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Die Studierenden kdonnen Methoden zur Strukturaufklarung, bildge-
bende Verfahren, sowie weitere fortschrittliche Methoden erkléren.

Die Studierenden erkennen den fachlichen Zusammenhang zwischen bi-
oanalytischen Methoden und verschiedenen Anwendungsgebieten.
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- Bildgebende Verfahren (Licht-, Fluoreszenz-, Elektronen-, Raster-son-
denmikroskopie, Probenprdparation)
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- Kopplungs- und Hochdurchsatzverfahren: LC-MS, MS-MS, Senso-
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1.1

1.2

Basics of analytical chemistry

Introduction

The concept of chemical analysis was first developed
by R. Boyle (1627-1691). However, analytical chem-
istry was readily used before, e.g. by Paracelsius
(1493-1541) for water analysis. Even alchemy can
be viewed as the allocation of materials into individ-
ual compounds. First quantitative experiments were
executed by Antoine Lavoisier, who is known as the
“father” of analytical chemistry. In 1801, the sub-
ject of analytical chemistry was first mentioned in
a textbook leading to the establishment of Ana-
lytical Chemistry as an independent scientific disci-
pline.

Fig. 1.1: Antoine
Nowadays, analytical chemistry is used in many different ar- | yoisier (Public Do-
eas ranging from clinical tests for blood or saliva samples to  main, details on wikime-
monitoring of critical parameters in food analysis. Likewise, gy commons)

concepts derived from analytical chemistry are essential in

biomedical analysis, environmental analysis, and quality monitoring in production
processes. Additionally, analytical tools are also used in security and forensic scenarios,
and for the investigation of ancient art or archaeological artifacts, as well as for
counterfeit screening.

Definition

In general, analytical chemistry combines and embraces several scientific disciplines.
Accordingly, analytical chemistry deals with a variety of challenges including, e.g.,
guidelines for inter-laboratory comparisons or sample (pre)treatment (i.e., sample
collection, preparation, storage, and handling). Additionally, methods and critical
data evaluation routines are defined and optimized for maximizing efficiency and
accuracy. Analytical methods can be classified into classical analytics and instru-
mental analytics, whereby the classical methods include separation or extraction of
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Criteria for selecting analytical methods

different components via so-called wet-chemical methods. This includes techniques
like titration, gravimetry, extraction, distillation, filtration or chemical pulping.

Since the 20t century instrumental methods became increasingly important, and
the technological progress along with advancements in computers and software have
enabled the detection and determination of increasingly smaller compounds or traces
of analytes within complex matrices. Nowadays, modern analytical methods deal
with challenges including miniaturization (i.e., detection at micro- and nano-scales,
but also devices that are small (e.g., on-chip) yet remain manageable), combination
of techniques (i. e., so-called “hyphenated-techniques”), on-line detection scenarios,
increasingly smart and reliable analytical tools (i. e., control systems and automation
of processes), and the optimization of qualitative and quantitative results toward more
precision, accuracy, reliability, and repeatability.

Different types of instrumental methods have been defined, which can be divided into
several groups. The physical and chemical parameters used for the characterization
and determination of analytical species are divided into radiation, electrical properties,
mass and charge of the analytes, thermal or kinetic characteristics, radioactivity, etc.
resulting in different demands and in consequence different instrumental methods.
Hence, analytical chemistry is not just aimed towards the detection of analyte species,
but also with the optimized application of physical stimuli followed by evaluation of
the obtained response of the sample, i.e., analytical information and data. Analytical
methods can also be divided with respect to the collected information. There are four
“W-questions”, which can be answered by analytical methods:

What's in the sample?

What's the amount of analyte?
Where is the analyte located?
What's the structure of the sample?

Qualitative analysis

Quantitative analysis

Surface or distribution analysis
Structural /chemical composition of
the analytes

—
—
—
—

1.3 Criteria for selecting analytical methods

There are numerical criteria for selecting suitable analytical methods, and for assessing
the obtained analytical result to its trueness and accuracy. In the following, some
statistical descriptors are briefly explained, which are commonly used in analytical
chemistry.

1.3.1 Population vs. sample

The population represents the entire sample unit (e. g., an entire lake, river, etc.).
The entire population is therefore usually not available for evaluation due to restrictions
in time, cost and appropriate effort. Hence, a so-called sample is collected, which
should be a representative amount of the unknown species representing the entire
system. By definition, statistical terms, which pertain to the entire population are
written in Greek letters, and terms describing a sample are written in Latin letters.
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Criteria for selecting analytical methods

population sample
N N
Mean value = lim 2im1Xi f= iz %
N—ro0 N N
at S0 - 2 S — 2P
Standard deviation o =1/ lim Z=t\Xi —H s — i=1\Xi
N—o0 N N-1
Variance o?=034+03+...+o s2=s?+s2+ .. +s2
Relative standard de- RSD = 7 x 107 RSD = > x 107
viation s X
Coefficient of Varia- cv="2%100% CV = i_ x 100 %
tion (z=2) K X

With: number of measurement (N), the signal value (x;, with i =1 — N) and

z = (X;H)_

Fig. 1.2: Population vs. sample

1.3.2 Trueness vs. precision vs. accuracy

The trueness of a result describes the level of agreement of the measured mean value
with the true value. This value is in general unknown, however, the goal remains to
get as close as possible to the true value. Therefore, every systematic error has to
be eliminated. This can be realized by using reference materials and performing a
method or instrumental validation. By repeating the measurement > 30 times and
taking the average, one may statistically assume normally distributed values close to
the true value (in most cases; not always), if there is no systematic error. It should
be noted again that meaningful average values are only obtained, if the underlying
data points are normally distributed.

The precision describes the coincidence of individual data points, and the repro-
ducibility of the obtained results using the same method (i. e., same technique, same
instrumental set-up, etc.). In other words, the scattering of the data points around
the average value is described using the absolute/relative standard deviation, variance,
and the coefficient of variation. As a statistical parameter, precision can be divided
into reproducibility of a result investigated by different laboratories, repeatability
of consecutive measurements, and repeated measurements over a period of time
(intermediate precision).

The accuracy describes the correctness of the result and combines trueness with the
precision of an experimental value. It comprises all errors within the method or the
system.

10
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Criteria for selecting analytical methods

true and precise true, but not precise #  not true, but precise not true, not precise
=accurate accurate #accurate # accurate

Fig. 1.3: Trueness vs. precision vs. accuracy

1.3.3 Differences in errors

tematlc (determinant) error

adsorption, instability or i

ha gaussia !
distribution and 30 or /’
more data points, the

mean value approaches
the true value.

-personal error (prejudice, estimation,

. reading accuracy) o

gross errors

- result of wrong
handling of instrument
or contaminations; in
most cases human error!

absolute error

Fig. 1.4: Differences in errors

In an experiment with a large number of individual data points and the assumption
that no systematic errors occur, the distribution of the values is safely assumed as
“normal” (i.e., Gaussian). This implies the symmetrical distribution of values around
the mean value, which has the maximum frequency of data points. Additionally, the
behavior of the data points should show an exponential decrease with increase of
the deviation from the mean value. This can be expressed by a normal Gaussian
distribution.

11
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Criteria for selecting analytical methods
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Fig. 1.5: Normal Gaussian distribution (ISBN: 9780495558286)

In general, a set of data is normally distributed — especially if a large number of
data points is collected — and the sample can be viewed as a population. In most
experiments, it is not possible however to repeat a measurement that frequently.
Therefore, the mean value and a data range can be estimated and assuming that
with a sufficiently high probability the true value is within this region. This is called
the confidence interval P. The interval that is not taken into account, is called the
significance level o.. The calculation of an appropriate interval is done using the
t-test (or student distribution).

It should be noted that next to a normal distribution, there are also other possibilities
for data distributions, e.g., Bernoulli distribution, Poisson distribution, etc.

o 0.40—
i ; 0.35
0.20
£ £0.25
%020
S o015
s 0.10
{— % 0.05

-1.0 -05 0.0 05 10 186 20 0.00 0 5 10 15 20
Fig. 1.6: Bernoulli distribution (left, https://media.wsb.wisc.edu/data/
act_sci/Frees/ActMathll/InterestRateRisk/InterestRateRisk04Nov2012 /bernoulli_
distribution.html) and Poisson distribution (right, by Skbkekas, Poisson pmf, CC BY
3.0)

Hence, it is obvious that the mean value £ the standard deviation is not always
the most suitable representation of the experimental values. Another possibility to
characterize the measurement is the median. This is the value, which is in the middle

of all data, i.e., divides all data points into 50 % to the left and right of the median.

This method is more resistant towards outliers. The mode of a data set is the most
frequently occurring value within all determined values, and is also rather insensitive
to outliers.

12
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1.3.4

Criteria for selecting analytical methods
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Fig. 1.7: Comparison mean median mode (by Cmglee, Comparison mean median
mode, CC BY-SA 3.0)

How to find outliers?

The statistics and assumptions discussed above are only reliable, if there are no
extreme individual values considered within the data range, i.e., which have a sub-
stantial deviation from the mean value. This may occur due to errors, but may
also be in fact real values with a more pronounced deviation vs. other data points.
Such data can significantly affect/distort a result that is usually based on calculat-
ing an average value, it is preferable to test an experimental data set for these outliers.

The most frequently used tests for outliers in analytic chemistry include:

= Dean and Dixon: An outlier x;' can be distinguished for data sets with n < 25

by this method also known as Q-test. Thereby, the values are sorted in increasing
or decreasing order (dependent on the outliers with respect to the mean value)
and calculated as
W= Xl
Ix{ — x|
with b=23<n<10)orb=3(11<n<25) andk=n(3<n<7),
k=n—-1(8<n<13)or k=n—-2(14 < n<25).

Graf and Henning: For n > 25 the outlier can be determined by calculation
of the mean value and the standard deviation without consideration of the
suspected outlier. If this value is within X £ 4s, the discrepancy of this value is
still acceptable.

Grubbs: This test can be used for an undefined number of values to investigate
the lowest and/or the highest value x* in a data series

T ¥
oo x=x1
S

with the mean value (X) and the standard deviation (s).

13
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