Measurements of the chemical compositions of
materials and the levels of certain substances
in them are vital when assessing and improv-
ing public health, safety and the environment,
are necessary to ensure trade equity, and are re-
quired when monitoring and improving industrial
products and services. Chemical measurements
play a crucial role in most areas of the economy,
including healthcare, food and nutrition, agricul-
ture, environmental technologies, chemicals and
materials, instrumentation, electronics, forensics,
energy, and transportation.

This chapter presents a broad overview of the
analytical techniques that can be used to per-
form the higher order chemical characterization
of materials. Techniques covered include mass
spectrometry, molecular spectrometry, atomic
spectrometry, nuclear analytical methods, chro-
matographic methods and classical chemical
methods.

For each technique, information is provided
on the principle(s) of operation, the scope of the
technique, the nature of the sample that can be
used, qualitative analysis, traceable quantitative
analysis, and key references. Examples of repre-
sentative data are provided for each technique,
where possible.
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in a quartz torch connected to a radiofrequency (RF)
generator. Operating RF powers are typically between
1000 and 1500 W. The aqueous liquid sample solution
is injected as an aerosol into the axial channel of the
ICP, where temperatures on the order of 7000 K pre-
vail. Here the sample is decomposed into its constituent
elements, which are ionized. The ions are differentially
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pumped into a mass spectrometer (MS) through a sam-
pling cone and skimmer. The relative ion count rates
are used to gauge the relative concentrations of the el-
ements in the sample. The most common instruments
use quadrupole mass spectrometers with unit mass res-
olution capabilities. Higher resolution magnetic sector
mass spectrometers are also available.

Scope. ICP-MS is used primarily for quantitative el-
emental analysis, in other words to determine the
concentrations of specific elements in a sample. It
is also used to measure elemental isotope ratios. It
is roughly 1000 times more sensitive than ICP-atomic
emission spectrometry (AES), making it very suitable
for trace metal analysis at ng/g and even pg/g solution
concentrations. It is widely used in the semiconductor
industry to test high-purity production chemicals. It is
also heavily used for the environmental monitoring of
water and soil samples. ICP-MS is used in geological
studies, including isotope ratio studies.

Nature of the Sample. In the most common situations,
samples are introduced into the ICP as solutions. If the
sample being analyzed is a solid, it must first be dis-
solved. This typically involves dissolving a 0.1 g sample
in 100mL of acidified aqueous solution. Dissolving
most samples will require hot concentrated mineral
acids.

An alternative sample introduction system uses laser
ablation of solid samples to generate an aerosol of sam-
ple particles, which can be injected directly into the
ICP.

Qualitative Analysis. Specific elements are identified
based on the known mass/charge ratios and isotopic
patterns of the elements.

Traceable Quantitative Analysis. For systems using
solution sample introduction, the ICP-MS instrumen-
tation must be calibrated using solutions containing
known concentrations of the analyte elements. Such cal-
ibration solutions are available from many commercial
suppliers. These solutions are often traceable to one of
a set of NIST single-element solution standard refer-
ence materials. The analysis of complex samples can
be susceptible to matrix effects (the combined effect
that all of the species present in the sample have on
the mass spectrometric signal of the analyte). This will
lead to measurement bias if the calibration solutions
are not matched to the matrix of the sample being an-
alyzed. The method of standard additions is an effective

strategy for dealing with matrix effects. Use of an in-
ternal standard will also reduce susceptibility to matrix
interferences.

For high-accuracy work, quantitation can also be ac-
complished through isotope dilution. In this procedure
the isotope ratio of a pair of analyte isotopes is per-
turbed by spiking the sample with a known amount of
a solution that is enriched in the concentration of an iso-
tope of the element that is naturally not very abundant.
The degree of perturbation of the isotope ratio depends
on the concentration of the analyte element present in
the sample before being spiked, and the concentration
can be calculated by measuring the perturbed isotope
ratio.

Isobaric interferences occur when two or more ionic
species with nominally the same mass-to-charge ratio
are present in the ICP. The argon plasma is the source
of the most severe of these interferences. For example,
40 Ar interferes with 40Ca, and °Arl®0O interferes with
56Fe in quadrupole systems. The latter example can be
resolved with high-resolution systems.

Calibration of systems using sample introduction
based on laser ablation is more difficult. The laser ab-
lation process is very matrix-dependent, and calibration
requires the use of solid standards that match the char-
acteristics of the sample quite closely.

Certified reference materials are available in a wide
variety of sample matrix types from NIST and other
sources. These CRMs should be used to validate ICP-
MS methods.

Glow Discharge Mass Spectrometry (GD-MS)
Principles of the Technique. A glow discharge is
a reduced-pressure, inert gas plasma maintained be-
tween two electrodes. Argon is typically used at
absolute pressures of a few hundred Pascals or less,
and the solid sample serves as the cathode in the cir-
cuit. When the discharge is ignited, Ar* ions formed in
the plasma are accelerated toward the sample surface by
means of electrical fields. A substantial fraction of these
Ar" ions strike the surface of the sample with enough
kinetic energy to eject sample atoms from the surface.
In this way, the solid sample is directly atomized. Once
in the plasma, sputtered atoms may be ionized through
collisions with metastable Ar atoms (Penning ioniza-
tion) or energetic electrons (electron impact ionization).
The ions generated are extracted from the plasma and
directed into a mass analyzer with one or more de-
tectors. The ions are separated and detected according
to the mass-to-charge (m/z) ratios, resulting in a glow
discharge mass spectrum.
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GD-MS instruments usually employ quadrupole or
double-focusing magnetic sector mass analyzers, al-
though other types have also been reported (such as
time-of-flight (TOF), ion cyclotron resonance (ICR),
and ion traps). To date, there has only been one
commercial GD-MS instrument that can truly be said
to have been successful in the marketplace. This is
the VG-9000 double-focusing glow discharge mass
spectrometer (Thermo Elemental, Cambridge, United
Kingdom), costing more than $ 500000 (To describe
experimental procedures adequately, it is occasionally
necessary to identify commercial products by manu-
facturer’s name or labels. In no instance does such
identification imply endorsement by the National In-
stitute of Standards and Technology, nor does it imply
that the particular products or equipment are necessar-
ily the best available for that purpose). The number
of VG-9000 instruments in use around the world is
probably somewhere between 40 and 60. Some other
double-focusing instruments, as well as quadrupole in-
struments, often custom-built by the user, are also
employed.

Scope. Glow discharge devices used in GD-MS may
be powered by either a direct-current (DC) or radiofre-
quency (RF) power supply. In DC-GD-MS, the sample
must be electrically conductive, since current must pass
through it. Therefore, DC-GD-MS is applicable to con-
ductive bulk samples. In principle, the technique is also
applicable to samples consisting of conductive layered
materials (such as thin films on surfaces). In such a case,
registration of ion intensities as surface layers are sput-
tered away results in a depth profile of the sample.
However, very little work in this area has been reported
so far. RF-GD-MS overcomes the restriction to conduc-
tive sample types, because in this configuration it is not
necessary for net current to flow through the sample. As
a result, RF-GD-MS can be applied to electrically in-
sulating bulk solids and coated surfaces with insulating
substrates and/or layers.

The greatest strengths of GD-MS, whether DC or
RF, are the high sensitivities and low limits of detection
available (sub- to low ng/g range directly in the solid
state). Owing to these characteristics, the technique
has been most widely applied for purity assessments
of highly-pure, solid materials, such as those used in
the semiconductor industry. The ability to detect H, O
and N is also advantageous for this application. Iso-
baric interferences are not generally problematic in
GD-MS, unless low-resolution mass analyzers (such as
quadrupoles, which have only unit resolution) are used.

Disadvantages of GD-MS include the fact that ma-
trix effects, while relatively mild compared to many
other direct solid techniques, are nonetheless present.
Matrix effects manifest themselves mainly as overall
sputtering rates that vary from matrix to matrix. For-
tunately, even though this is true, once sputtering has
reached steady state for a given sample, the relative
fluxes of sputtered atoms accurately reflects the sto-
ichiometry of that sample. Another disadvantage of
GD-MS is that it is inherently a relative technique,
requiring reference materials for calibration. Unfortu-
nately, reference materials with certified values in the
mass fraction range of greatest interest (< 1 mg/g) are
rare. As a result, GD-MS calibration can only be ac-
complished to the degree allowed by available reference
materials.

Nature of the Sample. As noted above, samples
amenable to GD-MS analysis include bulk solids and
layered surfaces. Bulk solids are often machined into
pins for analysis, although flat samples can also be em-
ployed.

Qualitative Analysis. Calibration of a GD-MS instru-
ment consists of measuring relative sensitivity factors
(RSFs) for the analytes. RSFs are generated by mea-
suring the signal levels for suitable reference materials.
When suitable reference materials are lacking, GD-MS
cannot be calibrated, resulting in qualitative analysis.
Nonetheless, given the very low limits of detection, the
technique finds much use in this mode.

Traceable Quantitative Analysis. Quantitative GD-MS
analysis (with accuracies in the range of £30% relative,
for example) is performed by employing RSFs gener-
ated from matrix-matched reference materials. If RSFs
must be developed from non-matrix-matched reference
materials, then GD-MS becomes a semiquantitative
technique (giving accuracies within a factor of 2 for
example). In either case, the calibrants constitute the
traceability link to the SI.
Several review articles [4.1-8] are available.

4.1.2 Molecular Spectrometry

Traceability in UV/Vis Molecular Absorption
Spectrometry

Principles of the Technique. Molecular absorption
spectrometry in the ultraviolet and visible spectral re-
gion, often simply known as UV/Vis, is one of the
oldest and most mature instrumental methods of chem-
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ical analysis, with the development of photoelectric
detection spectrophotometers dating from the 1920s.
Numerous books and review articles have been written
on the instrumentation and applications of this mature
technology. The present treatment will thus only touch
on the bare essentials of the technology as they relate to
the subject of assuring traceable measurements at levels
of measurement uncertainty that are appropriate to the
application, or fit for purpose.

The basic measurement of molecular absorption
spectrometry is the absorbance (A) of a sample, defined
as

To(2)

AX) =log ——

0 (4.1)

where the numerator of the logarithmic argument is the
intensity of light incident on the sample centered at
a given wavelength (1), and the denominator is the re-
duced intensity of the same distribution as it exits the far
side of the absorbing sample. In chemical applications,
the sample would normally be a solution containing one
or more species that absorb UV/Vis radiation, and the
intensity measurements may be made in such a way as
to compensate for reflective losses at the faces of the
cell containing the solution.

Scope. A plot of A as a function of A for a known
concentration of a neat compound in a transparent
solvent, the absorbance spectrum, is characteristic of
the compound (and sometimes the solvent), and may
be employed for qualitative and quantitative analy-
sis. Compounds are frequently characterized by the
wavelength and absorptivity (absorbance per unit con-
centration and path length) of the major absorbance
bands in the spectrum. Mixtures of absorbing com-
pounds are subject to spectral interference errors during
quantitation, since the absorbance bands tend to be rel-
atively broad. Separations and other chemical methods
used to avoid these errors are beyond the scope of this
article.

Nature of the Sample. The main sample requirement
for UV/Vis analyses is at least partial transparency
to optical radiation in the range between 200 and
700 nm. Homogeneous, clear solutions are the most
usual sample formats for UV/Vis analyses, but there is
no requirement that such solutions be liquid, as glasses,
polymer mixtures and thin film materials on transpar-
ent substrates are also commonly measured. Samples
containing dispersed particulates are troublesome for
UV/Vis measurements due to photometric errors gen-

erated by reflectance and scattering of the incident light
by the particles.

Qualitative Analysis. UV/Vis can be used qualitatively
to determine the presence or absence of components
in a sample; however, the broad absorbance bands of
most samples often limit the utility of this approach.
The UV/Vis spectrum of a material combined with
its luminescence and reflectance spectra determine the
color appearance of the material. This aspect of opti-
cal spectroscopy, often referred to as color science, has
tremendous commercial utility and implications and has
evolved into a nearly separate field from optical spec-
trometry, which is primarily devoted to the quantitation
of materials based on their optical spectra.

Traceable Quantitative Analysis. Most absorbance
standards and many UV/Vis methods specitfy wave-
length accuracy on the order of +1nm. Rare earth el-
ements in solution or in glass provide sharp absorbance
bands appropriate to wavelength standardization, and
these are available in a sample geometry that is com-
patible with the most common chemical sample holder.
Traceability of these standards to the meter may derive
from the intrinsic properties of the absorbing species
in the stated matrix, documented along with all the re-
quired uncertainty analysis, or by individual or batch
calibration or certification of the artifact by a standards-
producing organization.

Because the absorbance scale is based on the ra-
tio of two intensities (4.1), accuracy requires that the
combination of the wavelength-selection device and the
photoelectric detector yield a signal S that is directly
proportional to the light intensity /. Instead, allowing
for a background B and an intensity-dependent pro-
portionality between signal and intensity k(/) we may
have

So _ k(Ip)lo+ B . (.2)

S k()I+ B
Equation (4.2) may be seen to reduce to the desired ratio
Ip/1 in the special case for which there is no dark cur-
rent or stray radiant energy (SRE) (B = 0) and for which
the proportionality between the light intensity and
the detector signal is constant k(/) = k(lp) = constant.
Most research-grade spectrophotometers are designed
to render these bias sources negligible over the use-
ful analytical range 0 < A <3, and are frequently
employed as transfer spectrophotometers to provide ab-
sorbance calibrations or absorbance-certified reference
materials with traceability to a reference spectropho-
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tometer maintained by a National Metrology Institute
(NMI) such as the National Institute of Standards and
Technology (NIST) in the USA. Utility instruments
used for routine measurement may also exhibit negli-
gible bias, but calibrated or certified artifact standards
are typically run periodically to verify the accuracy of
the instrument and to provide a record for quality man-
agement or regulatory purposes.

An extensive treatment of the history and develop-
ment of reference materials for spectrophotometry, as
well as current recommendations, has been given in the
50th anniversary publication of the UV Spectrometry
Group (UVSG) of the United Kingdom. While NMIs
may be credited with designing and distributing spec-
trophotometric certified reference materials (CRMs) for
many years, current trends in fit-for-purpose quality
management and multinational commerce favor a more
distributed model. The infrastructure for leveraging the
production of CRMs into the private sector is supported
by the concept of traceability as defined by the In-
ternational Organization for Standardization (ISO) and
endorsed by NIST and other NMlIs. Producers of CRMs
may assert traceability by rigorous documentation of
adherence to the requirement of an unbroken chain of
comparisons, all having stated uncertainties relating
the certified values to stated references.

ISO Guide 34 provides a detailed framework for
the production of CRMs. The accreditation of a labora-
tory to this guide for the production of specified CRMs
is recognized by ISO as a necessary and sufficient
condition for the assertion of traceability of the certi-
fied values for those materials. Similarly, ISO Guide
17025 confers the mantle of traceability on absorbance
and wavelength calibration measurements on customer-
furnished artifact samples.

Fluorescence/Phosphorescence Spectroscopy
Principles of the Technique. Fluorescence/phosphor-
escence spectroscopy is the study of UV, visible and
near infrared (NIR) light that is emitted by a chem-
ical species after it has absorbed light. This absorption
of light puts the species into an electronically excited
state. The emission wavelengths are usually longer or
less energetic than the excitation wavelength. A fluo-
rescence spectrometer or fluorometer is the instrument
that is used to measure the intensity of emitted light, or
emission, as a function of wavelength. Fluorescence and
phosphorescence are the two types of emission activated
by light absorption. Fluorescence has a short lifetime
(typically 1-10ns) and usually arises from an allowed
transition from an excited singlet state to the ground

electronic state. Phosphorescence has a long lifetime
(typically 1 ms—1s) and usually arises from a forbid-
den transition from an excited triplet state to the ground
electronic state. Emission with lifetimes that fall in the
range from hundreds of nanoseconds to hundreds of
microseconds is not uncommon and may possess char-
acteristics of both fluorescence and phosphorescence.
Fluorescence is almost always more intense than phos-
phorescence, under similar conditions. For the sake of
simplicity and space, fluorescence detection will be dis-
cussed exclusively in what follows, but much of this
discussion also applies to phosphorescence.

Scope and Qualitative Analysis. Fluorescence spec-
troscopy is a background-free technique, meaning that
the measured signal should be equal to zero (the lower
bound for the signal) if the sample does not fluoresce.
The upper bound for the signal is not well-defined, mak-
ing it very difficult to express fluorescence intensity
on a scale that is independent of instrument geometry
and excitation intensity (fluorescence intensity is de-
pendent upon the excitation intensity, the absorption
coefficient, concentration, quantum yield, and geom-
etry of the sample, the instrument geometry, and the
response of the detection system). This is quite dif-
ferent from absorption spectrophotometry, for instance,
where the transmittance is measured as the ratio of the
light intensity transmitted by the sample versus the light
intensity incident upon the sample, the latter intensity
being the upper limit. Because of this difficulty in defin-
ing the fluorescence intensity scale, few have attempted
to compare fluorescence intensities measured by differ-
ent instruments or even by the same instrument over
long periods of time. For most of its history, fluores-
cence spectroscopy has mainly been used to determine
whether or not a particular species is present in an
unknown sample. When this technique has been used
to quantitate amounts of analyte, it has been done us-
ing a calibration curve of fluorescence intensity versus
concentration, which is only useful for measuring the
particular analyte on the particular instrument on which
the curve was obtained. Only in recent years has the
need to compare fluorescence intensities and spectral
contours taken at different times or on different instru-
ments become crucial in order to ensure compliance
with quality and regulatory standards in many key areas
where fluorescence detection is used.

Fluorescent species have been detected at low
concentrations since the first commercial fluorome-
ters were produced in the 1950s. The high sensitivity
of fluorescence detection enables nanomolar concen-
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trations of fluorophores to be detected routinely and
single molecules to be detected with more difficulty.
In the past, fluorometry was primarily viewed as
a research technique due to the fact that few natu-
rally occurring compounds fluoresce. This view has
changed dramatically over the past 10-15 years due
to the synthesis of a long list of fluorescent probes,
which have been tailored to bond to an equally large
and varied number of analytes. This development has
caused fluorescence to become a highly selective de-
tection technique, thereby expanding its scope of use
into a broad range of commercial applications. The
powerful combination of sensitivity and selectivity of
fluorescence-based measurements has fueled the dra-
matic growth in biotechnology and drug discovery in
recent years. Fluorescence detection was used to map
the human genome, and is being used to map pro-
teins and the genes of viruses and living organisms.
It is also being used by pharmaceutical companies
to single out promising drug leads in combinato-
rial chemistry libraries of compounds using microwell
plates and microarrays, and in clinical diagnostics
to count relative populations of diseased or drug-
responsive cells using flow cytometry. In addition,
fluorescence detection has important applications in
environmental monitoring, where it is used to detect
contaminants such as polycyclic aromatic hydrocarbons
(PAHSs).

Nature of the Sample. The conventional fluorometer
is a benchtop instrument with a light source (such as
a Xe lamp) and wavelength selector for excitation be-
fore the sample, a sample compartment with a mount to
hold the sample in the path of the excitation light, and
a wavelength selector and detector for emission after the
sample. The wavelength selector is usually a monochro-
mator with a range from 200 to 800 nm. Fluorescence
from liquid samples is measured at a 90° angle rela-
tive to the excitation beam using a rectangular cuvette
that holds 3 to 4 mL. Fluorescence from solid samples
is typically collected from the same side of the sample
as the excitation beam at an angle of 90° or less with
respect to the excitation beam. Portable fluorometers
are becoming more popular due to their low cost and
ease of use in the field. They commonly use a grating
to disperse fluorescence onto a linear, charge-coupled
device (CCD) array detector, and a fiber optic is often
used to both deliver excitation light to and collect flu-
orescence from the sample. Portable fluorometers have
a broad emission range from 200 to 1100 nm, but use
a lamp, light-emitting diode (LED) or diode laser with-

out a wavelength selection device for excitation. They
are less sensitive and have lower spectral resolutions
than benchtop instruments. High-throughput fluorome-
ters — microwell and microarray readers — are designed
to measure a large number of samples in a short pe-
riod of time. Typical sample densities are 1536 wells on
a 12.8cm (L) x 8.5 cm (W) microwell plate and 40 000
spots on a 7.5cm (L)x2.5cm (W) microarray chip.
A lamp with a bandpass filter and a monochromatic
laser are used for excitation with microwell plate and
microarray readers, respectively. Filters with a bandpass
of 25 nm or more are used for wavelength selection of
emission.

Traceable Quantitative Analysis. Quantitative determi-
nations of fluorescent or fluorescently labeled species
are performed most often by first making a plot of
fluorescence intensity versus concentration using stan-
dard solutions of the species of interest. This plot is
typically linear at low concentrations, so it can be fit-
ted to a straight line function. The fitted function can
then be used to determine the concentration of an un-
known solution by measuring its fluorescence intensity,
but a calibration curve of this type is only useful for
the instrument on which it was obtained with a fixed
set of instrument parameters and for that one particu-
lar species used to obtain the curve. In addition, organic
dyes, used to make standard solutions, are difficult to
acquire with known purity, and their fluorescence inten-
sity is often environment-dependent, making them less
than ideal standards for quantifying fluorescent probe
concentrations. As fluorescence-based assays become
more and more quantitative, particularly in regulated
areas such as clinical diagnostics and pharmaceutical
quality assurance, it is essential for fluorescence intensi-
ties to be comparable between different instruments and
laboratories. This requires fluorometers to be rigorously
calibrated.

Fluorometers with a wavelength selection device,
such as a monochromator, should first be calibrated
for wavelength and bandwidth accuracy for emission
and excitation. Then, the fluorescence intensity should
be calibrated as a function of emission and/or excita-
tion wavelength, depending on whether the intensity
is being measured as a function of one or both wave-
length axes. Wavelength and bandwidth accuracy are
most commonly calibrated using atomic lamps at the
sample and/or source positions. The Raman line of wa-
ter with a Stokes shift of 3382cm™! can also be used
to calibrate one wavelength axis if the other has already
been calibrated.
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The fluorescence intensity as a function of wave-
length, or the spectral emissivity, can be calibrated
relatively (calibrated for spectral shape) or absolutely
(calibrated for both shape and absolute intensity). Rela-
tive intensity can be calibrated as a function of emission
or excitation wavelength using a calibrated light source
or a calibrated detector at the sample position, respec-
tively. An absolute calibration is usually done in one of
two ways: either by using a calibrated detector at the
sample position followed by a calibrated reflector at the
sample position, or by using a calibrated light source at
the sample position followed by a calibrated reflector
at the sample position. The absolute calibration yields
a correction factor for intensity as a function of wave-
length that enables the bispectral luminescence radiance
factor (BLRF) of a fluorescent sample to be determined
from its measured fluorescence spectrum. The BLRF is
defined as the ratio of the radiance of the fluorescence
of a sample versus the excitation irradiance incident on
the sample, and is a function of both the excitation and
emission wavelengths. A fluorescence spectrum or in-
tensity that is expressed in BLRFs is termed absolute
because it is not instrument-dependent, only sample-
dependent. Material standards supplied with certified
values for relative intensity, or better still BLRFs, would
greatly simplify the calibration process, enabling non-
experts to calibrate their fluorometers with greater ease
and at less expense. Several national metrology insti-
tutes are developing certified reference materials of this
type, but at present, SRM 936a quinine sulfate dihy-
drate, a relative intensity standard that effectively covers
the emission region from 390 to 590 nm, is the only such
standard that is commercially available.

Raman Spectroscopy
Principles of the Technique. The Raman effect occurs
when a sample is irradiated with intense monochromatic
light, usually from a laser. The resulting inelastically
scattered light is shifted in frequency due to inter-
actions with the vibrational modes of the chemical
sample. Although similar in principle to infrared spec-
troscopy, quantum mechanical selection rules choose
only those vibrational modes that cause the polariz-
ability of the chemical bond to become Raman active.
The effectiveness of the bond toward scattering is di-
rectly dependent upon the polarizability; polarizability
decreases as the electron density increases or the length
of the bond decreases. As a result, symmetric vibra-
tional bond stretches are typically Raman active.

The sample to be measured is illuminated with
a laser and the resulting scattered light measured with

a spectrometer. Raman spectrometers can be either
grating or Fourier transform instruments. Because the
scattering is very inefficient, typically less than one pho-
ton in 10°, very efficient filters are required to separate
the laser scatter from the Raman spectrum. The inven-
tion of holographic notch filters allowed rejection ratios
as great as 10!2 and enabled the use of optically efficient
spectrometers coupled with high quantum efficiency de-
tectors. The net result is that Raman spectroscopy, once
a strictly academic technique requiring room-filling
instrumentation, is now a real-time, suitcase-portable
analytical technique.

Scope and Nature of the Sample. Raman spectroscopy
is applicable to gases, liquid, and solid samples, and in-
struments accommodating microsamples as well as bulk
chemical samples have been developed. Because the
lasers typically used are visible and diode-based, fiber
optic sampling is becoming more common and this is
facilitating its use in routine qualitative spectroscopy in
nontraditional locations. An example is its use on load-
ing docks at pharmaceutical companies to assure the
identity of incoming materials. Raman spectroscopy is
predominantly a qualitative technique. That is, many ap-
plications capitalize on the unique spectrum that each
compound or class of compounds exhibits. It is suit-
able for the identification of both organic and inorganic
materials.

Raman spectroscopy’s strengths are that it is non-
destructive and requires very minimal, if any, sample
preparation. It is also rapid, as the spectra of neat com-
pounds can be acquired in seconds. Water has very weak
Raman scatter. Aqueous samples are measurable using
Raman in contrast to IR spectroscopy, where water is
a major interference. An additional advantage of the
technique (over IR) is that very low wavenumber vibra-
tional modes are easily measured. Typical commercial
analytical systems allow measurement to 150 cm ™!, and
some as low as 4cm~1. IR, in contrast, is limited to
at best 500cm™". The low-frequency region provides
detailed information about crystal structure and is be-
coming commonly used in the pharmaceutical industry
for polymorph characterization.

Raman spectroscopy’s weakness is that it is an emis-
sion measurement (single beam), and as a result the
spectra are highly instrument-dependent. The resulting
spectrum is a convolution of the instrument response
(due to laser color, optical geometry, fiber optic sam-
pling, and other factors), the scattering characteristics
of the sample, and the true Raman spectrum of the com-
pound. Because of the complexities of this convolution,
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all libraries of Raman spectra today are instrument-
dependent. Unfortunately, interpreting Raman spectra
from first principles is often difficult for the nonspe-
cialist. In addition, Raman spectroscopy is not a trace
quantitative analytical technique. For even strongly
scattering samples, such as benzene, quantitation of less
than 1% by mass of an analyte is difficult. This is due
to the noise characteristics of the measurement and also
interference. If a sample or its matrix should fluoresce,
this noise is several orders of magnitude greater than
the Raman signal and may make the measurement im-
possible. This can be alleviated, in part, by switching
to longer wavelength lasers, but at the expense of sensi-
tivity. It should be noted though that microscope-based
Raman techniques allow the identification of very small
quantities of neat materials. Nanogram quantities of or-
ganics can be routinely measured, and submonolayer
coverage of chemical vapor deposited (CVD) diamond
on silicon is a routine measurement for semiconductor
manufacturers.

Qualitative Analysis. Raman spectroscopy is pri-
marily a qualitative technique, useful for identifying
compounds by their unique spectral features. Unlike in-
frared spectroscopy, not many Raman libraries exist due
to the instrument-dependent response mentioned pre-
viously. Those that have been developed are typically
useable at a single excitation wavelength, which to date
are predominately Fourier transform (FT) Raman sys-
tems operating at 1064 nm. NIST is producing a set of
artifact standards that will correct the relative intensity
axis of Raman spectrometers operating with a variety of
commercially important laser excitation wavelengths.
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Fig. 4.1 Raman spectroscopy. Upper: Raman spectrum of cy-
clohexane uncorrected for instrument response; lower: Raman
spectrum of cyclohexane corrected for instrument response

This will enable the production of instrument-corrected
libraries, allowing their use on differing systems.

Traceable Quantitative Analysis. Quantitative analy-
sis by Raman spectroscopy is a growing practice, but
still rare compared to its use for qualitative analy-
sis. Similar to absorbance-based techniques, the Raman
emission scattering from a vibrational mode is pro-
portional to the concentration of the analyte. Standard
addition and internal standard techniques have been
used for quantitative analysis. Recently, however, the
use of multivariate statistical techniques is becoming
more common for quantitative work with Raman. This
method uses a series of spectra of known analyte con-
centrations to train a calibration model. The spectrum of
an unknown sample is then compared to the training set
utilizing a variety of regression-based statistical tech-
niques. Because the full spectrum of the analyte may be
used, high precision — and in some cases lower limits
of quantitation — may be obtained with these methods
than with similar univariate (Beer’s law) type calibra-
tions.

Example Spectrum. A Raman spectrum of cyclohex-
ane is shown in Fig.4.1. The x-axis is in Raman shift
units, expressed as the difference between the absolute
wavenumber frequency of the band and the excitation
laser. This practice is observed to make the spectra ap-
pear similar to infrared spectra. The upper spectrum was
acquired using 785nm laser excitation and is uncor-
rected for instrument response. The lower spectrum is
corrected for instrument response. As can be seen, the
C-H stretching region (3300 to 2600cm™") is greatly
affected by the system response.

Infrared Spectroscopy

Principles of the Technique. The infrared (IR) re-
gion of the spectrum spans from approximately 750 nm
to 300 wm, or in wavenumbers roughly from 13000
to 33cm™!. Radiation is absorbed in this spectral re-
gion when its frequency matches a vibrational mode
of the chemical sample. Quantum mechanical selec-
tion rules dictate that only those modes of the molecule
that undergo a change in dipole moment will ab-
sorb in the infrared. Vibrational modes of homonuclear
and/or linear molecules such as Cl, or Ny do not show
a net change in charge distribution and thus are not
IR-absorbing. Molecules that contain heteroatomic sub-
stituents or have nonsymmetric vibrational modes are
IR active due to the net charge density change. Carbonyl
groups are an example.
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In IR spectroscopy the sample to be measured is
illuminated with a broadband IR source. The result-
ing IR spectrum is measured with an IR spectrometer.
These spectrometers may be either grating-based or
Fourier transform (FT) instruments, although in the
last ten years FT instruments have all but replaced
the dispersive systems due to their many advantages
(speed, sensitivity, signal-to-noise ratio, and cost). As
the IR range spans a very large wavelength/wavenumber
range, material constraints of the optics comprising
the spectrometer, such as the beam splitter, detector
sensitivity, and so on, limit the range of typical IR spec-
trometers from 6000 to 660 cm™'. This is not viewed
as a major limitation, as this range covers the entire
fundamental vibrational mode space for most organic
molecules.

Scope and Nature of the Sample. Infrared spec-
troscopy is applicable to gases, liquids and solid
samples. Instruments accommodating microsamples as
well as bulk chemical samples have been developed.
With the advent of 2-D focal plane detectors, chemical
mapping is becoming more widespread. Composi-
tional mapping has applications in analytical chemistry
and in health-related areas such as pathology and
forensics.

The technique’s strengths are many. It is highly
sensitive due to the nature of the absorbance, and
microgram quantities of neat material are readily meas-
ured with excellent sensitivity. The instrumentation is
relatively inexpensive and easily used by the non-
specialist. Because the technique is absorbance-based
(based on a transmittance ratio), all spectra look alike
on all spectrometers, unlike emission techniques such
as Raman spectroscopy. As a result, a large number
of spectral libraries exist. Specialized IR libraries in-
clude polymers, pharmaceuticals, forensic materials,
drugs, explosives, pesticides, chemical warfare agents
— the list is essentially endless. In fact, several com-
mercial libraries comprise more than 220000 spectra.
Arguably, IR is the second most useful identification
technique behind mass spectrometry, with much less
sample preparation required. It is, in principle, nonde-
structive to the sample, and has been paired with other
analytical techniques to provide additional information.
Examples include gas chromatography-infrared (GC-
IR) and thermal gravimetric analysis-infrared (TGA-
IR).

The weakness of IR spectroscopy is in fact due
to the high absorptance of the vibrational modes of
chemical bonds. Neat compounds will typically com-

pletely absorb portions of the IR spectrum unless the
optical pathlength through the sample is kept below
100 pm. This requires the use of expensive and difficult-
to-maintain optical cells, the materials of which are
limited to inorganic salts (such as KBr or NaCl) or ex-
pensive semiconductor-type materials. Glass or quartz
— commonly used for UV/Vis, Raman or fluorescence
spectroscopy — are not appropriate as they completely
absorb all IR radiation. In addition, water cannot be
used as a solvent for similar reasons. Water vapor can
be a significant interference, which requires a dry ni-
trogen purge of the spectrometer. All the above require
significant time for sample preparation, and significant
skill may be required of the operator.

Qualitative Analysis. IR is most commonly used to
identify chemical samples, as the IR spectrum of
a compound represents one of its truly unique phys-
ical properties. No two compounds have identical IR
spectra, with the exception of optical isomers. As men-
tioned, sample dilution/preparation can be difficult for
traditional transmission measurements. However, an
array of new sampling techniques enable acquisition
of the IR spectra of intact samples. Attenuated total
reflectance utilizes the principle of frustrated total in-
ternal reflectance to control the depth of penetration
into sample. One micrometer sample pathlengths are
easily achieved and highly scattering/absorbing sam-
ples such as cloth, oil or even foods such as peanut
butter are readily measured. New polytetrafluoroethy-
lene (PTFE, teflon) polymer cards allow liquid samples
to be smeared onto disposable cards for transmission
measurements, eliminating the need for expensive and
delicate salt windows.

Traceable Quantitative Analysis. Infrared spectroscopy
may be used for quantitative analysis, but it is only
infrequently used in this way compared to UV/Vis
transmission measurements due to the difficulty in
maintaining similar cell pathlengths for the sample and
reference cells. The tolerance required would be on the
order of 1 um or less. When IR is used for quantita-
tive analysis, typically the internal standard or standard
addition methods are used to relate the sample con-
centration to the band area (or height). NIST produces
one SRM appropriate to IR spectrometry. SRM 1921 is
a wavelength calibration standard useful for both dis-
persive and FT instruments.

Example Spectrum. An example infrared spectrum of
benzene is displayed in Fig. 4.2.
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Infrared spectroscopy: IR spectrum of benzene

Quantitative Proton Nuclear Magnetic

Resonance Spectroscopy — 'H QNMR
Principles of the Technique. When a nucleus with
a nonzero spin quantum number is placed in a homo-
geneous external magnetic field, the spin of the nuclear
charge creates a magnetic dipole that aligns itself in spe-
cific orientations with the external field. The quantum
spin number of the nucleus (/) determines the number
of these orientations (27 + 1), and the energy difference
between them is Bohy /27, where By is the bulk mag-
netic field strength, & is Planck’s constant, and y is
the magnetogyric ratio, a fundamental constant for each
type of magnetically active nucleus. For protons ('H),
I= %, so there are two states with a slight population
excess in the lower state. Transitions between the lower
energy state and higher level state can be effected by
applying radiofrequency radiation (RF) at the Larmor
or resonance frequency equal to Bpy /7. At resonance,
the nuclei undergoing the transition absorb energy from
the RF that is detected and measured. The RF can be
introduced either by continuous wave (CW) scanning
(holding the bulk field constant and scanning the RF or
vice versa) or by applying an RF pulse. At resonance,
the magnetic dipoles not only transit from the low to
the higher energy state, but also the phases of their spins
synchronize (phase-up) to establish a net magnetization.
When the resonance condition is removed, the nuclear
spin system reverts to its thermodynamically normal
state by first-order rate processes. The means by which
the energy state population distribution is re-established
is called the spin—lattice relaxation, with a rate constant
of 1/Ty, while the spin dephasing mechanism is called
spin—spin relaxation, with a rate constant of 1/75.

The magnetic environments of each of the same
nuclei in a molecule are often slightly different depend-

ing on the molecular and electronic configurations, and
this gives rise to slightly different resonance frequen-
cies and forms the basis for a chemical shift scale that is
very useful for identifying the structural environments
of atoms in the molecule. Furthermore, the magnetic en-
vironment of a given nucleus can be influenced by that
of other nearby nuclei, causing a further splitting of the
energy levels depending on whether the adjacent dipoles
are aligned or opposed. These splitting patterns (or cou-
plings) are used to determine the number and type of
the nearest neighbor nuclei in a molecule and their ori-
entations. The resonance frequencies for different types
of nuclei are often widely separated (megahertz apart),
whereas the chemical shift range for a given nucleus
is smaller (kilohertz), and the splitting differences are
smaller still (hertz).

Modern NMR spectrometers use superconducting
solenoids to provide the bulk magnetic field. While
these instruments could be operated in the CW mode, it
has proved much more efficient to operate them where
the RF is provided through a brief (us) RF pulse. This
excites all of the nuclei simultaneously, and the re-
sulting signals (the free-induction decay or FID) are
collected digitally in the time domain (intensity ver-
sus time) and then converted to the frequency domain
(intensity versus frequency) by Fourier transformation.
The signal-to-noise ratios (S/N) of such measurements
are improved by collecting and time-averaging multiple
FIDs prior to Fourier transformation. The S/N improves
by the square root of the number of FIDs collected,
provided all of the nuclei have fully relaxed between
pulses.

Scope. While there is a wide range of NMR-active
nuclei, only a handful are commonly used. Fortu-
nately, isotopes of the most common atoms in organic
molecules are in this category. 'H is the most commonly
observed nucleus due to its large natural abundance and
high relative sensitivity. Other commonly utilized nuclei
are shown in Table 4.1.

Nature of the Sample. High-resolution NMR spectra
are most commonly collected from liquid samples or
materials in solution. Sample sizes range from micro-
grams to hundreds of milligrams. NMR spectra of solids
can be obtained. However, special techniques involving
spinning the sample very rapidly about an axis specifi-
cally oriented to the bulk field (at the magic angle) are
necessary to narrow the lineshapes. The NMR process is
nondestructive, so samples can be recovered. To avoid
interferences, solvents devoid of the nuclei being ob-
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Table 4.1 Properties of commonly observed NMR-active nuclei

Nucleus Resonance at Spin number
14.09 T (MHz) ) (%)

'H 599.944 1/2 99.984
19 564.511 1/2 100
3p 242.862 1/2 100

3¢ 150.856 1/2 1.108
2si 119.192 —1/2 4.7

’H 92.095 1 0.0156
5N 60.815 —1/2 0.365

served are often employed. For 'H NMR, deuterated
solvents are commonly used. The NMR signals from the
deuterium nuclei are also utilized in a separate detection
channel to provide a field-frequency lock to stabilize the
spectrometer, as it is necessary to maintain the field-
frequency ratio to better than 1 part in 10° for modern
instruments. Commonly, a small amount of a standard
is added along with the solvent to provide a chemical
shift reference. Tetramethylsilane (TMS) is often used
for this purpose in 'H, 13C and 2°Si spectra.

Qualitative Analysis. The chemical shift differences
between the various nuclei and the internuclear cou-
plings in a molecule can be used to determine the
atomic interconnections in a molecule. The number and
chemical type of the observed nuclei can also be de-
termined. Often, only a single structural configuration
will fit the spectrum, making it easy to differentiate
isomers. Molecular conformations and components of
mixtures can also be determined. Even enantiomers can
be determined if the molecule of interest interacts with
a chiral solvent or another material to form a diastere-
omer. The direction and extent of chemical reactions
can be monitored. Rates of configurational, conforma-
tional, or tautomeric interchange in molecules can be
studied, providing they fall within the NMR timescale
(reciprocal of chemical shift difference in Hz between
the signals of the forms).

Traceable Quantitative Analysis. The area under the
NMR peaks (the integrated resonance intensity of the
NMR signal) is directly proportional to the concentra-
tion of the nuclei giving the resonance. If the experiment
is done properly, the proportionality constant is the
same for each resonance in the spectrum. Therefore,
the ratio of peaks due to different materials in a sam-
ple gives the molar ratio of the materials once the peak
integrals are corrected for the number of equivalent nu-

Natural abundance Relative sensitivity

Abundance x sensitivity

1.000 99.984
0.834 83.4
0.0664 6.64
0.0159 0.018
0.00785 0.037
0.00964 0.00015
0.00104 0.00038

clei present for each resonance. Relative concentrations
can be determined directly from the relative peak areas.

G _ W (4.3)
=7 _
Co B

Equation (4.3) describes the determination of relative
concentration by QNMR where: C; = concentration of
test material; C,, = concentration of other material; Iy =
integral of test material signal; N; = relative number of
nuclei responsible for test material signal; I;, = integral
of other material signal; N, = relative number of nuclei
responsible for other material signal.

If each resonance in the spectrum can be accounted
for and assigned to a specific molecule, then molar pu-
rity can be determined without the need for standards,
assuming, of course, that all of the impurities are ob-
servable

It

N
Tn

Ny

mol% P, = x100. (4.1)

Here P, = purity of the test material; I; = integral of
test material signal; N; = relative number of nuclei re-
sponsible for test material signal; I, = integral of other
signals; N, = relative number of nuclei responsible for
other signals.

If the molecular mass of each material is known,
then the molar purities can be converted into the more
useful mass-based purities by multiplying each by its
molecular mass and dividing by the sum of the respec-
tive masses. If this cannot be established for a given
mixture, then an internal standard procedure can be
utilized to determine absolute purities where a known
amount of an internal standard material is added to
a solution containing a measured amount of the test
material.

It Ny M Wy
massh P, = —— —— P, x 100 (&.5)
Iy Ny Mg W
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Here: P; = purity of the test material; /; = integral of
standard; I; = integral of test material; Ny = relative
number of nuclei responsible for standard signal; Ny =
relative number of nuclei responsible for test material
signal; M = molecular mass of standard; M; = molecu-
lar mass of test material; Wy = mass of standard; W; =
mass of test material; Ps = purity of standard.

Several key conditions must be met for accurate
QNMR determinations. Spectral signal-to-noise ratio
and resolution should be optimized. To avoid effects
due to relaxation of the NMR signals, the 77 of each
nucleus in the sample should be known, and either the
RF pulse width or delay time between pulses should
be adjusted to ensure sufficient time for full relaxation
between acquisitions. Since the frequency width cov-
ered by the RF pulse is inversely related to the pulse
width, care should be taken to ensure that nuclei at the
extreme ends of wide spectral widths receive similar
excitation intensities. The skirts of Lorentzian-shaped
NMR signals extend to infinity, so care must be taken
when comparing the integrals of peaks with very differ-
ent peak widths. "H NMR spectra are complicated by
signals due to coupling of the proton signals with the
1.1% of 13C nuclei naturally present in organic mater-
ials. These signals must be treated consistently — either
always integrated with the main signal or always omit-
ted. Spectra acquired at higher fields help in this regard
because chemical shifts (expressed in hertz) increase in
proportion to the magnitude of the bulk field, whereas
coupling constants (also in hertz) remain constant. Side-
bands due to modulation caused by spinning the sample
tube are best avoided by obtaining the spectrum in non-
spinning mode with careful shimming (adjustment of
the magnetic field homogeneity) to maintain resolution.
For best results, only the highest grade solvents should
be used in QNMR, although a spectrum of the solvent
only (blank spectrum) can sometimes be used to cor-
rect for some solvent impurities. Vigilance in sample
preparation is needed to avoid adventitious interfer-
ences. Sample tubes should be cleaned, then rinsed with
the NMR solvent, and dried at 140 °C overnight prior
to use. All transfer tools (pipettes, spatulas, and so on)
must be scrupulously clean. At no time should the sam-
ple solution come into contact with the NMR tube cap
or septum, as just a single contact can result in the ex-
traction of sufficient plasticizers, surfactants and other
contaminants from these materials to render a sam-
ple useless for QNMR. Similarly, touching a pipette or
syringe needle with bare hands can result in the intro-
duction of observable squalene and other components
of body oil into the sample. It is common practice to

make up the analytical solution in the NMR tube itself,
as this minimizes inadvertent contamination. When this
is done, and when accurate weighings are required (such
as when using the internal standard method), care must
be used to avoid weighing errors due to static charges
on the tube. Commercially available radioactive sources
can be used to minimize such static effects. Neverthe-
less, uncertainties in weighing are likely to dominate
the error equation. The requirements and attributes of
appropriate internal standard materials have been well-
documented, but it should be apparent from (4.5) that
the purity of the internal standard material and its un-
certainty are key parameters. Finally, the NMR signals
used for quantitation should be immune to chemical ex-
change. For 'H NMR, this often means avoiding signals
due to protons bound to oxygen and nitrogen.

With modern NMR spectrometers, optimal 'H
QNMR can be routinely carried out with detection
and quantitation down to the 0.01% mass-fraction
level with uncertainties (Ugs) in the 0.5-1.0% range.
In many cases, the detection and quantitation limits
can be reduced by an order of magnitude by spend-
ing additional time on the data collection. High-field,
state-of-the-art spectrometers with cryogenically cooled
probes and preamplifiers can extend the useable detec-
tion and quantitation limits by another factor of four.
While these limits do not begin to impinge on the ul-
timate sensitivities of other analytical techniques, such
as mass spectrometry or fluorescence spectrometry, the
use of QNMR for moderate trace-level determinations
is on the increase. The coupling of NMR with chro-
matographic separation techniques further increases its
utility.

Several review articles [4.9-34] are available.

4.1.3 Atomic Spectrometry

Atomic Absorption Spectrometry (AAS)

Principles of the Technique. The sample being an-
alyzed is decomposed to free atoms and ions in
a high-temperature flame or furnace. These atoms ab-
sorb light emitted at atomic resonance wavelengths
from a hollow cathode discharge lamp with a cathode
containing the analyte element. The optical absorbance
is measured, and through Beer’s law is proportional to
concentration.

The most common atomizer is the premixed air—
acetylene flame. Measurement of refractory elements
requires the use of the hotter N,O/acetylene flame. Bet-
ter sensitivity is obtained using an electrically heated
furnace referred to as an electrothermal atomizer or
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graphite furnace. The longer residence time of atoms
within the beam of hollow cathode emission yields im-
proved sensitivity in comparison to flame atomizers.

Scope. AAS is used for quantitative elemental analysis,
in other words for the determination of total concentra-
tions of specific elements in a sample. It is commonly
used for the analysis of environmental samples, indus-
trial materials such as metal alloys, clinical or industrial
hygiene measurements, and others. In general, flame
AAS can be used for solution concentrations in the
10-100mg/L range, and electrothermal AAS in the
1-100 pg/L range. AAS cannot be used for the deter-
mination of nonmetallic elements.

The instrumentation is generally less expensive than
other forms of elemental analysis. In the vast majority of
cases, only a single element can be measured at a time.
The hollow cathode lamp must be changed to one of
a different element before that element can be detected.
Consequently, measurement times can be impractically
long if multi-element information is required. Flame in-
strumentation requires training to use safely, and fumes
must be exhausted.

Nature of the Sample. With few exceptions, samples
are introduced into the flame or electrothermal atomizer
as solutions. If the sample being analyzed is a solid, it
must first be dissolved. A typical dissolution will dis-
solve a gram of sample in 100 mL of acidified aqueous
solution. Dissolution of most samples will require hot
concentrated mineral acids.

Qualitative Analysis. AAS is not typically used for
qualitative analysis. The specificity (or identification) of
the analyte element is provided by the atomic resonance
wavelength emitted by the hollow cathode lamp.

Traceable Quantitative Analysis. AAS instrumentation
must be calibrated using solutions containing known
concentrations of the analyte element. Such calibration
solutions are available from many commercial suppli-
ers. These solutions are often traceable to one of a set
of NIST single-element solution standard reference ma-
terials. Many AAS analyses are susceptible to matrix
effects (the combined effect that the constituent species
present in the sample have on the atomic absorption
signal of the analyte). This will lead to measurement
bias if the calibration solutions are not matched to the
matrix of the sample being analyzed. The method of
standard additions is an effective strategy for dealing
with matrix effects. Another common source of bias is

broadband molecular absorption resulting from matrix
elements that are not fully atomized, or scattering of
the hollow cathode beam by small particles. Most in-
struments utilize one of several background correction
procedures to deal with such interferences. Certified
reference materials are available in a wide variety of
sample matrix types from NIST and other sources.
These CRMs should be used to validate AAS methods.

Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES)

Principles of the Technique. The inductively coupled
plasma (ICP) used in this technique is an atmospheric-
pressure argon plasma that is produced in a quartz
torch connected to a radiofrequency generator. Operat-
ing RF powers are typically between 1000 and 1500 W.
The aqueous liquid sample solution is injected as an
aerosol into the axial channel of the ICP, where temper-
atures on the order of 7000 K prevail. Here the sample
is decomposed to free atoms and ions, and atomic or
ionic emission results as thermally populated excited
states of valence electrons of the atoms or ions return
to lower energy levels. A suitable optical transfer sys-
tem, a monochromator or polychromator, and a detector
selectively and quantitatively measure the relative emis-
sion intensities at specific analytical wavelengths. The
emission intensity at an elemental emission wavelength
is used as a relative measure of the concentration of that
element in the sample. The method is sometimes re-
ferred to as inductively coupled plasma optical emission
spectrometry (ICP OES).

Scope. ICP-AES is used for quantitative elemental
analysis; in other words to determine the total con-
centrations of specific elements in a sample. Typical
application areas include metallurgy, geological mea-
surements, environmental monitoring, food analysis,
the measurement of additives or wear metals in oil,
and forensics. In general, ICP-AES is used for solu-
tion concentrations in the 1-100mg/L range. Some
nonmetallic elements (S, P) can be measured.

The instrumentation is generally more expensive
than AAS, but unlike AAS it has the significant ad-
vantage of being able to detect multiple elements
simultaneously. This results in significant time savings
if multielement analysis is required. It is generally less
expensive than ICP-MS.

Nature of the Sample. In the most common situations,
samples are introduced into the ICP as solutions. If the
sample being analyzed is a solid, it must first be dis-
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solved. Typically, 1 g of sample is dissolved in 100 mL
of acidified aqueous solution. The dissolution of sam-
ples often requires hot concentrated mineral acids.

An alternative sample introduction system uses laser
ablation of solid samples to generate an aerosol of sam-
ple particles, which can be injected directly into the
ICP.

Qualitative Analysis. Specific elements are identified
via the known wavelengths of atomic emission lines.

Traceable Quantitative Analysis. For systems using so-
Iution sample introduction, ICP-AES instrumentation
must be calibrated using solutions containing known
concentrations of the analyte elements. Such calibration
solutions are available from many commercial sup-
pliers. These solutions are often traceable to one of
a set of NIST single-element solution standard refer-
ence materials. The analysis of complex samples can
be susceptible to matrix effects (the combined effect
that the constituent species present in the sample has
on the atomic emission signal of the analyte). This will
lead to measurement bias if the calibration solutions are
not matched to the matrix of the sample being analyzed.
The method of standard additions is an effective strategy
for dealing with matrix effects.

Calibrating systems using laser ablation sample in-
troduction is more difficult. The laser ablation process
is very matrix-dependent, and calibration requires the
use of solid standards that match the characteristics of
the sample quite closely. A measurement of the ratio of
the analyte emission relative to a matrix emission line
is often used in some form to improve accuracy and
precision.

Spectral interference from the argon plasma emis-
sion or sample matrix components is another potential
source of bias. Most systems utilize some form of
spectral background correction to deal with such inter-
ferences. Certified reference materials are available in
a wide variety of sample matrix types from NIST and
other sources. These CRMs should be used to validate
ICP-OES methods.

Spark Optical Emission Spectrometry

(Spark OES)
Principles of the Technique. A high-voltage spark
is generated from a cathode in an argon atomosphere
to a conducting sample which acts as the anode. The
sample is melted and atomized and the free atoms are
excited to yield atomic emission. A suitable optical
transfer system, polychromator, and detector selectively

and quantitatively measure the relative emission inten-
sity at specific analytical wavelengths. The emission
intensity at an elemental emission wavelength is used
as a relative measure of the concentration of that ele-
ment in the sample. The method is sometimes referred
to simply as optical emission spectrometry (OES) or as
spark atomic emission spectrometry.

Scope. The analysis of metals is the major application
area of spark OES. Tens of thousands of spark OES in-
struments are installed in large steel mills, aluminum
smelters, and casting operations, as well as small forges
and small foundries. Measurements are made for qual-
ity control, raw material testing and research. Speed of
analysis, without the need for sample dissolution, is the
major advantage of spark OES over ICP-OES.

Nature of the Sample. Metal samples may need to be
ground flat to form a good electrode. Powders can be
mixed with graphite and pressed to form a flat surface.

Qualitative Analysis. Specific elements are identified
via the known wavelengths of atomic emission lines.

Traceable Quantitative Analysis. The spark sampling
and excitation process is very complex and matrix-
dependent. Calibration is done using large sets of
Certified reference materials selected to match the type
of sample to be analyzed.

As with any spectroscopic measurement, spectral
interference from the sample matrix components or the
spark source is a potential source of bias. Most systems
utilize some form of spectral background correction to
deal with such interferences.

An individual spark lasts only several microseconds,
and will vaporize less than a microgram of sample.
Sample inhomogeneity can impede accurate analysis of
the bulk sample. Analyses are based on multiple sparks
from different locations on the sample.

Glow Discharge Optical Emission Spectroscopy

(GD-OES)
Principles of the Technique. A glow discharge is
a reduced-pressure inert gas plasma maintained be-
tween two electrodes. Argon is typically used at
absolute pressures of between a few hundred Pascals
and about 2.5kPa, and the solid sample serves as the
cathode in the circuit. When the discharge is ignited,
ArT ions formed in the plasma are accelerated to-
ward the sample surface by means of electric fields.
At least a substantial fraction of these Ar' ions strike
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the surface of the sample with enough kinetic en-
ergy to eject sample atoms from the surface. In this
way, the solid sample is directly atomized. Once in
the plasma, sputtered atoms may be electronically ex-
cited through collisions with energetic electrons and
other particles. Some fraction of the excited sputtered
atoms will relax to lower electronic energy levels (of-
ten the ground state) by means of photon emission. The
wavelengths of these photons are characteristic of the
emitting species. A grating spectrometer, with either
photomultiplier tubes (PMTs) mounted on a Rowland
circle, or one or more charge transfer devices (CTDs),
is used to measure the intensity of the plasma emis-
sion at specific wavelengths. In this way, the elemental
constituents of the solid sample can be quantitatively
estimated.

A significant number of GD-OES instruments have
been available commercially from several manufactur-
ers for many years. The instruments that are currently
available vary in both capabilities and costs. An in-
strument for a specific and routine application can be
obtained for as little as $ 60 000, whereas a fully loaded
research instrument may cost in excess of $200 000.
There are currently more than 1000 GD-OES instru-
ments in use around the world.

Scope. Glow discharge devices used in GD-OES may be
powered by either a DC or RF power supply. In DC-GD-
OES, the sample must be electrically conductive, since
current must pass through it. RF-GD-OES overcomes
this restriction, because in this configuration it is not
necessary for net current to flow through the sample. As
aresult, RF-GD-OES can be applied to both electrically
conductive and insulating samples.

GD-OES has traditionally been applied to bulk anal-
ysis of solids, and it is still routinely used for this
purpose. More recently, GD-OES depth profiling (the
determination of elemental composition as a function of
depth) has begun to mature. In GD-OES depth profiling,
registration of emission intensities over time as surface
layers are sputtered away produces the depth profile of
the sample. Algorithms exist to convert the resulting
intensity versus time plot into elemental mass frac-
tion versus depth. While much development remains
to be done, GD-OES depth profiling is already being
fairly widely applied for analyses of both electrically
conductive and insulating layers on either electrically
conductive or insulating substrates. Probably the widest
application to date has been the analysis of galvanized
coatings on steel. However, depth profiling of other
sample types, such as thin films (< 10nm thickness)

and organic coatings, is being demonstrated. While bulk
analysis will likely remain an important application of
GD-OES, the brighter future of the technique lies in the
depth profiling arena.

Some strengths of GD-OES include a relative lack
of interferences and matrix effects compared to many
other direct solid techniques (such as spark OES and
secondary ion mass spectrometry, or SIMS). Also, lim-
its of detection are useful for many applications (sub- to
low parts per million range directly in the solid state).
The ability to detect H, O and N is also an advantage.
An important disadvantage is that GD-OES is inher-
ently a relative technique, requiring reference materials
for calibration.

Nature of the Sample. As described above, GD-OES is
applicable to bulk and depth profiling analyses of elec-
trically conductive and insulating solid samples. The
RF mode is required when insulating samples are in-
volved. Analyzed surfaces are usually flat, although
special sample holders can be used for surfaces of dif-
ferent shapes (such as tubing).

Qualitative Analysis. Calibration of a GD-OES instru-
ment consists of measuring emission intensities for suit-
able reference materials and calculating a calibration
equation. Qualitative analysis can be performed without
calibration, simply by noting the elemental wavelengths
at which signals exist. Owing to the prominent lack of
certified mass fractions for H, O and N in reference
materials, GD-OES is often capable of only qualitative
determinations of these nonmetallic elements.

Traceable Quantitative Analysis. Quantitative GD-
OES analyses are accomplished through calibration
with suitable reference materials. Accuracies improve
with the level of matrix-matching of the calibrants to
the unknowns. Mass fraction biases on the order of 1%
relative are usually found for major and minor ele-
ments, while those observed at mass fractions below
100 g g~! are normally higher (for example, > 15%
relative). The accuracy of the depth axis obtained in
GD-OES depth profiling may vary widely, depending
upon the circumstances, but can be as good as +5%
relative. Whether bulk analysis or depth profiling is per-
formed, traceability to the SI is accomplished through
calibration with reference materials.

X-ray Fluorescence (XRF)
Principles of the Technique. The specimen to be ana-
lyzed can be solid (powder or bulk) or liquid (aqueous
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or oil-based). It is placed in an instrument and irradiated
by a primary x-ray source or a particle beam (elec-
trons or protons). The primary radiation is absorbed
and ejects electrons from their orbitals. Relaxation pro-
cesses fill the holes and result in the emission of
characteristic x-ray radiation. The intensity of charac-
teristic radiation that escapes the sample is proportional
to the number of atoms of each element present in
the specimen. Therefore, XRF is both qualitative, us-
ing the fingerprint of characteristic x-rays to identify
constituent elements, and quantitative, using a counting
process to relate the number of x-rays detected per unit
time to the total concentration of the element.

X-ray fluorescence spectrometers are available in
a number of designs suited for a variety of applications
and operating conditions. State-of-the-art laboratory
spectrometers are typically designed as wavelength-
dispersive spectrometers with a high-power tube source
and a high-resolution detection system comprised of
collimators or slits, a set of interchangeable crystals to
diffract the characteristic x-rays according to Bragg’s
equation, and two or more detectors mounted on a go-
niometer with the crystals. Lower-cost, lower-power
spectrometers consist of either smaller wavelength-
dispersive spectrometers with low-power tube sources
or energy dispersive spectrometers using solid-state de-
tectors and low-power tubes or radioisotope sources.
Some energy-dispersive spectrometers use beams of
electrons or protons as the primary radiation source.
There are even handheld units designed for field use.
Given the wide variety of instruments, prices range from
$25000 to $300000.

Scope. XRF is used for quantitative elemental analysis,
typically without regard to the chemical environment
of the elements in the specimen. It is a relative tech-
nique that must be calibrated using reference materials.
X-rays from one element are absorbed by other ele-
ments in the specimen possibly resulting in fluorescence
from those other elements. Due to these matrix effects,
the best performance is obtained when the calibrant(s)
are similar in overall composition to the specimen.
A number of sophisticated procedures are available to
compensate for matrix effects including empirical and
theoretical calibration models. It is possible to obtain
composition results using just theory and fundamental
parameters (basic physical constants describing the in-
teractions of x-rays with matter); however, the quality
of such results varies widely. XRF measurements are
also influenced by the physical nature of the specimen
including particle size or grain size, mineralogy, sur-

face morphology, susceptibility to damage by ionizing
radiation, and other characteristics.

XRF is often referred as being nondestructive
because it is possible to present specimens to the instru-
ment with little or no preparation, and with little or no
damage resulting from the measurement. However, x-
rays cause damage at a molecular level and are not truly
nondestructive, especially to organic matrices. Still, in
many cases (the best example being alloys), specimens
may be analyzed for other properties following XRF
analysis.

XRF s at its best for rapid, precise analyses of major
and minor constituents of the specimen. Spectrometers
can be used for concentrations ranging from ~ 1 mg/kg
to 100% mass fraction. Analyses are accomplished in
minutes and overall relative uncertainties can be limited
to 1% or less. XRF is widely used for product quality
control in a wide range of industries including those in-
volving metals and alloys, mining and minerals, cement,
petroleum, electronics and semiconductors.

Trace analysis is complicated by varying levels of
spectral background that depend on spectrometer ge-
ometry, the excitation source, the atomic number of the
analyte element, the average atomic number of the spec-
imen, and other factors. Trace analysis below 1 mg/kg
is possible using specially designed spectrometers, such
as total reflection XRF, and destructive sample prepara-
tion techniques similar to other atomic emission.

Qualitative Analysis. XRF is uniquely suited for qual-
itative analysis with its (mostly) nondestructive nature
and sensitivity to most of the periodic table (Be—U).
Characteristic x-rays from each element consist of
a family of lines providing unambiguous identification.
Energy-dispersive spectrometers are especially well-
suited for qualitative analysis because they display the
entire spectrum at once. For the purpose of choosing the
optimum measurement conditions, qualitative analysis
is performed prior to implementation of quantitative
analysis methods.

Traceable Quantitative Analysis. XRF spectrometers
must be calibrated to obtain optimum accuracy. The
choice of calibrants depends on the form of the spec-
imens and the concentration range to be calibrated.
Using destructive preparation techniques such as borate
fusion, calibrants can be prepared from primary ref-
erence materials (elements, compounds and solutions)
and the results are traceable to the SI provided the purity
and stoichiometry of the reference materials are as-
sured. The caveat is that calibrants and unknowns must
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be closely matched in terms of their entire composi-
tion. The same can be accomplished for liquid materials
when calibrant solutions are sufficiently similar in ma-
trix to the unknowns.

In cases where a variety of calibrants with vary-
ing degrees of comparability to the unknowns must be
used, it is necessary to apply matrix corrections. The
preferred approach is to use theory and fundamental pa-
rameters to estimate the corrections. Still, some number
of calibrants in the form of reference materials must be
used to calibrate the spectrometer. Traceability is es-
tablished through the set of reference materials to the
issuing body or bodies.

Alternatives to matrix correction models are internal
standards, internal reference lines and standard addi-
tions. Of course, these apply only under the appropriate
circumstances in which the material to be analyzed can
be prepared in some manner to incorporate the spiking
material.

Several review articles [4.35-49] are available.

L.1.4 Nuclear Analytical Methods

Additional discussions of x-ray techniques are de-
scribed in Sects. 4.1.4 and 4.2 [4.50-72].

Neutron Activation Analysis (NAA)
Neutron activation analysis (NAA) is an isotope-
specific, multielemental, analytical method that deter-
mines the total elemental content of about 40 elements
in many materials. The method is based on irradiat-
ing a sample in a field of neutrons, and measuring the
radioactivity emitted by the resulting irradiation prod-
ucts. Typically a nuclear reactor is used as the source
of neutrons, and germanium-based semiconductor de-
tectors are used to measure the energy and intensity
of the gamma radiation, which is then used to identify
and quantify the analytes of interest. NAA is indepen-
dent of the chemical state of the analytes, since all
measurement interactions are based on nuclear and not
chemical properties of the elements. In addition, both
the incoming (excitation) radiation (neutrons) and the
outgoing radiation (gamma rays) are highly penetrat-
ing. Due to the above characteristics, there are very
few matrix effects and interferences for NAA com-
pared to many other analytical techniques. NAA can
be applied in nondestructive or instrumental (INAA)
mode, or in a destructive mode involving dissolution
and/or other chemical manipulation of the samples. The
most common form of the latter mode is radiochemical
NAA (RNAA), where all chemical processing is done

after the irradiation step. Both INAA and RNAA are
essentially free from chemical blank, since after irra-
diation, only the radioactive daughter products of the
elements contribute to the analytical signal. In fact, for
most RNAA procedures, carriers (stable forms of the
elements under investigation) are added to the samples
after irradiation to enhance separation and minimize
losses. The amount of carrier remaining after separa-
tion can be measured to determine the chemical yield
of each sample when separations are not quantitative.
In other cases, a small amount of a radioactive tracer of
an element under investigation can be used to determine
the chemical yield.

Principles of the Technique. Most elements have one or
more isotopes that will produce a radioactive daughter
product upon capturing a neutron. Samples are irradi-
ated for a known amount of time in a neutron field,
removed, and then subjected to a series of gamma-
ray spectrometry measurements using suitable decay
intervals to emphasize or suppress radionuclides with
different half-lives. Spectra of gamma-ray intensity ver-
sus energy (typically from about 70keV-3 MeV) are
collected. For RNAA measurements, virtually any type
of separation procedure can be applied after irradiation.
Radionuclides are identified by both their gamma-ray
energy (or energies) and approximate half-lives.

Elemental content in a sample is directly propor-
tional to the decay corrected gamma-ray count rate if
irradiation and gamma-ray spectrometry conditions are
held constant. The decay-corrected count rate Ag is
given

AC, et
Ao = e , (4.6)
(1= e7a) (1= e )
where
Ap = decay-corrected count rate,
A = decay constant =In2/t 2,
A = live time of count,
Cyx = net counts in y-ray peak,
t; = decay time to start of count,
T = irradiation time.

Scope. This method is useful for elements with iso-
topes that produce radioactive daughter products after
neutron irradiation and decay by gamma-ray emission.
Although ~ 75 elements meet these criteria, typically
30-45 elements can be quantified instrumentally in
most samples. Low-intensity signals can be lost in the
continuum of background noise of the gamma-ray spec-
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tra (unless radiochemical separations are employed to
isolate elements of interest). Detection limits vary by
approximately six orders of magnitude for INAA, and
depend mainly on the nuclear properties of the el-
ements, as well as experimental conditions such as
neutron fluence rate, decay interval, and detection ef-
ficiency of the gamma-rays of interest.

Nature of the Sample. Samples of interest are encap-
sulated in polyethylene or quartz prior to irradiation.
Typical sample sizes range from a few milligrams to
about a gram, although some reactor facilities can ir-
radiate kilogram-size samples. Because of the highly
penetrating nature of both neutrons and gamma-rays,
the effects of sample sizes of up to a gram are mini-
mal unless the sample is very dense (metals) or contains
large amounts of elements that are highly neutron-
absorbing (B, Li, Cd, and some rare earths). Smaller
sample sizes are needed for dense or highly neutron-
absorbing samples. The presence of large amounts of
elements that activate extremely well, such as Au, Sm,
Eu, Gd, In, Sc, Mn or Co, will worsen the detection
limits for other elements in the samples.

Qualitative Analysis. Radionuclides are identified by
gamma-ray energies and half-lives. > Ti and >!Cr have
identical gamma-ray energies (320.1keV) since they
decay to the same, stable daughter product (*!V). How-
ever, their half-lives differ greatly: 5.76 min for ' Ti
and 27.7d for °!Cr. Gamma rays with an energy of
320.1keV observed shortly after irradiation are almost
entirely from Ti, while those observed even one day
after irradiation are entirely from J'Cr. It is possible
to determine Ti in a sample with a high Cr content
by first counting immediately after irradiation, counting
again under the same conditions one day after irradia-
tion, and then subtracting the SICr contribution to the
5ITj peak. In addition, many radionuclides have more
than one gamma-ray, and the presence of all the intense
gamma-rays can be used as confirmation.

Traceable Quantitative Analysis. Quantification for
NAA can be achieved by three basic methods:

1. use of fundamental parameters;
by comparing to a known amount of the element
under investigation, or

3. some combination of the two previous methods (the
ko method is the best-known variant of this).

The second method, often called the comparator
method, contains the most direct traceability links and

Table 4.2 Prompt gamma activation analysis: approximate
detection limits. Data from [4.61]

> 1pg B, Cd, Sm, Eu, Gd, Hg

1-10pg H, Cl, Ti, V, Co, Ag, Pt

10—100 pg Na, Al, Si, S, K, Ca, Cr, Mn, Fe, Cu,
Zn, As, Br, Sr, Mo, I, W, Au

100—1000 pg N, Mg, P, Sn, Sb

1-10mg C, F, Pb, Bi

will be discussed further. Typically, standards contain-
ing known amounts of the elements under investigation
are irradiated and counted under the same conditions as
the sample(s) of interest. Decay-corrected count rates
Ag are calculated via (4.6), and then the masses of each
element in the sample(s) are calculated through (4.7).
The R-values account for any experimental differences
between standards and sample(s), and are normally very
close to unity

,Avunk)
(Ao sta)

Munk = My

RoRyRsR; , (L.7)

where: mynx = mass of an element in the unknown
sample, mgg = mass of an element in the comparator
standard, Ry = ratio of isotopic abundances for un-
known and standard, Ry = ratio of neutron fluences
(including fluence drop-off, self-shielding and scatter-
ing), R, = ratio of effective cross-sections if neutron
spectrum shape differs from unk. to std., R, = ratio of
counting efficiencies (differences due to geometry and
y-ray self-shielding).

Prompt Gamma Activation Analysis (PGAA)
Principles of the Technique. The binding energy
released when a neutron is captured by an atomic nu-
cleus is generally emitted in the form of instantaneous
gamma-rays. Measuring the characteristic energies of
these gamma rays permits qualitative identification of
the elements in the sample, and quantitative analysis is
accomplished by measuring their intensity. The source
of neutrons may be a research reactor, an accelerator-
based neutron generator, or an isotopic source. The
most sensitive and accurate analyses use reactor neutron
beams with high-resolution Ge gamma-ray spectrome-
ters. A sample is simply placed in the neutron beam,
and the gamma-ray spectrum is measured during an ir-
radiation lasting from minutes to hours. The method
is nondestructive; residual radioactivity is usually neg-
ligible. Because PGAA employs nuclear (rather than
chemical) reactions, the chemical form of the analyte
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is unimportant. No dissolution or other sample pretreat-
ment is required.

Scope. The sensitivity of the analysis depends on ex-
perimental conditions and on the composition of the
sample matrix. For a neutron beam with a flux of
108 cm~2s~! and an irradiation time of several hours,
approximate detection limits are given in Table 4.2.

Nature of the Sample. Typical samples are in the range
of 100—1000 mg, preferably pressed into a pellet. Sam-
ples can be smaller if the elements of interest have
high sensitivities, and must be smaller if the matrix is
a strong neutron absorber. Large samples may be most
accurately analyzed through element ratios.

Qualitative Analysis. The energies of the peaks in the
gamma-ray spectrum are characteristic of the elements.
Because the spectra of most elements contain numerous
peaks, elemental identification is generally positive.

Quantitative Analysis. Standards of known quantities
of pure elements or simple compounds are irradiated to
determine sensitivity factors. Multiple gamma rays are
used for quantitation to verify the absence of interfer-
ences.

Example Spectrum. The plot shown in Fig.4.3 is
a PGAA spectrum of a fertilizer reference material. In
this material, the elements H, B, C, N, P, S, Cl, K,
Ca, Ti, V, Mn, Fe, Cd, Sm and Gd are quantitatively
measurable.

Neutron Depth Profiling
Neutron depth profiling (NDP) is a method of near-
surface analysis for isotopes that undergo neutron-
induced positive Q-value (exothermic) charged particle
reactions, for example (n,«), (n,p). NDP combines
nuclear physics with atomic physics to provide informa-
tion about near-surface concentrations of certain light
elements. The technique was originally applied in 1972
by Ziegler et al. [4.62] and independently by Biersack
and Fink [4.63]. Fink [4.64] has produced an excellent
report giving many explicit details of the method. The
method is based on measuring the energy loss of the
charged particles as they exit the specimen. Depending
on the material under study, depths of up to 10 pm can
be profiled, and depth resolutions of the order of 10 nm
can be obtained. The most studied analytes have been
boron, lithium, and nitrogen in a variety of matrices, but
several other analytes can also be measured. Because
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Fig. 4.3 Prompt gamma activation analysis

the incoming energy of the neutron is negligible and
the interaction rate is small, NDP is considered a non-
destructive technique. This allows the same volume of
sample to receive further treatment for repeated anal-
ysis, or to be subsequently analyzed using a different
technique that might alter or destroy the sample.

Principles of the Technique. Lithium, boron, nitrogen,
and a number of other elements have an isotope that
undergoes an exoergic charged particle reaction upon
capturing a neutron. The charged particles are protons
or alpha particles and an associated recoil nucleus. The
energies of the particles are determined by the con-
servation of mass-energy and are predetermined for
each reaction (for thermal neutrons, the added energy
brought in by the neutron is negligible). As the charged
particle exits the material, its interaction with the ma-
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Fig. 4.4 Neutron depth profiling: stopping power for alphas in sili-
con and protons in ScN
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trix causes it to lose energy, and this energy loss can be
measured and used to determine the depth of the orig-
inating reaction. Because only a few neutrons undergo
interactions as they penetrate the sample, the neutron
fluence rate is essentially the same at all depths. The
depth corresponding to the measured energy loss is de-
termined by using the characteristic stopping power of
the material. The chemical or electrical state of the tar-
get atoms has an inconsequential effect on the measured
profile in the NDP technique. Only the concentration of
the major elements in the material is needed to estab-
lish the depth scale through the relationship to stopping
power.

Mathematically, the relationship between the depth
and residual energy can be expressed as

Eo

_/dE
S osEy”

E(x)

(4.8)

where x is the path length traveled by the particle
through the matrix, Eq is the initial energy of the par-
ticle, E(x) is the energy of the detected particle, and
S(E) is the stopping power of the matrix. Examples
of the relationship between x and E(x) are displayed
in Fig. 4.4 for 10B(n,e) in silicon and 14N(n,p) in ScN.
For the boron reaction, 1OB(n,oc)7Li, there are two
outgoing alpha particles with energies of 1.472 MeV
(93% branch) and 1.776 MeV (7%), and two corre-
sponding recoil 'Li nuclei with energies of 0.840 and
1.014MeV. For the nitrogen reaction, 14N(n,p)14C,
there is a 584 keV proton and a 42 keV '4C recoil. A sil-
icon surface barrier detector detects particles escaping
from the surface of the sample. The charge deposited in
the detector is directly proportional to the energy of the
incoming particle.

Scope. A principal limitation of the technique is that
it can only be applied to a few light elements. The
most commonly analyzed are boron, lithium and nitro-
gen. However, as a result, very few interfering reactions
are encountered. Furthermore, since the critical param-
eters in the technique are nuclear in origin, there is
no dependence upon the chemical or optical character-
istics of the sample. Consequently, measurements are
possible at the outer few atomic layers of a sample or
through a rapidly changing composition such as at the
interface between insulating and conducting layers, and
across chemically distinct interfaces. In contrast, mea-
surement artifacts occur with surface techniques such
as secondary ion mass spectrometry and Auger electron

spectrometry when the sample surface becomes charged
and the ion yields vary unpredictably.

Nature of the Sample. Samples of interest are usually
thin films, multilayers or exposed surfaces. Because of
the short range of the charged particles, only depths to
about 10 um can be analyzed. The samples are placed
in a thermal neutron beam and the dimensions of the
beam determine the maximum area of the sample that
can be analyzed in a single measurement. Some facil-
ities have the ability to scan large-area samples. The
analyzed surface must be flat and smooth to avoid am-
biguities caused by surface roughness. All samples are
analyzed in vacuum, so the samples must be nonvolatile
and robust enough to survive the evacuation process.
Some samples may become activated and require some
decay time before being available for further experi-
mentation. The latter condition is the only barrier to the
entire process being completely nondestructive.

Qualitative Analysis. Most of the interest in the tech-
nique relates to determining the shape of the distribution
of the analyte and how it responds to changes in its
environment (annealing, voltage gradients and so on).
Determining the shape of the distribution involves de-
termining the energy of the particles escaping from the
surface and comparing with the full energy of the reac-
tion. The detector can be calibrated for the full energy
by measuring a very thin surface deposit of the analyte
in question. The detector is typically a surface-barrier
detector or another high-resolution charged particle de-
tector. The difference between the initial energy of the
particle and its measured energy is equal to the energy
loss, and with (4.8) it yields the depth of origin. The
depth resolution varies from a few nanometers to a few
hundred nanometers. Under optimum conditions the
depth resolution for boron in silicon is approximately
8§ nm.

Stopping powers for individual elements are given
in compilations like that of Ziegler [4.65]. Because the
analytic results are obtained in units of areal density
(atoms per square centimeter), a linear depth scale can
be assigned only if the volume density of the mater-
ial remains constant and is known. Consequently, the
conversion of an energy loss scale to a linear depth
axis is only as accurate as the knowledge of the vol-
ume density. By supplying a few physical parameters,
customized computer programs are used to convert the
charged particle spectrum to a depth profile in units
of concentration and depth. A Monte Carlo program,
SRIM [4.66], can also be used to provide stopping
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power and range information. Even if the density is not
well-known, mass fraction concentration profiles can be
accurately determined even through layered materials
of different density. In many cases, it is the mass frac-
tion composition that is the information desired from
the analysis.

Traceable Quantitative Analysis. To compare con-
centration profiles among samples, both the charged
particle spectrum and the neutron fluence that passes
through each sample are monitored and recorded. The
area analyzed on a sample is defined by placing an
aperture securely against the sample surface. This aper-
ture need only be thick enough to prevent the charged
particle from reaching the detector and can therefore
be very thin. Neutron collimation is used to reduce
unwanted background, but it does not need to be pre-
cise. The absolute area defined by the aperture need not
be accurately known as long as the counting geome-
try is constant between samples. The neutron fluence
recorded with each analysis is used to normalize data
from different samples. In practice, a run-to-run moni-
tor that has a response proportional to the total neutron
fluence rate is sufficient to normalize data taken at dif-
fering neutron intensities and time intervals. To obtain
a traceable quantitative analysis of the sample, a spec-
trum should be obtained using a sample of known
isotopic concentration, such as the NIST SRM 2137
boron implanted in silicon standard for calibrating con-
centration in a depth profile. When determining an NDP
profile it should be remembered that only the isotopic
concentration is actually determined and that the ele-
mental profile is inferred.

Photon Activation Analysis (PAA)
Principles of the Technique. PAA is a variant of ac-
tivation analysis where photons are used as activating
particles. The nuclear reactions depend on the atomic
number of the target and on the energy of the pho-
tons used for irradiation. The source of photons for
PAA is nearly always the bremsstrahlung radiation pro-
duced with electron accelerators. The photon energies
are commonly 15-20 MeV, predominantly inducing the
(y,n) reaction. Other reactions that can be used in-
clude (y,p), (y,2n), and (y,«x). PAA is very similar to
neutron activation analysis (NAA) in that the photons
can completely penetrate most samples. Thus proce-
dures and calculations are similar to those used in NAA.
The method has constraints due to the stability and
homogeneity of the photon beam, with inherent limi-
tations to the comparator method. Recent developments

in bremsstrahlung target technology have achieved im-
provements in the photon source that greatly benefit
the precision and accuracy of the method [4.59]. A de-
tailed discussion of PAA has been given by Segebade
et al. [4.67].

Scope. The method is complementary to INAA, and the
determination of light elements C, N, O and F are good
examples of PAA where detection limits of < 0.5 g
are possible. A few heavy metal elements can be de-
termined in biological and environmental materials with
similar sensitivity, such as Ni, As, and Pb; the latter can-
not be determined by thermal NAA. One reaction with
lower energy photons is the “Be(y,n)!Be —2 “He +
2n reaction because of the low neutron binding energy
of the Be. The reaction can be induced by the 2.1 MeV
gamma rays from 2*Sb and measured through the de-
tection of the neutrons. (The same reaction is also used
as a neutron source).

Nature of the Sample. Samples are commonly in solid
form, requiring little or no preparation for analysis.
Metals, industrial materials, environmental materials
and biological samples can be characterized in their
original form.

Qualitative Analysis. The (y,n) reaction leaves the
product nucleus proton-rich, consequently the ana-
Iytical nuclide is frequently a positron emitter. This
requires discrimination by half-life or radiochemical
separation for element-specific characterization. Heav-
ier elements can form product nuclides which emit their
own characteristic gamma rays, rather than just positron
annihilation radiation.

Traceable Quantitative Analysis. The comparator
method of activation analysis relates directly the meas-
ured gamma rays of a sample to the measured gamma
rays of a standard with a known element content (4.7).
Spectral interferences, fluence differences in sample
and standard, and potential isotopic differences must be
carefully considered.

Charged Particle (Beam) Techniques
Principles of the Technique. In charged particle acti-
vation analysis (CPAA), the activating particles, such as
protons, deuterons, tritons, 3He, a- and higher atomic
number charged particles are generated by accelerators.
The type of nuclear reaction induced in the sample nu-
clei depends on the identity and energy of the incoming
charged particle. Protons are selected in many instances
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because they can be easily accelerated and have low
Coulomb barriers. The (p,n) and (p,y) reactions result
most often with protons up to about 10 MeV in energy.
Higher energy protons may also induce (p,®), (p,d) or
(p,2n) reactions. Larger incident particles require higher
energies to overcome the Coulomb barrier. They then
deposit higher energies in the target nucleus during re-
action, which leads to a greater variety of pathways for
the de-excitation of the activated nucleus. Therefore,
a great variety of reactions and measurement options
are available to the analyst in CPAA. CPAA has been
discussed in more detail by Strijckmans [4.68].

Particle-induced x-ray emission (PIXE) is a com-
bined process, in which continuum and characteristic
x-rays are generated through the recombination of elec-
trons and electron vacancies produced in ion—atom
collision events when a beam of charged particles is
slowed down in an object. Usually protons of energies
between 0.1-3 MeV are utilized; the energies typically
depend on the accelerator type and are selected to
minimize nuclear reactions. The target elements emit
characteristic x-ray lines corresponding to the atomic
number of the element. A detailed introduction to the
technique and its interdisciplinary applications is given
by Johansson et al. [4.69].

Scope. CPAA can be regarded as a good complement to
neutron activation analysis (NAA), since elements that
are measured well are quite different from those ordi-
narily determined by NAA. The low Coulomb barriers
and low neutron capture cross-sections of light elements
make CPAA a good choice for the nuclear analysis of
B, C, N, O, and so on. PIXE is generally applicable to
elements with atomic numbers 11 < Z < 92. Because
charged particles may not penetrate the entire sample
as neutrons do, CPAA or PIXE is often used for de-
terminations in thin samples or as a surface technique.
The ability to focus charged particle beams is widely
used in applications for spatial analysis. Elaborate ion-
optical systems of particle accelerators composed of
focusing and transversal beam scanning elements offer
an analytical tool for lateral two-dimensional mapping
of elements in micro-PIXE.

Nature of the Sample. Samples are commonly in solid
form, requiring no or little preparation for analysis.
Metals, industrial materials, environmental materials
and biological samples can be characterized in their
original solid form. However, many facilities require
that the sample is irradiated in a vacuum chamber
connected to the accelerator beam line. Samples with

volatile constituents and liquid samples require that the
beam is extracted from the beam line through a thin win-
dow. Activation and x-ray production in the window and
surrounding air significantly increases the background
in prompt gamma ray and x-ray spectra. An additional
restriction may be imposed on sample materials by the
sensitivity of the sample to local heating in the particle
beam.

Qualitative Analysis. The selection of nuclear reaction
parameters in CPAA permits the formation of rather
specific product nuclides which emit their own char-
acteristic gamma rays for unique identification. PIXE
offers direct identification of elements via their charac-
teristic K and L series x-rays.

Traceable Quantitative Analysis. For CPAA, the inter-
action of the charged particle with the sample requires
a modification of the activation equation, introduced
in Sect.4.2.4. The particles passing through a sample
lose energy, so the cross-section for the nuclear reaction
changes with depth. The expression for the produced
activity in NAA has to be modified to account for this
effect
R

A(t) =nl [ o(x)dx .
0
Here I is the beam intensity (replacing the neutron
flux @), n is the density of target nuclides, and R is the
penetration range determined by the stopping power of
the medium according to Sect. 4.2.4.

As with NAA, the fundamental equation is not used
directly in practice, but a relative standardization (com-
parator) method is used. A working equation for the
comparator method is

(4.9)

(4.10)

Here we have omitted the saturation, decay, and count-
ing factors, which should be applied the same as in the
case of NAA (4.7).

Like NAA, PIXE can be described by sets of
equations relating to all of the physical parameters ap-
plicable in the excitation process. However, accurate
calibration of a PIXE system is extremely difficult.
The comparator method suffers from the fact that only
one sample, either the unknown or the standard, can
be irradiated at a given time. Thin target yields for
thin homogeneous samples with negligible energy loss
of the bombarding particle and no absorption of x-
rays in the sample can be calculated and normalized
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for standards and unknowns. For a thick homogeneous
sample, thick target yields can be calculated if the com-
position is known. The comparator method is further
affected by the problem of insufficient matrix match
between unknown and standard sample here. Often
internal standards, such as homogeneously mixed in yt-
trium, provide an experimental calibration method with
a potential limit to uncertainties of 3—5%.

Activation Analysis
with Accelerator-Produced Neutrons

Principles of the Technique. This nuclear analytical
method is based on small, low-voltage (= 105-200kV)
accelerators producing 3 and 14 MeV neutrons via
the 2H(d,n)*He and *H(d,n)*He reactions, respectively.
Principles of operation and output characteristics of
these neutron generators have been described in the
past [4.70] and were recently updated in a techni-
cal document [4.55]. The NAA procedures follow the
same principles as those with thermal neutrons. The
high-energy neutrons can be used to interact directly
with target nuclides in fast neutron activation analy-
sis (FNAA), or they are moderated to thermal energies
before interacting with a sample like in conventional
NAA. Hence, the principal neutron energies of inter-
est obtained from neutron generators are =~ 14 MeV,
~ 2.8 MeV, and & 0.025 eV (thermal). The different nu-
clear reactions of the generator neutrons are listed here
in the approximate order of increasing threshold energy:
(n,y), (n,n',y), (n,p), (n,&), and (n,2n). The (n,y) re-
action is exoergic and the cross-section in most cases
decreases with increasing neutron energy. Neverthe-
less, some nuclides have high resonance absorption at
certain neutron energies and FNAA is used in their
determination. The (n,n’,y) reactions are slightly en-
doergic; most can be induced by the 3 MeV neutrons.
Only a limited number of nuclides, however, have
longer lived isomeric states that can be measured af-
ter irradiation. The (n,p), (n,«), and (n,2n) reactions
are predominantly endoergic and generally occur with
the 14 MeV neutrons only. With this wide array of
selectable parameters, highly specialized applications
have been developed.

Scope. The FNAA methods based on small neutron gen-
erators play an important role in the development of new
technologies in process and quality control systems, ex-
ploration of natural resources, detection of illicit traffic
materials, transmutation of nuclear waste, fusion reac-
tor neutronics, and radiation effects on biological and
industrial materials. A considerable number of systems

10°
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Fig. 4.5 Activation analysis with accelerator-produced neutrons:
multiscaling spectrum of neutron beam monitor and oxygen

gamma-ray counts in the FNAA of coal

have been specifically tailored to the important appli-
cation of oxygen determination via the °O(n,p)!°N
(T1/2 =7.2s) reaction. This outstanding analytical ap-
plication for the direct, nondestructive determination of
oxygen is discussed here in more detail. The proce-
dure has been documented in an evaluated standard test
method (ASTM).

Nature of the Sample. Samples are in solid or li-
quid form, requiring little or no preparation for analysis.
Metals, industrial materials, environmental materials
and biological and other organic samples can be char-
acterized in their original forms. For highly sensitive
oxygen determinations, samples are commonly pre-
pared under inert gas protection and sealed in low-level
oxygen irradiation containers. Comparator standards
are commonly prepared from stoichiometric oxygen-
containing chemicals measured directly or diluted with
relatively oxygen-free filler materials.

Qualitative Analysis. In general applications of FNAA,
the activation products are identified by their unique
nuclear decay characteristics. The oxygen analysis com-
monly utilizes the summation of all gamma rays above
~ 4.7 MeV; the specificity of the accumulated counts is
ascertained by decay curve analysis.

Traceable Quantitative Analysis. FNAA follows the
general principles of NAA for quantitative analysis. The
specific nature of the neutron flux distributions and in-
tensities during an activation cycle with a generator and
the produced nuclides, which are frequently short-lived,
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however, require specific measures to control sources of
uncertainty.

The 14 MeV FNAA method has been used to de-
termine the uptake of oxygen in SRM 1632c trace
elements in coal (bituminous) [4.71]. In this appli-
cation it was expected to quantify a relative change
of 5% in the oxygen content (& 12% mass fraction)
in the SRM. Automated irradiation and counting cy-
cles alternate samples and standards and achieve high
precision though multiple (ten) passes for each sample
and standard. Figure 4.5 illustrates the signals recorded
in the analyzer for each pass. The duration of the ir-
radiation and its intensity is recorded from a neutron
monitor, while the oxygen gamma rays are obtained
from a matched pair of Nal(Tl) photon detectors after
travel of the sample from the irradiation to the count-
ing position. An on-line laboratory computer controls
the process and quantitatively evaluates the data [4.72].

4.1.5 Chromatographic Methods

Gas Chromatography (GC)

Principles of the Technique. Gas chromatography (GC)
can be used to separate volatile organic compounds.
A gas chromatograph consists of a flowing mobile phase
(typically helium or hydrogen), an injection port, a sep-
aration column containing the stationary phase, and
a detector. The analytes of interest are partitioned be-
tween the mobile (inert gas) phase, and the stationary
phase. In capillary gas chromatography, the stationary
phase is coated on the inner walls of an open tubu-
lar column typically comprised of fused silica. The
available stationary phases include methylpolysiloxanes
with varying substituents, polyethylene glycols with
different modifications, chiral columns for separations,
as well as other specialized stationary phases. The po-
larity of the stationary phase can be varied to effect the
separation.

The suite of gas chromatographic detectors includes
the flame ionization detector (FID), the thermal conduc-
tivity detector (TCD or hot wire detector), the electron
capture detector (ECD), the photoionization detector
(PID), the flame photometric detector (FPD), the atomic
emission detector (AED), and the mass spectrometer
(MS). Except for the AED and MS, these detectors pro-
duce an electrical signal that varies with the amount of
analyte exiting the chromatographic column. In addition
to producing the electrical signal, the AED yields an
emission spectrum of selected elements in the analytes.
The MS, unlike other GC detectors, responds to mass,
a physical property common to all organic compounds.

Scope. Capillary chromatography has been used for the
separation of complex mixtures, components that are
closely related chemically and physically, and mixtures
that consist of a wide variety of compounds. Because
the separation is based on partitioning between a gas
phase and stationary phase, the analytes of interest must
volatilize at temperatures obtainable by GC injection
port temperatures (typically 50—300 °C) and be stable
in the gas phase.

Samples may be introduced using split, splitless or
on-column injectors. During a split injection, a portion
of the carrier gas is constantly released through a splitter
vent located at the base of the injection port, so that the
same proportion of the sample injected will be carried
out of the splitter vent upon injection. For applications
where sensitivity or degradation in the injection port
is not an issue, split injections are performed. During
a splitless injection, the splitter vent is closed for a spec-
ified period of time following injection and then opened.
For applications where sensitivity is an issue but degra-
dation in the injection port is not an issue, and there
are a lot of coextractables in the sample, splitless in-
jection is used. Inlet liners are used for both split and
splitless injections. For on-column injection, the col-
umn butts into the injection port so that the syringe
needle used for injections goes into the head of the col-
umn. In this case, all of the sample is deposited onto the
head of the column typically at an injection temperature
below the boiling point of the solvent being used. For
applications where sensitivity and degradation in the in-
jection port are both issues and there is a limited amount
of coextractables in the sample, on-column injection is
used.

Nature of the Sample. The samples are introduced into
the gas chromtograph as either gas or liquid solutions. If
the sample being analyzed is a solid, it must first be dis-
solved into a suitable solvent, or the analytes of interest
in the matrix must be extracted into a suitable solvent.
In the case of complex matrices, the analytes of interest
may be isolated from some of the coextracted mater-
ial using various steps, including but not limited to size
exclusion chromatography, liquid chromatography and
solid-phase extraction.

Qualitative Analysis. Gas chromatography provides
several types of qualitative information simultaneously.
The appearance of the chromatogram is an indication
of the complexity of the sample. The retention times
of the analytes allow classification of various compo-
nents roughly according to volatility. The rate at which
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a component travels through the GC system (retention
time) depends on factors in addition to volatility, how-
ever. These include the polarity of the compounds, the
polarity of the stationary phase, the column tempera-
ture, and the flow rate of the gas (mobile phase) through
the column. GC-AED and GC/MS provide additional
qualitative information.

Traceable Quantitative Analysis. Regardless of the
detector being used, GC instrumentation must be cali-
brated using solutions containing known concentrations
of the analyte of interest along with internal standards
(surrogates) that have been added at a known concentra-
tion. The internal standards (surrogates) chosen should
be chemically similar to the analytes of interest, and
for many of the GC/MS applications are isotopically la-
beled analogs of one or more of the analytes of interest.
Approximately the same quantity of the internal stan-
dard should be added to all calibration solutions and
unknown samples within an analysis set. Calibration
may be performed by constructing a calibration curve
encompassing the measurement range of the samples or
by calculating a response factor from measurements of
calibration solutions that are very similar in concentra-
tion to or closely bracket the sample concentration for
the analyte of interest. For more detail on quantitative
analysis as it relates to chromatography, see the section
in this chapter on liquid chromatography.

Certified reference materials are available in a wide
variety of sample matrix types from NIST and other
sources. These CRMs should be used to validate the en-
tire GC method, including extraction, analyte isolation
and quantification.

Liquid Chromatography (LC)

Liquid chromatography (LC) is a method for separat-
ing and detecting organic and inorganic compounds in
solution. The technique is broadly applicable to po-
lar, nonpolar, aromatic, aliphatic and ionic compounds
with few restrictions. Instrumentation typically con-
sists of a solvent delivery device (a pump), a sample
introduction device (an injector or autosampler), a chro-
matographic column, and a detector. The flexibility of
the technique results from the availability of chromato-
graphic columns suited to specific separation problems,
and detectors with sensitive and selective responses.
The goal of any liquid chromatographic method is the
separation of compounds of interest from interferences,
in either the chromatographic and/or detection domains,
in order to achieve an instrumental response propor-
tional to the analyte level.

Principles of the Technique. Retention in liquid chro-
matography is a consequence of different associations
of solute molecules in dissimilar phases. In the sim-
plest sense, all chromatographic systems consist of two
phases: a fixed stationary phase and a moving mo-
bile phase. The diffusion of solute molecules between
these phases usually occurs on a time scale much more
rapid than that associated with fluid flow of the mo-
bile phase. Differential association of solute molecules
with the stationary phase retards these species to differ-
ent extents, resulting in separation. Retention processes
depend on a complex set of interactions between solute
molecules, stationary phase ligands and mobile phase
molecules; the characteristics of the column (such as
the physical and chemical properties of the substrate,
the surface modification procedures used to prepare the
stationary phase, the polarity, and so on) also provide
a major influence on retention behavior. Two modes
of operation can be distinguished: reversed-phase li-
quid chromatography (RPLC) and normal-phase LC.
For normal-phase LC, the mobile phase is less polar
than the stationary phase; the opposite situation exists
with RPLC. Column choice is critical when develop-
ing an LC method. Most separations are performed
in the reversed-phase mode with C;g (octadecylsilane,
ODS) columns. An instrumental response proportional
to the analyte level typically results from spectrometric
detection, although other forms of detection exist. Com-
mon detectors include UV/Vis absorbance, fluorescence
(FL), electrochemical (EC), refractive index (RI), evap-
orative light scattering (ELSD), and mass spectrometric
(MS) detection.

Scope. Liquid chromatography is applicable to com-
pounds that are soluble (or can be made soluble by
derivatization) in a suitable solvent and can be eluted
from a chromatographic column. Accurate quantifica-
tion requires the resolution of constituents of interest
from interferences. Liquid chromatography is often
considered a low-resolution technique, since only about
50-100 compounds can be separated in a single anal-
ysis; however, selective detection can be implemented
to improve the overall resolution of the system. Recent
emphasis is on the use of mass spectrometry for selec-
tive LC detection. In general, liquid chromatographic
techniques are most suited to thermally labile or non-
volatile solutes that are incompatible with gas phase
separation techniques (such as gas chromatography).

Nature of the Sample. Liquid chromatography is rel-
evant to a wide range of sample types, but in all cases
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samples must be extracted or dissolved in solution to
permit introduction into the liquid chromatograph. To
reduce sample complexity, enrichment (clean-up) of
the samples is sometimes carried out by liquid—liquid
extraction, solid-phase extraction, or LC fractionation.
Sample extracts should be miscible with the mobile
phase, and typically small injection volumes (1-20 pL)
are employed. Solvent exchange can be carried out
when sample extracts are incompatible with the mobile
phase composition.

Qualitative Analysis. Liquid chromatography is some-
times used for tentative identification of sample com-
position through comparison of retention times with
authentic standards. Identifications must be verified by
complementary techniques; however, disagreement in
retention times is usually sufficient to prove the absence
of a suspected compound.

Traceable Quantitative Analysis. Liquid chromato-
graphy is a relative technique that requires calibration.
The processes of calibration and quantification are sim-
ilar to those used in other instrumental techniques for
organic analysis (such as gas chromatography, mass
spectrometry, capillary electrophoresis, and related hy-
phenated techniques). The quantitative determination of
organic compounds is usually based on the comparison
of instrumental responses for unknowns with calibrants.
Calibrants are prepared (usually on a mass fraction ba-
sis) using reference standards of known (high) purity.
This comparison is made by using any of several math-
ematical models. Linear relationships between response
and analyte level are often assumed; however, this is not
a requirement for quantification, and nonlinear models
may also be used.

Several approaches to quantification are potentially
applicable: the external standard approach, the internal
standard approach, and the standard addition approach.
The external standard approach is based on a compari-
son of absolute responses for analytes in the calibrants
and unknowns. The internal standard approach is based
on a comparison of relative responses of the analytes
to the responses of one or more compounds (the in-
ternal standard(s)) added to each of the samples and
calibrants. The standard addition approach is based on
one or more additions of a calibrant to the sample, and
may also utilize an internal standard.

The external standard approach is often used when
an internal standard is not available or cannot be used, or
when the masses of standard and unknown samples can
easily be controlled or accounted for. The external stan-

dard approach demands care since losses from sample
handling or sample introduction will directly influence
the final results. All volumes (or masses) must be accu-
rately known, and sample transfers must be quantitative.

The internal standard approach utilizes one or more
constituents (the internal standard(s), not present in
the unknown samples) which are added to both cali-
brants and unknowns. Calculations are based on relative
responses of the analytes to these internal standards.
The use of internal standards lessens the need for
quantitative transfers and reduces biases from sample
processing losses. Internal standards should (ideally)
have properties similar to the analytes of interest; how-
ever, even internal standards with unrelated properties
may provide benefits as volume correctors. An isotopic
form of the analyte of interest is used for isotope di-
lution methods. A mass difference of at least 2 and
substitution at nonlabile atoms is typically required for
mass spectrometric methods. Separation of isotopically
labeled species (required for non-mass selective de-
tection) is sometimes possible for deuterated species
when the number of deuterium atoms is 8—10 or greater.
Separation of the internal standard is required when de-
tection is nonselective, as with ultraviolet absorbance
detection. For techniques that utilize selective detection
(such as mass spectrometry), separation of the inter-
nal standard is not required, and often it is desired that
the internal standard and analyte coelute for improved
precision (as in isotope dilution approaches).

The standard addition approach is based on the
addition of a known quantity(s) of a calibrant to the
unknown (with or without addition of an internal stan-
dard). At least two sample levels must be prepared for
each unknown; one sample can be the unspiked un-
known. Since separate calibrations are carried out for
each unknown sample, this approach is labor-intensive.

Internal and external standard approaches to quan-
tification can utilize averaged response factors, a zero
intercept linear regression model, a calculated intercept
linear regression model, or another nonlinear model.
The responses can be unweighted or weighted. The
model utilized should be evaluated as appropriate for
the measurement problem.

The number and level of calibrants used depends on
the measurement problem. When the level(s) of the un-
known can be estimated, calibrants should be prepared
to approximate this level(s). Preparation of calibrants
in this way minimizes the issue of response linearity.
‘When less is known about the unknowns, or when un-
knowns are expected to span a concentration range,
calibrants should be prepared to span this range. It is un-
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desirable to extrapolate to concentrations outside of the
calibration interval. When possible, prepare calibrants
by independent gravimetric processes and avoid serial
dilutions or use of stock solutions.

When internal standards are used as part of the
method, levels should be selected to approximate the
levels of components being measured. The response for
the internal standard should be the same or similar for
calibrants and unknowns, and the ratio of internal stan-
dard and analyte(s) should be similar. When possible,
the absolute response for analytes and internal standards
should be significantly greater than the noise level. If
the analyte level(s) are low in the unknown samples, the
internal standard should be added at higher levels (mea-
surement precision should be enhanced if the internal
standard is significantly greater than the noise level).

Capillary Electrophoresis
Principles of the Technique. Capillary electrophore-
sis (CE) refers to a family of techniques that are based
upon the movement of charged species in the presence
of an electric field. A simplified diagram of a CE in-
strument is shown in Fig. 4.6. When a voltage is applied
to the system, positively charged species move toward
the negatively charged electrode (cathode), while neg-
atively charged species migrate toward the positively
charged electrode (anode). Neutral species are not at-
tracted to either electrode.

Separations are typically performed in fused sil-
ica capillaries with an internal diameter of 25—100 pm
and a length of 25—-100 cm. The capillary is filled with
a buffer, and the applied voltage generally ranges from
10-30kV. A number of different detection strategies
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Buffer Buffer
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Anode supply L Cathode

Fig. 4.6 Capillary electrophoresis: diagram of CE instru-
mentation

are available, including UV absorbance, laser-induced
fluorescence, and mass spectrometry.

Scope. CE is applicable to a wide range of phar-
maceutical, bioanalytical, environmental and forensic
analyses. Various modes of CE are employed depending
upon the type of analyte and the mechanism of separa-
tion. Capillary zone electrophoresis (CZE) is the most
widely used mode of CE and relies upon differences
in size and charge between analytes at a given pH to
achieve separations. Some of the demonstrated appli-
cations of CZE include the analysis of drugs and their
metabolites, peptide mapping, and the determination
of vitamins in nutritional supplements. Neutral com-
pounds are typically resolved using micelles, through
a technique known as micellar electrokinetic capil-
lary chromatography (MECC or MEKC). Both CZE
and MEKC have also been utilized for enantioselec-
tive separations. Capillary gel electrophoresis (CGE)
has been used extensively for the separation of proteins
and nucleic acids. The gel network acts as a sieve to
separate components based on size. Capillary isoelec-
tric focusing (CIEF) separates analytes on the basis of
their isoelectric points and incorporates a pH gradient.
This technique is commonly used for the separation
of proteins. Capillary isotachophoresis (CITP) utilizes
a combination of two buffer systems and is some-
times used as a preconcentration method for other CE
techniques.

CE has been viewed as an alternative to liquid
chromatography (LC), although CE is not yet as well-
established as LC. CE typically provides a higher
efficiency than LC and has lower sample consumption.
In addition, the various modes of CE offer flexibility
in method development. Because CE utilizes a differ-
ent separation mechanism to LC, it can be viewed as
an orthogonal technique that provides complementary
information to LC analyses. Currently, the primary lim-
itations of CE involve sensitivity and reproducibility
issues, but improvements continue to be made in these
areas.

Nature of the Sample. Samples for CE cover a wide
range and include matrices such as biological fluids,
protein digests and pharmaceutical compounds. De-
pending on the sample matrix, the sample may be
injected directly or may be diluted in water or the run
buffer. Certain sample preparation techniques can be
utilized to optimize sensitivity. Derivatization of the an-
alytes is often required for laser-induced fluorescence
detection.
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Qualitative Analysis. CE is particularly applicable to
qualitative analyses of peptides and proteins. The high
efficiency of CE yields separations of even closely re-
lated species, and the fingerprints resulting from the
analysis of two different samples can be compared to
reveal subtle differences.

Traceable Quantitative Analysis. Quantification in
CE is generally performed by preparing calibration
solutions of the analyte(s) of interest at known con-
centrations and comparing the peak areas obtained
for known and unknown solutions. Quantification ap-
proaches used in CE are generally similar to those used
in LC. One unique aspect of CE is the fact that the
peak area is related to the migration velocity of the
solute. Corrected peak areas, obtained by dividing the
peak area by the migration time of the analyte, improve
quantitative accuracy in CE.

Liquid Chromatography/Mass Spectrometry
(LC/MS) and LCIMSIMS

The combination of liquid chromatography (LC) with
mass spectrometry (MS) is a powerful tool for the de-
termination of organic and organometallic species in
complex matrices. While LC is sometimes combined
with ICP-MS for elemental analysis, this section will fo-
cus on combining LC with MS using either electrospray
ionization (ESI)' or atmospheric pressure chemical
ionization (APCI), the most widely used approaches
for the determination of organic species. Generally,
reversed-phase LC using volatile solvents and additives
is combined with a mass spectrometer equipped with
either an ESI or an APCI source. ESI is the favored ap-
proach for ionic and polar species, while APCI may be
preferred for less polar species. If the mass spectrome-
ter has the ability to perform tandem mass spectrometry
(MS/MS) using collision-induced dissociation, analy-
sis of daughter ions adds additional specificity to the
process.

Principles of the Technique. The principles of liquid
chromatography are covered in the liquid chromatog-
raphy section. For LC/MS, the effluent from the LC
column flows into the source of the mass spectro-
meter. For ESI the effluent is sprayed out of a highly
charged orifice, creating charged clusters that lose sol-
vent molecules as they move from the orifice, resulting
in charged analyte molecules. For APCI, a corona dis-
charge is used to ionize solvent molecules that act
as chemical ionization reagents to pass charges to the
analyte molecules. Desolvated ions pass into the MS

vacuum system through a pinhole. The ions may be
separated by various devices including quadrupole, ion
trap, magnetic sector, time-of-flight, or ion cyclotron
resonance devices. The principles of operation of these
devices are beyond the scope of this discussion. lons are
generally detected using electron or ion multipliers.

Scope. LC/MS and LC/MS/MS have been used to
determine organic species ranging from highly polar
peptides and oligonucleotides to low-polarity species
such as nitrated polycyclic aromatic hydrocarbons in
virtually any matrix imaginable. For many polar sub-
stances such as drug metabolites or hormones, LC/MS
has largely supplanted GC/MS as the approach of
choice for two reasons. Sample preparation is much
simpler with LC/MS in that the analyte is generally not
derivatized and analyte isolation from the matrix is of-
ten faster. Nevertheless, with most complex matrices,
some sample processing is generally necessary before
the sample is introduced into the LC/MS. Secondly,
sensitivity is often greater, resulting in better quantifi-
cation of very low concentrations. Because both ESI
and APCI are soft ionization techniques, there is lit-
tle fragmentation observed in contrast to what is seen
for many analytes in GC/MS. This can be either ad-
vantageous or a negative feature. The ion intensity is
concentrated in far fewer ions, thus improving sensi-
tivity. However, if there are interferences at the ions
being monitored, there are not usually any alterna-
tives ions that can be used for measurement, such as
there often are with GC/MS. However, if MS/MS is
available, there is usually a parent—daughter combina-
tion that is free from significant interference. For both
LC/MS and LC/MS/MS, use of an isotope-labeled form
of the analyte as the internal standard is the preferred
approach for quantification. However, satisfactory re-
sults are sometimes possible with a close analog of the
analyte, provided that they can be separated.

Qualitative Analysis. LC/MS can be a useful tool for
qualitative analysis. With ESI, this approach is widely
used for characterizing proteins. LC/MS/MS is also
used for protein studies and can be used to determine
the amino acid sequence. It is also very useful for drug
metabolite studies.

Traceable Quantitative Analysis. Excellent quantita-
tive results can be obtained with these techniques. With
an isotope-labeled internal standard, measurement pre-
cision is typically 0.5-5%. Accuracy is dependent upon
several factors. The measurements must be calibrated
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with known mixtures of a pure form of the analyte
and the internal standard. Knowledge about the purity
of the reference compounds is essential. Other impor-
tant aspects that must be considered are: liberation
of the analyte from the matrix, equilibration with the
internal standard, and specificity of the analytical mea-
surements.
Several review articles [4.73—83] are available.

L4.1.6 Classical Chemical Methods

Classical chemical analysis comprises gravimetry,
titrimetry and coulometry. These techniques are gen-
erally applied to assays: analyses in which a major
component of the sample is being determined. Clas-
sical methods are frequently used in assays of pri-
mary standard reagents that are used as calibrants
in instrumental techniques. Classical techniques are
not generally suited to trace analyses. However, the
methods are capable of the highest precision and
lowest relative uncertainties of any techniques of
chemical analysis. Classical analyses require minimal
equipment and capital outlay, but are usually more
labor-intensive than instrumental analyses for the cor-
responding species. Other than rapid tests, such as spot
tests, classical techniques are rarely used for qualitative
identification.

Kolthoff et al. [4.84] provide a thorough yet concise
summary of the classical techniques described in this
section.

Gravimetry
Principles of the Technique. Gravimetry is the de-
termination of an analyte (element or species) by
measuring the mass of a definite, well-characterized
product of a stoichiometric chemical reaction (or re-
actions) involving that analyte. The product is usually
an insoluble solid, though it may be an evolved gas.
The solid is generally precipitated from solution and
isolated by filtration. Preliminary chemical separation
from the sample matrix by ion-exchange chromatogra-
phy or other methods is often used.

Gravimetric determinations require corrections for
any trace residual analyte remaining behind in the sam-
ple matrix and any trace impurities in the insoluble
product. Instrumental methods, which typically have
relatively large uncertainties, can be used to determine
these corrections and improve the overall accuracy and
measurement reproducibility of the gravimetric analy-
sis, since these corrections represent only a small part
of the final value (and its uncertainty).

Scope. Gravimetric determination is normally restricted
to analytes that can be quantitatively separated to form
a definite product. In such cases, relative expanded
uncertainties are in the range of 0.05—-0.3%. The appli-
cability of gravimetry can be broadened (at the cost of
increased method uncertainty) to cases where the prod-
uct is a compound with greater solubility and/or more
impurities by judicious use of instrumental techniques
to determine and correct for residual analyte in the solu-
tion and/or impurities in the precipitate. Gravimetry can
be labor-intensive and is usually applied to an analytical
set of 12 or fewer samples, including blanks.

The advantage of coupling gravimetry with in-
strumental determination of a residual analyte and
contaminants can be demonstrated by the gravimet-
ric determination of sulfate in a solution of K;SOy.
In an application of this determination [4.85], sulfate
was precipitated from a K;SO4 solution and weighed
as BaSO4. The uncorrected gravimetric result for sul-
fate was 1001.8 mg/kg with a standard deviation of the
mean of 0.32 mg/kg. When instrumentally determined
corrections were applied to each individual sample, the
corrected mean result was 1003.8 mg/kg sulfate with
a standard deviation of the mean of 0.18 mg/kg. The un-
corrected gravimetric determination had a significantly
negative bias (0.2%, relative) and a measurement re-
producibility that was nearly twice that of the corrected
result.

The insoluble product of the gravimetric determi-
nation can be separated from the sample matrix in
several ways. After any required dissolution of the sam-
ple matrix, the analyte of interest can be separated from
solution by precipitation, ion-exchange or electrodepo-
sition. Other separation techniques (such as distillation
or gas evolution [4.86]) can also be used. The specificity
of the separation procedure for the analyte of interest
and the availability of suitable complementary instru-
mental techniques will determine the applicability of
a given gravimetric determination.

Separation by precipitation from solution can be
accomplished by evaporation of the solution, addition
of a precipitating reagent, or by changing the solu-
tion pH. After its formation, the precipitate may be
filtered, rinsed and/or heated and weighed. The resulting
precipitate must be relatively free from coprecipitated
impurities. An example is the determination of silicon
in soil [4.87]. Silicon is separated from a dissolved
soil sample by dehydration with HCI and is filtered
from the solution. The SiO, precipitate is heated and
weighed. HF is added to volatilize the SiO; and the
mass of the remaining impurities is determined. The
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Si0O; is determined by difference. Corrections for Si in
the filtered solution can be determined by instrumental
techniques.

With ion-exchange separation of the analyte, the
precipitation and filtration step may not be required.
After collection of the eluate fraction containing the
analyte, if no further precipitation reactions are re-
quired, the solution can be evaporated to dryness with
or without adding other reagents. Ion-exchange and
gravimetric determination is demonstrated by the de-
termination of Na in human serum [4.88]. The Na
fraction in a dissolved serum sample is eluted from an
ion-exchange column. After HySOy4 is added, the Na
fraction is evaporated to dryness, heated, and weighed
as NaySOy. Instrumentally determined corrections are
made both for Na in the fractions collected before and
after the Na fraction and also for impurities in the pre-
cipitate.

Electrodeposition can be used to separate a metal
from solution. The determination of Cu in an alloy can
be used as an illustration [4.86]. Copper in a solution of
the dissolved metal is plated onto a Pt gauze electrode
by electrolytic deposition. The Cu-plated electrode is
weighed and the plated Cu is stripped in an acid solu-
tion. The cleaned electrode is reweighed so that the Cu
is determined by difference. Corrections are made via
instrumental determination of residual Cu in the orig-
inal solution that did not plate onto the electrode and
metal impurities stripped from the Cu-plated electrode.

Nature of the Sample. Samples analyzed by gravime-
try must be in solution prior to any required separation.
Generally, an amount of analyte that will result in a fi-
nal product weighing at least 100 mg (to minimize
the uncertainty of the mass determination) to no more
than 500 mg (to minimize occlusion of impurities) is
preferred. Potentially significant interfering substances
should be present at insignificant levels. Examples of
significant interfering substances would be more than
trace B in a sample for a determination of Si (B will
volatilize with HF and bias results high) or significant
amounts of a substance that is not easily separated from
the analyte of interest (for example, Na may not be eas-
ily separated by ion exchange from a Li matrix). The
suitability of the gravimetric quantification can be eval-
uated by analyzing a certified reference material (CRM)
with a similar matrix using the identical procedure.

Qualitative Analysis. Many of the classical qualitative
tests for elements or anions use the same precipitate-
forming reactions applied in gravimetry. Gravimetry

can also be used to determine the total mass of salt dis-
solved in a solution (for example, by evaporation with
weighing).

Traceable Quantitative Analysis. The mass fraction of
the analyte in a gravimetric determination is measured
by weighing a sample and the separated compound of
known stoichiometry from that sample on a balance
that is traceable to the kilogram. Appropriate ratios of
atomic weights (gravimetric factors) are applied to con-
vert the compound mass to the mass of the analyte or
species of interest. Gravimetry is an absolute method
that does not require reference standards. Thus it is
considered a direct primary reference measurement pro-
cedure [4.89]. Gravimetry can be performed in such
a way that its operation is completely understood, and
all significant sources of error in the measurement pro-
cess can be evaluated and expressed in SI units together
with a complete uncertainty budget. Any instrumentally
determined corrections for residual analyte in the so-
lution or for impurities in the precipitate must rely on
standards that are traceable to the SI for calibration.
To the extent that the gravimetric measurement is de-
pendent on instrumentally-determined corrections, its
absolute nature is debatable.

Titrimetry
Principles of the Technique. The fundamental basis of
titrimetry is the stoichiometry of the chemical reaction
that forms the basis for the given titration. The analyte
reacts with the titrant according to the stoichiometric
ratio defined by the corresponding chemical equation.
The equivalence point corresponds to the point at which
the ratio of titrant added to the analyte originally present
(each expressed as an amount of substance) equals the
stoichiometric ratio of the titrant to the analyte defined
by the chemical equation.

The endpoint (the practical determination of the
equivalence point) is obtained using visual indicators
or instrumental techniques. Visual indicators react with
the added titrant at the endpoint, yielding a product
of a different color. Hence, a bias (indicator error) ex-
ists with the use of indicators, since the reaction of
the indicator also consumes titrant. This bias is eval-
uated (along with interferent impurities in the sample
solvent) in a blank titration. Potentiometric detection
generally locates the endpoint as the point at which
the second derivative of the potential versus the added
titrant function equals zero. Other techniques (amper-
ometry, nephelometry, spectrophotometry, and so on)
are also used.
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The titrant is typically added as a solution of the
given reagent. Solutions are inherently homogeneous
and can be conveniently added in aliquots that are not
restricted by particle size. The amount of titrant added
is obtained from the amount-of-substance concentra-
tion (hereafter denoted concentration) of the titrant in
this solution and its volume (amount-of-substance con-
tent and mass, respectively, for gravimetric titrations).
The concentration of the solution is obtained by direct
knowledge of the assay of the reagent used to prepare
the solution, or, more frequently, by standardization. In
titrimetry, standardization is the assignment of a value
(concentration or amount-of-substance content) to the
titrant solution via titration(s) against a traceable stan-
dard.

Scope. Titrimetry is restricted to analytes that react with
a titrant according to a strict stoichiometric relation-
ship. A systematic bias in the result arises from any
deviation from the theoretical stoichiometry or from
the presence of any other species that reacts with the
titrant. The selectivity of titrimetric analyses is gener-
ally not as great as that of element-specific instrumental
techniques. However, titrimetric techniques can often
distinguish among different oxidation states of a given
element, affording information on speciation that is not
accessible by element-specific instrumental techniques.
Titrimetric methods generally have lower throughput
than instrumental methods.

The most commonly encountered types of titrations
are acid-base (acidimetric), oxidation—reduction, pre-
cipitation, and compleximetric titrations. The theory
and practice of each are presented in [4.84]. A detailed
monograph [4.90] provides exhaustive information, in-
cluding properties of unusual titrants.

Titrimetric methods generally have lower through-
put than instrumental methods.

Nature of the Sample. Samples analyzed by titrime-
try must be in solution or dissolve totally during the
course of the given titration. Certain analyses require
pretreatment of the sample prior to the titrimetric de-
termination itself. Nonquantitative recovery associated
with such pretreatment must be taken into account when
evaluating the uncertainty of the method. Examples in-
clude the determination of protein using the Kjeldahl
titration and oxidation—reduction titrimetry preceded by
reduction in a Jones reductor. If possible, a certified ref-
erence material (CRM) with a similar matrix should
be carried through the entire procedure, including the
sample pretreatment, to evaluate its quantitativeness.

Qualitative Analysis. Titrimetry is not generally used
for qualitative analysis. It is occasionally used for
semiquantitative estimations (for example, home water
hardness tests).

Traceable Quantitative Analysis. Titrimetry is con-
sidered a primary ratio measurement [4.89], since the
measurement itself yields a ratio (of concentrations or
amount-of-substance contents). The result is obtained
from this ratio by reference to a standard of the same
kind. However, titrimetry is different from instrumental
ratio primary reference measurements (as in isotope di-
lution mass spectrometry), in that the standard can be
a different element or compound from the analyte. This
ability to link different chemical standards has been
proposed as a basis for interrelating many widely-used
primary standard reagents [4.91].

The traceability of titrimetric analyses is based on
the traceability to the SI of the standard used to stan-
dardize or prepare the titrant. CRMs used as standards
in titrimetry are certified by an absolute technique, most
often coulometry (see the following section).

Literature references frequently note that certain
titrants can be prepared directly from a given reagent
without standardization. Such statements are based on
historic experience with the given reagent. Traceability
for such a titrant rests solely on the manufacturer’s assay
claim for the given batch of reagent, unless the titrant
solution is directly prepared from the corresponding
CRM or prepared from the commercial reagent and sub-
sequently standardized versus a suitable CRM. Titrants
noted in the literature as requiring standardization (such
as sodium hydroxide) have lower and/or variable as-
says. Within- and between-lot variations of the assays
of such reagents are too great for use as titrants without
standardization.

The stability and homogeneity of the titrant affect
the uncertainty of any titrimetric method in which it
is used. The concentration of any titrant solution can
change through evaporation of the solvent. A mass log
of the solution in its container (recorded before and
after each period of storage, typically days or longer)
is useful for estimating this effect. In addition, the
titrant solution can react during storage, either with
components of the atmosphere (for example, O, with
reducing titrants or CO, with hydroxide solutions) or
with the storage container (for instance, hydroxide so-
lutions with soda-lime glass or oxidizing titrants with
some plastics). Each such reaction must be estimated
quantitatively to obtain a valid uncertainty estimate for
the given titrimetric analysis.
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In titrations requiring ultimate accuracy, the bulk
(typically 95-99%) of the titrant required to reach the
endpoint is often added as a concentrated solution or
as the solid titrant (see the Gravimetric Titrations sec-
tion). The remaining 1-5% of the titrant is then added
as a dilute solution. This approach permits optimal de-
termination of the endpoint, which is further sharpened
by virtue of the decreased total volume of solution. Us-
ing this approach, a precision on the order of 0.005%
can be readily achieved.

Gravimetric Titrations. In traditional gravimetric titra-
tions (formerly called weight titrations), the titrant
solution is prepared on an amount-of-substance con-
tent (moles/kg) basis. The solution is added as a known
mass. The amount of titrant added is calculated from its
mass and amount-of-substance content.

Gravimetric titrimetry conveys the advantages of
mass measurements to titrimetry. Masses are readily
measured to an accuracy of 0.001%. Mass measure-
ments are independent of temperature (neglecting the
small change in the correction for air buoyancy re-
sulting from the change in air density). The expansion
coefficient of the solution (= 0.01 %/K for aqueous so-
lutions) does not affect mass measurements.

A useful variation of the dual-concentration ap-
proach described above is to add the bulk of the titrant
gravimetrically as the solid (provided the solid titrant
has demonstrated homogeneity, as in a CRM) or as its
concentrated solution. This bulk addition is followed
by volumetric additions of the remainder of the titrant
(for example, 5% of the total) as a dilute solution for
the endpoint determination. The main advantage of this
approach is that the endpoint determination can be per-
formed using a commercial titrator. The advantages of
gravimetric titrimetry and the dual-concentration ap-
proach described above are each preserved. Any effect
of variation in the concentration of the dilute titrant
is reduced by the reciprocal of the fraction repre-
sented by its addition (for example, a 20-fold reduction
for 5%).

Coulometry
Principles of the Technique. Coulometry is based on
Faraday’s Laws of Electrolysis, which relate the charge
passed through an electrode to the amount of analyte
that has reacted. The amount-of-substance content of
the analyte, vapalyte, is calculated directly from the cur-
rent [ passing through the electrode; the time ¢; the
stoichiometric ratio of electrons to analyte n; the Fara-
day constant F; and the mass of sample mgymple. The

limits of integration, fy and #r, depend on the type of
coulometric analysis (see below).

S rde

-0 (&.11)
n Fmgample

Vanalyte =

Since I and ¢ can be measured more accurately than any
chemical quantity, coulometry is capable of the small-
est uncertainty and highest precision of all chemical
analyses.

Coulometric analyses are performed in an electro-
chemical (coulometric) cell. The coulometric cell has
two main compartments. The sample is introduced into
the sample compartment, which contains the working
(coulometric) electrode. The other main compartment
contains the counter-electrode. These main compart-
ments are connected via one or more intermediate
compartment(s) in series, providing an electrolytic link
between the main compartments. The contents of the in-
termediate compartments may be rinsed or flushed back
into the sample compartment to return any sample or
titrant that has left the sample compartment during the
titration.

Coulometry has two main variants, controlled-
current and controlled-potential coulometry. Controlled-
current coulometry is essentially titrimetry with electro-
chemical generation of the titrant. Increments of charge
are added at one or more values of constant current. In
practice, a small amount of the analyte is added to the
cell initially. This analyte is titrated prior to introduc-
ing the actual sample. The endpoint of this pretitration
yields the time 7y in (4.11). The quantity #; corresponds
to the endpoint of the subsequent titration of the an-
alyzed sample. The majority of the sample (typically
99.9%) is titrated at a high, accurately controlled con-
stant current Ipain (typically 0.1-0.2 A) for a time fmain-
Lower values of constant current (1-10mA) are used
in the pretitration and in the endpoint determination
of the sample titration. This practice corresponds to
the dual-concentration approach used in high-accuracy
titrimetry.

Controlled-potential coulometry is based on exhaus-
tive electrolysis of the analyte. A potentiostat maintains
the potential of the working electrode in the sample
compartment at a constant potential with respect to
a reference electrode. Electrolysis is initiated at t = fo.
The analyte reacts directly at the electrode at a mass-
transport-limited rate. The electrode current / decays
exponentially as the analysis proceeds, approaching
zero as t approaches infinity. In practice, the electrol-
ysis is discontinued at ¢ = fr, when the current decays
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to an insignificant value. A blank analysis is performed
without added analyte to correct for any reduction of
impurities in the electrolyte.

A survey of coulometric methods and practice
through 1986 has been published [4.92].

Scope. Controlled-current coulometry is an absolute
technique capable of extreme precision and low un-
certainty. Analyses reproducible to better than 0.002%
(relative standard deviation) with relative expanded
uncertainties of < 0.01% are readily achieved. Stan-
dardization of the titrant is not required. Most of
the acidimetric, oxidation—reduction, precipitation, and
compleximetric titrations used in titrimetry can be per-
formed using controlled-current coulometry. Compared
to titrimetry, controlled-current coulometry has the ad-
vantage that the titrant is generated and used virtually
immediately. This feature avoids the changes in con-
centration during storage and use of the titrant that can
occur in conventional titrimetry.

Controlled-potential coulometry is also an abso-
lute technique. However, in most cases the correction
for the background current limits the uncertainty to
roughly 0.1%. Controlled-potential coulometry can af-
ford greater selectivity, through appropriate selection
of the electrode potential, than either controlled-current
coulometry or titrimetry. The analyte must react di-
rectly at the electrode, in contrast to controlled-current
coulometry or titrimetry, which can determine nonelec-
troactive species that react with the given titrant.

Compared to titrimetry, both coulometric tech-
niques have lower throughput. A single high-precision
controlled-current coulometric titration requires at least
an hour to complete, using typical currents and sam-
ple masses. The exhaustive electrolysis required in
controlled-potential coulometry requires a period of up
to 24 h for a single analysis.

Coulometric techniques are well-suited to automa-
tion. Automated versions of controlled-current coulom-
etry [4.93, 94] are used to certify the CRMs used as
primary standards in titrimetry.

Nature of the Sample. Sample restrictions for coulom-
etry are similar to those of titrimetry noted above.
Additionally, electroactive components other than the
analyte can interfere with coulometric analyses, even
though the corresponding titrimetric analysis may be
feasible.

Qualitative Analysis. Coulometric techniques are not
used for qualitative analysis.

What is counted in the classical assay?

Actual composition as received

Non-
contrib

Actual composition after drying

Classical result

Classical result corrected for instrumental trace components

Instrumentally detected trace components

100 % instrumental trace components

H,0

100 % basis

Fig. 4.7 Assay and purity determinations of analytical reagents

Traceable Quantitative Analysis. Traceability for
coulometric analyses rests on the traceability of the
measured physical quantities / and ¢ and on the univer-
sal constant F. In addition, the net coulometric reaction
relating electrons to analyte must proceed with 100%
current efficiency, so that each mole of electrons that
passes through the electrode must react, directly or in-
directly, with exactly 1/n moles (according to (4.11))
of the added analyte. Interferents or side-reactions that
consume electrons yield a systematic bias in the coulo-
metric result. Such interferents must be excluded or
taken into account in the uncertainty analysis. The
criterion of 100% current efficiency is evaluated by per-
forming trial titrations with different current densities.
In controlled-current titrations using an added titrant-
forming reagent, its concentration can also be varied to
evaluate the generation reaction [4.95].

Coulometry yields results directly as vapalye, as
shown in (4.11). Results recalculated from vapalye to
a mass fraction basis (% assay) must take into account
the uncertainty in the IUPAC atomic weights [4.96] in
the uncertainty analysis. In high-precision, controlled-
current coulometry, this contribution to the combined
uncertainty can be significant.

Assay and Purity Determinations

of Analytical Reagents
The purity of an analytical reagent can be determined
by two different approaches: direct assay of the ma-
trix species, and purity determination by subtraction of
trace impurities. In the first approach, a classical assay
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technique directly determines the mass fraction of the
matrix species. In the second approach, the sum of the
mass fractions of all components of the sample is taken
as exactly unity (100%). Trace-level impurities in the
reagent are determined using one or more of the instru-
mental techniques described in this chapter. The sum
of the mass fractions of all detected impurities is sub-
tracted from 100% to yield the quoted purity (species
that are not detected are taken as present at a mass
fraction equal to half the detection limit for the given
species, with a relative uncertainty of +100%; the cor-
responding value and uncertainty are included in the
calculation of the purity and its uncertainty). No assay
is performed per se.

In principle, both approaches yield the same re-
sult. However, difficulties arise in practice owing to the
shortcomings of each. In the classical assay, trace impu-
rities can contribute to the given assay, yielding a result
greater than the true value. For example, trace Br™ is
typically titrated along with the matrix Cl~ in classi-
cal titrimetric and coulometric assay procedures. Such
trace interferents contribute to the apparent assay to an
extent given by the actual mass fraction multiplied by
the ratio of the equivalent weight [4.84,90] of the matrix
species to that of the actual interferent, analogous to the
gravimetric factor in gravimetry. The equivalent weight
is given by the molar mass of the given species (calcu-
lated from IUPAC atomic weights [4.96]) divided by an
integer n. For coulometry, n is that given in (4.11). For
other methods, n is defined by the reaction that occurs
in the titration or precipitation process.

In the 100% minus impurities approach, the result
only includes those species that are actually sought. For
example, commercial high-purity reagents often state
a high purity, such as 99.999%, based on a semiquan-
titative survey of trace metal impurities. Other species,
notably occluded water in high-purity crystalline salts,
or dissolved gases in high-purity metals, are not sought,
but they may be present at high levels, such as 0.1%.
The purity with respect to the stated impurities is valid.
However, if the level of unaccounted-for impurities is
significant in comparison to the requirements for the
calibrant, the stated purity is not valid for use of the
reagent as a calibrant.

Figure 4.7 illustrates schematically the contrast-
ing advantages and disadvantages of both approaches

toward the purity of a hypothetical crystalline com-
pound. The total length of each bar corresponds to
the purity as obtained by the stated method(s). The
matrix compound is shown at the left in gray. Im-
purities (including water) are denoted by segments of
other shades at the right end of each bar. The up-
per bar shows the true composition as received. The
impurities are divided into two classes: those that con-
tribute to the classical assay, and those that do not. The
second bar shows the true composition after drying.
Each class of impurities is subdivided into a compo-
nent that is detected instrumentally and one that is
not. The two components that are detected instrumen-
tally are shown separately in the second line from the
bottom.

The third bar shows the classical assay without any
corrections for contributing impurities. The lower bar
represents the purity obtained from the 100% minus im-
purities approach. Each value has a positive bias with
respect to the true assay, the length of the matrix seg-
ment. The gravimetric factor represents the ratio of
equivalent weights noted above.

The fourth bar shows the result of the classical assay
corrected for instrumentally-determined impurities that
also contribute to the classical assay. This bar is closest
in length to the true assay, represented by the length of
the matrix segment. A small bias remains for impurities
that both evade instrumental detection and contribute to
the classical assay.

An additional problem with classical assays of ionic
compounds is that a single technique generally deter-
mines only a component of the matrix compound (such
as Cl™ in the assay of KCIl by titration with Ag™).
The reported mass fraction of the assay compound is
calculated assuming the theoretical stoichiometry. The
identity of the counterion (such as K™ in an argentimet-
ric KCl assay) is assumed.

A more rigorous approach toward a frue assay
of an ionic compound by classical techniques is to
perform independent determinations of the matrix com-
ponents. As an example, K+ in KCl could be assayed by
gravimetry, with CI~ assayed by titrimetry or coulom-
etry. A rigorous version of each of these assays would
include corrections for contributing trace interferences
to the respective assays.

Several review articles [4.84-96] are available.
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4.2 Microanalytical Chemical Characterization

Establishing the spatial relationships of the chemical
constituents of materials requires special methods that
build on many of the bulk methods treated in the pre-
ceding portion of this chapter. There may be interest in
locating the placement of a trace chemical constituent
within an engineered structure, or in establishing the
extent of chemical alteration of a part taken out of ser-
vice, or in locating an impurity that is impacting on the
performance of a material. When the question of the rel-
ative spatial locations of different chemical constituents
is at the core of the measurement challenge, methods of
chemical characterization that preserve the structures of
interest during analysis are critical. Not all bulk analyt-
ical methods are suited for surface and/or microanalyt-
ical applications, but many are. In the remainder of this
chapter, some of the more broadly applicable methods
are touched upon, indicating their utility for establishing
chemical composition as a function of spatial location,
in addition to their use for quantitative analysis.

4.2.1 Analytical Electron Microscopy (AEM)

When a transmission electron microscope (TEM) is
equipped with a spectrometer for chemical analysis, it is
usually referred to as an analytical electron microscope.
The two most common chemical analysis techniques
employed by far are energy-dispersive x-ray spectrom-
etry (XEDS) and electron energy-loss spectroscopy
(EELS). In modern TEMs a field emission electron
source is used to generate a nearly monochromatic
beam of electrons. The electrons are then accelerated
to a user-defined energy, typically in the range of
100-400keV, and focused onto the sample using a se-
ries of magnetic lenses that play an analogous role to
the condenser lens in a compound light microscope. Af-
ter interacting with the sample, the transmitted electrons
are formed into a real image using a magnetic objec-
tive lens. This real image is then further magnified by
a series of magnetic intermediate and projector lenses
and recorded using a charged coupled device (CCD)
camera.

Principles of the Technique. Images with a spatial res-
olution near 0.2nm are routinely produced using this
technique. In an alternative mode of operation, the con-
denser lenses can be used to focus the electron beam
into a very small spot (less than 1nm in diameter)
that is rastered over the sample using electrostatic de-
flection coils. By recording the transmitted intensity at

each pixel in the raster, a scanning transmission elec-
tron microscope (STEM) image can be produced. After
a STEM image has been recorded, it can be used to lo-
cate features of interest on the sample and the scan coils
can then be used to reposition the electron beam with
high precision onto each feature for chemical analy-
sis. As the beam electrons are transmitted through the
sample, some of them are scattered inelastically and
produce atomic excitations. Using an EELS spectrom-
eter, a spectrum of the number of inelastic scatters as
a function of energy loss can be produced. Simultane-
ously, an XEDS spectrometer can be used to measure
the energy spectrum of x-rays emitted from the sam-
ple as the atoms de-excite. Both of these spectroscopies
can provide detailed quantitative information about the
chemical structure of the sample with very high spatial
resolution.

In many ways EELS and XEDS are complemen-
tary techniques, and the limitations of one spectroscopy
are often offset by the strengths of the other. Because
elements with low atomic number do not fluoresce effi-
ciently, XEDS begins to have difficulty with elements
lighter than sodium and is difficult or impossible to
use for elements below carbon. In contrast, EELS is
very efficient at detecting light elements. Because EELS
has much better energy resolution than XEDS (= 1 eV
for EELS and 130eV for XEDS), it is also capable
of extracting limited information about the bonding
and valence state of the atoms in the analysis region.
The two main drawbacks to EELS are that the sam-
ples need to be very thin compared to XEDS samples,
and that it places greater demands on the analyst, both
experimentally during spectrum acquisition and theo-
retically during interpretation of the results. Because
XEDS works well on relatively thick samples and is eas-
ier to execute, it enjoys widespread use, while EELS is
often considered a more specialized technique.

Nature of the Sample. Perhaps the single most im-
portant drawback to AEM is that all samples must be
thinned to electron transparency. The maximum accept-
able thickness varies with the composition of the sample
and the nature of the analysis sought, but in most cases
the samples must be less than ~ 500nm thick. For
quantitative EELS, the samples must be much thinner:
a few tens of nanometers thick at most. Another impor-
tant limitation is that the samples be compatible with
the high vacuum environment required by the electron
optics. Fortunately, a wide array of sample prepara-
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Analytical electron microscopy: example XEDS spectrum

from a sample containing C, O, Mg, Al, Si, K, Ca and Fe. The Cu
peaks are from the sample mount

tion techniques have been developed over the years to
convert macroscopic pieces of (sometimes wet) mater-
ial into very thin slices suitable for AEM: dimpling,
acid jet polishing, bulk ion milling, mechanical polish-
ing, focused ion beam (FIB) processing, and diamond
knife sectioning using an ultramicrotome. Preparation
of high-quality AEM samples that are representative of
the parent material without introducing serious artifacts
remains one of the most important tasks facing the AEM
analyst.

Qualitative Analysis. The AEM is a powerful tool for
the qualitative chemical analysis of nanoscale samples.

Intensity

BalL

al

Fig. 4.9 Energy-dispersive spectrometry (EDS) of an YBa;Cu3O7_y

Energy

single crystal with a trace aluminum constituent. Beam energy
=20keV

The XEDS spectrometer can be used to detect most
elements present in the sample at concentrations of
1 mg/g (0.1% mass fraction) or higher (see Fig.4.8).
EELS can be used in many cases down to a detec-
tion limit of 100 pg/g, depending on the combination
of elements present. While these numbers are not im-
pressive in terms of minimum mass fraction (MMF)
sensitivity, it should be noted that this performance is
available with spatial resolutions measured in nanome-
ters and for total sample masses measured in attograms.
In favorable cases, single-atom sensitivity has been
demonstrated in the AEM for several elements, thus es-
tablishing it as a leader in minimum detectable mass
(MDM) sensitivity.

Traceable Quantitative Analysis. Through the use of
standards and the measurement of empirical detec-
tor sensitivity factors (Cliff—Lorimer k-factors), XEDS
measurements in the AEM can be made quantitative.
The precision of the measurement is often limited by
the total signal available (related to the sample thick-
ness and elemental abundances), while the accuracy is
affected by poorly-known sample geometry and absorp-
tion effects. Traceability of the results is limited by the
extreme rarity of certified reference materials with suffi-
cient spatial homogeneity suitable for the measurement
of k-factors. EELS measurements can be quantified by
a first-principles approach that does not require stan-
dards, but this method is limited in practice by our
inability to compute accurate scattering cross-sections
and our incomplete understanding of solid-state beam—
sample interactions.
Several review articles [4.97—-100] are available.

4.2.2 Electron Probe X-ray Microanalysis

Most solid matter is characterized on the microscopic
scale by a chemically differentiated microstructure with
feature dimensions in the micrometer to nanometer
range. Many physical, biological and technological
processes are controlled on a macroscopic scale by
chemical processes that occur on the microscopic
scale. The electron probe x-ray microanalyzer (EPMA)
is an analytical tool based upon the scanning elec-
tron microscope (SEM) that uses a finely focused
electron beam to excite the specimen to emit char-
acteristic x-rays. The analyzed region has lateral and
depth dimensions ranging from 50nm to 5pum, de-
pending upon specimen composition, the initial beam
energy, the x-ray photon energy, and the exact analytical
conditions.
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Table 4.3 Comparison of the characteristics of EDS and WDS x-ray spectrometers

Feature EDS (semiconductor) WDS

Energy range 0.1-25keV (Si) 0.1-12keV (4 crystals)
0.1-100keV (Ge)

Resolution at MnK, 130eV (Si); 125eV (Ge) 2-20eV (E, crystal)

Instantaneous energy coverage Full range Resolution, 2—-20eV

Deadtime 50 MS 1 MS

Solid angle (steradian) 0.05-0.2 0.01

Quantum efficiency ~ 100%, 3-15keV (Si) < 30%, variable

Maximum count rate, EDS ~ 3 kHz (best resolution) 100 kHz (single photon energy)

Maximum count rate, SDD ~ 30 kHz (mapping)
~ 15 kHz (best resolution)
~ 400 kHz (mapping)

Full spectrum collection 10-200s 600—1800s

Special strengths Views complete spectrum for qualitative = Resolves peak interferences; rapid pulses
analysis at all locations for composition mapping

Principles of the Technique. The EPMA/SEM is ca-
pable of quantitatively analyzing major, minor and
trace elemental constituents, with the exceptions of H,
He and Li, at concentrations as low as a mass frac-
tion of A~ 107>, The technique is generally considered
nondestructive and is typically applied to flat, metallo-
graphically polished specimens. The SEM permits ap-
plication of the technique to special cases such as rough
surfaces, particles, thin layers on substrates, and un-
supported thin layers. Additionally, the SEM provides
a full range of morphological imaging and structural
crystallography capabilities that enable characteriza-
tion of topography, surface layers, lateral compositional
variations, crystal orientation, and magnetic and elec-
trical fields over the micrometer to nanometer spatial
scales. Two different types of x-ray spectrometers are
in widespread use, the energy-dispersive spectrometer
(EDS) and the wavelength-dispersive (or crystal diffrac-
tion) spectrometer (WDS). The characteristics of these
spectrometers are such that they are highly complemen-
tary: the weaknesses of one are substantially offset by
the strengths of the other. Thus, they are often em-
ployed together on the same electron beam instrument.
The recent emergence of the silicon drift detector (SDD)
has extended the EDS output count rate into the range
100-500kHz. Figure 4.9 shows a typical EDS spec-
trum from a multicomponent specimen, YBa;CuzO7,
demonstrating the wide energy coverage. Figure 4.10
shows a comparison of the EDS and WDS spectra for
a portion of the dysprosium L-series. The consider-
able improvement in the spectral resolution of WDS
compared to EDS is readily apparent. Table 4.3 com-

Intensity

DyL,

493 543 593 643 693 743 793 842 492
Energy

Fig. 4.10 Comparison of EDS and WDS for dysprosium L-family
x-rays excited with a beam energy of 20 keV

pares a number of the spectral parameters of EDS and
WDS.

Qualitative Analysis. Qualitative analysis, the identifi-
cation of the elements responsible for the characteristic
peaks in the spectrum, is generally straightforward for
major constituents (for example, those present at con-
centrations > 0.1% mass fraction), but can be quite
challenging for minor (0.01-0.1% mass fraction) and
trace constituents (< 0.01% mass fraction). This is es-
pecially true for EDS spectrometry when peaks of
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minor and trace constituent peaks are in the vicin-
ity (< 100eV away) of peaks from major constituents.
Such interferences require peak deconvolution, espe-
cially when the minor or trace element is a light element
(Z < 18), for which only one peak may be resolvable by
EDS. Automatic computer-aided EDS qualitative anal-
yses must always be examined manually for accuracy.
The superior spectral resolution of the WDS can gen-
erally separate major/minor or major/trace peaks under
these conditions, and is also not susceptible to the spec-
tral artifacts of the EDS, such as pile-up peaks and
escape peaks. However, additional care must be taken
with WDS to avoid incorrectly interpreting higher or-
der reflections (n = 2, 3, 4, ... in the Bragg diffraction
equation) as peaks arising from other elements.

Quantitative Analysis: Spectral Deconvolution. Quan-
titative analysis proceeds in three stages:

1. extraction of peak intensities;
2. standardization; and
3. calculation of matrix effects.

For EDS spectrometry, the background is first
removed by applying a background model or a mathe-
matical filter. Peak deconvolution is then performed by
the method of multiple linear least squares (MLLSQ).
MLLSQ requires a model of the peak shape for each el-
ement determined on the user’s instrument, free from

NBS (1975) Heinrich-Yakowitz Binary Data ZAF
60 Frequency
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Fig. 4.11 Distribution of analytical relative errors (defined as
(100% x [measured — true]/true)) for binary alloys as measured
against pure element standards. Matrix correction by National Bu-
reau of Standards ZAF; wavelength-dispersive x-ray spectrometry;
measurement precision typically 0.3% relative standard deviation
(after Heinrich and Yakowitz)

interferences from other constituents. A peak region
from an unknown that consists of contributions from
two or more constituents is deconvolved by construct-
ing linear combinations of the reference peak shapes
for all constituents. The synthesized peaks are com-
pared with the measured spectrum until the best match
is obtained, based upon a statistical criterion such as
minimization of chi-squared, determined on a channel-
by-channel basis. For WDS spectrometry, the resolution
is normally adequate to separate the peak interferences
so that the only issue is the removal of background. Be-
cause the background changes linearly over the narrow
energy window of a WDS peak, an accurate background
correction can be made by interpolating between two
background measurements on either side of the peak.

Quantitative Analysis: Standardization. The basis for
accurate quantitative electron probe x-ray microanaly-
sis is the measurement of the ratio of the intensity of
the x-ray peak in the unknown to the intensity of that
same peak in a standard, with all measurements made
for the same beam energy, known electron dose (beam
current x time), and spectrometer efficiency. This ra-
tio, known as the k-value, is proportional to the ratio
of mass concentrations for the element in the specimen
and standard

I A,spec CA,speC

=k~

. (4.12)
IA std Castd

This standardization step quantitatively eliminates the
influence of detector efficiency, and reduces the impact
of many physical parameters needed for matrix cor-
rections. A great strength of EPMA is the simplicity
of the required standard suite. Pure elements and sim-
ple stoichiometric compounds for those elements that
are unstable in a vacuum under electron bombardment
(such as pyrite, FeS, for sulfur) are sufficient. This is
a great advantage, since making multielement mixtures
that are homogeneous on the micrometer scale is gener-
ally difficult due to phase separation.

Quantitative Analysis: Matrix Correction. The relation-
ship between k and Ca spec/Casta 1S not an equality
because of the action of matrix or interelement effects.
That is, the presence of element B modifies the intensity
of element A as it is generated, propagated and detected.
Fortunately, the physical origin of these matrix effects is
well-understood, and by a combination of basic physics
as well as empirical measurements, multiplicative cor-
rection factors for atomic number effects Z, absorption



A and fluorescence F have been developed

CA,spec

=kZAF . (4.13)
Casud

From the previous discussion, it is obvious that all three
matrix effects — Z, A, and F — depend strongly on the
composition of the measured specimen, which is the
unknown for which we wish to solve. The calculation
of matrix effects must therefore proceed in an iterative
fashion from an initial estimate of the concentrations
to the final calculated value. The measured k-values
are used to provide the initial estimate of the speci-
men composition by setting the concentrations equal to
normalized k-values

ki
Xk;

where i denotes each measured element. The initial con-
centration values are then used to calculate an initial set
of matrix corrections, which in turn are used to cal-
culate predicted k-values. The predicted k-values are
compared with the experimental set, and if the values
agree within a defined error, the calculation is termi-
nated. Otherwise, the cycle is repeated. Convergence is
generally found within three iterations.

This matrix correction procedure has been tested
repeatedly over the last 25 years by using various mi-
crohomogeneous materials of known composition as
test unknowns, including alloys, minerals, stoichiomet-
ric binary compounds, and so on. A typical distribution
of relative errors (defined as [measured — true]/true x
100%) for binary alloys analyzed against pure element
standards is shown in Fig.4.11.

Ci,l = s (4.14)

Compositional Mapping. A powerful method of pre-
senting x-ray microanalysis information is in the form
of compositional maps or images that depict the area
distribution of the elemental constituents. These maps
can be recorded simultaneously with SEM images that
provide morphological information [4.101-103]. The
digital output from a WDS, EDS or SDD over a de-
fined range of x-ray photon energy corresponding to the
peaks of interest is recorded at each picture element
(pixel) scanned by the beam. The most sophisticated
level of compositional mapping involves collecting
a spectrum, or at least a number of spectral intensity
windows for each picture element of the scanned image.
These spectral data are then processed with the back-
ground correction, peak deconvolution, standardization,
and matrix correction necessary to achieve quantitative
analysis. The resulting maps are actually records of the

Fig. 4.12 Compositional maps (Ni, Al and Fe) and an SEM
image (backscattered electrons, BSE) of Raney nickel
(Ni-Al) alloy, showing a complex microstructure with a mi-
nor iron constituent segregated in a discontinuous phase

local concentrations, so that when displayed, the gray or
color scale is actually related to the concentration. Fig-
ure 4.12 shows examples of compositional maps for an
aluminum-nickel alloy.

Several review articles [4.104—106] are available.

4.2.3 Scanning Auger Electron Microscopy

Scanning Auger electron microscopy is an electron
beam analytical technique based upon the scanning
electron microscope. Auger electrons are excited in
the specimen by a finely focused electron beam with
a lateral spatial resolution of &~ 2nm point-to-point in
current state-of-the-art instruments. An electron spec-
trometer capable of measuring the energies of emitted
Auger electrons in the range of 1-3000¢eV is employed
for qualitative and quantitative chemical analysis. As
in electron-excited x-ray spectrometry, the positions of
the peaks are representative of the chemical composi-
tion of the specimen. The inelastic mean free path for
Auger electrons is on the order of 0.1-3nm, which
means that only the Auger electrons that are pro-
duced within a few nanometers of the specimen surface
are responsible for the analytical signal. The current
state-of-the-art instruments are capable of providing
true surface characterization at ~ 10 nm lateral resolu-
tion.
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Fig. 4.13 SE image of particle, 25 um field of view

Principles of the Technique. A primary electron beam
interacting with a specimen knocks out a core electron,
creating a core level vacancy. As a higher energy level
electron moves down to fill the core level vacancy, en-
ergy is released in the form of an Auger electron, with
the energy corresponding to the difference between the
two levels. This is the basis for Auger electron spec-
troscopy (AES). The core-level vacancy can also be
created by an x-ray photon, and this is the basis for x-
ray photoelectron spectroscopy. The energy difference
between the higher energy electron and the core level
can also be released as a characteristic x-ray photon,
and this is the basis for electron probe microanalysis.

Intensity
300000
250000 Cu
200000
150000
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0

The primary electron beam in an Auger microscope
operates between 0.1 and 30kV, and beam currents
are on the order of nanoamps for analysis. Tungsten
and lanthanum hexaboride electron guns can be used
for AES, but field emission electron guns are the best
choice because of the higher current density. It is desir-
able for AES to have more electrons in a small spot, and
field emission guns deliver the smallest spot sizes nor-
malized to beam current. Auger microscopes are also
very good scanning electron microscopes, capable of
producing secondary electron images (see Fig.4.13) of
the specimen as well as backscattered electron images
if so equipped.

Auger electrons are produced throughout a sam-
ple volume defined by the interaction of the primary
electron beam and the specimen. Auger electrons are
relatively low in energy and so can only travel a small
distance in a solid. Only the Auger electrons that are
created close to the surface, within a few nanometers,
have sufficient mean free path to escape the specimen
and be collected for analysis. Since the Auger informa-
tion only comes from the first few nanometers of the
specimen surface, AES is considered a surface-sensitive
technique. Several review articles are available.

Nature of the Sample. The surface sensitivity of AES
requires the specimen to have a clean surface free of
contamination. For this reason, Auger microscopes are
ultrahigh vacuum (UHV) in the specimen chamber,
which is on the order of 10~8 Pa. Steps must be taken
to clean specimens prior to introduction into the Auger
microscope so that they are free of volatile organic com-
pounds that can contaminate the chamber vacuum. The
Auger specimen chamber is equipped with an argon ion
gun for sputter cleaning-off the contamination or ox-
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Energy (eV) Fig. 414 Direct AES of copper with

carbon and oxygen
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Fig. 4.15 Derivative AES of copper
with carbon and oxygen
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ide layer that coats specimens as a result of transporting
them in air.

Investigation of a buried structure or an interface
that is deeper than the Auger escape depth can be ac-
complished by Auger depth profiling. In Auger depth
profiling, the instrument alternates between Ar ion sput-
tering of the surface and Auger analysis of the surface
until, as material is sputtered away, the elemental com-
position changes with depth.

Qualitative/Quantitative Analysis. Auger electrons are
recorded as a function of their energy by the electron
spectrometer in the Auger microscope and provide ele-
mental as well as bonding information. There are two

i 10 um

Fig. 4.16 ESEM image of hydrated, freshwater algal sur-
face

2000 2500

Energy (eV)

types of electron spectrometer, the cylindrical mirror
analyzer (CMA) and the hemispherical analyzer (HSA).
The CMA is concentric with the electron beam and has
a greater throughput because of its favorable solid an-
gle. The HSA has the higher energy resolution, which
is desirable for unraveling overlapped peaks. In the
direct display mode (Fig.4.14), peaks on the sloping
background of an Auger spectrum indicate the pres-
ence of elements between Li and U. Spectra can also
be displayed in the derivative mode (Fig.4.15), which
removes the sloping background and random noise.
Auger quantitation is complicated by many instrumen-
tal factors and is normally done with sensitivity factors
normalized to an elemental silver Auger signal collected
under the same instrumental conditions.
Several review articles [4.107—109] are available.

4.2.4 Environmental Scanning Electron
Microscope

The environmental scanning electron microscope
(ESEM) is a unique modification of the conventional
scanning electron microscope (SEM). While the SEM
operates with a modest vacuum (~ 1073 Pa), the ESEM
is able to operate with gas pressures ranging be-
tween 10 and 2700Pa in the specimen chamber due
to a multistage differential pumping system separated
by apertures. The relaxed vacuum environment of the
ESEM chamber allows examination of wet, oily and
dirty specimens that cannot be accommodated in the
higher vacuum of a conventional SEM specimen cham-
ber. Perhaps more significant, however, is the ability
of the ESEM to maintain liquid water in the specimen
chamber with the use of a cooling stage (Fig.4.16). The
capability to provide both morphological and compo-
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Fig. 4.17 EDS image of biological solids from a wastewater treat-
ment facility. The indium peak is caused by the support stub

sitional analysis of hydrated samples has allowed the
ESEM to benefit a number of experimental fields, rang-
ing from material science to biology. Several review
articles are available.

Principles of the Technique. The ESEM utilizes
a gaseous secondary electron detector (GSED) that
takes advantage of the gas molecules in the speci-
men chamber. The primary electron beam, operating
between 10 and 30kV, are generated from tungsten,
lanthanum hexaboride, or field emission electron guns.
When a primary electron beam strikes a specimen, it
generates both backscattered and secondary electrons.
Backscattered electrons are energetic and are collected
by a line-of-sight detector. The secondary electrons are
low-energy and, as they emerge from the specimen,
are accelerated towards the GSED by the electric field
set up between the positive bias on the GSED and the
grounded specimen stage. These secondary electrons
collide with gas molecules, resulting in ionizations and
more secondary electrons, which are subsequently ac-
celerated in the field. This amplification process repeats
itself multiple times, generating imaging gain in the gas.
A byproduct of this process is that the gas molecules are
left positively charged and act to discharge the excess
electrons that accumulate on an insulating specimen
from the primary electron beam. This charge neutral-
ization obviates the need for conductive coatings or
low-voltage primary beams, as are often used in con-
ventional SEM to prevent surface charging under the
electron beam.

Secondary and backscattered electrons are produced
throughout the interaction volume of the specimen, the
depth of which is dependent on the energy of the pri-
mary electron beam and the specimen composition. The

backscattered electrons contain most of the energy of
the primary electron beam and can therefore escape
from a greater depth in the specimen. In contrast, sec-
ondary electrons are only able to escape from the top
10nm of the specimen, although backscattered elec-
trons can also create secondary electrons prior to exiting
the sample and provide sample depth information to the
image. In general, it is possible to routinely resolve fea-
tures ranging from 10 to 50 nm. However, the primary
electron beam can also interact with the gas molecules,
resulting in beam electrons being scattered out of the
focused electron beam into a wide, diffuse skirt that
surrounds the primary beam impact point. Similarly,
chamber gas composition can also impact the amplifi-
cation process and thereby affect image quality.

Qualitative/Quantitative Analysis. In addition to the
image-producing backscattered and secondary electrons
that are generated when a primary beam strikes a speci-
men, there are also electron beam interactions that result
in the generation of x-rays from the interaction volume.
The energy of the resulting x-rays is representative of
the chemical composition within the interaction volume
and can be measured with an EDS. X-ray counts are
plotted as a function of their energy, and the result-
ing peaks can be identified by element and line with
standard x-ray energy tables (Fig.4.17). EDS in the
ESEM is considered a qualitative method of composi-
tional analysis since x-rays may originate hundreds of
micrometers from the impact point of the primary elec-
tron beam as a result of electrons scattered out of the
beam by gas molecules.
Several review articles [4.110-117] are available.

4.2.5 Infrared and Raman Microanalysis

Infrared and Raman microanalysis is the application of
Raman and/or infrared (IR) spectroscopies to the anal-
ysis of microscopic samples or sample areas. These
techniques are powerful approaches to the characteri-
zation of spatial variations in chemical composition for
complex, heterogeneous materials, operating on length
scales similar to those accessible to conventional opti-
cal microscopy while also yielding the high degree of
chemical selectivity that underlies the utility of these
vibrational spectroscopies on the macroscale. Sample
analyses of this type are particularly useful in estab-
lishing correlations between macroscopic performance
properties (such as mechanical and chemical stabil-
ity, biocompatibility) and material microstructure, and
are thus a useful ingredient in the rational design of
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high-performance materials. Several review articles are
available.

Principles of the Technique. A typical Raman micro-
scope comprises a laser excitation source, a light micro-
scope operating in reflection mode, and a spectrometer.
Photons inelastically scatter from the sample at frequen-
cies shifted from that of the excitation radiation by the
energies of the fundamental vibrational modes of the
material, giving rise to the chemical specificity of Ra-
man scattering. A high-quality microscope objective is
used both to focus the excitation beam to an area of
interest on the sample and to collect the backscattered
photons. In general, the Rayleigh (elastic) scattering
of the incident photons is many orders of magnitude
more efficient than Raman scattering. Consequently, the
selective attenuation of the Rayleigh photons is a crit-
ical element in the detection scheme; recent advances
in dielectric filter technology have simplified this prob-
lem considerably. The attainable spatial resolution is,
in principle, limited only by diffraction, allowing sub-
micrometer lateral resolution in favorable cases. Fine
vertical resolution can also be achieved through the
use of a confocal aperture, opening up the possibility
of constructing 3-D chemical images through the use
of Raman depth profiling. Raman images are usually
acquired by raster scanning the sample with synchro-
nized spectral acquisition. Wide-field illumination and
imaging configurations have been explored, but they
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are generally only useful in limited circumstances due
to sensitivity issues. Chemical composition maps can
easily be extracted from Raman images by plotting the
intensities of bands due to particular material compo-
nents. Subtle spectral changes (such as band shifts) can
also be exploited to generate spatial maps of other ma-
terial properties, such as crystallinity and strain.

A typical IR microscope system consists of a re-
search-grade Fourier transform (FT) IR spectrometer
coupled to a microscope that operates in both reflec-
tion and transmission modes. Reflective microscope
objectives are widely used due to their uniformly
high reflectivity across the broad infrared spectral re-
gion of interest and their lack of chromatic aberration.
The spectrum of IR light measured upon transmission
through or reflection from the sample is normalized
to a suitable background spectrum. The normalized
spectrum displays attenuation of the IR light reach-
ing the detector due to direct absorption at frequencies
resonant with the active vibrational modes of the sam-
ple components. The frequencies at which absorption
occurs are characteristic of the presence of particu-
lar functional groups (such as C=0), resulting in the
powerful chemical specificity of the measured spec-
tra (Fig.4.18). Microscopes employing a sample raster
scanning approach to image acquisition were the first
available, but have now been joined by those employing
a wide-field illumination, array-based imaging detec-
tion approach. The spatial resolution attainable with this
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Fig. 4.18 (a) IR microspectrum of a thin film microtome section of injection-molded thermoplastic olefin. The sharp
spectral feature at 3700 cm™! is due to the OH stretching vibration of the talc filler (b) 325 wm x 325 um IR image of
a thermoplastic olefin cross-section wherein the amplitude of the talc band is plotted on a blue (low amplitude) to red
(high amplitude) color scale. The yellow-red band on the left side of the film is due to a talc-rich layer formed near the

mold surface
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technique is typically on the order of 20—40 um, and
diffraction-limited performance is not achieved due to
source brightness limitations. Several alternative sam-
pling techniques that have found widespread utility in
IR spectroscopy of macroscopic samples have been
successfully adapted on the microscale, including at-
tenuated total reflection (ATR) and grazing incidence
reflectivity. Maps of chemical composition can be ex-
tracted from IR spectral images in a manner similar to
the Raman case, wherein amplitudes of bands due to
material components of interest are plotted as a function
of position on the sample.

Raman and IR microanalysis are complementary
techniques, as is the case for their macroscopic analogs,
widely applicable to extended solids, particles, thin
films and even these materials under liquid environ-
ments. The choice between these analysis techniques
is often dictated by the relative strength of the Raman
and/or IR transitions that most effectively discriminate
among the sample components. Notably, the molecular
properties that dictate the strength of these transitions,
molecular polarizability in the case of Raman and
transition dipole moments for IR, are not generally
correlated. In fact, for centrosymmetric molecules the
techniques are particularly complementary as IR transi-
tions forbidden by symmetry are by definition Raman
active and vice versa. Sample considerations also play
a role in this choice, as the nature of the material can
preclude the use of one (or both) techniques. Raman
microscopy can be used to study a broad array of ma-
terials, as the Raman photons are scattered over a wide,
often isotropic, distribution of solid angles and are thus
easily detected by the same microscope objective used
for excitation. In contrast, transmission IR microscopy
requires that the sample of interest be mounted on
an IR-transparent substrate and that the sample itself
be sufficiently thin to avoid saturation effects. Simi-
larly, reflection mode IR microscopy is optimized when
the analyte is mounted on a highly reflective sub-
strate; the constraints on sample thickness apply in this
configuration as well. However, Raman microscopy suf-
fers from another significant limitation, as background
fluorescence precludes the measurement of high signal-
to-noise Raman spectra for many materials, particularly
for higher-energy excitation wavelengths (for example,
488 and 532 nm). It is often the case that the shot noise
present on a large fluorescence background is suffi-
ciently larger than the Raman signal itself such that no
amount of signal averaging will yield a high-quality
spectrum. Notably, typical cross sections for fluores-
cence are vastly larger than those of Raman scattering,

so the Raman excitation wavelength need not be in exact
resonance with a sample electronic transition to yield an
overwhelming fluorescence background. This problem
can be mitigated by the use of lower energy excitation
wavelengths (for example, 785 and 1064 nm), although
the Raman scattering efficiency drops with A*. The
cross-sections for Raman scattering are generally much
lower than those of IR absorption, and so some mater-
ials with low Raman cross-sections are not amenable
to Raman microanalysis, simply due to lack of signal,
particularly in the microanalysis context. Although the
Raman signal does scale with incident intensity, sample
damage considerations typically limit this quantity. IR
microanalysis often suffers from the opposite problem,
wherein even microscopic samples can absorb sufficient
radiation to lead to saturation effects in the spectra.

Nature of the Sample. The sample preparation re-
quirements for Raman microscopy are quite modest;
the surfaces of most solid materials are easily examined
and some depth profiling is also possible depending on
the material transparency. The Raman spectra of some
materials are dominated by a fluorescent background;
this is the most important sample property limiting the
application of Raman microscopy. Two factors are crit-
ical in sample preparation for IR microscopy: choice
of mounting substrate and sample thickness. For trans-
mission microscopy, the substrate is limited to a set of
materials that are broadly transparent over the IR (such
as CaFp or KBr). In reflection microscopy, the sub-
strate is often a metal film that is uniformly reflective
across the IR region (such as Au or Ag). The issue of
sample thickness is related to the onset of saturation
effects in the spectra. The cross-sections for many IR
absorption transitions are sufficiently large that samples
can absorb nearly all of the resonant incident radia-
tion, leading to spectral artifacts that interfere with both
qualitative and quantitative analysis. For example, poly-
mers as thin as 30 wm can show saturation artifacts in
the C—H stretching bands. Sample preparation methods
such as microtomy and alternative sampling methods
such as p-ATR can be used to address this problem for
some classes of samples.

Qualitative Analysis. IR and Raman microspectroscopy
are both powerful tools for the qualitative analysis
of microscopic samples. The appearance of particular
bands in the measured vibrational spectra indicate the
presence of specific functional groups, and the chem-
ical structure of the analyte can often be obtained from
an analysis of the entire spectrum. Additionally, large
libraries of IR and Raman spectra of a wide variety of
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materials are now available, greatly facilitating the use
of spectral matching algorithms in the identification of
materials on the basis of the IR and/or Raman spectrum.
The chemical specificity of vibrational spectroscopy is
undoubtedly its most powerful characteristic, one that is
particularly useful in the identification of various com-
ponents of complex materials that are compositionally
heterogeneous on microscopic length scales. The sen-
sitivity of these techniques is difficult to characterize
as cross-sections for these types of transitions generally
vary over many orders of magnitude and thus the sen-
sitivity for different analytes varies in a similar manner.
However, analytes that occupy the minimum focal vol-
umes attainable in these microscopies (Raman: 1 pm x
1 pmx3 pwm, IR: 25 pm x 25 wm x 50 wm) are generally
detectable in both IR and Raman (particularly for strong
scatterers).

4.3 Inorganic Analytical Chemistry:

Traceable Quantitative Analysis. Although traceable
quantitative analysis of macroscopic samples with
IR spectroscopy is well-established (particularly for
gases), extension to the microanalysis of solids is quite
challenging. Through the use of well-characterized
standard materials, IR microscopy can be used for quan-
titation, although the accuracy of this approach is often
limited by optical effects (such as scattering) due to the
complex morphology of typical samples. Estimates of
Raman scattering cross-sections can be made in favor-
able cases, based on the characterization of instrumental
factors affecting detection efficiency. However, exten-
sion to quantitative analysis is impractical due to a lack
of reference materials and difficulties associated with
the ab initio calculation of Raman cross-sections for all
but the simplest materials.
Several review articles [4.118—121] are available.

Short Surveys of Analytical Bulk Methods

In addition to the description of measurement methods
for inorganic chemical bulk characterization (Sect. 4.1)
short surveys of analytical methods are summarized in
this section, outlining specifications of typical values of
sample volume or mass and limits of detection as well
as outputs, and relevant examples of applications.
Quite in general, metrology in chemistry and, there-
fore, in inorganic chemical analysis in special, has its
own characteristics and singularities not to be found
in this kind or in analogous manner in the field of
physical metrology [4.122]. In this context the terms se-
lectivity or qualitative analysis are essential keywords
to characterize the problem. A typical example could
arise from spectral interferences, were the characteris-
tic signal of an element A (to be measured) could not
only be interfered by that of another element B thus
adulterating the result for the mass fraction of the el-
ement A, but also a characteristic signal of the element
B could be erroneously be interpreted as a character-
istic signal of the element A. In other words, in this
case one could have tried to measure the mass frac-
tion of e.g. copper in a sample, but in reality he would
have measured the mass fraction of iron. Therefore the
selectivity of a method is a very important character-
istic and may have been one main reason why in the
practical everyday work very precise working classical
chemical methods of often rather lower selectivity, such
as gravimetry, coulometry or titrimetry, were substituted

on a large scale by modern methods of higher selectivity
step by step in the past, even when the results of letter
ones showed much lower precision.

Concerning the traceability of results of inorganic
chemical analysis to the SI unit (mol or kg of the rele-
vant analyte) for almost all inorganic analytical methods
calibration of the analytical instruments is necessary by
using solutions or substances of known content of the
analyte. Known content means: a known mass fraction
or concentration of the analyte — at which the speci-
fied value of content must include the specified value
of its uncertainty according to GUM based on a definite
traceability chain.

If methods needing calibration are used for the anal-
ysis of liquid samples calibration solutions are prepared
from basic (stock) solutions which either come from
commercial suppliers or are prepared in the laboratory
by chemical dissolution of a definite mass of a material
of definite purity in elemental form or as a compound
of definite stoichiometry and purity (e.g. a pure metal
or a pure metal salt, respectively), — or such solutions
are only used to verify the elemental concentration of
a commercial solution which is used as calibration stock
solution after verification of its analyte concentration.
After all, in all cases high purity substances with well
known content of the main component (the respective
element to be determined) are the starting materials
for preparation of stock solutions and therefore actual
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transfer standards directly to the SI unit (mol or kg
of the analyte). Without such materials a really com-
plete traceability chain to the SI unit does not exist,
because the uncertainty of the final calibration solu-
tion would be based on assumptions about the purity
of the starting material. An internationally harmonized
system of such primary pure transfer standards directly
to SI unit does not exist. First international attempts to
harmonize measurement results of purity assessment of
high-purity materials were made by national metrolog-
ical institutes in the frame of CCQM by interlaboratory
comparisons for the determination of a limited num-
ber of analytes in materials of pure nickel [4.123] and
of pure zinc [4.124]. For an example of a national at-
tempt to establish a system of primary pure materials
as National Primary Standards for Elemental Analysis
and of a traceability system based on those standards
(Sect. 4.5).

In case of direct analysis of solid samples certified
matrix reference materials or other appropriate solid
materials of similar composition as the sample to be an-
alyzed having known analyte contents must be used for
calibration in the majority of cases. In this situation the
traceability chain to the SI unit (mol or kg of the ana-
lyte) is less direct than for calibration with methods ap-
plied to the analysis of liquid samples. This is, because
the process of certification of such matrix materials used
for calibration commonly includes the calibration of in-
struments with liquid calibration samples.

The metrological advantage of methods needing
calibration by liquid calibration samples over those
needing calibration by solid matrix materials is also
based on the fact that liquid samples of homogeneously
distributed and definite analyte and matrix concentra-
tions can easily prepared by mixing or diluting of
definite volumes or masses of stock solutions of defi-
nite concentration of analytes. In most cases an analogy
to this fact does not really exist for the direct analy-
sis of solid samples because of problems with losses,
contamination or lack of homogeneity when adequate
solid calibration samples are prepared. Therefore such
solid calibration samples, such as e.g. powder mix-
tures or samples of metal alloys, normally after their
preparation, need a certification of their real mass frac-
tions by either methods not needing a calibration (which
normally are not available) or by methods based on
instrument calibration with liquids.

As quite explained above, the selectivity of
a method is of high importance. The analysis of
complex samples can often induce matrix effects as
a combination of influences of the other elements in the

sample on the characteristic signal of the analyte to be
determined or of chemical or physical differences be-
tween calibration sample and measured sample (such as
acidity of solutions or grain size of powders). Those ef-
fects impair the trueness of results and can be decreased
by matching of the composition of calibration samples
to the composition of the sample to be analyzed (matrix
matching, matrix adaptation) or by application of the
method of standard addition. However, the method of
standard addition (as mainly used with AAS, see below)
is based on the precondition that the measured charac-
teristic signal would be zero if the sample would contain
no content of the measured analyte. This cannot be en-
sured in many cases. Internal standardisation can also be
used to reduce matrix effects. In this case it must be as-
sumed that the signal of the internal standard elements
reacts with the same quantitative change to matrix influ-
ences as the signal of the investigated analyte. However,
also this is not always the case.

4.3.1 Inorganic Mass Spectrometry

Today this field is dominated by inductively coupled
plasma mass spectrometry (ICP-MS) and by glow dis-
charge mass spectrometry (GD-MS). ICP-MS is mainly
used for the analysis of liquid samples while GD-MS is
used for direct analysis of solid samples.

ICP-MS

ICP-MS combines the advantages of extremely low
detection limits, broad multielement-capability — and
(especially in case of using high resolution mass spec-
trometers) a relatively low number of serious spectral
interferences in comparison to [CP OES. ICP-MS spec-
trometers are latterly combined with chromatographs,
especially with GC- or HPLC-chromatographs, to mea-
sure the contents of organometallic compounds in the
frame of speciation analysis. Thus the high selectivity
of chromatography for such species is combined with
the extremely high detection power of ICP-MS not to
achieve by only using combined methods of organic
chemical analysis, such as GC-MS or HPLC-MS. But in
the approach of the analysis with ICP-MS, such meth-
ods are often used to identify the compounds belonging
to the chromatographic peaks.

Isotope Dilution
Isotope dilution in combination with mass spectrometry
(TIMS or ICP-MS) offers an enormous advantage be-
cause the internal standardization is achieved using the
same chemical element as the measured one. Moreover,
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there is the advantage, too, of eliminating adulterations (RF) power supply. Up to now the letter option is -
of the results arising in the process of chemical sam- not available in commercially offered GD-MS instru- g_
ple preparation if the spike can be added to the sample ments, although RF instruments have the advantage that ™
before chemical treatment of the sample. However, not only electrically conducting but also nonconduct- s
the metrological precondition of the highly preferable ing materials can be directly be analyzed. In the past w

method of isotope dilution is always the knowledge of
the purity of the isotope spike used concerning its total
mass fraction of the relevant element.

GD-MS
GD-MS instruments though offering the advantage of
rather fast direct solid sample analysis are much less
in use than ICP-MS instruments. GD-MS can be pow-
ered by either a direct-current (DC) or radiofrequency

there had been only one commercial GD-MS instrument
widespread among a larger number of users, — this was
the VG-9000 (Thermo Elemental, UK). Several instru-
ments of this type are still in use. The VG 9000 has
not been produced since some years since it was re-
placed by the new Element GD (Thermo Instr. Corp.,
USA) which is a double focussing high resolution spec-
trometer, too. But its GD cell is based on a Grimm type
geometry allowing faster sputtering than with the GD

Table 4.4 Inorganic mass spectrometry

Analytical method

Inorganic mass spectroscopy () TI

Measurement principle Measurement of the mass spectra of ions generated due to the ionisation in an ionization
source (thermal-ionization 77, inductively coupled plasma /CP, glow discharge GD, or
electrical spark source SS; — ICP-MS sometimes combined with laser ablation). A mass
spectrum consists of peaks of ions of a definite ratio of their atomic masses divided by their
charge number (m/z). It results from a stream of gaseous ions with different values of m /z.
The intensity of the spectral mass peaks of isotopes corresponds with the concentration of

the corresponding element in the plasma

Sample volume/mass TIMS: wide range depending on sample preparation, (final sub-sample 1-10 uL); ICP-MS:
1-10mL,
GD-MS and SS-MS (direct solid sampling methods): ablated sample mass small, depending

on instrument and parameters used: about 1-20 mg

Typical limits of detection ~ TIMS: pg to ng — absolute (upper ngkg ™! to lower jgkg~! range relative)

ICP-MS: 0.001—0.1 pg L~ (using high resolution spectrometers and in aqueous solution
up to 2 orders of magnitude lower)
GDMS, SSMS: 0.1-10 pgkg ™!

Output, results Simultaneous and sequential multielement analyses

TIMS: high precision, high accuracy, highest metrological level with isotope dilution tech-
nique (IDMS), but raw analyte isolation needed. Advantages of /CP-MS: Simultaneous
multielement capability, very low limits of detection, very high dynamic range. Com-
bined with laser ablation (LA /CP-MS): for solid samples; combined with isotope dilution
technique (ID-ICP-MS): high metrological level results of high accuracy

GD-MS: Simultaneous multielement capability, direct sampling without chemical sample
handling, very low detection limits, very high dynamic range

SS-MS: Not yet widely-used

Typical applications Qualitative and quantitative elemental and isotopic analysis, e.g. semiconductors, ceram-
ics, pure metals, environmental and biological materials, high purity reagents, nuclear
materials, geological samples;

Speciation analysis when /CP-MS is combined with chromatographic methods

ID-MS: Metrological high level technique for reference values of international compar-

isons in CCQM and for certification of reference materials
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cell of VG 9000 and therefore a distinctly shortened
time for one analysis. The Element GD is now getting
its global acceptance. GD-MS can also be used for the
determination of several nonmetals. This is of special
interest because only few methods can be used for this
important task. The detection limits can be consider-
ably decreased when mixtures of argon and helium are
used instead of argon alone as working gas of GD as
it was demonstrated for trace determination of different
nonmetals in pure copper samples [4.125].

GD-MS calibration is normally based on the avail-
ability of appropriate reference materials which may
be a very restricting condition for carrying out quan-
titative analyses by this method. Because of lack of
appropriate reference materials this restriction is espe-
cially unfavourable in case of ultra-trace determination.
An alternative possibility to achieve a calibration having
a shorter traceability chain and being applicable without
having appropriate reference materials available was
demonstrated in case of analysis of ultra-pure metals
using calibration samples made from pure metal pow-
ders quantitatively doped with calibration liquids and
pressed to pellets under high pressure after drying and
homogenization [4.126].

Some relevant information concerning the inorganic
mass spectrometry is summarized in Table 4.4.

4.3.2 Optical Atomic Spectrometry

Atomic absorption spectrometry (AAS) is a method of
high selectivity mainly applied to the analysis of lig-
uids. The Flame AAS is very robust and still applied
in many laboratories although it is increasingly substi-
tuted by ICP OES. One reason is the mono-elemental
character of one measurement cycle in AAS needing
a time consuming change of element-specific radiation
source (such as hollow cathode lamp or electrodeless
discharge lamp) when another element shall be meas-
ured. In the modern high resolution continuum source
AAS (HR-CS AAS) [4.127] only one continuous radia-
tion source is used for all elements to be determined in
a spectral region of 190—900 nm. The graphite furnace
AAS is a very sensitive micro-method. In recent times
specific AAS spectrometers for direct electro-thermal
evaporation of solid micro-samples are also available.
The powdered micro-sample is directly weighed into
the sample boat of the graphite furnace of the instru-
ment.

ICP optical emission spectrometry (ICP OES) is
now the most widespread method for the multiele-
ment determination of liquid samples. The method is

very robust. Most instruments contain compact Echelle-
spectrometers with area detectors such as CCD or CID;
— or classical spectrometer types (monochromators or
polychromators) are used combined with line detectors
or PMTs. ICP OES can be combined with devices for
electrothermal vaporization of solid micro-samples. In
several cases and after checking this possibility, the in-
strument can even be calibrated by using solutions, thus
enabling a short traceability chain to SI unit as demon-
strated e.g. in case of analysis of plant materials [4.128].

The spark OES [4.129] is since many years world-
wide widespread and the workhorse in metallurgical
industry, especially for the direct determination of
traces and minor components in production control and
in final check of composition of metals and alloys. The
method is extremely fast and robust and has the ad-
vantage that micro-inhomogeneity of the sample in the
spark spot is largely compensated during the pre-spark
phase by micro-melting action of many single individ-
ual sparks.

The glow discharge OES (GD-OES) can be alterna-
tively applied to the spark-OES for the bulk analysis of
metals. It has in some cases the advantage of a higher
trueness of results, but it is often less robust and not so
fast as the spark-OES. The main area of application of
GD-OES is the analysis of layers or surfaces of electri-
cally conducting and (in case of RF-GD cells) also of
non-conducting samples.

Some relevant information concerning the optical
atomic spectrometry is summarized in Table 4.5 for
AAS and in Table 4.6 for OES.

4.3.3 X-ray Fluorescence Spectrometry (XRF)

X-ray fluorescence spectrometry (XRF) in its classical
form is an important method used for the direct analy-
sis of solid samples. It is not really a trace method but
its applicability reaches from determination of higher
trace contents up to the precise measurement of the
main matrix component. Depending on counting rate
and time the precision of the method can be extremely
high; — but it is necessary to use very well matrix
matched calibration materials to achieve a high true-
ness of the results, too. In metallurgical industry XRF
and spark-OES are complementary mutually. XRF has
the advantage that electrically non-conducting materials
can also be analyzed. If direct solid sample technique
is used, traceability is achieved via calibration with
certified matrix reference materials of a similar com-
position as the samples to be analyzed. If the borate
fusion technique is used, calibration samples can be
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Table 4.5 Atomic absorption spectrometry

o
o
Analytical method Atomic absorption spectrometry ( ;
F , GF (ET ), HG =
Measurement Measurement of the optical absorption spectra of atoms based on the absorption of radia- w
principle tion (emitted by a primary (background) radiation source) by the atoms (being mainly) in the

ground state in the gaseous volume of the atomized sample. The strength of the line absorption
corresponds with the concentration of the element in the absorbing gaseous volume

Sample volume/mass ~ Flame AAS (F AAS): 1-10mL
graphite furnace (GF AAS) (= electro thermal atomisation AAS, ET AAS): 0.01-0.1 mL
hydride generation AAS (HG AAS): 0.5-5mL
solid sampling (SS ET AAS): 0.1-50 mg

Typical limits F AAS: 1-1000 ug L=, GF AAS: 0.01-1ugL~!', HG AAS: 0.01-0.5pgL~!, SS ET AAS
of detection as direct solid sampling method: 0.01-100 pg kg™
Output, Results Quantitative analysis, sequential multielement analysis possible in separate analytical cycles,

with some spectrometers multielement determination possible by new techniques, especially
by high-resolution continuum source AAS (HR-CS AAS)

Typical Applications Quantitative analysis of elements in the trace region. Extremely low detection limits by ET
AAS. Environmental samples and samples from technical materials. Combination with hydride
generation, flow injection analysis (FIA) and solid sampling possible. F' AAS was in the near
past certainly the most commonly used method of elemental analysis of liquid samples and is
today in many cases alternatively used to ICP OES

Table 4.6 Optical emission spectrometry

Analytical method Optical emission spectroscopy ( )

(Atomic emission spectroscopy, )

Flame- 2 , arc- , spark- , glow-discharge- (GD-
Measurement Measurement of the optical emission spectra of atoms or ions due to the excitation with flame
principle (Flame-OES), inductively coupled plasma (/CP OES, sometimes combined with laser ablation

(LA-ICP OEYS) or electrothermal vaporisation (ETV-ICP OES)) electrical arc, spark or glow
discharge (GD-OES). An emission spectrum consists of lines produced by radiative deexcita-
tion from excited levels of atoms or ions. The intensity of the spectral lines corresponds with
the concentration of the element in the plasma

Sample volume/mass Flame-OES: 5-10mL, ICP OES: 1-10mL
Arc-, spark- and glow discharge-OES are direct solid sampling methods Arc-OES: 1-50 mg,
Spark-OES: 10-30 mg, GD-OES: ~ 10 mg (often used for surface/layer analysis)

Typical limits Flame-OES: 1-1000 ug L™, ICP OES: 0.1-50 pg L~!
of detection Spark-OES, GD-OES: 1-100mgkg~!
Arc-OES, ETV-ICP OES: 0.01-10 mgkg ™!
Output, results Qualitative and quantitative analysis. Determination of traces up to main constituents (depend-

ing on the special method). Sequential and simultaneous multielement analysis possible

Typical applications Qualitative and quantitative elemental analysis of metals and alloys (especially by solid sam-
pling spark-OES), technical materials, environmental, geological and biological samples. ICP
OES is the mainly used method for multielement determination in liquid samples
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- prepared from primary reference materials (elements, out using residua of solutions. The widespreading of the
g'_ compounds and solutions) and the results are directly —method is not high.

o traceable to the SI provided the purity and stoichiome- Some relevant information concerning the x-ray flu-
= try of the primary reference materials are assured. With  orescence spectrometry is summarized in Table 4.7.

w this technique a very high accuracy of the results can be

achieved if a multistage process of preparing calibration
samples similar to the analyzed sample (this technique
of calibration is called reconstitution analysis) is carried
out [4.130]. Results achieved this way are of high value
in metrological interlaboratory comparisons as well as
for certification of reference materials.

Total reflection XRF is a very special ultra-trace
micro-method for the analysis of objects or layers of
very low thickness. The calibration can often carried

4.3.4 Neutron Activation Analysis (NAA)
and Photon Activation Analysis (PAA)

Both methods are characterized by low blank values,
because all kinds of chemical handling (such as sam-
ple dissolution or surface cleaning) can be done after
the step of irradiation, and only the radioactive daugh-
ter products of the elements to be determined deliver the
measured characteristic signals.

Table 4.7 X-ray fluorescence spectrometry

Analytical method X-ray fluorescence spectrometry

Total reflection x-ray fluorescence spectrometry

Measurement
principle

The solid (or liquid) sample is irradiated with x-rays or a particle beam. Primary
radiation is absorbed ejecting inner electrons. Relaxation processes fill the holes and
lead to emission of characteristic fluorescence x-rays. The energies (or wavelengths)
of these characteristic x-rays are different for each element. Basis for quantitative
analysis is the proportionality of the intensity of characteristic x-rays of a certain
element and its concentration, but this relation is strongly influenced by the other
constituents of the sample

TXRF is based on the effect of total reflection to achieve extremely high sensitivity

Sample volume/mass ~ XRF: Direct analysis of polished disks of metals or other solid materials or pellets
of pressed powders or powders filled into sample cups, thin films, liquids in special
sample cells, particulate material on a filter. Typically samples must be flat having
surface diameters larger than the diameter of the primary exciting radiation beam.
Especially relevant in metrological exercises is the use of fused borate samples in
combination with the so-called reconstitution technique for calibration

TXRF: direct analysis of thin (thickness < 10 um) micro-samples or of thin depos-

its or layers

Typical limits
of detection

XRF: Strongly dependent from element and matrix as well as from spectrometer
(wave length dispersive or energy dispersive). 1-100mgkg~! for elements with
medium atomic number, up to some percent for the lightest measurable elements
(B, Be)

TXRF: Down to ug L~! and below for dried droplets of aqueous solutions

Output, results Qualitative and quantitative analysis. Semi-quantitative results are easily obtained
using special computer programs of the instrument; truly quantitative results require
careful sample preparation and calibration of the instrument. Advantages of XRF are

high precision and wide dynamic range up to high contents

Typical applications XRF: Qualitative and quantitative analysis of metals, alloys, cement, glasses, slag,
rocks, inorganic air pollutions, minerals, sediments, freeze-dried biological materials
TXRF: trace analysis in all kinds of thin micro-samples and residues of solutions for

ultra-trace determination
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Table 4.8 Neutron and photon activation analysis

Analytical method

Measurement
principle

Sample volume/mass

Typical limits
of detection

Output, results

Typical applications

Activation analysis
b

Activation analysis is based on the measurement of the radioactivity of indicator radionuclides
formed from stable isotopes of the analyte elements by nuclear reactions induced during irra-
diation of the samples with suitable particles (neutrons: neutron activation analysis NAA, high
energy photons: photon activation analysis PAA)

Solid or (dried) liquid samples: ~ 50 mg to &~ 2 g, (in some special systems up to 1kg)

Trace and ultratrace region, strongly depending on element, sample composition, sub-sample
mass and parameters of irradiation. Absolute detection limits:

NAA 1pg—10 ng; for most elements: 100 pg—10ng

PAA for several nonmetals: 0.1-0.5 pg

Qualitative and quantitative analysis. Easy calibration procedure (low matrix influences), high
sensitivity and freedom of reagent blanks make in principle the NAA (and PAA) to impor-
tant methods with partially very low limits of detection and high accuracy. Homogeneity of
elemental distribution can be checked by using small sub-samples. They are important com-
plements to other methods, e.g. to check losses or contamination from wet-chemical sample
preparation of the other methods

PAA is an important complement to NAA, especially in view of determination of nonmetals

NAA: Simultaneous trace and ultatrace multielement determination. Nondestructive anal-
ysis for &~ 70 elements (typically up to about 40 elements in one analysis cycle). In
principle accurate determination of higher element contents is possible

PAA: TImportant especially for determination of nonmetallic analytes. Sample surface can
be cleaned after sample irradiation, therefore e.g. very low oxygen blanks are possible for
determination of real oxygen bulk content in pure materials

Neutron activation analysis (NAA) normally needs
a special nuclear reactor as neutron source. Primarily
therefore, the method is not widespread. In principal,
up to 70 elements can be determined, however with
strongly differing limits of detection. Enormous advan-
tages of the method are the independence of the results
from chemical state of analytes and the fact that other
matrix effects are marginal mainly according to the high
penetration potential of incoming and outgoing radi-
ation. This causes the high metrological value of the
method as one being to calibrate easily by pure sub-
stances or dried solutions even when the method is used
in direct solid sampling mode in form of instrumental
NAA (INAA). INAA is the (quasi) nondestructive direct

sampling mode of NAA, in opposite to the destructive
mode, mostly used as radiochemical NAA (RNAA).

The photon activation analysis (PAA) is com-
plementary to NAA, especially concerning its high
sensitivity for light elements, such as nonmetals as C,
N, O or F. The method needs a sophisticated device for
producing appropriate high energy gamma rays as well
as for sample handling and measurement of characteris-
tic signals. Therefore PAA is not a widespread method,
even though this method can be of very high analyti-
cal importance when low contents of non-metals are to
measure accurately at high metrological level.

Some relevant information concerning NAA and
PAA is summarized in Table 4.8.

4.4 Compound and Molecular Specific Analysis:
Short Surveys of Analytical Methods

Molecular systems can be identified by their charac-
teristic molecular spectra, obtained in the absorption

or emission mode from samples in the gaseous, liquid
or solid state. Upon interaction with the appropriate
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Table 4.9 Basic features of instrumental analytical methods: optical spectroscopy
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Analytical Measurement

method type

principle

Specimen

Sample
amount

Table 4.11 Basic features of instrumental analytical methods: mass spectroscopy

Output results

Analytical Measurement Specimen Sample Output Applications
method principle type amount results
UV/Vis Measurement Organic Solution Relations Qualitative and
spectroscopy of absorption of compounds, in trans- between quantitative analysis
emission in the inorganic mission, structure of aromatic and
UV/Vis region complexes, powder in and color olefinic compounds
due to changes ions of reflexion Photochemical Detector for
of electronic transition processes chromatographic
transitions in elements methods
T-system
Fluorescence Measurement Fluorescent Solid, Structure/fluores- Qualitative/quanti-
spectroscopy of fluorescence organic com-  liquid or cencerelations; tative analysis of
emission in pounds, dyes, in solution, most sensitive  aromatic compounds
relation to the inorganic ~ 50 nL opto- with low-energy
wavelength of the complex analytical m—m* transi-
excited radiation =~ compounds method tions (conjugated
chromophors)
Table 4.10 Basic features of instrumental analytical methods: NMR spectroscopy
Analytical Measurement Specimen Sample Output Applications
method principle type amount results
Nuclear Determination Inorganic, Samples in Contribution Identification
magnetic of chemical shift  organic and all aggre- to the molecu-  of substances
resonance and coupling organometal-  gation states lar structure: in combination
spectroscopy constants due lic ~ 100 ng bond length, with other
to magnetic compounds: bond angle, techniques (MS,
field excitation gaseous, interactions IR- and Raman-
and analysis of liquid, in about several spectroscopy,
RF-emission solution, solid bonds chromatography)

Applications

Analytical Generation of gaseous Organic and  Samples Determination Structure elu-

mass ions from analyte organometal- in all ag- of the molecular  cidation of

spectroscopy  molecules, subsequent  lic gregation mass and unknown
separation of these ions compounds:  states; elemental compounds;
according to their mass-  quantitative =~ MS is composition; MS as reference
to-charge (m/z) ratio, mixture the most Contribution method and in
and detection of these analysis sensitive to the structure  the quantitation
ions. Mass spectrum is spectro- elucidation in of drugs;
a plot of the (relatice) scopic combination Detector for gas
abundance of the ions technique for  with NMR, IR-  (GC) and liquid
produced as a function molecular and Raman- chromatographic
of the m/z ratio. analysis spectroscopy (LC) methods
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Table 4.12 Basic features of instrumental analytical methods. by the methods Infrared, Raman, EPR, Mossbauer Spec-

troscopy

Analytical
method

Infrared
spectroscopy

Raman
spectroscopy

Electron
paramagnetic
resonance
spectroscopy

MoBbauer
spectroscopy

Measurement
principle

Measurement
of absorption
(extinction)

of radiation

in the infrared
region due to
the modulation
of molecular
dipolmoment

Measurement
of Raman
scattering (in
the UV-Vis-
NIR region)
due to the
modulation
of molecular
polarizability

Selective
absorption

of electro-
magnetic
microwaves
due to reori-
entation of
magnetic mo-
ments of single
electrons in

a magnetic
field

Measurement
of the isomeric
shift, line
width and line
intensity due
to the recoil
free gamma
quantum
absorption

Specimen
type
Inorganic,
organic and
organometal-
lic
compounds:
adsorbed
molecules

Inorganic,
organic and
organometal-
lic
compounds,
surfaces and
coatings

Organic
radicals,
reactive
intermediates
Internal
defects in
solids in
biomatrices

Inorganic
compounds
and phases,
organometal-
lic
compounds

Sample
amount

Samples in all
aggregation
states;

In solution,
embedded

or in matrix
isolation,

~ 100 pmol

Samples in all
aggregation
states, in
solution and
in matrix
isolation:

~ 50 L,
~1lpg

In-situ inves-
tigation of
organic radi-
cals, oriented
paramagnetic
single crys-
tals, crystal
powders

Samples in
the solid state,
or as freezing
solutions,
several mg

Output
results

Contribution
to the molecu-
lar structure:
bond length,
bond an-

gle, force
constants;
Identification
of characteris-
tic groups and
compounds by
means of data
bases

Contribution
to the mo-
lecular
structure;
Identification
of characteris-
tic groups and
compounds in
combination
with IR-data

In-situ detec-
tion of organic
radicals and
their reac-
tion kinetics
(time-resolved
EPR)
Paramagnetic
centers of
crystals

Determination
of the oxida-
tion number
and the spin
state of the
Mdssbauer
nuclei

Applications

Identification of
substances in com-
bination with other
techniques (Ra-
man, NMR, MS, and
chromatography);
quantitative mixture
analysis;

Surface analysis of
adsorbed molecules;
Detector for
chromatographic
methods

Identification of
substances;
Surface and phase
analysis;

Detector for

thin layer chro-
matographic
methods

Studies of pho-
tochemical and
photophysical
processes (require-
ment: 10'! single
electrons);
Semiconductor stud-
ies, trace detection
of 3-D-elements in
biomaterials

Phase analysis
including amor-
phous phase on
glasses, ceramics
and catalysts
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type of electromagnetic radiation, characteristic elec-
tronic, vibrational and rotational energy term schemes
can be induced in the sample. These excited states usu-
ally decay to their ground states within 102, either
by emitting the previously absorbed radiation in all
directions with the same or lower frequency, or by radi-
ationless relaxation, thus providing spectral information
for chemical analysis. Basic features of instrumental
analytical methods are summarized in the overview Ta-
bles 4.9-4.12 (compiled by Peter Reich, BAM, Berlin,
2004).

Further complementary structural information about
molecular systems may be obtained by investigating

the nuclear magnetic resonance spectroscopy (NMR)
of a sample being irradiated with radio frequency in
a magnetic field.

Structural information can also be determined by
analysing the intensity distribution mass fragments of
a sample bombarded with free electrons, photons or ions
in the analytical mass spectroscopy (MS).

Additional information on the near neighbour order
in the solid state are provided in particular by the meth-
ods infrared (IR) and Raman spectroscopy, EPR and
Mossbauer spectroscopy. These techniques provide im-
ages of the interactions mentioned above and contain
analytical information about the sample.

4.5 National Primary Standards — An Example to Establish Metrological
Traceability in Elemental Analysis

Chemical measurements in elemental analysis are mea-
surements of contents (e.g. mass fractions) of analytes
in the sample to be analyzed, at which the chemical
identity of the analyte has to be defined as the ele-
ment to be measured in the sample. For this purpose,
a metrological traceability system to the SI unit (mol or
kg of the chemical element to be measured) for mea-
surement results of inorganic chemical analysis was set
up in Germany in cooperation between the National
Metrology and Materials Research Institutes PTB and
BAM [4.131, 132]. Currently, the system comprises na-
tional primary elemental standards for Cu, Fe, Bi, Ga,
Si, Na, K, Sn, W, and Pb and the certification of other
elements is in preparation. In this system, core compo-
nents are

® pure substances (Primary National Standards for
Inorganic Chemical Analysis) characterised at the
highest metrological level [4.133],

® primary solutions prepared from these pure sub-
stances, and

® secondary solutions deduced from the primary
solutions intended for transfer to producers of com-
mercial calibration stock solutions and for technical
applications.

For certifying a material of a Primary National Stan-
dard representing one chemical element in the System
of National Standards for Inorganic Chemical Analysis
all impurities in the material, i.e. all relevant trace el-
ements of the Periodic Table have to be metrologically
considered and their mass fractions have to be measured
by appropriate analytical methods and then subtracted

from 100% mass fraction (= the ideal mass fraction
of the investigated element) to establish the real mass
fraction of the main component with an uncertainty
< 0.01%. This upper limit of the aspired uncertainty
is one order of magnitude lower than the lowest uncer-
tainties achieved with direct measurements of the mass
fraction of the main component using best metrologi-
cal methods of elemental analysis, such as IDMS. Even
for IDMS measurements the National Standards of El-
emental Analysis are intended to be used in the future
as instruments of metrological traceability, namely by
using them as natural backspikes for IDMS of known
mass fraction of the main component and therefore as
a trustable basis to determine the purity of isotopi-
cally enriched spike materials. To determine all trace
elements in the pure materials different methods of ele-
mental analysis have to be applied. About 70 metallic
impurities can be determined using inductively cou-
pled plasma with high-resolution mass spectrometry
(ICP-HRMS). For supplementation and validation, in-
ductively coupled optical emission spectroscopy (ICP
OES) and atomic absorption spectrometry (AAS) are
used. Classical spectrophotometry is applied for the
determination of phosphorous, sulphur and fluorine.
Carrier gas hot extraction (CGHE) is used to determine
oxygen and nitrogen and combustion analysis is used
for carbon and sulphur. In addition to C, O and N, chlo-
rine, bromine and iodine are determined using photon
activation analysis (PAA). Hydrogen is measured using
nuclear reaction analysis (RNA). For comparison and if
possible, also direct methods, typically electrogravime-
try (e.g. for copper) or coulometry, are applied in order
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Primary copper
German
Elemental

L-' ing Standard

a
== BAM-Y001

Trace elements (impurities) in copper
|:| 16 trace elements, measured mass fraction X 22.38 + 3.84 mg/kg
|:| 65 trace elements, measured mass fraction 9.95 + 3.61 mg/kg

|:| 9 trace elements, mass fraction theoretically estimated

Fig. 4.19 Metrology in elemental analysis. The example of copper as primary standard; mass fractions of trace elements
in mg/kg. The expanded uncertainty of matrix element copper has a coverage factor of k = 2

to determine the mass fraction of the matrix directly, but
of course, with a higher uncertainty.

For those of the high-purity materials, which are
most convenient to handle not as pure elements but in
the form of salts (alkali metals and alkaline earth met-
als), additionally to the measurements of the metallic
and nonmetallic impurities, the anionic impurities are
determined, too. These measurement results are consis-
tent with those of the other element-specific methods
for I, Br, S, P or N. For the radioactive elements Tc,
Pm, Po, At, Rn, Fr, Ra, Ac and Pa upper limits are
estimated from theoretical considerations. For noble
gases either measurements are carried out by static mass
spectroscopy or limits are estimated from theoretical
considerations. All uncertainties are calculated accord-
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