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W

ithout question, extremely low detection capability,
combined with increased sample throughput, have
been the main incentives for analytical chemists
to invest in inductively coupled plasma mass
spectrometry (ICP-MS). The technique is now considered a mature
tool that is being used for the routine, high-throughput analysis of
complex samples with very little or no sample preparation. In the early
days, it was used by academic institutions and large corporate R&D
laboratories. Nowadays, ICP-MS instrumentation is also being used by
contract labs in the routine analysis of environmental, pharmaceutical
and biomonitoring applications, among others. This has been made
possible by greater automation on the sample preparation side and
seamless method development tools, which have resulted in far less
operator expertise required to run them. It is also worth pointing
out that stricter regulations are requiring lower and lower detection
limits (DLs), particularly in the semiconductor, biomonitoring, food
and beverage market segments. In addition, for the past 2-3 years,
the rapid growth in the legal cannabis industry has meant cultivators
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and processors have to ensure the safety of
consumer products by meeting strict statebased limits for contaminants like heavy
metals. So the drive toward lower detection
limits is just one factor, whereas the other
is the analytical needs and demands of the
customer. For example, the electronics
industry is faced with the enormous challenge
of “chasing zero”, so manufacturers must
measure the lowest level of elemental
impurities in process chemicals and electronic
devices to ensure the highest performance of
their products.

that this kind of sampling environment
is not really instrument friendly. When
samples are being run that contain 5–10%
hydrochloric and/or nitric acid, it will take its
toll on the instrument’s sample introduction
components. Therefore, the instrument
must be rugged enough to handle this kind
of sample workload, without contributing
significantly to the routine maintenance of
the system, while at the same time delivering
high-quality data, day in and day out.

As ICP-MS has become widely applicable
in a variety of application areas, it has
become more readily accessible to startup
laboratories. Part of this is the development
of turnkey methods for food, environmental,
biomonitoring, geochemical, pharmaceutical
and cannabis applications for inexperienced
and novice users, which will be critical to the
growth of this technique in these
market segments.

Therefore, ruggedness is critically
important when designing an ICP-MS
instrument. However, this is just one side
of the analytical challenge. As mentioned
previously, the semiconductor industry is
the one application area where this kind
of ruggedness is expected, but the lowest
possible detection limits are also required.
Just 15 years ago, 10 ppt was the guideline
for elemental impurities in semiconductor
process chemicals; today, the industry is
requiring 1-2 ppt. This puts unique demands
on the design of any instrument used for this
kind of analysis.

Important considerations include ease of
use, seamless software, low maintenance,
and the ability to handle different matrices,
which give the analyst confidence in the
results being generated and ensure they get
the correct answer the first time and every
time. The user community expects these
qualities, particularly in high-throughput
labs. They want to run the instrument
for extended periods with minimum
maintenance and short downtime while
simultaneously running multiple samples,
many containing high concentrations of
mineral acids. It is important to emphasize

Consequently, with the push for lower and
lower detection capabilities, it is becoming
a major challenge not only to develop
instrumentation that has high analyte
sensitivity and extremely low background
noise, but also to have an ultra-clean lab and
sample preparation environment that sets the
stage for the detection of elements at such
low levels. Both factors are absolutely critical.
The trend towards ease of use has meant that
operators have less time to be involved with
the analytical procedure, and therefore are
often not versed in the nuances of working
in the ultra-trace environment and won’t

Analytical Challenges
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“There are new regulations
that require manufacturers
to measure 24 elemental
impurities at the parts per
billion (ppb) level in their
products.”

necessarily recognize issues which require
user intervention, should they arise. For that
reason, instruments have to offer maintenance
reminders that mitigate potential problems
before they actually happen and also have
built-in system logging features.

Major Industry Trends
The increasing demand for inorganic mass
spectrometry tools has been mainly driven
by regulatory requirements. Whatever the
industry, there’s a huge need for the detection
of lower and lower impurities of inorganic
pollutants like heavy metals. For example,
many regulations require the testing of
soil for toxic metals before any crops can
be grown in the soil. In addition, industrial
effluent must be regulated to know what is
being discharged into waste streams. This
is particularly the case with nanomaterials,
which are finding their way into the
environment. Experts have not extensively
studied the long-term impact of inorganic
nanoparticles on plants and animals, so going
forward, industry clearly must have a much
better understanding of this issue.

So, we are more aware of the effect of the
many roles which metals play in the world we
live in, and, as a result, the quantification and
regulation of these metals and metalloids
is required. Hence, the importance of using
very sensitive techniques like ICP-MS as well
as performance and productivity enhancing
accessories to help us carry out those
extremely low measurements.
We see two major trends to address those
needs. One is at the high end, where the
semiconductor and the biomonitoring
markets are chasing after the lowest
detection limits, being able to analyze
as many inorganic analytes as possible.
This is where you see significant research
being carried out to develop offerings
with the lowest detection limits, maximum
interference reduction, and optimum
flexibility—in other words, the highestperformance instruments.

Another example is the mining of minerals,
such as talcum powder (hydrated magnesium
silicate) and silica gel (silicon dioxide), which
are used to manufacture pharmaceutical
excipients, fillers and tablet binders.
There are new regulations that require
manufacturers to measure 24 elemental
impurities at the parts per billion (ppb) level
in their finished products. If they do not
comply with these permitted daily exposure
(PDE) limits, they could be liable for
significant fines or even the closure of their
manufacturing plant.
FEBRUARY 2021 | SPECTROSCOPY

A separate trend involves the routine
analysis of food, environmental,
pharmaceutical and cannabis related
samples, for which ICP-MS sensitivity is
already sufficient to meet their requirements.
For these labs, the trend is toward improved
robustness, less routine maintenance,
more seamless integration with automated
sampling solutions and ease of use, which is
4
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have opened up new markets for ICP-MS
through recent regulations for elemental
impurities testing in drug products and
dietary supplements. And an extension of
this application is the testing of cannabis
and cannabinoid products for heavy-metal
contaminants, such as lead (Pb), cadmium
(Cd), arsenic (As) and mercury (Hg), using
regulations initiated by the pharmaceutical
industry. However, unlike the manufacture of
drugs, there is no real tracking of the sources
of heavy metals in cannabis, so it is not
uncommon to see product recalls because of
elevated levels of elemental contaminants.
As a result of this, it has become critical to
monitor the cannabis plants and products
for heavy metals using ICP-MS. Again, this is
clear indication that some application sectors
are being stimulated by the demands of the
industry and supported and driven by the
manufacturers, as opposed to coming from
university-directed research.

clearly a very different application segment
from ultra-low background equivalent
concentrations and detection capability.

What is Driving ICP-MS Research
and Development?
Since many academic groups are not
developing hardware intended for
commercialization these days, the trend
in these institutions seems to be focused
more on application development. This is
in contrast to the 1970s and 1980s, when,
for example, the fundamentals of ICP-MS
research were carried out predominantly in
academia, particularly at the University of
Toronto (Canada) (1), Iowa State University
(USA) (2), and the University of Surrey
(United Kingdom) (3).
However, more recently, we have seen a
shift toward ICP-MS development being
carried out mostly by manufacturers, and
much of the cutting-edge application work
being carried out or supported by academia.
A good example of this is the expansion
of ICP-MS into the field of nanomaterials,
and specifically detecting nanoparticles
in environmental and biological samples
over the past four to five years. Here, there
have been several excellent collaborations
occurring between universities and
manufacturers. In general, there is an
increased interest from universities to
expand into niche application areas that are
not necessarily being addressed by vendors
or other users.

History of ICP Mass Spectrometry
Innovation at PerkinElmer
PerkinElmer has a long history of excellence
in inorganic mass spectrometry development
and innovation, which began with the joint
venture with SCIEX® in 1984. The company
had introduced the very first commercial
ICP-MS in 1983, the ELAN® 250. Numerous
proprietary technologies have been
developed by PerkinElmer since that time
including the first 40-MHz free-running RF
generator for ICP-MS with the ELAN 5000
in 1989. This design used the proprietary
PlasmaLok™ interface technology to
eliminate the secondary discharge at the MS
interface to ensure a predictable spread of
ion energies entering the mass spectrometer.

Another example is in the pharmaceutical
industry, where USP Chapters <232>,
<2232> and <233> and ICH Q3D Guidelines
FEBRUARY 2021 | SPECTROSCOPY
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“The ELAN 5000 series led
to the ELAN 6000 series in
1992, which was recognized as
being the most stable ICP-MS
instrument of its day.”

FIGURE 1: The ELAN DRC won the
1999 PittCon Editor’s Gold Award

It was recognized as one of the most
important RF generator design features since
the technique was first commercialized and
was a major contributor to making ICPMS the routine ultra-trace multi-element
technique used in most trace-elemental
applications today. The importance of this
design cannot be overemphasized.
The ELAN 5000 series led to the ELAN
6000 series in 1992, which was recognized
as being the most stable ICP-MS instrument
of its day. Then, at the 1999 Pittsburgh
Conference in New Orleans, PerkinElmer
introduced DRC (Dynamic Reaction Cell)
technology, which won the PittCon Editors
Gold Award for being the most innovative
product at the exposition (FIGURE 1).

cold and normal plasma conditions for
different analytes, often within separate
analytical runs. However, DRC technology
changed all of that.

The DRC changed the way interference
reduction was achieved. Up until that time,
cold plasma technology was the preferred
way to reduce polyatomic interferences
by minimizing the formation of argon- and
matrix-induced polyatomic ions through
decreasing RF power, increasing nebulizer
gas flow, and changing sampling position
to reduce the temperature of the plasma.
Although fairly effective, this approach was
found to be less resilient to changes in the
sample matrix and was often cumbersome
and time consuming to implement because
it required changing conditions to run both
FEBRUARY 2021 | SPECTROSCOPY

At the core of DRC technology is a
quadrupole-based reaction cell to control
the formation of polyatomic interferences
using interactions with pure, highly reactive
gases like ammonia, oxygen and methane.
Here, gas selection depended upon the
differing ion-molecule chemistries between
the analyte ions and interfering ions. It’s
important to note that there are many
benefits to using pure reaction gases
compared to gas mixtures, including more
complete elimination of interferences, more
6

SPONSORED CONTENT

ICP-MS Overview

Interference
Removal

Semiconductor:
Chemicals

Biological
Samples

INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY AT PERKINELMER: A RICH HISTORY OF ADDRESSING
CUSTOMER NEEDS AND THE APPLICATION DEMANDS OF THE TRACE ELEMENT USER COMMUNITY

“More recent PerkinElmer
innovations have included
the development of the very
first passively air-cooled RF
coil for ICP-MS (LumiCoil™
technology), which requires no
maintenance whatsoever.”

not appropriate. Although reaction gases
can be used in collision cells they are often
in the dilute form. In higher-order multipole
cells, the stability regions of the cell are not
as well defined as a quadrupole cell and
therefore cannot be used as a bandpass
filter to reject the interfering species
and for this reason, are known as passive
cells. PerkinElmer was the first to launch
in 2010 a Universal Cell that combined
the simplicity of Collision mode with the
efficiency of Reaction mode empowering
the user to utilize the most appropriate
mode for the application at hand.

predictable interference removal, and the
more reproducible formation of clusterforming ions.
Additionally, using a quadrupole in the
cell offers the ability to create a narrow
bandpass that allows the analyte mass
to pass into the analyzer quadrupole for
separation and detection while rejecting
any subsequent by-product ions generated
by the ion-molecule interactions. This
patented process, known as dynamic
bandpass tuning (DBT), is in complete
contrast with a conventional collision cell,
which utilizes an inert gas to collide with
the interfering ions thereby reducing their
kinetic energy. Since collision cells have a
voltage barrier placed at the exit of the cell
to discriminate against ions with low kinetic
energy, it can be used in applications where
the interfering ion has a notably larger
cross-sectional diameter to the analyte ion.
The inherent limitation to this approach,
however, arises when the analyte ion and
the interfering ion are of a similar crosssectional diameter which would cause their
kinetic energies to be reduced by the same
amount. As a result, the sensitivity of both
ions will be dramatically decreased and so
the use of collision gases in such cases is
FEBRUARY 2021 | SPECTROSCOPY

DRC technology was 15 years ahead of its
time. Today, traditional triple-quad ICP-MS
technology is used to achieve the separation
of the analyte mass from the interfering ions.
However, to carry out the separation using
a triple quad, a quadrupole is added before
the cell to isolate the mass of interest from
other ions in the matrix followed by the
cell to perform the ion molecule chemistry,
plus an additional quadrupole after the cell
to separate and select the analyte mass of
interest. In fact, using a triple quad is not
new for elemental ion molecule reaction
studies. Don Douglas, who was one of the
early pioneers in the field of ICP-MS at SCIEX,
showed in a 1982 publication (4) that oxygen
can be reacted with cerium to move it away
from the interference by creating a cerium
oxide ion, which is then used for quantitation.
Consequently, research at SCIEX was showing
the feasibility of ion molecule reaction
mechanisms using a triple quad almost 40
years ago.
More recent PerkinElmer innovations have
included the development of the very first
7
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FIGURE 2: Timeline of ICP-MS innovations at PerkinElmer

passively air-cooled RF coil for ICP-MS
FIGURE 3: The NexION 5000 multi(LumiCoil™ technology), which requires
quadrupole ICP mass spectrometer
no maintenance whatsoever. This design
from PerkinElmer
utilizes a 34-MHz frequency free-running
RF generator, which has been developed
specifically for applications using ICP-MS
and does not use conventional “off-theshelf” 40-MHz or 27-MHz commercially
available generators, which are typically
customized and modified to work with the
ICP-MS instrument. To design and build new
RF generator hardware completely from
scratch takes a great deal of innovation and
long-term commitment to the technique. A
summary timeline of ICP-MS innovations at 2000 systems can be found in the Additional
Resources section at the end of this
PerkinElmer is shown in FIGURE 2.
publication. So, let’s start by taking a closer
look at the NexION 5000.
ICP Mass Spectrometry at

PerkinElmer Today

The NexION 5000 Multi-Quadrupole
ICP-MS

Our product offerings today include the
brand new NexION® 5000 ICP-MS system
which is the industry’s first four-quadrupole
ICP-MS, as well as the quadrupole-based
systems, the NexION 1000 and 2000. More
information about the NexION 1000 and
FEBRUARY 2021 | SPECTROSCOPY

The NexION 5000, shown in FIGURE 3, is
a four-quadrupole ICP-MS (multi-quad)
instrument designed to address the most
challenging application areas. It takes ICP-MS
8
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performance beyond high-resolution ICPMS and traditional triple-quad technology
to deliver extremely low parts per trillion
(ppt) detection capability using robust, hot
plasma conditions even for the traditionally
challenging alkali and alkali earth elements,
and non-metals such as sulfur, silicon and
phosphorus. To fully understand the realworld benefits of this approach, let’s examine
the major differences between a conventional
triple-quad system and the multi-quad system
of the NexION 5000.

FIGURE 4: Layout of the four
quadrupoles in the NexION 5000
multi-quadrupole ICP-MS technology

use of reaction chemistry, and sometimes
KED, in the reaction/collision (Q2) cell which
allows the analyte to be separated from the
interference in the final analyzer quadrupole.
The limitation of this approach is that the
cell is passive and as such, offers no control
over any potential side reactions between
the reaction by-products and the reaction
gas itself or impurities in the gas. For this
reason, there is always a doubt when using
a traditional triple-quad whether or not
reaction by-products are influencing the
accuracy of the results.

Triple-Quadrupole Technology
Aside from the use of collision/reaction cells
to remove interferences, another design
that has been found to have merit is the
conventional triple quadrupole design which
places a passive cell (Q2) between a first
transmission analyzer quadrupole (Q1) and
the final quadrupole (Q3). This approach,
popular in organic mass spectrometry where
parent ions are subjected to collisional
induced dissociation in the cell, was
commercially adopted for ICP-MS in 2012.
This design allows the analyst to select
the nominal mass of interest in the first
analyzer quadrupole, thereby eliminating
other masses from the ion beam so that only
the analyte and interfering ions remain. The
interference is then removed through the

Multi-Quadrupole ICP-MS
In a multi-quadrupole design, the passive cell
of a traditional triple-quadrupole design is
replaced with an active cell which has mass
filtering capabilities. These cells can operate
in either passive Triple Quad or active Multi
Quad modes and offer the capability of
rejecting the reaction by-products before
they can generate any new interferences.
FIGURE 4 shows the configuration of the four
quadrupoles in the NexION 5000 ICP-MS.

“In a multi-quadrupole
design, the passive cell of a
traditional triple-quadrupole
design is replaced with an
active cell, which has mass
filtering capabilities.”
FEBRUARY 2021 | SPECTROSCOPY

This design allows the ion beam to be cleaned
up as early as the first quadrupole (Quadrupole
Ion Deflector - Q0), followed by mass selection
in the first Transmission Analyzer Quadrupole
9
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(Q1), resulting in removal of all ions which are
not at the desired analyte mass. After this, the
analyte and any interferences which are at the
same nominal mass are introduced into the
active quadrupole cell (Universal Cell - Q2)
where the dynamic bandpass mass tuning
capability of the cell eliminates reaction byproducts before they have a chance to form
new interferences. By using this approach, it
not only controls the ions that enter the cell,
but also controls the secondary reactions,
ensuring that no new interfering species are
formed. After the ions exit the cell, they are
separated in the second Transmission Analyzer
Quadrupole (Q3) and depending on the mode
of operation, are either detected using MS/MS
mode by changing the interference into another
species of a different mass or mass-shifting the
analyte to a different mass via reaction.
Let’s examine in more detail the role of the
four quadrupoles in the NexION 5000.
Q0: Quadrupole Ion Deflector. The
Quadrupole Ion Deflector (QID) is an
electrostatic analyzer that turns the analyte
ion beam 90°. A software-controlled
scanning voltage is applied to the QID
to enhance the transmission of selected
ions into the first Transmission Analyzer
Quadrupole (Q1), thereby improving
sensitivity and eliminating the transmission
of photons and neutral species to the mass
spectrometer via the vacuum. Since the ion
beam is narrowly focused through the use
of the hyper-skimmer cone with OmniRingTM
technology, analyte ions and neutral species
do not touch surfaces of the ion deflector,
ensuring component cleanliness and no
maintenance beyond the cones, as well as
rock-solid stability and robustness.
FEBRUARY 2021 | SPECTROSCOPY

Q1: Transmission Analyzer Quadrupole 1.
A full-length Transmission Analyzer
Quadrupole (Q1) has been engineered to
deliver <0.7 amu mass resolution, with
custom resolution to <0.3 amu, and is
driven by a high-frequency 2.5-MHz power
supply. Its carefully-designed rods produce
a perfect hyperbolic field, delivering optimal
resolving power, abundance sensitivity and
ion-transmission efficiency. This quadrupole
can work in mass filtering or ion guide
modes. Used in Triple Quad mode, the mass
filtering ability of Q1 allows only ions of a
specific m/z to be passed through to the
Universal Cell, while all other ions from the
matrix, solvents and plasma are removed.
This ensures that a “clean” beam of tightly
focused ions with the same m/z enter the
cell. In Ion Guide mode, all ions are allowed
to proceed to the Universal Cell.
Q2: Quadrupole Universal Cell. It is well
recognized that the NexION’s Universal
Cell is totally unique with regard to single
quadrupole technology, because it allows the
analyst to control the ion molecule reactions
to optimize the transmission of analyte ions
while maximizing the rejection of interfering
ions. Like its predecessor, this Universal Cell
in the NexION 5000 is a true quadrupolebased cell driven by frequency modulation.
When utilized in a multi-quadrupole design,
the cell predictively removes spectral
interferences through reactions or collisions,
allowing different modes of analysis to be
run within the same method. Unlike higher
order multipoles which are designed for
collisional mechanisms with kinetic energy
discrimination, the Universal Cell has been
designed to achieve the optimum reaction

10
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“For optimal performance
and flexibility, an analysis can
be run using MS/MS or Mass
Shift conditions.”

high mass cut-off, which can be customized
and fine-tuned according to the mass of
interest as opposed to some quasi-quadrupole
based designs, which only have a limited
functionality with regard to low mass cut-off
and no high mass cut-off at all.

chemistry using either MS/MS or Mass
Shift modes.

The three modes of operation of the
Universal Cell are summarized below:

As mentioned previously, one of the
limitations of traditional triple-quad systems
is that even though the first quadrupole
allows the analyte and interfering ion at the
same m/z ratio through to the cell, there
will be side reactions involving the gas and
the reaction by-products that can generate
new product ions that could interfere with
the element of interest. A hexapole- or
octopole-designed system would not be able
to deal with these types of interferences,
and as such gas mixtures are often used
and time has to be invested to check the
suitability of different gases for different
elements or matrices. On the other hand,
the quadrupole Universal Cell can use highly
reactive pure gases to promote efficient
reaction chemistry in the cell ensuring total
elimination of spectroscopic interferences.
Additionally, the Universal Cell can handle
these pure reaction gases for extended
periods of time. This includes 100% ammonia
(NH3) which is often required for predictable
and reproducible cluster formation for ions
such as titanium (Ti), zinc (Zn), germanium
(Ge), etc., to ensure the complete elimination
of complex interferences and continual
production of accurate data.
It is also important to emphasize that the
Universal Cell allows both a low mass and
FEBRUARY 2021 | SPECTROSCOPY

• Reaction mode (DRC) with selection
of up to four reaction gases
simultaneously via four gas channels at
typical flows <1 mL/min
• Collision mode (KED) compatible with a
variety of collision gases
• Standard mode (no gas)
Let’s explain the use and applicability of
these three modes in greater detail.
Reaction (DRC) mode is ideal for applications
demanding the best performance and the
highest level of interference removal. Highly
reactive gases, such as ammonia, oxygen,
hydrogen or methane, can be introduced into
the cell, creating predictable chemical reactions
with either the analyte or interference.
For optimal performance and flexibility, an
analysis can be run using MS/MS or Mass
Shift conditions. Reaction gases are the
most effective way of removing spectral
interferences by changing them into other
species of a different mass (MS/MS mode)
or by creating cluster ions with the analyte
(Mass Shift mode). In MS/MS mode, Q1 and
Q3 are set up at the same mass, while in
Mass Shift mode, an analyte is measured at
a higher mass than the parent ion due to the
formation of a product ion formed by the
analyte ion and the reaction gas.

11
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An example of this is the elimination
of spectral interferences on P, S, Se,
and As, by reaction with O2 to form
PO+, SO+, SeO+, and AsO+ respectively
via exothermic mass-shifted reactions.
Since quadrupole-based Universal Cell
Technology (UCT) works on frequency
and not amplitude modulation, it is able
to control the reaction to ensure that
undesired endothermic reactions do not
proceed that would potentially generate
unwanted products that could interfere
with the analyte. Moreover, the dynamic
bandpass tuning capability of the Universal
Cell eliminates precursor species of other
unwanted exothermic reactions by making
them unstable in the cell, ensuring that
also these reactions do not proceed.
An added benefit of DRC technology is the
patented Axial Field Technology (AFT), which
consists of two smaller supplementary rod
sets placed in the reaction cell, in addition to
the normal quadrupole rods, with the purpose
of “pushing” the ions faster to the cell exit
by generating a supplementary electric
potential, ensuring that the ions have enough
kinetic energy to move through the cell in the
presence of a cell gas. This technique does
not contribute significantly to the overall
kinetic energy, but dramatically improves
ion transmission. This has the effect of
decreasing matrix effects, improving stability
and reducing the residence time of ions in
the reaction cell, making it well-suited for all
applications where optimal performance in
challenging matrices is required.
Collision (KED) mode is best for the removal of
unknown and unexpected spectral polyatomic
interferences, especially for ions in the mass
FEBRUARY 2021 | SPECTROSCOPY

range of 40-80 amu. In this mode, nonreactive gases, such as helium, or slightly
reactive gas mixtures can be introduced
into the cell to collide with the ions that are
traveling through it. Since many interfering
polyatomic ions tend to have larger diameters
(collisional cross-sectional areas), they will be
subject to more collisions than the analyte
ions. These additional collisions mean that
the interfering ions lose more kinetic energy
and, as a result, are removed through kinetic
energy discrimination (KED). This mode
delivers lower detection limits than Standard
mode, if an interference is present, at the
expense of analyte sensitivity. Collision mode
with KED, however, has limited benefits
for heavier ions that are greater than 100
amu m/z since the difference in collisional
cross sectional area between the ion and
the interference becomes minimal; and
for the very light elements <30 amu m/z
since the loss of energy for these elements
becomes too significant to provide effective
interference removal.
Standard mode is used when no spectral
interferences are expected or the matrix
is well-characterized. In this mode, the
ion beam still goes through the cell but no
collision/reaction gases are used or
voltages applied.
Q3: Transmission Analyzer Quadrupole 2.
The second Transmission Analyzer
Quadrupole is also driven by a high-frequency
2.5-MHz power supply. Both the Q1 and
Q3 are designed using state-of-the-art
alloy materials, exhibiting negligible thermal
expansion. This guarantees rigid structural
integrity along the entire length of the rod,
ensuring exceptional mass calibration stability.
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All rods are carefully inspected prior to
assembly and aligned to ensure maximum ion
transmission for greater sensitivity.
Second-Generation Triple Cone Interface
with OmniRing
The novel design of the second-generation
Triple Cone Interface with patent-pending
OmniRing was developed specifically
for the NexION 5000 ICP-MS with both
sensitivity and stability in mind. It builds
on the Triple Cone Interface geometry of
the NexION series and provides a seamless
solution for reducing space-charge effects.
The OmniRing is a single-piece component
which is situated directly behind the
hyper-skimmer cone and is engineered
not to come in direct contact with the
ion beam. In combination with the wide
internal diameter cone geometry, OmniRing
technology optimizes the ion trajectory
through the interface. As charge separation
develops by diffusing electrons, OmniRing
accelerates the ions through the interface
with minimal expansion. Subsequently, the
beam is refocused under the influence of
a more positive voltage at the entrance of
the Quadrupole Ion Deflector (QID). And
because it does not come into direct contact
with the ion beam, variable RF power or
gas flows will not have an impact on the
expansion of the ion beam. The simplicity of
the OmniRing design is in contrast to other
traditional interface technologies where
a rather complex assembly of cones and
lenses are stacked directly in line of sight
of the ion beam to accelerate the ions. This
is an extremely important differentiation
between the two approaches because in
the latter description/example, the ion
FEBRUARY 2021 | SPECTROSCOPY

beam, consisting mostly of argon ions, has
sufficient energy in the accelerated region to
expand and sputter cone and lens material,
as well as surface contamination, and
contribute to elevated background levels.
Moreover, in other more traditional designs,
higher plasma power or increased nebulizer
gas flow exacerbates the problem and as a
result, are prone to contamination through
deposition, especially for samples with
heavy matrices, causing signal drift
and increasing the need for more
frequent maintenance.
The combination of Triple Cone Interface and
OmniRing with QID in the NexION 5000
ICP-MS translates into many practical
benefits for the analyst, including improved
transmission by reducing the ion current
while at the same time providing a
controlled acceleration of the ions through
the interface without transmitting high
energy ions into the downstream ion optics.
The result is much improved analyte signal
intensities without the penalty of high
background levels, delivering the ability to
analyze complex matrices at sub-ppt BECs
and with robust hot plasma conditions.
In addition to high sensitivity, it also
significantly contributes to the unmatched
stability of the instrument in challenging
and complex matrices. This capability is due
mainly to the three stages of differential
pumping at the interface region and a
design that minimizes surfaces prone to
sample deposition and ion sputtering that
are typically experienced by systems that
use extraction cones and lenses. It’s also
important to point out that no modifications
to the interface are required for running
13
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“The unique design of OmniRing NexION 2000 and 1000 Technology
guarantees no special cleaning of The unique capability of the NexION 5000’s
multi-quad ICP-MS system also builds on the
this component.”
recognized strengths of the NexION 1000
cold plasma conditions. It is simply selected
in the software without using any additional
components, providing even lower BECs
and DLs for elements such as iron (Fe),
sodium (Na), and potassium (K) that benefit
from its use.
Cone materials and orifice size specifications
are described below.
Sampler: Grounded platinum-tipped nickel
cone, 1.1 mm diameter orifice. Used to
sample ions from the plasma.
Skimmer: Grounded platinum-tipped nickel
cone, 0.9 mm diameter orifice. This large
diameter offers a nearly 5-fold larger
aperture than 0.4 mm cone orifices and
delivers improved signal stability and less
cone-maintenance due to clogging during
extended high total dissolved solid (TDS)
sample runs.
Hyper-skimmer: Charged nickel cone, 1.0
mm diameter orifice to produce a tightly
focused ion beam that helps the QID to filter
out neutrals and photons and ensures no
maintenance behind the cones.
OmniRing: The proprietary OmniRing
technology applies a voltage behind the
hyper-skimmer to optimize ion flow from the
plasma, enhancing sensitivity and allowing
analysis to take place in either extraction
or focusing modes. The unique design of
OmniRing guarantees no special cleaning of
this component.
FEBRUARY 2021 | SPECTROSCOPY

and 2000 technology including:
Extended Dynamic Range

The highly sensitive and stable electron
multiplier detector ensures low electronic
background while offering up to 1012
orders of linear dynamic range when used
in combination with the NexION’s unique
Extended Dynamic Range (EDR) capability,
which is able to selectively attenuate the
signal on a “per analyte” basis before they
enter the cell. This unique capability allows
both low and high concentration analytes
to be quantified within a single analytical
run, resulting in fewer re-runs and less
consumption of chemical reagents while
ensuring longer detector lifetimes.
Rapid Data Acquisition for Single Particle
and Single Cell Transient Signals
In ICP-MS, the ability to use extremely short
measurement times is critically important
to characterize rapid transient peaks lasting
sub-milliseconds. As a result, it’s very
advantageous if an instrument can use very
short dwell times and quadrupole settling
times in order to maximize the measurement
protocol. Nowhere is this more evident
than when carrying out the characterization
of metallic nanoparticles or single cells
by ICP-MS. For example, the duration of
the signal emitted from the ionization of a
nanoparticle or the bursting of a cell in the
plasma is typically 400-500 microseconds.
Consequently, with the NexION’s ability to
14

SPONSORED CONTENT

ICP-MS Overview

Interference
Removal

Semiconductor:
Chemicals

Biological
Samples

INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY AT PERKINELMER: A RICH HISTORY OF ADDRESSING
CUSTOMER NEEDS AND THE APPLICATION DEMANDS OF THE TRACE ELEMENT USER COMMUNITY

acquire data every 10 microseconds, the
analyst has full peace of mind that this short
transient peak has enough data points to
accurately characterize it. Syngistix™ for
ICP-MS software with the Nano add-on
module, in combination with the fastest data
acquisition rate on the market delivered
by the NexION detection system, enables
the acquisition of 100,000 points/sec.
Additionally, the Single Cell module is
powerful enough to handle the extremely
large amount of data generated that are
needed to distinguish between exogenous
metal ions (outside the cell) and endogenous
metal ions (inside the cell), which are
essential to providing important cellular
characteristics that researchers require.

What Does the Future Hold?
PerkinElmer is firmly committed to ICP-MS
and other atomic spectroscopic techniques,
which are flagships of the company’s
product lines. If we look at the main
market segments, such as semiconductor,
biomonitoring, environmental, geological,
industrial, food, and pharmaceutical, it is
clear that demand for ICP-MS in particular
is growing rapidly. Being established as
a company with outstanding post-sales
support, we are continually interacting
with and spending time in the lab with our
customers to ensure that we are addressing
their needs and seeing where we can push
the technology forward. Our customers
drive our product development and are
the main focus of our strategy, whether
related to application, hardware, or
software development.
FEBRUARY 2021 | SPECTROSCOPY

“More recently, our NexION
5000 Multi-Quadrupole ICP-MS
won the 2021 Wiley Analytical
Science Award in the category of
new spectroscopy products and
innovative solutions.”
As a result of this commitment, we are
very proud of the fact that in 2018 we
received the Application Award from
LaborPraxis in the category of Bio and
Pharma Analysis for the NexION 2000
ICP-MS in acknowledgment of our single
cell application development work, enabling
biomolecular researchers to quantify the
amount of metal in individual cells for the
very first time. More recently, our NexION
5000 Multi-Quadrupole ICP-MS won the
2021 Wiley Analytical Science Award in the
category of new spectroscopy products and
innovative solutions as well as The Analytical
Scientist Innovation Award 2020—first-place
wins in both instances.
Accolades like this are very rewarding,
but more importantly, it makes us realize
that it is critical that we keep developing
and building on reliable partnerships and
collaborations to continue our position as
one of the most trusted solution providers
with outstanding post-sales support for
our customers. These partnerships are
vitally important to us. Moving forward,
we want to have a better understanding
of how our solutions are being applied to
address unique analytical challenges and to
learn from changing application demands
and industry trends. We firmly believe that
15
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by continuing to listen to the needs of our
customers to design the right hardware
and software solutions, develop optimized
methods/applications, and maximize sample
preparation procedures, PerkinElmer will
continue to empower our users to overcome
everyday analytical challenges and obtain the
best out of their analyses.
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1255 (1981).
4. P.H. Dawson, J.B. French, J.A. Buckley, D.J.
Douglas, D. Simmons, The use of triple
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Fadi Abou Shakra is Portfolio Director for ICP-MS
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To learn more about PerkinElmer’s NexION
5000 Multi-Quadrupole ICP-MS, please refer
to the following publications.

Aaron Hineman
Aaron Hineman is Product Line Leader Americas
at PerkinElmer.

• NexION 5000 Multi-Quadrupole ICP
Mass Spectrometer brochure
• Ultra-Trace Elemental Analysis in
High-Purity Sulfuric Acid
• Analysis of Semiconductor-Grade
Hydrogen Peroxide Using the NexION
5000 ICP-MS
• Ultra-Trace Determination of
Non-Metallic Elements in Dilute Nitric
Acid Using NexION 5000 ICP-MS
• Rapid Ultra-Trace Analysis of Impurities
in Ultrapure Water using the NexION
5000 ICP-MS
• Advantages of a Novel Interface Design
for NexION 5000 ICP-MS
• Advantages of a Novel Plasma
Generator for the NexION
1000/2000/5000 ICP-MS Systems
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Multi-Quadrupole ICP-MS:
Pushing Limits of Detection to
the Next Decimal
Eve Kroukamp and Fadi Abou Shakra

A look at multiquadrupole
ICP-MS
technology,
with a focus
on removing
spectral
and other
intereferences.

E

very analytical technique has its own challenges in terms of
interferences and ways to remove them. This also applies to
inductively coupled plasma–mass spectrometry (ICP-MS),
which is known to have a number of well-characterized
spectral interferences that are generated from matrix ions, the
solvents or acids being used, and the plasma gases (1). The presence of
these interferences does not only have a great impact on the limits of
detection (LODs), but also affects the ability to detect and accurately
quantify analytes at low concentrations. In many industries, such
quantification is crucial for product safety and quality control.
Spectral interferences are typically categorized into polyatomic
(including oxides and hydroxides), isobaric, and doubly-charged ionic
interferences. Although sample cleanup has proven to be effective
at removing a number of matrix-related spectral interferences, this
approach is not popular because of the prohibitive cost and time
associated with it. In some cases, it is possible to simply choose an
alternative isotope that does not have an interference associated

FEBRUARY 2021 | SPECTROSCOPY
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with it. However, for monoisotopic elements
and those at extremely low concentrations,
choosing an alternative isotope is not always
a viable option. Argon-based interferences
are known to be effectively lowered through
the use of cold or cool plasma conditions (1,
2). Unfortunately, this approach is known to
suffer from matrix (non-spectral) effects, and
so its use is dependent upon the application.
Consequently, ICP-MS instrumentation was
developed and improved over the years to
effectively reduce and eliminate a number of
these interferences.

pressurized with a gas for other modes of
operation, had no gas added, serving simply
as an ion guide where correction equations
were then applied to the resulting data.
Collision Mode

The most common way to do this is through
using different modes of analysis that are
possible using reaction or collision cell
technology. Let’s take a detailed look at
how reaction and collision cells work
compared with the more traditional ways
of reducing interferences.

Principles of Reaction
and Collision Cells
Standard Mode
The use of correction equations was
one of the first approaches used in ICPMS analyses to correct for spectral
interferences. Typically used to address
isobaric and minor polyatomic interferences,
the challenge with this approach is
that it can result in overestimating or
underestimating the interference, especially
at lower analyte concentrations. Therefore,
the use of correction equations does
not always provide the level of accuracy
needed. The name “standard mode” arose
with the introduction of a cell before
the analyzer quadrupole. In this mode
of operation, the cell, though typically
FEBRUARY 2021 | SPECTROSCOPY

The first use of a cell pressurized with
gas for ICP-MS application was a radio
frequency (RF)-only driven cell, which came
to be known as a collision cell. Collision
cells, such as octopoles and hexapoles, are
often referred to as “passive cells.” This
is because these cells are not designed
to have any mass separation capabilities.
Instead, they were originally developed, and
still continue to be used in organic mass
spectrometry (tandem MS/MS), to transmit
predominantly high mass ions which
have resulted from the ion-fragmentation
process (3). In Collision mode, a nonreactive gas, such as helium, is introduced
into the cell and used to pressurize it. The
gas will collide with both the analyte and
the polyatomic interference; however,
the polyatomic ion interference typically
has a larger cross-sectional diameter than
the analyte ion and will experience more
collisions, lowering its kinetic energy. These
polyatomic ions are then removed using a
kinetic energy discrimination (KED) barrier.
This mode of operation is best used
for moderate levels of interferences,
and, as such, is particularly useful for
the analysis of unknown matrices. The
challenges associated with this mode of
operation, however, are losses to analyte
sensitivity and the inability to remove
major interferences. For that reason,
Collision mode is limited to cases where the
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“Owing to their mass filtering
capabilities, quadrupole-based
collision–reaction cells can
be used to eject reaction
by-products before they have
a chance to react and form
new interferences.”
intensities of polyatomic interferences are
less than four orders of magnitude higher
than the analyte at that mass and where the
interfering ion has a notably larger crosssectional area than the analyte ion.
Reaction Mode
Reaction mode is typically used for
applications where the interference
exceeds four orders of magnitude, or where
the analyte is present in extremely low
concentrations, and the analysis cannot
afford the signal suppression that would be
introduced from a collision gas. In Reaction
mode, a reactive gas is introduced into
the reaction cell where the choice of gas
and its flow rate are selected according to
reaction dynamics, which are essential for
efficient interference removal. The reaction
gas can either react with the interfering
ion to completely remove it (exemplified
in equation 1) or with the analyte ion to
SPONSORED CONTENT

Animated Video:
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“mass-shift” it to a mass where there is no
interference (exemplified in equation 2).
Equation 1:
An example of using a reaction gas to
remove an unwanted polyatomic
interference where both the interference
and the analyte ions have the same mass. In
this example, 35Cl16O and 51V have the same
m/z of 51:
Cl16O+ + NH3 = ClO + NH3+

35

V+ + NH3 = no reaction

51

Equation 2:
An example of using a reaction gas to massshift the analyte to a new mass. In this
example, 40Ar35Cl and 75As both have the
same m/z 75, but 75As16O+ has a higher m/z
of 91:
Ar35Cl+ + O2 = no reaction

40

As+ + O2 = 75As16O+ + O

75

Reaction Cell with Dynamic
Bandpass Mass Tuning
One of the many concerns with
conventional reaction cells is that byproducts of the chemical reactions can react
with the reaction gas and other ions in the
cell to form new interferences. When this
happens, passive cells only have limited
applicability, and this is where active cells
have become extremely useful. Owing to
their mass filtering capabilities, quadrupolebased collision–reaction cells can be used
to eject reaction by-products before they
have a chance to react and form new
interferences. This approach, called dynamic
20
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bandpass tuning (as found in Universal Cell
Technology), provides a clear advantage
over higher order multipoles which lack the
mass filtering capability to control these byproduct side reactions.

Further Reduction of
Spectral Interferences
However, there are other complementary ways
of reducing polyatomic and isobaric spectral
interferences in ICP-MS, with the use of
additional mass separation devices. Let’s take a
closer look at some of these approaches.
Quadrupole Ion Deflector (QID)
Most ICP-MS instruments have a number
of ion lenses that are used to filter the
ion beam of unwanted photons and
neutral species before they enter the cell
or first quadrupole (depending upon the
instrumentation being used). Historically,
these lenses were designed in tandem with
the interface cones. In 2010, however,
the Quadrupole Ion Deflector (QID) was
developed (PerkinElmer Inc.), where an
additional quadrupole was placed directly
after the cones, replacing the traditional lens
system. The role of this quadrupole was to
deflect the ion beam 90°, while the photons
and neutral species remain unaffected by
the applied voltage and are removed via the
vacuum. A benefit of this technology is that
it behaves as an electrostatic analyzer that
reduces the kinetic energy spread of the
ions and can operate with either a fixed or
variable quadrupole voltage.
With a fixed voltage, a mass range of interest
around the analyte ion can be transmitted to
the cell, whereas ions outside this mass range
FEBRUARY 2021 | SPECTROSCOPY
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are filtered off. This reduces matrix loading
onto the cell or first quadrupole (depending
on the instrumentation being used), and
lowers the chances of new interferences
forming in the cell from matrix ions. A good
example of this would be for zinc (Zn), which
would typically be reacted with NH3 to form
zinc cluster ions (64Zn [14NH3]3+) at mass 115.
By fixing the voltage of the QID to the mass
window around mass 64, 114Cd+ and 115In+
ions, if present in the sample, are diverted
away from the cell. As a result, a better S/N
ratio for the zinc cluster ion at mass 115
is achieved.
Triple Quadrupole ICP-MS
An alternative approach to reducing
interferences is to use a traditional triple
quadrupole design whereby a passive cell
(Q2) is placed between two quadrupole
mass spectrometers. This approach, popular
in organic mass spectrometry where parent
ions are subjected to collisional induced
dissociation in the cell, was commercially
adopted for ICP-MS in 2012. This design
allows the analyst to select only the
nominal mass of interest in the first analyzer
quadrupole, eliminating other masses from
the ion beam so that only the analyte and
interfering ions remain. The interference is
then removed through the use of reaction
chemistry, and sometimes KED, in the
collision–reaction cell (Q2), which allows
21
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Multi-Quadrupole ICP-MS

followed by mass selection in the first
transmission analyzer quadrupole (Q1),
removing all interferences which are not at
the desired nominal mass. After this, the
analyte and any interferences that are at
the same nominal mass are introduced into
the active quadrupole cell (Q2) where the
dynamic bandpass mass tuning capability of
the cell effectively eliminates reaction byproducts before they have a chance to form
new interferences. Thereafter, the interfering
and analyte ions are efficiently separated in
the final transmission analyzer quadrupole
(Q3) in a manner that depends on the mode
of operation (MS/MS or Mass Shift). In this
way, it not only controls the ions that enter
the cell, but also controls the reactions
within the cell, ensuring that by-product ions
are not formed.

In a multi-quadrupole design, the passive
cell of traditional triple quadrupole designs is
replaced with an active cell possessing mass
filtering capabilities. Such cells can operate in
either passive (Triple Quad) or active (Multi
Quad) modes, and offer the ability to reject
the reaction by-products before they can
potentially generate any new interferences.
FIGURE 1 shows the layout configuration of
the four quadrupoles.

Let’s explore the fundamental differences
between a conventional triple quadrupole
system and the multi-quadrupole technology
by highlighting the determination of
chromium in an organic solvent, which
is particularly difficult using a passive
collision–reaction cell. Note that the data in
this example and all subsequent data have
been generated on a NexION 5000 ICP-MS
system (PerkinElmer Inc.) (4).

This design allows the ion beam to be
cleaned up in the first quadrupole (Q0),

Chromium in an Organic Matrix

FIGURE 1: Layout of the four
quadrupoles (Q0 through Q3) in
multi-quadrupole ICP-MS technology

Q3
Q2
Q1
Q0

the analyte to be separated from the
interference in the final analyzer quadrupole.
One limitation of this approach is that
the cell is passive, and therefore offers no
control over any potential side reactions
between the reaction by-products and the
gas itself or impurities in the cell gas.

“In this way, it not only controls
the ions that enter the cell,
but also controls the reactions
within the cell, ensuring that
by-product ions are not formed.”
FEBRUARY 2021 | SPECTROSCOPY

Detection limits for chromium tend to
be poor in organic matrices because
of the 40Ar12C polyatomic interference
that forms as a result of the plasma gas
and organic solvent. FIGURE 2 shows a
product ion scan of 1% methanol, where
Q1 was set to mass 52, and Q3 was set
to scan the mass region from 4 to 100
22
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FIGURE 2: Product ion scan with Q1
set to mass 52, Q3 set to scan masses
4-100 in “Triple Quad mode” and NH3
gas flow of 1 mL/min

TABLE 1: Calculated relative
abundance of peaks at mass 18 and 19
equating to 14N1H4+, 15N1H4+

Q1 = 52, Q3 = 4 to 100

600000

Isotope

CPS

500000

Theoretical Calculated
Relative
Relative
Abundance Abundance

5000

Intensity

400000

300000

N

591019

99.6337%

99.6174%

N

2270

0.3663%

0.3826%

14

0
40

45
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Mass

200000

15
100000

0
0

181920

35

40

52
Mass
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FIGURE 3: Product ion scan with
Q1 set to mass 52, Q3 set to scan
masses 4-100 with an RPq of 0.7 “Multi
Quad mode” and an NH3 gas
flow of 1 mL/min
Q1 = 52, Q3 = 4 to 100

TABLE 1)

as was determined using the formula
shown in equation 3. Also contributing to the
peak at mass 52 are chromium impurities in the
methanol, as a result of the methanol HPLC
gradient grade being used (≥ 99.8% HiPerSolv
Chromanorm, VWR Chemicals BDH).
Equation 3:

Calculated abundance of 15N = (15N cps)/
(14N cps + 15N cps)

500

Pulse Intensity

400

300

200

100

0
0

20

40

60

80

100

Mass

amu with an NH3 gas flow of 1 mL/min.
Pure ammonia was used for this reaction
because it is known to produce highly
efficient and reproducible reactions. In
order to duplicate a passive collision cell
(Triple Quad mode), a rejection parameter
q (RPq) value of 0.05 was used. Four peaks
can be clearly observed at masses 18, 19,
35, and 52 (m/z 52 ca. 4500 cps) which
are due to 14NH4+, 15NH4+, 14NH414NH3+
and 14NH4(14NH3)2+ ions respectively. The
presence of these ions was confirmed
by peaks at masses 18 and 19, whose
abundance has the same relationship as
the two isotopes of nitrogen (shown in
FEBRUARY 2021 | SPECTROSCOPY

As evidenced in FIGURE 2, it can be clearly
observed that additional species have
formed from the NH3 in the cell, even though
only mass 52 was allowed through Q1
and the 40Ar12C interference was removed
via the Reaction mode. However, once
dynamic bandpass mass tuning was applied
by increasing the RPq (shown in FIGURE 3),
it can be clearly seen that all peaks that
had been generated from the reaction gas
are completely eliminated, leaving behind a
clean and significantly smaller peak (ca. 500
cps) at mass 52, which equates to ~5 ppt Cr
impurity, that could be due to the fact that
methanol has been traditionally stored in
stainless steel containers.
By plotting the background equivalent
concentrations (BECs) against the RPq,
23
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FIGURE 4: Lowering of background
equivalent concentrations (BECs) (ppt)
for Cr with increasing RPq
1200.0

Let’s take a more detailed look at two
very important application segments
for ICP-MS where ultra-low detection
capability and interference reduction are
critically important—semiconductor and
biological applications.
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Semiconductor Industry
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FIGURE 5: Detection limits (DLs)
and BECs of ultrapure water in ppt
for 26 essential elements for the
semiconductor industry measured in
“hot plasma” mode (7)

Concentration (ppt)

1

0.1

DLs
BECs

0.01

0.001

challenging for these systems to reach
sub-1 ppt BECs for some elements using hot
plasma conditions. However, with the use of
multi-quadrupole technology, BECs of <1 ppt
in a hot plasma can easily be achieved.

Li B Na Mg Al K Ca Ti V Cr Mn Fe Co Ni Cu Zn As Sr MoCd Sn Sb Ba W Pt Pb

Analytes

the benefits of an active cell are apparent,
as exemplified in FIGURE 4. Operating in
“Triple Quad mode” at an RPq of 0.05, the
BEC was around 966.7 ppt. By using the
power of dynamic bandpass mass tuning, a
significant lowering of the BEC down to 5
ppt can be clearly observed.
FIGURE 4 highlights

why, despite the
effective way that triple quadrupole
designs deal with interferences, it is
FEBRUARY 2021 | SPECTROSCOPY

As can be expected, the cleanliness of
chemicals in the semiconductor industry
is critical to guaranteeing the quality
and improved yields of semiconductor
products (7 , as well as in a further article
on this ebook). Ultrapure water is one such
chemical and is used in a variety of different
processes throughout this industry. For this
reason, the Semiconductor Equipment and
Materials International (SEMI F63-0918)
(5) and American Society for Testing and
Materials International (ASTM D5127-13)
(6) have developed standards associated
with the production and point of delivery of
ultrapure water. The SEMI F63-0918 “Guide
for Ultrapure Water Used in Semiconductor
Processing,” for example, has set a target
value of <1 ppt for the maximum allowable
concentrations of 26 metallic contaminants
with the exception of boron (50 ppt) and
nickel (3 ppt).
As described by Pruszkowski (7), using the
multi-quadrupole ICP-MS instrument in
Hot Plasma mode and 100% NH3 or O2
(depending upon the analyte) as reaction
gases, the detection limits for all 26 elements
24
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FIGURE 6: Method detection limits in
whole blood (8)
10

MDL (µg/L)
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0.001

Mg P

Cr Mn Co Ni Cu Zn As Se Mo Pd Ag Cd Pt Hg Tl

Pb

Analytes

essential to the semiconductor industry were
found to be <0.3 ppt (shown in FIGURE 5),
easily satisfying the 1 ppt requirement of
SEMI and ASTM standards (7). The BECs
for most of these elements were in fact
found to be less than 0.5 ppt and as such
demonstrates the efficiency of spectral
interference removal (7).
Biological Samples
Another application area where accuracy at
low levels is extremely important is in the
measurement of trace metals in whole blood
and serum. Blood is a complex mixture of
water, red and white blood cells, proteins,
hormones, glucose, and mineral salts (8, as well
as in a further article on this ebook). Serum
is derived from blood via centrifugation, and
has a similar composition despite lacking in
red and white blood cells and fibrinogens (8).
Aside from being a very complex mixture,
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blood panels are typically run to make
decisions about the health of the patient
where sometimes the presence of extremely
low concentrations of the metal in the patient
can lead to adverse effects, hence the need
for good accuracy with low method detection
limits (8). As described by Pruszkowski (8),
FIGURE 6 demonstrates that, despite the
complex matrix of the blood samples and
diluent being used (1% HNO3+ 0.05% Triton
X), extremely low MDLs were achieved
(Note: MDLs were determined by analyzing
the diluent 7x, and the resulting standard
deviations multiplied by 50 (the dilution factor)
and 3.14 (99% confidence limit) (8).
To demonstrate the accuracy of this
methodology, ClinChek Levels I, II, and
III whole blood control standards were
analyzed using the same sample preparation
procedure and compared them against
calibration curves prepared by 50x, 100x,
and 200x dilutions of a ClinCal calibration
standard (8). The results in TABLE 2 show
percent recoveries compared to the
normalized results of the mean certificate
values. It can be seen that recoveries are well
within the certified values (8).

Conclusion
In conclusion, multi-quadrupole ICP-MS
technology offers a distinct advantage over
traditional approaches in the removal of
spectral interferences, by not only controlling
the ions that enter the cell, but also the
reaction within the cell. For example, there is
an improvement of approximately two orders
of magnitude in the background equivalent
concentrations when the bandpass is applied
for chromium, which has a direct impact
25
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TABLE 2: Percentage recoveries of ClinChek I, II, and III whole blood control
solutions based on the median of certified ranges (8)
ClinChek I

ClinChek II

ClinChek III

Element

ClinChek I
Range

ClinChek I
Analysis

ClinChek II
Range

ClinChek II
Analysis

Mg

23.9-29.2

25.0

31.4-38.5

33.7

38.9-47.6

42.2

mg/L

P

312-467

348

294-441

359

306-459

365

mg/L

Cr

1.03-1.72

1.17

4.20-7.01

5.35

8.44-12.7

10.0

μg/L

Mn

7.09-10.60

7.59

12.3-18.5

14.5

17.7-26.5

21.0

μg/L

Co

1.24-1.87

1.46

5.70-8.55

6.88

10.4-15.7

12.8

μg/L

Ni

1.41-2.35

1.72

3.74-5.61

4.17

10.3-15.5

12.2

μg/L

Cu

0.542-0.813

0.65

0.885-1.33

1.11

1.34-2.01

1.72

mg/L

Zn

3.67-5.50

4.4

5.02-7.53

6.12

6.39-9.58

7.67

mg/L

As

4.34-6.51

5.12

7.97-12.0

9.96

15.5-23.2

18.9

μg/L

Se

60.2-90.3

75.3

100-150

128

134-201

170

μg/L

Mo

1.65-2.48

2.02

3.58-5.37

4.43

6.97-10.5

8.18

μg/L

Pd

0.578-0.867

0.71

1.34-2.01

1.62

3.38-5.07

4.05

μg/L

Ag

1.48-2.22

1.74

3.50-5.25

4.22

6.81-10.2

8.55

μg/L

Cd

0.987-1.48

1.24

2.30-3.45

2.9

5.06-7.59

6.28

μg/L

Pt

1.34-2.00

1.67

1.95-2.92

2.44

3.97-5.95

4.96

μg/L

Hg

0.885-1.640

1.3

5.15-8.59

6.86

8.59-12.9

9.23

μg/L

Tl

0.656-0.984

0.82

3.35-5.03

4.02

6.70-10.01

7.69

μg/L

Pb

43.6-65.3

54.5

176-263

212

340-510

406

μg/L
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on the detection limit. This allows for the
accurate sub-ppt quantification of analytes in
the semiconductor industry even in the Hot
Plasma mode, which does not suffer from the
same non-spectral matrix effects as are often
observed when using cold plasma conditions.
Furthermore, this technology can be
extremely useful in the field of biomonitoring
studies, effectively removing the spectral
interferences to provide high accuracy at
low levels in complex sample matrices. The
application of this technology is not limited
to these application fields, but can be
extended to other applications where spectral
interferences are a significant limitation,
such as environmental, geochemical,
petrochemical, and academic research.
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Characterization of Ultrapure Water
Using the NexION 5000 ICP-MS
Ewa Pruszkowski

Introduction
The NexION
For decades, the semiconductor industry has been continuously
5000 ICP-MS
designing new devices that are smaller, faster, and consume less
provides
power than their predecessors. To maintain this trend, the critical
features of these devices must become smaller and have fewer
outstanding
defects. The small diameter of a chip’s features requires the use
analytical
of higher purity materials. Therefore, all liquid chemicals and solid
performance
materials used in semiconductor processes should contain extremely
low levels of contaminants.
in terms of
detection
Ultrapure water (UPW) is one of the most important chemicals in the
production of semiconductor devices and is used extensively for all wetlimits and
processing steps, including wafer-rinsing and the dilution of compounds
background
used in chemical baths. During these critical steps, contaminants
from the chemical baths and from the rinsing water can be adsorbed
equivalent
concentrations. and precipitated onto the silicon surface via a chain of chemical and
electrochemical reactions. The metallic contaminants at concentration
levels of 50 ppq present in the critical areas of the finished product
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“The balanced and free-running
RF generator design delivers
improved robustness, high
efficiency, wide power range,
and ensures fast powerswitching between Cold and
Hot Plasma modes.”
can change the electrical parameters of the
components of an integrated circuit and cause
it to fail final electrical tests. Since UPW is
essential to the producers of semiconductor
materials, the measurement of its purity is of
the highest importance.
A number of organizations and groups
developed and published standards
associated with the production and the
point of delivery (POD) of UPW. For
semiconductors and microelectronics,
they include Semiconductor Equipment
and Materials International (SEMI) and
American Society for Testing and Materials
International (ASTM International) (1). In the
latest SEMI F63-0918 “Guide for Ultrapure
Water used in semiconductor processing” (2),
among other requirements, the target values
for 26 metallic contaminants are less than 1
ppt with the exception of B (50 ppt) and Ni
(3 ppt). Reported method detection limits
(MDLs), provided as a reference, show values
of 0.5 ppt for all elements with the exception
of B (15 ppt) and Ni (1.6 ppt).
The only technology that can determine
this suite of elements at such low levels in a
short period of time is inductively coupled
plasma mass spectrometry (ICP-MS). In this
FEBRUARY 2021 | SPECTROSCOPY

application note, results of the UPW analysis
obtained using an ICP-MS instrument
from PerkinElmer, the NexION® 5000 as
described below, will be shown.

Experimental
Instrumentation
PerkinElmer’s NexION 5000 ICP-MS is
a multi-quadrupole system with triple
quadrupole technology described in detail in
the NexION 5000 product note (3).
The NexION 5000 represents a truly
significant advancement in ICP mass
spectrometry and in the removal of spectral
interferences. The novel Triple Cone
Interface (TCI) with OmniRing™ technology
(4), the patented plasma generator, and
the LumiCoil™ RF coil are designed to
enhance analytical performance, instrument
sensitivity, as well as instrument reliability.
The balanced and free-running RF generator
design delivers improved robustness, high
efficiency, wide power range, and ensures
fast power-switching between Cold and Hot
Plasma modes. Multi-mode methods can
now take advantage of these technologies in
combination with a cell-based Reaction mode
(in the Universal Cell) and triple quadrupole
technology, yielding superior polyatomic
interference removal that can further improve
detection limits (DLs) and background
equivalent concentrations (BECs).
Unlike passive cells, such as octopoles
and hexapoles, the Universal Cell is a
quadrupole; therefore, it has the ability to
control the reaction chemistry through the
implementation of the rejection parameter
“q”. This parameter is able to prevent by29
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products of the original reaction from
forming new interferences with any water
vapor residues or cell gas impurities that
may have been introduced into the cell. In
addition, controlling the chemistry allows
the use of highly reactive, non-diluted gases
in the cell, which greatly enhances the
elimination of interferences and ensures
predictable reactions. With four gas channels
available, up to four gases can be used in the
same method, delivering ultimate flexibility
in the removal of any particular interference.
Instrumental Conditions
All analyses were performed on the NexION
5000 ICP-MS in a standard configuration
with the instrumental parameters shown in
TABLE 1.
Background equivalent concentrations and
detection limits for all elements were run in

TABLE 1: Instrumental parameters
Parameter

Description/Value

Sample Uptake
Rate

~350 µL/min

Nebulizer

PFA ST with 0.3 mm ID tubing
(self-aspirated)

Spray Chamber

SilQ™ cyclonic

Torch

One-piece SilQ with 2 mm ID
injector

RF Power

1600 W (Hot) and 700 W (Cold)

Cones

Pt-tip Sampler and Skimmer, Ni
Hyper-skimmer

Integration Time

1 sec/isotope

Reaction Gases

Ammonia, oxygen, hydrogen (all
100%)

MS/MS or Mass
Shift Modes

Q1 and Q3 operated at
resolution 0.7 amu
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“With four gas channels
available, up to four
gases can be used in the
same method, delivering
ultimate flexibility in
the removal of any particular
interference.”
Hot Plasma mode using 1600 W RF power.
For a few elements that work well in Cold
Plasma mode (700 W), BECs and DLs are
also shown.
A Focusing mode with MS/MS or Mass Shift
was used for all analyses.
A Reaction mode with NH3, or O2, or H2, or a
mixture of gases is the most effective way of
removing spectral interferences by changing
them into atoms or ions of a different mass,
or by creating a cluster ion with an analyte
(Mass Shift). In MS/MS mode, Q1 and
Q3 are set up at the same mass, while in
Mass Shift mode, an analyte is measured
at a higher mass as an ion product with a
reaction gas.

Results and Discussion
Interference removal by chemical reactions
and Mass Shift mode have been used for
many years since the introduction of the
Dynamic Reaction Cell (DRC) in 1999. Using
a multi-quadrupole system makes these
modes even more effective since the first
transmission quadrupole (Q1), set at <0.7 amu
resolution, does not allow other species than
those at the analyte mass to be transmitted
30
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FIGURE 1: Q3 scan (Single Quad) of a 100-ppt mixed-element standard from mass
75 to 92

FIGURE 2: MS/MS scan of a 100-ppt mixed-element standard from mass 75 to 92
while Q1 transmits only ions at mass 75

FEBRUARY 2021 | SPECTROSCOPY

31

SPONSORED CONTENT

Semiconductor:
Chemicals

Interference
Removal

ICP-MS Overview

Biological
Samples

THE CHARACTERIZATION OF ULTRAPURE WATER USING THE NEXION 5000 ICP-MS

TABLE 2: UPW DLs and BECs in ppt for 26 essential elements for the
semiconductor industry measured in Hot Plasma mode
Element

Mode

Isotope Selection
(Q1/Q3)

DLs

BECs

Li

Standard

7/7

0.028

0.018

B

Standard

11/11

0.178

0.239

Na

Standard

23/23

0.091

0.108

Mg

Standard

24/24

0.028

0.026

Al

Reaction
Ammonia

27/27

0.049

0.180

K

Reaction
Ammonia

39/39

0.158

0.459

Ca

Reaction
Ammonia

40/40

0.085

0.412

Ti

Reaction Oxygen

48/64

0.033

0.007

V

Reaction
Ammonia

51/51

0.009

0.004

Cr

Reaction
Ammonia

52/52

0.081

0.340

Mn

Reaction
Ammonia

55/55

0.055

0.015

Fe

Reaction
Ammonia

56/56

0.173

0.915

Co

Reaction
Ammonia

59/59

0.017

0.026

Ni

Reaction
Ammonia

60/60

0.271

0.433

Cu

Reaction
Ammonia

63/63

0.030

0.081

Zn

Reaction
Ammonia

66/66

0.085

0.126

As

Reaction Oxygen

75/91

0.109

0.045

Sr

Standard

88/88

0.007

0.008

Mo

Reaction
Ammonia

98/98

0.038

0.033

Cd

Standard

114/114

0.058

0.027

Sn

Standard

118/118

0.075

0.012
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TABLE 2 (CONT.): UPW DLs and BECs in ppt for 26 essential elements for the
semiconductor industry measured in Hot Plasma mode
Element

Mode

Isotope Selection
(Q1/Q3)

DLs

BECs

Sb

Standard

121/121

0.050

0.077

Ba

Standard

138/138

0.014

0.012

W

Standard

184/184

0.053

0.042

Pt

Standard

195/195

0.268

0.271

Pb

Standard

208/208

0.031

0.014

further. This operation effectively cleans the
ion beam and the background before it enters
the cell. The Universal Cell, via gas reactions,
deals with spectral interferences and then the
analyzing quadrupole (Q3), also set at <0.7
amu resolution, rejects products other than an
analyte of interest.

FIGURE 3: Calibration curves for B
(Standard MS/MS), Ca (Reaction-NH3
MS/MS and Ti and As (Reaction-O2
Mass Shift)

Scans shown in FIGURES 1 AND 2 explain
in detail how the NexION 5000 MultiQuadrupole ICP-MS in Reaction mode works.
In FIGURE 1, there is a Q3 scan (Single Quad
mode) of a 100 ppt multi-element standard
from mass 75 to 92 while O2 was introduced
into the Universal Cell. The Q1 quadrupole
acts as an ion guide transmitting all masses.
The analyzed standard is a mixture of 50
elements including Ge, Zr, and diluted HCl.
Multiple peaks from the components of this
standard are displayed and a peak formed by
AsO+ is present at mass 91.
The same mixed-element standard solution
was scanned in Product Ion Scan mode
with O2 (FIGURE 2), with Q1 set to 0.7 amu
resolution at mass 75 instead of transmitting
all ions. The plot shows a clean background
FEBRUARY 2021 | SPECTROSCOPY

with only two peaks: CoO+ and ArCl+ at
mass 75 and As seen as AsO+ at mass 91.
Consequently, arsenic is measured in the
Mass Shift mode after reaction with O2
without having to worry about potential
interferences from Ge, Zr, and Cl.
33
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TABLE 3: UPW DLs and BECs in ppt for non-essential elements for the
semiconductor industry measured in Hot Plasma mode
Element

Mode

Isotope Selection
(Q1/Q3)

DLs

BECs

Be

Standard

9/9

0.116

0.060

Si

Reaction
Hydrogen+Ammonia

28/28

25.9

446.8

P

Reaction Oxygen

31/47

2.86

1.39

S

Reaction Oxygen

32/48

8.7

195.1

Sc

Reaction Oxygen

45/61

0.022

0.008

Ga

Standard

69/69

0.014

0.007

Ge

Reaction Ammonia

74/74

0.071

0.294

Se

Reaction Oxygen

78/94

1.160

0.652

Nb

Standard

93/93

0.015

0.012

Ru

Standard

102/102

0.040

0.097

Rh

Standard

103/103

0.162

0.073

Pd

Standard

106/106

0.055

0.033

Ag

Standard

107/107

0.107

0.064

In

Standard

115/115

0.014

0.008

Te

Standard

130/130

0.057

0.070

Hf

Standard

180/180

0.017

0.025

Ta

Standard

181/181

0.006

0.010

Re

Standard

187/187

0.045

0.017

Ir

Standard

193/193

0.047

0.587

Au

Standard

197/197

0.062

0.103

Tl

Standard

205/205

0.017

0.007

Bi

Standard

209/209

0.004

0.011

Th

Standard

232/232

0.028

0.016

U

Standard

238/238

0.016

0.019
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TABLE 4: UPW DLs and BECs in ppt measured in Cold Plasma mode
Element

Mode

Isotope Selection
(Q1/Q3)

DLs

BECs

Li

Standard Cold

7/7

0.0004

0.0001

Na

Standard Cold

23/23

0.033

0.045

Mg

Standard Cold

24/24

0.008

0.004

Al

Reaction Cold
Ammonia

27/27

0.012

0.005

K

Reaction Cold
Ammonia

39/39

0.030

0.021

Ca

Reaction Cold
Ammonia

40/40

0.025

0.050

Cr

Reaction Cold
Ammonia

52/52

0.011

0.020

Mn

Reaction Cold
Ammonia

55/55

0.006

0.003

Fe

Reaction Cold
Ammonia

56/56

0.009

0.052

Co

Reaction Cold
Ammonia

59/59

0.008

0.003

Ni

Reaction Cold
Ammonia

60/60

0.029

0.017

Cu

Reaction Cold
Ammonia

63/63

0.010

0.012

Using MS/MS and Mass Shift modes with
reaction gases (Reaction mode) and without
reaction gases (Standard mode), DLs and
BECs were measured for 50 elements in
UPW. Hot plasma conditions and one-second
integration time per isotope were used for
this analysis. TABLE 2 shows the results of 26
semiconductor-essential elements.

In TABLE 3, DLs and BECs for an additional
24 elements are shown with similarly low
values for both parameters.

Detection limits in Hot Plasma mode for all
26 essential elements for the semiconductor
industry were found to have concentrations
lower than 0.3 ppt, easily fulfilling the 1-ppt
requirement by SEMI or ASTM standards.
BECs for most of the elements were found to

For the BEC and DL measurements,
calibration curves were established with
10, 20, 40 and 60 ppt standards. All curves
had linear regressions values (r2)> 0.999,
demonstrating the linearity of the analysis,
the ability to accurately measure at low

FEBRUARY 2021 | SPECTROSCOPY

be less than 0.5 ppt, demonstrating the
effectiveness of the gas reactions and
the MS/MS modes in removing
spectral interferences.
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concentrations, and the effectiveness of the
interference removal. FIGURE 3 shows four
typical calibration curves in Standard MS/MS
mode, in Reaction (NH3) MS/MS mode and in
Reaction (O2) Mass Shift mode respectively.

Ewa Pruszkowski
Senior Principal Scientist
PerkinElmer Inc.

Cold Plasma mode, in conjunction with
MS/MS, is able to obtain extremely low
DLs and BECs in Standard and Reaction
(NH3) modes for a few elements that
have Ar-based interferences or whose
sensitivity is enhanced by the reduction of
Ar ions in the plasma stream (Table 4).

Conclusion
The presented data has clearly demonstrated
that the NexION 5000 Multi-Quadrupole
ICP-MS, with the patented SMARTintro™
sample introduction system, LumiCoil™
load coil, 34-MHz RF plasma generator,
Universal Cell with four gases and triple
quadrupole technology, is designed to
provide outstanding analytical performance
in terms of DLs and BECs, as is needed for
the semiconductor industry today and for
the foreseeable future.
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Analysis of Blood Using the
NexION 5000 ICP-MS
Ewa Pruszkowski

Introduction
Advantages
For many years, inductively coupled plasma mass spectrometry (ICPof NexION
MS) has been the tool of choice for the trace analysis of elements
5000 Multilike lead (Pb), arsenic (As), mercury (Hg), and copper (Cu) in bodily
fluids such as urine, blood, serum and saliva, as well as in tissues.
Quadrupole
Single elements or panels of toxic and nutritional elements are run
ICP-MS for
in these matrices, providing doctors with insights into the patient’s
stable, accurate condition. Researchers have found correlations between essential
blood analysis. element levels and diseases, metabolic disorders, environmental

exposures, and nutrition. Owing to the increased popularity of
orthopedic implants, elements like titanium (Ti) and cobalt (Co) have
also been added to the list of commonly tested analytes. Although
these elements are not classified as either essential or toxic, they can
give medical providers information on the implant’s degradation.
Blood and serum are two common biological fluids which present
challenges for trace metal analysis. Blood is a complex mixture,
composed mostly of water, but also contains proteins, glucose,
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mineral salts, hormones, as well as red
and white blood cells. Serum is derived
from blood and has a similar composition,
although it does not contain red or white
blood cells or fibrinogens.
PerkinElmer’s NexION® 5000 MultiQuadrupole ICP-MS has a winning
combination of reaction and collision
capabilities with triple quadrupole technology
for spectral interference removal (1). This
design allows for the accurate determination of
low and high levels of analytes in one analytical
run. Using a simple sample preparation
technique based upon dilution with an
appropriate diluent, it is possible to quickly and
precisely measure panels or individual analytes
in challenging biological matrices.
This application note summarizes results
of blood analysis, highlighting the NexION
5000 ICP-MS’ technological advantages for
this application.

TABLE 1: Instrumental parameters
Parameter

Description/Value

Sample Uptake
Rate

Pumped at ~200 µL/min

Nebulizer

PFA ST

Spray Chamber

SilQ™ cyclonic

Torch

One-piece SilQ with 2 mm
injector

RF Power

1600 W

Cones

Pt-tip Sampler and Skimmer,
Ni Hyper-skimmer

Reaction Gases

Ammonia and Oxygen (100%)

MS/MS and Mass
Shift Modes

Q1 and Q3 operating at 0.7
amu resolution
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Experimental
Instrumental Conditions
All analyses were carried out on the NexION
5000 ICP-MS in a standard configuration
with the instrumental conditions and
parameters shown in TABLE 1.
To increase sample throughput, a highproductivity 7-port valve with a 1 mL sample
loop was used in flow-switching mode.
Standards and Sample Preparation
To determine the accuracy of the
methodology, reference material ClinChek®
Blood Control (Recipe Chemicals and
Instruments GmbH, Munich, Germany) was
used. Three levels of the reference material
(normal, elevated and high) were analyzed.
Sample preparation for blood matrices using
acidic and basic diluents was discussed
elsewhere (2). In this work, the 50x dilution
with an acidic diluent was used. The acidic
diluent was a mixture of 0.5% HNO3
(Optima Grade, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) + 0.05%
Triton™ X (Sigma-Aldrich™, St. Louis,
Missouri, USA), (all v/v) + 0.25 mg/L gold
(Au; PerkinElmer Inc.). Although nitric acid
was required to keep elements stable in
solution, a low concentration was used to
prevent precipitation of proteins and cell
debris. Triton™ X was used to help rinse the
spray chamber and to aid the solubilization
of proteins and cell membranes, while the
addition of gold aided mercury stability
and washout.
Carrier and rinse solutions were the same
as the diluent used to prepare samples and
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The ability to run up to four different cell
“In Reaction mode, ammonia
gases, as well as run in Standard mode,
is the most effective cell gas
within the same method and from a single
optimization file is a powerful feature of
for eliminating the argon-,
the NexION 5000 system. This approach
carbon-, and chloride-based
results in enhanced ease-of-use and efficient
interferences on chromium,
interference removal. All analytes could be
manganese and other elements, measured within a single analytical run, in
the same method without the need to divide
delivering single-ppt detection
them into separate panels.
limits for these elements in
Results and Discussion
biological matrices.”
standards. Internal standards (2 ppb of Rh
and Ir; PerkinElmer) were also prepared in
the same diluent and mixed on-line with the
sample stream in the switching valve.
Calibration standards were prepared by diluting
ready-to-use blood standard with the diluent
(50x, 100x and 200x). This matrix-matched
calibration standard consisted of lyophilized
blood with the addition of commonly analyzed
elements of known concentrations. The benefit
of this approach was to eliminate the need
to collect pooled-blood samples to perform
matrix-matched calibrations.
For optimal performance, analyses were run
in Focusing mode with MS/MS or Mass Shift
conditions. Reaction mode with NH3, or O2 is
the most effective way of removing spectral
interferences by changing them into other
species of a different mass (MS/MS), or by
creating cluster ions with the analyte (Mass
Shift). In MS/MS mode, Q1 and Q3 are set
up at the same mass, while in Mass Shift
mode, an analyte is measured at a higher
mass than the parent ion as an ion product
with a reaction gas.
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Since there are no specific regulatory
requirements for trace-elemental analysis in
blood, the elements measured and reported
often vary between laboratories. In some
cases, specific panels of elements are
analyzed, while in others, the analyses may
call for individual elements (such as Pb in
blood). As a result, the elements chosen for
this work represent a typical cross-section of
those routinely analyzed in blood.

The main benefit of using the triple
quadrupole capability of the NexION 5000
is the ability to reject ions that are not the
analytes of interest by the Q1 quadrupole
and the possibility of using not only MS/MS
but also Mass Shift mode. The use of the
quadrupole Universal Cell along with four
cell gases on the NexION 5000 ICP-MS
allows the optimal conditions to be chosen
for each analyte, whether it is a Reaction,
Collision, or Standard mode. In Reaction
mode, ammonia is the most effective cell
gas for eliminating the argon-, carbon-, and
chloride-based interferences on chromium,
manganese and other elements, delivering
single-ppt detection limits for these elements
in biological matrices. On the other hand,
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FIGURE 1: Q3 scan (Single Quad mode) of a 100-ppt mixed-element standard from
mass 75 to 92

FIGURE 2: Product ion scan of a 100-ppt mixed-element standard from mass 75 to
92 while Q1 transmits only ions at mass 75

oxygen is the most efficient reaction gas for
eliminating the metal-oxide interferences
on cadmium (MoO+) and mercury (WO+) by
changing interferences into different oxide
ions. Also, O2 reacts and creates clusters
with some elements like P, Sc, As and Se,
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allowing the application of Mass Shift to
measure those elements as oxide ions at
masses where spectral interferences do
not exist. For high mass analytes with no
polyatomic interferences in blood, Standard
mode is preferred.
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FIGURE 3: Product ion scan of a 100-ppt mixed-element from mass 80 to 98 while
Q1 transmits only ions at mass 80

In FIGURE 1, a Q3 scan (Single Quad mode) of
a 100 ppt multi-element standard from mass
75 to 92 is shown while O2 was introduced
into the Universal Cell. In this mode, the Q1
quadrupole acts as ion guide transmitting all
masses. The analyzed standard is a mixture
of 50 elements including Ge, Zr and diluted
HCl. Multiple peaks from components of this
standard are displayed and a peak formed by
AsO+ is present at mass 91.

The same mixed-element standard solution
was scanned in Product Ion Scan mode with
O2, while Q1 was set to a resolution of 0.7
amu set at mass 80. The plot in FIGURE 3
shows a clean background with a peak at
mass 96. Se 80+ reacts with O2 and creates a
SeO+ cluster at mass 96. Therefore, Se can be
measured in Mass Shift mode after reaction
with O2 without potential interferences from
Zr, Mo and Ru residing at mass 96.

The same mixed-element standard solution
was scanned in Product Ion Scan mode with
O2, while instead of Q1 transmitting all ions,
it was set to 0.7 amu resolution at mass 75.
FIGURE 2 shows a clean background with only
two peaks: a small one at mass 75 (CoO+
and ArCl+) and a much larger one at mass 91,
arsenic shown as AsO+. Arsenic is measured
in Mass Shift mode after a reaction with
O2 without any worry about potential
interferences from Ge, Zr and Cl.

Another benefit of multi-quadrupole
technology is an observed improvement in
abundance sensitivity, allowing an analyte
residing on mass 1 amu lower than a highconcentration ion to be measured without
interference. Due to the presence of two
transmission quadrupoles, abundance
sensitivity is greatly improved and both
peaks are resolved down to the baseline.
In blood, this technology eliminates the
interference from high concentrations of Fe
at masses 54 and 56 on Mn at mass 55.
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FIGURE 4: Great abundance sensitivity demonstrated by analyzing low levels of Mn
(250 and 500 ppt) in the presence of high concentration of Fe (600 ppm using NH3
as a reaction gas)

Since several elements are present at
extremely low levels in non-exposed, normallevel samples, the first step was to establish
the reporting limits (RLs) of the methodology,
which were determined by multiplying the
method detection limits (MDLs) by 5 (a
common multiplier used in the industry). The
MDLs were determined by analyzing the
diluent 7 times and the standard deviations
being multiplied by 50 (to account for the
dilution factor) and by 3.14 to be within the
99% confidence limit. TABLE 2 shows both
the MDLs and RLs in blood. At these levels,
the most challenging aspect of the analysis
is controlling contamination/background,
which can arise from a variety of sources,
including (but not limited to) sample handling,
laboratory environment and reagents.
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To demonstrate the accuracy of the analysis,
the reference samples (ClinChek, Levels I,
II, and III) were analyzed against calibration
curves prepared from ClinCal by 50x, 100x,
and 200x dilution. The results appearing in
TABLES 3-5 demonstrate the accuracy of the
methodology, with all recoveries being well
within the certified values with the majority
being within 15% or less from the median.
FIGURE 5 shows

normalized results to the
mean values in ClinChek I, II and III. As
shown in TABLES 3-5, results for all levels of
CRM are within the control range and also
very close to the mean values.
With the accuracy established, the stability
of the methodology was explored next by
analyzing pooled-blood samples over 6.5 hours
and monitoring a QC standard (pooled-blood
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TABLE 2: Method detection limits (MDLs) and reporting limits (RL) in blood
Element

Mode

Isotope Selection
(Q1/Q3)

MDL (μg/L)

RL (μg/L)

Mg

Reaction
Ammonia

24/24

1.429

7.147

P

Reaction Oxygen

31/47

7.163

35.813

Cr

Reaction
Ammonia

52/52

0.020

0.099

Mn

Reaction
Ammonia

55/55

0.021

0.105

Co

Reaction
Ammonia

59/59

0.011

0.053

Ni

Reaction
Ammonia

60/60

0.174

0.869

Cu

Reaction
Ammonia

63/63

0.103

0.514

Zn

Reaction
Ammonia

66/66

0.635

3.176

As

Reaction Oxygen

75/91

0.149

0.747

Se

Reaction Oxygen

80/96

0.332

1.661

Mo

Reaction
Ammonia

98/98

0.013

0.065

Pd

Standard

106/106

0.024

0.118

Ag

Standard

107/107

0.010

0.052

Cd

Reaction Oxygen

111/111

0.023

0.114

Sn

Standard

118/118

1.421

7.106

Pt

Standard

195/195

0.026

0.130

Hg

Reaction Oxygen

202/202

0.074

0.369

Tl

Standard

205/205

0.007

0.037

Pb

Standard

208/208

0.040

0.199
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TABLE 3: Results in ClinChek I and control range
ClinChek I

Element

Mode

Isotope Selection
(Q1/Q3)

Range

Results

Mg

Reaction Ammonia

24/24

23.9-29.2

25.0

mg/L

P

Reaction Oxygen

31/47

312-467

348

mg/L

Cr

Reaction Ammonia

52/52

1.03-1.72

1.17

µg/L

Mn

Reaction Ammonia

55/55

7.09-10.60

7.59

µg/L

Co

Reaction Ammonia

59/59

1.24-1.87

1.46

µg/L

Ni

Reaction Ammonia

60/60

1.41-2.35

1.72

µg/L

Cu

Reaction Ammonia

63/63

0.542-0.813

0.65

mg/L

Zn

Reaction Ammonia

66/66

3.67-5.50

4.40

mg/L

As

Reaction Oxygen

75/91

4.34-6.51

5.12

µg/L

Se

Reaction Oxygen

80/96

60.2-90.3

75.3

µg/L

Mo

Reaction Ammonia

98/98

1.65-2.48

2.02

µg/L

Pd

Standard

106/106

0.578-0.867

0.71

µg/L

Ag

Standard

107/107

1.48-2.22

1.74

µg/L

Cd

Reaction Oxygen

111/111

0.987-1.48

1.24

µg/L

Pt

Standard

195/195

1.34-2.00

1.67

µg/L

Hg

Reaction Oxygen

202/202

0.885-1.640

1.30

µg/L

Tl

Standard

205/205

0.656-0.984

0.82

µg/L

Pb

Standard

208/208

43.6-65.3

54.5

µg/L
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TABLE 4: Results in ClinChek II and control range
ClinChek II

Element

Mode

Isotope Selection
(Q1/Q3)

Range

Results

Mg

Reaction Ammonia

24/24

31.4-38.5

33.7

mg/L

P

Reaction Oxygen

31/47

294-441

359

mg/L

Cr

Reaction Ammonia

52/52

4.20-7.01

5.35

µg/L

Mn

Reaction Ammonia

55/55

12.3-18.5

14.5

µg/L

Co

Reaction Ammonia

59/59

5.70-8.55

6.88

µg/L

Ni

Reaction Ammonia

60/60

3.74-5.61

4.17

µg/L

Cu

Reaction Ammonia

63/63

0.885-1.33

1.11

mg/L

Zn

Reaction Ammonia

66/66

5.02-7.53

6.12

mg/L

As

Reaction Oxygen

75/91

7.97-12.0

9.96

µg/L

Se

Reaction Oxygen

80/96

100-150

128

µg/L

Mo

Reaction Ammonia

98/98

3.58-5.37

4.43

µg/L

Pd

Standard

106/106

1.34-2.01

1.62

µg/L

Ag

Standard

107/107

3.50-5.25

4.22

µg/L

Cd

Reaction Oxygen

111/111

2.30-3.45

2.90

µg/L

Pt

Standard

195/195

1.95-2.92

2.44

µg/L

Hg

Reaction Oxygen

202/202

5.15-8.59

6.86

µg/L

Tl

Standard

205/205

3.35-5.03

4.02

µg/L

Pb

Standard

208/208

176-263

212

µg/L
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TABLE 5: Results in ClinChek III and control range
ClinChek III

Element

Mode

Isotope Selection
(Q1/Q3)

Range

Results

Mg

Reaction Ammonia

24/24

38.9-47.6

42.2

mg/L

P

Reaction Oxygen

31/47

306-459

365

mg/L

Cr

Reaction Ammonia

52/52

8.44-12.7

10.0

µg/L

Mn

Reaction Ammonia

55/55

17.7-26.5

21.0

µg/L

Co

Reaction Ammonia

59/59

10.4-15.7

12.8

µg/L

Ni

Reaction Ammonia

60/60

10.3-15.5

12.2

µg/L

Cu

Reaction Ammonia

63/63

1.34-2.01

1.72

mg/L

Zn

Reaction Ammonia

66/66

6.39-9.58

7.67

mg/L

As

Reaction Oxygen

75/91

15.5-23.2

18.9

µg/L

Se

Reaction Oxygen

80/96

134-201

170

µg/L

Mo

Reaction Ammonia

98/98

6.97-10.5

8.18

µg/L

Pd

Standard

106/106

3.38-5.07

4.05

µg/L

Ag

Standard

107/107

6.81-10.2

8.55

µg/L

Cd

Reaction Oxygen

111/111

5.06-7.59

6.28

µg/L

Pt

Standard

195/195

3.97-5.95

4.96

µg/L

Hg

Reaction Oxygen

202/202

8.59-12.9

9.23

µg/L

Tl

Standard

205/205

6.70-10.1

7.69

µg/L

Pb

Standard

208/208

340-510

406

µg/L
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FIGURE 5: Analysis of ClinChek I, II, and III blood reference material. Results are
normalized to ClinChek mean values

FIGURE 6: 6.5-h Stability run of QC standards in 50x diluted blood
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sample spiked with 2 ppb of a mixed standard)
every 10 samples. The resultant plot (FIGURE 6)
clearly demonstrates the exceptional stability
of the multi-mode method and the lack of
long-term drift; a direct result of the design of
the NexION 5000 system (3).

Conclusion
This work has demonstrated the ability
of PerkinElmer’s NexION 5000 MultiQuadrupole ICP-MS to perform reproducible
analyses of blood samples with outstanding
stability over long sample run times.
Accurate results were attained using a
method with Standard MS/MS mode using
NH3 or O2 as reaction gases and Mass Shift
mode with O2 as a reaction gas. Moreover,
the Universal Cell and the ability to use up to
four cell gases in a single method with triple
quadrupole technology provides freedom
to use the most appropriate interferencereduction strategies, guaranteeing superior,
low-level analysis capabilities, limited only by
external contamination.
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Additional Resources for PerkinElmer’s NexION
Family of ICP-MS Instruments
NexION 2000 ICP-MS
The most versatile ICP-MS on the market, the NexION® 2000 ICP-MS brings together an
array of proprietary technologies that combine to deliver the best performance no matter
your analytical challenge. For more information:
• NexION 2000 ICP-MS Brochure
• NexION 2000 ICP-MS Animated Video
• Analysis of Soils and Waters in Accordance with U.S. EPA Method 6020B Using the
NexION 2000 ICP-MS
• Testing and Validation of Various Antacids for Elemental Impurities Following ICH Q3D
and USP <232>/<233> Using the NexION 2000 ICP-MS
• Analysis of Milk for Major and Trace Elements by ICP-MS
For more content on the NexION 2000 ICP-MS, visit www.perkinelmer.com/nexion2000

NexION 1000 ICP-MS
The NexION® 1000 ICP-MS is the ideal high-throughput system for routine, multielemental, trace-level analyses that meet regulatory standards, delivering exceptional
speed and operational simplicity, making your lab more efficient than ever before. For more
information:
• NexION 1000 ICP-MS Brochure
• Advantages of a High Throughput Sample Introduction System for Drinking Water
Analyses Using ICP-MS
For more content on the NexION 1000 ICP-MS, visit www.perkinelmer.com/nexion1000

NexION Single Particle ICP-MS
The NexION® Single Particle ICP-MS solution allows for the rapid analysis of
nanoparticles, measuring and characterizing thousands of particles in less than a minute.
For more information:
• Accurate Sizing and Precise Counting of 10 nm Gold Nanoparticles Using the Enhanced
Sensitivity of the NexION ICP-MS
• A Comparison of Microsecond vs. Millisecond Dwell Times on Particle Number
Concentration Measurements by Single Particle ICP-MS
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NexION Single Cell ICP-MS
The NexION® ICP-MS Single Cell ICP-MS solution allows users to study intrinsic metals
and the uptake of dissolved (ionic) and nanoparticulate metals into cells, providing new
insights into drug delivery, toxicity, bioavailability, and bioaccumulation mechanisms.
For more information:
• Quantification of Gold Nanoparticle Uptake into Cancer Cells Using Single Cell ICP-MS
• A Rapid, Novel Single Cell-ICP-MS Method to Study the Treatment Efficiency of
Algaecide for Toxic Algal Bloom Control

NexSAR HPLC-ICP-MS Speciation Solution
The NexSAR™ HPLC-ICP-MS speciation solution brings together our completely inert
NexSAR Speciation Analysis Ready HPLC system and the revolutionary NexION® ICP-MS in
a seamless platform, integrated using Clarity™ software. For more information:
• NexSAR HPLC-ICP-MS Speciation Solution Flyer
• Quantification of Low Levels of Hexavalent Chromium in Water Using a NexSAR
HPLC-ICP-MS
To learn more about the NexSAR HPLC-ICP-MS system, visit www.perkinelmer.com/speciation
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