablation mode

Value
1300
0.86
0.76
16
0.9
1
44
21
Spot ablation

3.6.3 Results and discussion
3.6.3.1 Performance of the LA-ICPTOFMS vs LA-ICPQMS
Figure 52 and Figure 53 show the abundance corrected sensitivities and LODs
achieved with the ICPTOFMS for continuous aerosols in comparison with the ICPQMS.
LODs were estimated using the 3*δ definition and the IUPAC recommended
approximation (see 3.3.2.3). For the latter calculation, the signal integration interval
was set to 10 s and the raw count rates (reported by the ICPQMS) were converted into
the actual number of ions detected within 10 s, taking into account the duty cycle (see
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Chapter 3.1). Despite its lower sensitivity, LODs of the ICPTOFMS were comparable to
LODs of the ICPQMS, which can be explained by the lower background noise of the
ICPTOFMS. Sensitivities of Ca, K and Si were suppressed due to blanking of the
plasma background ions at m/Q 28 and 40, which affects up to four neighboring mass
units. The sensitivity can be improved compromising the degree of attenuation at these
masses.

Figure 52. Abundance corrected sensitivities of the LA-ICPTOFMS and the LA-ICPQMS.
The LA was performed on the NIST SRM610 at 10 Hz and a crater size of 100 µm.

Figure 53. LODs of the LA-ICPTOFMS and the LA-ICPQMS calculated with the 3*δ
criterion (left) and IUPAC recommended approximation (right). LA was performed on the
NIST SRM610 at 10 Hz and a crater size of 100 µm.

3.6.3.2 LA-ICPTOFMS with microcell
Total signal duration of a single laser pulse of 400-600 ms was achieved using
the microcell. The ICPTOFMS response to single laser pulses was investigated by
varying the ablation crater size from 5 to 120 µm. To calculate the ablated mass, 100%
aerosol transport efficiency[59] and an ablation depth of 200 nm per laser shot[245] were
assumed. Figure 54 shows the total number of ions measured per single laser pulse in
dependence on the ablated mass. The R2-value of a linear fit was 0.9985 for

238

U and
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0.9972 for

23

Na, indicating a linear response for the change in aerosol mass by three

orders of magnitude. A single laser pulse signal recorded with an integration time of
6 ms is shown in Figure 55. It can be seen that not all element signals correlate over
time, especially on the tailing part of the pulse, which is most likely due to a particle
size dependent elemental fractionation.[246] The composition of signal spikes, which
likely arise from large particles or agglomerates, can be investigated at higher temporal
resolution, for instance at 60 µs (as shown in Figure 55), making the ICPTOFMS a
useful instrument for fundamental studies on fractionation effects in LA. It is interesting
to note that if the signal of U in spikes (from large particles) was high, the signal of Th
was suppressed, and vice versa, which is in accordance with the observations made by
Kozlov et al..[246]

Figure 54. Number of ions detected per single laser shot vs ablated mass. The given
values and error bars represent an average and SD of 100 laser pulses.

Figure 55. Left: Signals of several isotopes generated from a single laser pulse and
detected at an integration time of 6 ms. Right: Part of a signal of a single laser pulse
detected at an integration time of 60 µs and a magnified picture of a spike at 53 ms,
consisting only of signals of volatile elements.
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3.6.3.3 LA-ICPTOFMS with tube cell
The capabilities of the ICPTOFMS for the detection of LA signal pulses shorter
than 100 ms were characterized using the GeoLasC LA system in combination with the
tube cell. This cell can provide single pulse resolution at an ablation rate of up to 30 Hz.
An example of temporally resolved signal pulses, generated from the NIST SRM610 at
10 Hz and an ablation crater of 10 µm, is shown in Figure 56. The signals produced
from single laser shots were not completely resolved and were slightly longer (7080 ms) than reported earlier,[62] likely due to a longer tubing used to connect the cell
with the inlet of the MS. The present set of instrumentation can significantly extend the
capabilities of LA-ICPMS for the analysis of different solids at high spatial resolution
and be of use in many applications. One example is the analysis of individual fluid
inclusions in minerals, which can be as small as a few micrometers. Figure 57 shows
the signal obtained from a 15 µm fluid inclusion in quartz from the Mont Blanc Massif in
the French Alps. For comparison, the signal of another fluid inclusion of the same size
(different quartz sample) but ablated in a standard cell (larger volume) is shown in
Figure 58. The signal generated using the fast washout tube cell is an order of
magnitude shorter than achieved with the standard cell. Low aerosol dispersion
enhances the signal-to-noise ratio and improves detection capabilities; enabling to
extract much more information about the composition of every individual inclusion.

Figure 56. Example of temporally resolved ICPTOFMS signals of several isotopes
generated from the NIST SRM610. The material was ablated using an ArF excimer laser at
-2

a frequency of 10 Hz, an ablation crater of 10 µm and a fluence of 16 J cm . The signal
was recorded at an integration time of 6 ms.
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Figure 57. Left: Signals detected during the ablation of a quartz sample which enclosed a
15 µm fluid inclusion. The signal of the inclusion appears at 46 s. The ablation was
performed inside the tube cell using the ArF excimer laser GeoLasC at a frequency of
10 Hz and an ablation crater of 24 µm. The ablation crater was increased stepwise from 5
to the final 24 µm. The signals were acquired with an integration time of 30 ms. Right:
Magnified image of signals generated from the fluid inclusion. Signals of Na, Al, Cl, K,
Mn, As, Rb, Sr, Sb, Cs, Ba, W, and Tl were detected.

Figure 58. Signal of a 15 µm fluid inclusion acquired at 4.5 ms integration time. A detailed
description of the quartz sample used can be found in ref..

[233]

The inclusion was ablated

inside a standard cell using the ArF excimer laser GeoLasQ at a frequency of 20 Hz.
Signals of Na, K, Fe, Mn, Zn, Cu, Rb, Sr, Cs, Ba, and Pb were detected.

3.6.3.4 Microdroplet-based calibration for the quantification of laser-generated
discrete aerosols
Average element concentrations of 100 individual laser shots generated from the
NIST SRM610 were determined using external liquid calibration with discrete
microdroplets. The results are shown in Figure 59 in comparison with the reference
values.[247] The values for Mg, Ca, Fe, and Zn were not calculated due to very low
signal intensities of droplets. Concentrations were determined with accuracies of
<10%, similar to results reported for continuous liquid-based calibration,[63] except Th,
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whose concentration was overestimated by 20%. ThO/Th ratios were similar for both
LA (0.6%) and single droplet introduction (0.8%). The overestimation of the Th
concentration might be a result of its incomplete vaporization from a droplet or its
instability in the solution. The concentration uncertainties calculated from 100 single
laser shots amounted to 2-6% (SD of droplet signals were not included in the
uncertainty budget).

Figure 59. Left: Concentrations of several elements in the NIST SRM610 determined from
single laser-generated pulses using microdroplet-based liquid calibration. The values
represent an average and SD of 100 laser pulses and are given in comparison with the
reference concentrations.

[247]

Right: Deviation of the determined values from the

reference.

3.6.4 Conclusions
The capabilities of the ICPTOFMS for the analysis of continuous and discrete
laser-generated aerosols were described. LODs achievable with the ICPTOFMS are
comparable to those of an ICPQMS (ELAN 6000) with an exception for the elements
which are affected by the attenuation of plasma background ions. Advantages of the
simultaneous detection offered by the ICPTOFMS for the measurement of short pulses
of laser-generated aerosols were demonstrated with the fast washout microcell and
tube cell on several examples. In addition, it was shown that a high temporal resolution
can be used to study fractionation effects in LA on the basis of single particle signals.
A microdroplet-based liquid calibration strategy for the quantification of lowdispersed laser-generated aerosols was proposed and the first proof of concept was
demonstrated. Element concentrations in the NIST SRM610 could be determined with
accuracies similar to those obtained with continuous liquid nebulization.[63] These
accuracies can most likely be further improved by matching the matrix concentrations
in the synthetic liquid standard. A new membrane desolvation transport system, which
is described in Chapter 3.5, should allow introducing dried droplets through the tube
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cell. This can ideally be done in the flow of He, which is a suitable gas for the transport
of single microdroplets. No additional parts for the injection of droplets into the LA
transport line after the cell will be required, minimizing the aerosol dispersion. Finally,
complete solvent removal will prevent condensation on the sample and within the
transport system.
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Summary and Outlook
This work describes a new inductively coupled plasma time-of-flight mass

spectrometer (ICPTOFMS), providing µs-temporal resolution, and its application for the
characterization of continuous and discrete aerosols, single droplets and single
nanoparticles as well as for fundamental investigations of plasma processes.
The advantages of the ICPTOFMS for the multi-element analysis of single
entities were demonstrated using discrete microdroplets, which contained solutions or
nanoparticles, and were produced by a commercial microdroplet generator (MDG).
Although the general sensitivity of the ICPTOFMS is still inferior to many modern ICP
mass spectrometers, detection limits for single particles could be significantly improved
owing to much shorter integration intervals and thus increased signal-to-noise ratios
achievable with the high temporal resolution. Nevertheless, to extend the applicability
of the instrument to particles smaller than 15-30 nm, further hardware modifications will
be required. The current interface does not provide optimal conditions for ion
transmission and will have to be redesigned, taking into account the state-of-the-art
approaches available today, as, for example, 90° deflecting ion optics. Moreover, the
TOFMS requirement for mono-energetic ions should be considered. Thermal cooling of
the ion beam can be realized by collisions induced in a multipole cell[248] or directly
inside the skimmer cone[39] and might improve mass resolution and the duty cycle, and
thus the sensitivity of the ICPTOFMS.
The properties of the ICPTOFMS enabled us to study interactions of a single
particle with the ICP. These investigations shed more light on the fundamental plasma
processes, whose understanding is beneficial for a potential technique refinement, but
also gave some future directions for the improvement of the single entity analysis.
Elemental fractionation occurring from a single solution droplet moving through the
plasma with a radial offset from the central plasma axis was observed for the first time.
This fractionation was explained by a spatial separation of analytes present in the
vapor phase in the ICP from a yet unvaporized residue of the droplet. This separation
is most likely driven by anisotropic diffusion of vaporized analyte towards the plasma
axis and a radial velocity gradient. The idea of sequential analyte vaporization, which
was the basis of the proposed hypothesis, was underpinned by results obtained with
core-shell NPs, composed of an Au core and an Ag shell. To prove this theory further,
a comparison study between core-shell and alloy particles of the same composition
should be conducted.
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When particles moved inside the plasma off-axis, not only fractionation but also
element-specific suppression of signal intensities was observed. The ion losses were
less pronounced than asserted earlier, most likely due to a favorable effect of inwards
diffusion proposed in this work. Nevertheless, this has implications in particular for the
analysis of single particles and cells and suggests the necessity of a better focused
introduction into the plasma, which should improve accuracy and precision. In this
respect, discrete microdroplets are the main candidates for spatially controlled particle
delivery into the ICP. The transport systems used throughout this study are simple and
routinely applicable, but do not provide a high stability in droplet trajectories due to
turbulences. Even if a laminar regime within the transport line can be established, it will
be difficult to inject the droplets to the same position within the plasma, because even a
slight change in the initial droplet trajectory appears to have significant influence on the
trajectory inside the ICP. A more elegant way to reduce the effect of radial particle
spread within the plasma is to narrow the injector diameter. The diameter limit will be
determined by the back pressure, and according to preliminary results should not be
smaller than 0.5 mm for 0.4-0.5 l min-1 droplet carrier gas flow rates. To maintain the
original plasma conditions, a sheath gas can be supplied between the injector gas and
the auxiliary gas, which will also allow for an independent optimization of the droplet
transport and plasma conditions.
Considering all knowledge gained from fundamental investigations, the
ICPTOFMS together with the MDG were applied for the simultaneous mass
quantification of different nanoparticles from an aqueous suspension. Calibration was
successfully performed with monodisperse microdroplets of standard salt solutions,
providing a universal approach for the quantification of a wide variety of nanomaterials.
The sizes of Ag, Au, and Au/Ag core-shell nanoparticles were determined with
accuracies comparable to typical results of a conventional single particle (sp)-ICPMS.
The main advantage of the simultaneous and time-resolved detection over sequential
scanning was demonstrated through the ability to distinguish Ag only and core-shell
NPs, despite the same amount of Ag they contain. Furthermore, acquisition at high
temporal resolution improves the analysis throughput and quantification accuracy of
single particles. The present set of instrumentation and calibration methodology is
suitable not only for nanoparticles in liquid samples but can be directly transferred to a
real-time quantitative monitoring of single airborne particles, giving more insights in
their mobility, bioavailability and toxicity than a conventional bulk analysis. The particles
in air can be efficiently sampled into the ICP using a large-capacity gas exchange
device (GED)[249] and their element composition can be determined based on the
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microdroplet calibration. Moreover, particles can be counted and sized, provided their
composition and density are known. If this information is not available, size-resolved
chemical composition of airborne particles can be attained by coupling the MDG-GEDICPMS with separation techniques, as for example a differential mobility analyzer.[250,
251]

An example of a signal of an airborne particle sampled from the air at ETH

Hönggerberg through the GED and measured by ICPTOFMS is shown in Figure 60.

Figure 60. An example of a signal of a single particle sampled from the air and measured
by GED-ICPTOFMS.

The use of the MDG for routine analysis of particles and cells might be
problematic due to an increased risk of clogging. The MDG requires extensive
cleaning, once contaminated or clogged and cannot be regularly exchanged on
account of its expense. Trying to overcome some drawbacks of the commercial MDG,
a novel dispensing system based on the microfluidics technology was developed and
characterized for the analysis of microliter sample volumes and single cells. A so-called
liquid-assisted droplet ejection (LADE) chip is cheap to manufacture and thus
disposable.

Monodisperse

droplets

are

generated

by

flow

focusing

using

perfluorohexane (PFH) and ejected from the chip with an additional flow of the PFH.
The current chip is capable of producing monodisperse droplets in the size range of 4060 µm and was tested at frequencies from 100 to 300 Hz. These ranges, however, can
be extended in the future by redesigning the chip. Furthermore, additional features can
be implemented for multi-channel sample introduction or sample pretreatment,
improving the accuracies and throughput of the analysis and making the system
suitable for coupling with chromatographic techniques.
Single droplet introduction is favorable not only for single particle analysis but
also for bulk quantification of samples, which are either available in small amount or
cannot be measured directly with conventional introduction systems. In this work,
element ratios of CdSe quantum dots in toluene and of SnO2 containing Pd in 2137/160

ethylhexanoic acid were determined using organometallic compounds of a known
concentration as calibration material. Simultaneous detection provided by the
ICPTOFMS played an important role for the single droplet-based analysis, yielding
more precise results.
The measurement of both, droplets containing organics and droplets ejected from
the LADE chip in a stream of the PFH, requires their desolvation. Therefore, a droplet
transport system should function as an effective desolvator and at the same time
provide stable and complete droplet delivery into the ICP. The assemblies applied in
this study could not fulfill these requirements completely and a new droplet transport
system was developed, which desolvates droplets at a much earlier stage. The
preliminary results, however, indicate the necessity for its further optimization. The
dependence of droplet transport stability and desolvation effectiveness on gas flow
rates, membrane temperature, droplet size, and the presence of an extra laminar flow
adapter should be investigated to optimize the system performance. This new system
can also be applied for the analysis of airborne particles and will likely yield better
accuracies, providing better matrix matching with dried droplets and thus more reliable
quantification.
The element and isotope analysis of solid materials by LA-ICPMS is another
application area, where the new ICPTOFMS can make a great impact. These days, LA
can be performed with 1 µm spatial resolution, employing fast washout cells. However,
the multi-element detection of very short signals generated in this case is practically
impossible without a simultaneous mass spectrometer and the future applicability of the
LA-ICPMS at high spatial resolution will strongly depend on the availability of such an
MS. Advantages of the ICPTOFMS, especially in combination with a fast washout cell,
were evident and will be of use for many fundamental and applied studies.
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Abbreviations
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Analog-to-Digital Conversion
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Airborne Particulate Matter
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Charge-Coupled Device

CDEM

Continuous-Dynode Electron Multiplier

CFD

Computational Fluid Dynamics

cps

counts per second

DC

Direct Current

DDEM

Discrete Dynodes Electron Multiplier
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Differential Mobility Analyzer
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Distance-of-Flight
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Electrostatic Analyzer
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Electro Thermal Vaporization

FFF

Field Flow Fractionation
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Focal Plane Camera
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Full Width at Half Maximum

GED

Gas Exchange Device
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High Performance Liquid Chromatography

ICP

Inductively Coupled Plasma

ICPMS

Inductively Coupled Plasma Mass Spectrometry

ICPTOFMS

ICP Time-of-Flight Mass Spectrometer
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ICP Quadrupole Mass Spectrometer
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International Union of Pure and Applied Chemistry

LA

Laser Ablation
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Multi-Channel Plate
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Monodisperse Dried Microparticulate Injector

MH
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Nanoparticle
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Personal Computer
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Perfluorohexane
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Polytetrafluoroethylene
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Polyvinyl Chloride

QD

Quantum Dots
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Relative Standard Deviation
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Standard Deviation
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Secondary Electron Multipliers
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Sector-Field

TDC

Time-to-Digital Conversion

TE

Transport Efficiency
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Transmission Electron Microscopy

Th

Thomson

TOF

Time-of-Flight

UHP

Ultra High Purity
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