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Preface

The author, Dr. Peter Skrabal, places a remarkable and exceptional book into your hands.
If spectroscopy has sofar not been closest to your heart, the reading of this book will be par-
ticularly profitable and informative. But in case you are a long standing specialist and know
already (nearly) all about one of the numerous spectroscopic disciplines, you will discover
- perhaps for the first time — surprising correlations between the various spectral regions.

Why has no one before ventured such an integral description of spectroscopy? In reality
such an attempt is obvious, since the basic principles of spectroscopy are universal and in
all spectral regions the same. For an analytical thinking mind all the spectroscopic experi-
ments are nearly identical. One likes to mention the so-called black box, which by a source
of electromagnetic radiation is excited to its natural vibrations. It then only needs a frequen-
cy-selective detector to register the spectroscopic answer and one has a functional spec-
trometer, which delivers illustrative insights into the black box. But as so often the crux of
the matter are the various and divergent details!

Peter Skrabal masters the situation in a sovereign way. In the first instance he sets up a bul-
ky unbroken thread through all the spectral regions to emphasize the similarities. And yet
he does not flinch from resolving the thread into its so many single fibers, whenever the de-
scription of the specific peculiarities of the spectroscopic disciplines require this. And he
bundles all these highly individual fibers finally back into a coherent thread. Doubtless there
is no better method to understand such a detailed widespread theme in its manifold cohe-
rence.

| could imagine that this book could be used very advantageously in teaching undergradu-
ates: at first instance the enormous amount of facts requires the outline of the basic princi-
ples. But the book is also very useful for individual studies: it rouses ones interest to formu-
late relevant questions and to search for explanatory answers.

| hope that this book will bring many new enthusiastic friends into the so powerful and fas-
cinating field of spectroscopy. To the experienced spectroscopist the book offers stimuli to
broaden his mind and to discover exciting tours into neighboring disciplines. | wish the rea-
ders many unexpected reading pleasures.

Richard R. Ernst
(Nobel Prize in Chemistry 1991)

Zurich, April 22nd, 2009

(translated by the author from the 1st German edition)






Foreword

In consideration of the vast number! of books on spectroscopic methods the obvious ques-
tion emerges: Why another book on spectroscopy?

The intention of this book is a twofold one:

1. It is the result of didactic reflections. Since all the discussed spectroscopic me-
thods root in the reversible absorption of electromagnetic radiation, their common
fundamentals are described in a new and, as | believe, in a particularly instructive
manner. In contrast to the conventional methodical order a chapter on IR spectros-
copy does not follow one on UV/Vis spectroscopy etc. My description of spectro-
scopies rather follows the unbroken thread of their physical principles, which are
common to all these spectroscopic methods. Central chapters therefore are “The
Absorption Processes and their Energies” and “The Absorption Intensities: Pre-
requisites and Consequences”. This disorder in the conventional methodical sense
enables the reader, to directly comprehend the important mutualities and distinc-
tions, such as for example the correlation between the quantities of the absorbed
energy amounts and the sensitivities of spectroscopic methods.

The plan for this method of description matured in the course of my experiences during
more than 25 years in provision of spectroscopy courses for students of chemical enginee-
ring at the Department of Chemistry and Applied Biosciences (D-CHAB)? of the Swiss Fe-
deral Institute of Technology in Zurich (ETHZ).3 During these years | have outlined a few
hundred transparencies, and a part of these in revised form represents as the Figures the
optical guide throughout the book. “My” students have missed this now available textbook.
Since time previously did not allow me to write it, | thank them now: they always animated
me to improve the transparencies and my comments on them. | hope that some of these
motivated students will “stumble” over this book and it will remind them of our many stimu-
lating hours.

2. | have written the book as an introduction for nonspectroscopists. With its new ap-
proach it should make students of different disciplines and with different back-
grounds (from natural and engineering sciences, of medicine and even of art,
human and economic sciences) well acquainted with the basics of spectroscopic
methods. For this objective | abandon mathematical and physical derivations as
much as appropriate. Nevertheless, the topics of the book require the inquisitive-
ness of the reader about physical correlations. In this sense the book is particularly
qualified to introduce readers with a natural science background into spectroscopy.

In obligation of these objectives it has been a great challenge to encounter the appropriate
profundity and precision of descriptions. | am convinced that approaches of this form to all
domains of natural sciences are necessary to enable our societies to understand their re-
sults. Particularly the results of modern analytical methods are, veiled or very obvious, om-
nipresent and influence our environment and our daily life: in part positively (e.g. via

1. SciFinder Scholar™, American Chemical Society, Washington, DC, USA, Version 2007,
found more than 1000 books for the search terms Spektroskopie and spectroscopy within the
period 2001 - 2010.

2. www.chab.ethz.ch/

3. www.ethz.ch/
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Foreword

emission controls) and in part negatively (e.g. by the misuse of results from highly sensitive
analytical methods in the ppm to ppq range, i.e. parts in 10% to 101° parts). Not least the
knowledge of these dimensions is the postulate for the correct appraisal of the significance
of analytical results.

| thank my former students as well as my colleagues, friends, and teachers:

Dr. Ulrich Sorger from the time of my graduate studies in Graz,

Prof. Richard Kuhn (1900 - 1967), my Ph.D. supervisor at the Max-Planck-Institut fir medi-
zinische Forschung (MPImF) in Heidelberg,’

Dr. Peter Schiitz from the time of my studies at the MPImF in Heidelberg,

Prof. Heinrich Zollinger (1919 — 2005), who offered me the opportunity to research during
ca. 20 years atthe ETHZ, i.a. in the area of chemical reaction mechanisms, and to establish
at the same time NMR spectroscopy at the Institute for Chemical and Bioengineering (ICB)2
at ETHZ,

Dr. Ulrich Meyer and Prof. em. Paul Rys; to them | have been connected in friendship and
in research at the ICB over more than 30 years,

Prof. em. Paul S. Pregosin (LAC?), with whom | “probed” FT-NMR spectroscopy in the early
1970s,

as well as Dr. Thomas Abend, Dr. Harold Baumann, Prof. em. Hans Dutler, and Prof. em.
Helmut Hauser, friends and colleagues at the ETHZ, whom | have been connected with by
common research projects and in friendship over many years. With all the aforesaid col-
leagues, friends, and teachers | have spent innumarable precious hours in scientific and
other discussions, which have enriched my life.

Last but not least | thank Prof. em. Richard R. Ernst (ETHZ) for his preface to this book.

Finally, | thank the publisher vdf, in particular Mr. Erich Béartsch for his help with the editing.
And | thank Bruker Biospin AG, Switzerland, for the permission to reproduce some of the
Figures.

Peter M. Skrabal

peter.m.skrabal@alumni.ethz.ch

Kilchberg ZH, August 2012

1. www.mpimf-heidelberg.mpg.de/
2. www.icb.ethz.ch/
3. Laboratory of Inorganic Chemistry, ETHZ (www.lac.ethz.ch/)
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1 Introduction

1.1 Definitions and Systematics

Spectroscopic methods constitute a central part of modern analytics. The term spectrosco-
py implies the use of a spectrometer for the registration of spectra. Spectra are the registra-
tions of absorption intensities as functions of specific wavelengths or frequencies of interest
within a spectral window of the electromagnetic radiation.

| avoid the term “Analytical Chemistry”, which is out of date but still in use in various contexts. Its origin
dates back to the original classification of chemistry into disciplines like “Organic Chemistry”, “Inorganic
Chemistry”, or “Physical Chemistry” at the time when analytical methods had been of purely chemical na-
ture (such as the acid-base titrations with the help of indicators or the classical elemental analyses by com-
bustion or titration). At those times only physical instruments such as e.g. the balance were available, but
no spectrometers. Ernst Abbe (German physicist,1840-1905) provided the scientific basis for the produc-
tion of the first optical instruments. The distinction between the different chemical disciplines also is out-
dated, as research in natural sciences over many years has been a matter of inter-, trans- or
multidisciplinary approaches. In the sense of chemical analytical methods the term “Analytical Chemistry”
of course is still meaningful (see the use in Fig. 1.7).

The word spectroscopy derives from the Latin word spectrum for picture and the Greek sko-
pein for looking at. A comprehensive definition! describes spectroscopy as “the production
and investigation of spectra”, including “the art or process of using” a spectrometer, i.e. an
instrument, which registers spectra. And spectroscopy is defined as the “science of spec-
troscopic phenomena”. A physical description2 defines spectroscopy as the “science that is
concerned with the measurement of the emission and absorption spectra of light or other
forms of electromagnetic radiation”.

The terms analytics and analytical derive from the Latin analyticus as well as from the Greek
analytikos, for “of or relating to the Greek analysis ...”. And analysis from the Greek analyein
(to dissolve) means “separating ... a whole or a compound into its component parts or con-
stituent elements”." George H. Morrison (Cornell University, Ithaca, NY, USA) writes perti-
nent to the however partly obsolete (see above) entry Analytical Chemistry: “...The scope
of analytical chemistry now spans industry, agriculture, the environment, and medicine, as
well as many research areas in chemistry, biology, biochemistry, geology, and other physical

sciences .... Analytical chemistry is the detective of the scientific world ...”?

Fig. 1.1 illustrates the systematic classification of analytical methods by typical examples.
The cited acronyms stand for the following terms. Separation Techniques: Gas-Chromato-
graphy, Thin Layer Chromatography, High Performance TLC, Liquid Chromatography, High
Pressure or Performance LC, Supercritical Fluid Chromatography and Capilary Electropho-
resis; Sample Preparation, i.a. for the Process Control: Flow Injection Analysis; Instrumen-
tal Methods, including methods that use a spectrometer or another instrument: Nuclear
Magnetic Resonance, Electron Spin Resonance (or Electron Paramagnetic Resonance
EPR), InfraRed, Visible and UltraViolet, Mass Spectrometry (or Spectroscopy), and for Sur-
face Analyses: Auger Electron Spectroscopy, Electron Spectroscopy for Chemical Analysis,

1. From Webster’s Third New International Dictionary, G. & C. Merriam Co., Springfield, MA,
USA, 1971, ISBN 978-0-87779-201-7.

2. From C.G. Morris (Editor), Academic Press Dictionary of Science and Technology, Academic
Press, San Diego, 1992, ISBN-10: 0-12-200400-0, ISBN-13: 978-0-12-200400-1.



1 Introduction

X-ray Photo Electron (or Emission) Spectroscopy, Low Energy Electron Diffraction. Under
the heading Analytical Chemistry some chemical analytical methods are mentioned: Com-
bustion Analysis, chemical Identification of Functional Groups (for example -COOH or
-NH,), and Elemental Analysis, today on the microscale.

One of the pioneers in microanalysis was Fritz Pregl (1869-1930, Austria, 1923 Nobel Prize in Chemistry,
“for his invention of the method of micro-analysis of organic substances”). Over the nearly 90 years since
that time the demanding manual microanalysis has developed into an instrumental automated analysis.

Analytical Chemistry Separation Techniques
Combustion Analysis GC, TLC, HPTLC, LC, HPLC,
Identification of Functional SFC, CE
Groups
(Micro-) Elemental Analysis qualitative, quantitative
Analytical
Methods

Instrumental Methods

Sample Preparation «NMR, ESR, IR, Vis, UV, X-rays

(for Process Control)

* MS (various Ionization Techniques)
Chromatographic Methods + Surface Analyses:
FIA AES, ESCA (XPES), LEED

Fig. 1.1. A Systematic Classification of Analytical Methods

The dashed line in Fig. 1.1 indicates that in most cases as an integral part of the separation
techniques an instrument, e.g. an NMR, IR, UV/Vis or mass spectrometer as detector, is uti-
lized. One talks of so-called Tandem- or hyphenated techniques, typically of e.g. LC-NMR
or GC-MS. In MS-MS (Tandem-MS) the combination of two mass spectrometers for high re-
solution is applied. In the Flow Injection Analysis typically UV/Vis or IR spectrometers as de-
tectors are used. In TLC (or HPTLC) quantitative analyses are possible by combination with
reflection instead of absorption spectrometers. The sample preparation with the help of
chromatographic methods and/or of FIA in this systematic classification is emphasized, sin-
ce it is of extraordinary importance not only in structure analyses (Chapt. 8.1, p.208) but
also in the industrial analytical process control (Chapt. 1.3, p. 6, and Chapt. 8.2, p. 271ff).

1.2 Structure-Property Relations,
Synthesis, and Process Planning

The spectroscopic methods (NMR, ESR, NIR (near IR), IR and UV/Vis spectroscopy) de-
scribed in this book are in terms of their applications and the interpretations of their results,

2



1 Introduction

of unique importance to every scientist, who needs information on the structure of mo-
lecules or on their concentrations. This applies to small as well as to very large molecules
(macromolecules like polymers or biopolymers), and to problems in the gas, liquid, liquid
crystalline, or solid phase of the analytes.

In contrast to the question about structures of molecules their concentrations and the inter-
pretations of the latter quasi are an everyday theme that shapes our environment (e.g. ali-
ments, air, water, climate). As a result of the developments of analytical methods during the
last decades concentrations of molecules can be measured in the ppt to ppq range (parts
per trillion and quadrillion, see Tab. 3, p.320). The spectroscopic methods cover a concen-
tration range of several powers of ten and hence the sample preparation has an essential
influence on the sensitivity of measurements (cf. Chapt. 4 and 5.5, p. 95 and 157).

Multitude of
NMR active Probes (Spies)

Information about Information about

Structure \ / Mobility

Understanding of
Properties of Molecules

Design of new
customized Molecules

Fig. 1.2.1. QSPR-Information from NMR Spectroscopy

For the layperson the magnitudes of sensitivities hinder the interpretations of results regarding their rele-
vance. Nevertheless, the meaningful utilizations of results stand or fall with these interpretations. Analyti-
cal results should comply with the rules of OECD (Organization for Economic Co-operation and
Development)1 for GLP (Good Laboratory Practice). Besides these controlling criteria, which aim at a gu-
arantee of quality and comparability of results, secondly the relevance of measured concentrations must
be interpreted in relation to objectives.

The knowledge of structures of molecules (preferably in three dimensions) is a necessary
requirement for the first steps on the path to a new product (e.g. a new functional dyestuff,
a new polymer, or a new medicament). The first steps on this path require the correlations
of structures of molecules with their properties. In life sciences such a correlation is known
as Quantitative Structure-Activity Relationship (QSAR), or Quantitative Structure-Property
Relationship (QSPR) in general.

1. www.oecd.org/home/
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Finding the most appropriate path

to a target molecule

with the help of “school knowledge”
relies on chance

B0 :
T Rl oo
U HESE= LSS

1. Finding all possible paths
fo a target molecule

in a complete synthesis tree

with the help of computer programs
(on the basis of up to date databases)

Fig. 1.2.2. Integral Process Development with a Synthesis Tree

Fig. 1.2.1 illustrates the flow of information on structure and mobility of a molecule using the
example of nuclear magnetic resonance spectroscopy (NMR) for understanding the mole-
cular properties. The understanding of the properties of structurally similar molecules finally
allows the conception of new “customized” molecules. We will learn that NMR spectroscopy
is exceptional in that it allows one to investigate the molecule not only in its entirety but also
on a “local” atomic scale with the help of the selection of specific “spies” (as IR spectroscopy
does, but in contrast to e.g. UV/Vis spectroscopy, cf. Chapt. 8.1, p.208). These spies are
the NMR active atom isotopes like the proton (1H) or the 13C atom. These isotopes are
called NMR active probes. Each of the spectroscopic methods contributes its part to the full
and total comprehension of the properties of molecules, NMR spectroscopy however (toge-
ther with ESR spectroscopy for molecules with unpaired electrons — the radicals) offers par-
ticularly detailed information.

As a consequence of the immense information derived from analytical methods their impact
on the development of industrial products has moved from their analyses after the produc-
tion process (in the first instance the quality control after synthesis) to the beginning of the
process of planning a new product. QSAR and QSPR partly have led to the point, where
nowadays even the target molecule may be defined with the help of analytics.

The course of planning the synthesis of a new product in this modern sense is shown in Fig.
1.2.2. It is no longer a course relying on inevitably limited “school knowledge” or the know-
how of envolved scientists, but with the help of computer programs and enormous databa-
ses one may find the optimal path in a so-called synthesis tree. In this synthesis tree the
target molecule is the top and each single structure below in various branches of the tree is
a potential intermediate. The roots of the tree constitute the potential starting materials
(educts).

4
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2. Evaluation of the synthesis tree
(potentially with the help of evaluation programs)

Chemical Engineers

\

Chemists [ _' ' Ecologists
Economists Analysts

3., 4., ... the usual steps

Fig. 1.2.3. Evaluation of a Synthesis Tree by Various Experts

Figs. 1.2.2 and 1.2.3 show a computer-generated synthesis tree for a natural substance,
which dates back to the origin of these developments in the 1960s. In this process a com-
puter program generates all possible paths from a target molecule to each of the individual
educts - with arbitrary criteria — by data, which are stored in various immense databases.
One talks of this process as retrosynthesis. The data has been collected over decades by
countless scientists. The combination and application of this data multitude in a complete
synthesis plan with all potential steps requires the help of computer programs which have
been developed for this specific purpose. The evaluation of the synthesis tree that follows
is the challenge for the mentioned experts. However there are evaluation programs in de-
velopment, which according to predefined criteria search for the best available route of syn-
thesis. The usual steps 3., 4., ... follow — after the selection of the educts — as the necessary
steps of synthesis in the laboratory and in pilot plants, in combination with the appropriate
analytics.

In this sense in the symbolic depiction in Fig. 1.2.3 the analyst not only takes part in a dis-
cussion with the circle of chemists, chemical engineers, economists and ecologists, who
evaluate the synthesis tree to the target molecule, but prior to this discussion, with the an-
alysts help, the target molecule has been selected among potential canditates by QSAR or
QSPR. One talks of “‘integral process development”.

Over the past decades the importance of analytical methods in natural and technical scienc-
es with all the consequences for the economy and ecology has led to impressive develop-
ments, in regard to financial investments and therefore also in regard to the results. Hence
analytics became a very important branch of industry (cf. Chapt. 1.4, p.9).
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1.3 Development of Computers, Dynamics of Analytical
Methods, and Process Control

Two developments have helped spectroscopic analytics to leverage in all conceivable ap-
plications: an enormous increase in sensitivities and a significant shortening of the required
times for analysis. Essentially both developments are connected with advances in computer
technologies. For instance, the specifications of hard disks as long term and mass storage
devices illustrate these advances impressively in Tab. 1.3. The reported data should be read
as guide values and those for 2006 refer to values for hard disks in notebooks. Besides
these advances the ones in processors, main storage (i.a. RAM for Random Access Mem-
ory), or in bus technologies have been equally important.

Tab. 1.3. Advances in Hard Disk Technology

1976 1996 2006
capacity 16 MB 1GB > 100 GB
weight 50 kg 0.5 kg <0.2 kg
price 50 kFr 0.5 kFr < 0.1 kFr
access time 30 ms 10 ms 5ms

Within ca. 30 years the access time (i.e. the reading time) to stored data (as well as the writing time) has
been shortened only by the small factor of 1/6. This factor underlies that the reading/writing head must be
positioned to the necessary position on hard disks mechanically. Therefore, it is conceivable that long
term/mass storage hard disks will be complemented and/or substituted by the already available likewise
nonvolatile (i.e. independent of power) memory devices on a chip basis (flash chips — analogous to the
established USB flash drives — on Solid State Disks SSD). Their advantages are mechanical ruggedness,
marginal power consumption, and access times of us. The access times of USB flash drives are limited
by the serial interface USB (Universal Serial Bus). At present the disadvantages of SSD are mean writing
times, a comparatively high price, and their erosion (ca. 105 writing processes). New developments inte-
grate these SSDs into the internal bus structure, substituting the conventional hard disks and therefore
avoiding slow interfaces like USB (e.g. in the recent MacBook Air from Apple). And even faster storage
media (with access times in the ns range) are under development (e.g. the so-called racetrack devices).

In the last millennium for several decades a pioneer and critical observer of the develop-
ments of analytical methods, in view of their scientific as well as industrial importance, was
H. Michael Widmer (1933-1997, ETHZ and Ciba-Geigy AG, Basel). His columns in the jour-
nal Chimia® are most likely well known to every analyst in German-speaking countries. He
regularly reported on the developments of analytical methods (therefore of course on PITT-
CON, the Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, one
of the most important annual analytics expositions). He had been competent to do so, since
he was an analyst, who himself conducted pioneering scientific work with his research
group. His contributions to the developments of e.g. the so-called y-TAS (micro-Total chem-

1. www.chimia.ch.
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ical Analytical Systems, i.a. the combined FIA techniques, cf. Chapt. 8.2, p.271ff) and other
analytical chips in the sense of integrated analytical y-components have been seminal.
Following his more than 100 scientific papers in 1998 quasi as his legacy, for education in
analytics a Curriculum of the FECS (Federation of European Chemical Societies) was pub-
lished." Since | had been acquainted with H. M. Widmer, he enabled annual excursions for
“my” students into his research group at Ciba-Geigy AG in Basel. These insights into indus-
trial analytical research had been most impressive and continued over many years.

Figs. 1.3.1 and 1.3.2 illustrate the developments far into the 1980s and provide an example
of spectroscopic reaction monitoring. In the first place a crucial factor for the success of ana-
lytical methods in industrial applications was their increase in speed. As Fig. 1.3.1 — using
the examples of GC and - demonstrates, both separation methods fell below the former
threshold value of innovation of ca. 60s only in the 1980s. The step below this value allowed
the transition from retrospective (i.e. analysis of the product after the end of the production
process) to diagnostic analysis (during the production process) on the time scale of se-
conds, i.a. with the help of the combination of FIA and TOF-MS (Time Of Flight MS, i.e. dis-
crimination of ions with different mass/charge ratios m/z via their flight time from the ion
source to the detector).

10 | preparative GC A‘ preparative
days - 22\'\ \ LC
- > - \
1r computer-assisted
10 . '
computer-
hours assisted GC/MS
1+
10 MS
minutes threshold value
1 of innovation
10
seconds
1 ! 1 1 | 1 1 i
1950 1960 1970 1980 1990

Fig. 1.3.1. Development of Analytical Methods in Relation to Time Requirement

1. R. Kellner, J.-M. Mermet, M. Otto, H.M. Widmer (Eds.), Analytical Chemistry: The Approved
Text to the FECS Curriculum Analytical Chemistry, Wiley-VCH, Weinheim, 1998; 2nd Ed.:
J.-M. Mermet, M. Otto, M. Valcarcel (Eds.), Analytical Chemistry, A Modern Approach to
Analytical Science, R. Kellner, H.M. Widmer (founding Eds.), Wiley-VCH, Weinheim, 2004,
ISBN 3-527-30590-4.
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Classical GC and LC (even with computer-assisted evaluations of results), preparative (me-
aning the separation of amounts in the mg to kg range, which allows for continuous proces-
sing of the separated components) or analytical, had been limited to manual sampling.
Today the so-called monitors with automated feeding of a partial gas flow to the detector in
GC or the automatic sampling by means of FIA (e.g. with the necessary dilution of samples)
in LC allow the analysis and evaluation of the analytical results within seconds.

Endpoint determination
of a methylation with dimethylsulfate (DMS)

—i- Degradation of DMS _
3 by hydrolysis g
t g
HEEE"H

e

R
Ll
|

Endpoint of
* methylation

e |

_I....';

ey

i
: '
bl

Switchover point
to higher sensitivity

Fig. 1.3.2. On-line Detected Endpoint of a Methylation Reaction

Therefore nowadays the chemical industry is able to operate within borders that are deter-
mined by the instrumental analytical methods. This allows process control in the interest of
product quality, safety, industrial hygiene, and emission controls. The so-called MAC values
(Maximum Allowable Concentrations) can be measured no longer only in ppm (107 g/g),
but in ppq (10‘15g/g). The final quality control of the end product ideally is complemented by
monitoring analytes of processes in flowing material systems (e.g. FIA via optical fibers
combined with UV/Vis or IR spectrometers). In this sense the common terms on-line, in-line,
and in-time for the type of analytical process controls have to be understood. H. M. Widmer
had used the term “soft chemistry” (sanfte Chemie), which refers to these process controls
with all the immense benefits for safety, industrial hygiene, reduced amounts of waste prod-
ucts, and for emission control. Modern analytics are an impressive example of fundamental
research that is not primarily “profit-oriented”. Although at the beginning successful applica-
tion areas for results can be sensed on the distant horizon, they cannot be planned.
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Particularly impressive in regard to this statement stands NMR spectroscopy with its at the beginning not
foreseeable potential in all areas of research, technology, and medical science. Four Nobel Prizes have
been awarded: to F. Bloch! together with E. M. Purcell? (1952), R. R. Ernst® (1991), K. Withrich* (2002,
together with J. B. Fenn and K. Tanaka) and to P. C. Lauterbur® together with Sir P. Mansfield® (2003). The
pioneers of the experimental confirmation of the NMR phenomenon, Bloch and Purcell, most likely had
not even dreamed of its application in the MRI technique (Magnetic Resonance Imaging). Nuclear mag-
netic resonannce imaging today constitutes an invaluable part of diagnostic medicine (recognizing de-
seases), not only in regard to imaging but also in the qualitative and quantitative analysis of metabolic
processes.

Fig. 1.3.2 of a methylation reaction (i.e. the introduction of a methyl group —-CHs) with the
help of dimethylsulfate (DMS, CH30S0,0CH3;), the methylester of sulfuric acid (H,SO,4 or
HOSO,0H), shows the continuously in-time and on-line monitored endpoint. Details of such
results naturally are and will not be published in the interests of patent protection. However,
for the qualitative understanding of the diagram thus much: at the end of the methylation
reaction there is excessive DMS. The excess of DMS indicates the endpoint of the methyla-
tion and one of the hydrolysis products of DMS, e.g. sulfuric acid, is monitored (e.g. by op-
tical spectroscopy and with the help of a pH-indicator).

1.4 Economic Significance of Analytical Methods

The increase of the economic importance of analytics correlates with their foregoing descri-
bed developments. Fig. 1.4.1 and 1.4.2 do not descibe up-to-date values, but certainly de-
scribe the trends of increases. Fig. 1.4.1 specifically refers to the on-line analytics in process
control and includes extrapolations (not predictions) for the global market until 2000, based
on established data from the years 1990 and 1994. In Fig. 1.4.2 for the year 1994 the entire
analytical instruments market (including separation methods) is itemized according to ma-
nufacturers and methods. The data originate from Frost & Sullivan.”

1. Felix Bloch, Stanford University, Stanford, CA, USA, 1905 (Zurich) - 1983; 1952 Nobel Prize
in Physics “for their development of new methods for nuclear magnetic precision measure-
ments and discoveries in connection therewith”. F. Bloch, W.W. Hansen, M. Packard, Phys.
Rev. 1946, 69, 127.

2. Edward M. Purcell, Harvard University, Cambridge, MA, USA, 1912 - 1997, 1952 Nobel
Prize in Physics (cf. footnote 1). E.M. Purcell, H.C. Torrey, R.V. Pound, Phys. Rev. 1946, 69,
37.

3. Richard R. Ernst, ETHZ, Zurich, Switzerland, b. 1933; 1991 Nobel Prize in Chemistry “for his
contributions to the developments of the methodology of high resolution nuclear magnetic
resonance (NMR) spectroscopy”.

4. Kurt Wuthrich, ETHZ, Zurich, Switzerland, and Scripps Research Institute, La Jolla, CA,
USA, b. 1938; 2002 Nobel Prize in Chemistry “for his development of nuclear magnetic reso-
nance spectroscopy for determining the three-dimensional structure of biological macromole-
cules in solution”.

5. Paul C. Lauterbur, University of lllinois, Urbana, IL, USA, 1929 - 2007; 2003 Nobel Prize in
Physiology or Medicine “for their discoveries concerning magnetic resonance imaging”.

6. Sir Peter Mansfield, University of Nottingham, Nottingham, UK, b. 1933; 2003 Nobel Prize in
Physiology or Medicine (cf. footnote 5).

7. See Chemische Rundschau 1995, 11 and 16.
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Information on the latest data and trends can be ordered against “good payment” (in the order of magni-
tude of some 1O3$) for example from Frost & Sullivan (www.frost.com/prod/servlet/frost-home.pag). Mar-
ket analyses of this kind are indispensable for the foundation of a new business venture or for the launch
of research projects.

Analytics Systems for Process Control:

Global Market
Sales in
106§
1400 - 1339
1200 - 1174
1024
1000 -
814
800 -
600 -
400 -
200 -
1990 1994 1996 1998 2000

Fig. 1.4.1. Volume of Sales of Instruments for on-line Process Control
on the Global Market (1990 — 2000)

Some additional data complement the economic aspects of analytical methods. At the be-
ginning of the 1990s the Swiss gross national product accounted for ca. 220 Mrd. CHF, with
contributions from agriculture of ca. 4 and the banking sector of ca. 10%. The contribution
of analytics - including chemical industry, comestible goods, academia, medical institutions,
research at academia, environmental protection, toxicology, forensics, and archeology (in
the sense of conservation of objects of art and authentication) — had been estimated to ac-
count for1ca. 9 Mrd. CHF (i.e. of the order of magnitude of the contribution of agriculture of
ca. 4%).

In 2000 for 1995 the following data were published as the result of a commissioned study
(1996) for the DTI (Department of Trade & Industry, England):? the total amount of analytics
in the gross national product of the English economy amounted to 7 Billion pounds, corres-
ponding to ca. 1%.3 Recently, under the rubric market analysis for 2004, the analytical net-
work analytica-world published a worldwide volume of sales of the German analytics sector
of 4.3 Mrd. Euro including extrapolations for 2005.% Even without actual figures, which are
available only to a limited extent, from the above data the significant market volume of ana-
lytics is very evident.

H.M. Widmer, Chimia 1990, 44, 298.

B. Perry, J. Ray, Chem. Industry (London) 2000, 75, 495.

According to American nomenclature 1 Billion = 1 Mrd. = 108 Mill. (cf. also Tab. 3, p.320).
www.analytica-world.com/id/38277 (date: 2005-05-27).

hPODN~
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Fig. 1.4.2. World Market of Instruments according to Sales, Manufacturers
and Analytical Methods (1994)

1.5 On the Conception of the Book

The spectroscopic methods described in this book have in common the interactions of dif-
ferent sized molecules with specific wavelength ranges of the electromagnetic spectrum. In-
teractions mean absorption of energy from a particular spectral region. The discussed
wavelength or respective frequency ranges (cf. Chapt. 2.1, p.15) are: the UV and visible re-
gion, the near Infrared, the Infrared, the ESR and the NMR region. The basic physical prin-
ciples of these interactions with the “light” in these spectral regions together with all
deducible consequences constitute the structure of this book as an unbroken thread. The
conventional view of spectral regions, i.e. of the spectroscopic methods, is replaced by the
view of physical phenomena, by which these spectroscopic methods are interrelated. The
interactions of molecules within the particular spectral regions affect very different elements
of molecular structure: valence electrons, bonds between atoms, the nuclear spins of atoms
or the spins of electrons. Besides the principal similarities these interactions mean as well
differencies between the spectroscopic methods with important consequences. These
aspects are the central themes of Chapters 3 and 4.

11
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In Chapter 2 | describe the electromagnetic spectrum, including some comments on the de-
velopments (state of technology, costs etc.) of the available instruments, particularly with re-
gard to NMR spectroscopy. To aid in the understanding of these aspects prior reading of the
central Chapters 3 and 4 is advised.

Chapter 5 addresses the various different methods and results of spectroscopy of analytes
in the four phases (from gas to solid state). Chapter 5.5 (p.157) inter alia concerns an often
neglected item: the preparation of analytes. Their concentrations must be adjusted to the
sensitivity of the respective analytical method. Also there is the principal issue of whether
the analyte should be analyzed in the solid or in the liquid (mostly in solution) state. This
question concerns not only NMR spectroscopy but all spectral regions. Chapter 5.4 (p.139)
primarily is devoted to solid-state NMR spectroscopy and how the results differ from those
of NMR of solutions. In NMR and ESR spectroscopy the effects of phase of the analyte are
particularly distinctive. As for the optical regions of the electromagnetic spectrum (UV to IR)
the nature of the problem should define the phase of the analyte for the analysis.

Chapter 6 addresses the differences between the classical CW (Continuous Wave) and FT
(Fourier Transform) spectroscopy. The transition from CW to FT spectroscopy is an imme-
diate outcome of the development of computer technologies (described in Chapter 1.3, p.6).
Without fast computers the FT technique would not be available and ESR and NMR spec-
troscopy would not have achieved their relevance today. The same applies to all multidi-
mensional spectroscopies in the optical (UV/Vis to IR) as well as in the resonance region
(ESR and NMR) and for time requirements (e.g. in process control) of optical methods on
the time scale of seconds.

In Chapter 7 important aspects of the two- and three-dimensional (2D, 3D) methods are dis-
cussed. For the nonspectroscopist at first view the term 2D spectroscopy is incomprehen-
sible, since spectra as “images” of absorption processes always are two-dimensional.
Chapter 7 will clarify this point.

Chapter 8 describes the application ranges, the importance and the limits of the individual
spectroscopic methods. Since even at the absolute zero point on the thermodynamic tem-
perature scale (0 Kelvin K or -273.15°C) all molecules are still flexible, we also have to con-
sider the dynamic aspects of spectroscopic methods (Chapt. 8.3, p. 284). Besides structure
analyses (Chapt. 8.1, p.208) concentration and kinetic measurements constitute a wide ap-
plication range (Chapt. 8.2, p.270). The physical and therefore measurement basis for the
determination of diffusion constants is also the basis for imaging ESR and NMR spectros-
copy (Chapt. 8.4, p. 293). The terms opt(r)odes and sensors refer to a perfected, mainly au-
tomated analysis, for example in process control. Tandem or combined methods have been
briefly characterized already in Chapters 1.1 and 1.3. The application of sensors i.a. is lin-
ked to tandem methods (Chapt. 8.5, p. 304). Chapter 8.6 (Chemometry, p.307) is a short
description of statistical computer-aided evaluations of analytical data and their applicati-
ons.

Chapter 9 addresses the conventions of the communication of spectroscopic data, which
ensure the compatibility of data from various origins.

12
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Concluding with Chapter 10 | have collocated a selection of textbooks from the spectrosco-
pic literature as well as my personal favorite books. Aside a few exceptions | do not cite sci-
entific original papers." By nature these exceptions are selected subjectively and
predominantly concern prominent physical and spectroscopic developments.

In the Addendum the reader finds Tables with conversion factors, constants etc. Wherever
in the text, in Tables or in Figures numerical values are quoted, they originate from standard
works on the particular methods.

Investigating molecules by means of the discussed spectroscopic methods, each of them
delivers a specific insight into the structure and the properties of these molecules. The sum-
mation of all information eventually yields an overall picture, which allows for the understan-
ding of the properties of these molecules. My description of the various spectroscopies in
this book should also be understood in this sense. The sum of the individual Chapters
should provide an overall picture of the spectroscopies, which concern the reversible ab-
sorption of energy from the electromagnetic spectrum.

Within Chapters 3 and 4, which describe the physical phenomena of spectroscopic proces-
ses, the individual spectral regions - to aid navigation by the reader — are discussed in terms
of decreasing energies of the absorbed electromagnetic radiation (from UV through IR up
to NMR spectroscopy) and are compared with each other. Therefore, Chapters 3 and 4 are
structured into five Subchapters finishing with Subchapters 3.5 and 4.5 containing compa-
rative summaries.

Chapter 6 on CW and FT measurement techniques and Chapter 7 on two- and three-dimen-
sional (2D and 3D) spectroscopies primarily are based on NMR spectroscopy with cross re-
ferences to the other spectroscopic methods. Particularly the description of two- and three-
dimensional spectroscopies within this book for nonspectroscopists has been a challenge.
Since their discription cannot be missing from a book on modern spectroscopies, | have
attempted to describe their physical basis in an elementary, comprehensible and con-
densed form.

| have described the themes in all Chapters with the ambition, that each Chapter alone pro-
vides the essential information for its specific comprehension. Numerous cross references
assure the conjunctions between the physical interrelations.

Readers, who want to concentrate on the physical principles and interrelations, can confine
themselves to Chapters 2 to 4. It is one of the benefits of the presentation in hand, that in-
dividual requirements for information allow for the extent of occupation with the themes of
this book. The reading of Chapters 2 to 4 can be amended - according to information de-
mands - by the reading of Chapters 1 and 5, and 6 to 9. For the reader skilled in one or the
other spectroscopy the two Subchapters 3.5 and 4.5 are particularly informative. And ano-
ther aspect of the presentation of the themes in this book: | have discriminated supplemen-
tary information from the fundamental physical interrelations by fine print or footnotes (quasi

1. On the one hand these are to be found in the cited books and on the other hand are acces-
sible in industry and in academia from online databases: e.g. SciFinder, American Chemical
Society (scifinder.cas.org) or reaxys (www.reaxys.com). For some short additional informa-
tion see www.infochembio.ethz.ch/en/db.html.
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a distinction of important to know from nice to know). Naturally this distinction is a subjective
one. The in Chapter 10.2 cited compendium Essential NMR of Bernhard Blimich allows a
similar selection between independent Chapters on NMR spectroscopy and its applications.
Apart from this compendium to my knowledge two other books in the documented literature
to some extent pursue a similar concept. In the first one' however the focus is, as the sub-
title shows, a predominantly technical one. In the second book, meanwhile ca. 35 years old,
the authors partly follow an analogous concept, in as far as the methodical collocation of the
spectroscopies is not entirely consequent and is mingled with application-oriented Chapters
and some on categories of compounds (i.e. the book of Pierre Laszlo and Peter Stang in
Chapt.10.2).

Finally, a concluding comment to all data specified in this book (for instance bond lengths,
electronegativities, coupling constants, or relaxation times): In contrast to the rightly strict
scientific practice | have abandoned the citation of the origins of the data. The wide range
of the book and its limited volume requires this. All data originate from the books mentioned
in Chapter 10 and the original papers cited in those, and as well are to be found in the above
named databases (footnotes 1, p.13 and 43).

1. D.W. Ball, The Basics of Spectroscopy, Tutorial Texts in Optical Engineering, Vol. TT49;
Arthur R. Weeks, Jr. (Ser. Ed.), SPIE PRESS, Bellingham, Washington, 2001.
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2 The Electromagnetic Spectrum

2.1 Its Regions and Present-Day Comprehension

As Fig. 2.1.1 shows, the electromagnetic spectrum ranges from cosmic rays (mainly pro-
tons) at the short-wave side in the femtometer-range (fm, 10""%m, 1023 Hz) to the alterna-
ting current region at the long-wave side in the megameter-range (Mm, 10%m, 10° Hz).
Between these boundaries there lie i.a. the regions of y-rays (from nuclear transformations
and reactions), of X-rays (or Réntgen-rays, see Tab. 6, footnote b, p.322) of different ener-
gies, of the terahertz-rays (THz, 10"2Hz, very long-wave heat radiation), as well as the mi-
crowave and radio frequency regions. The UV/Vis, NIR and IR regions in the nm- to mm-
range follow one another directly. The ESR and NMR regions are located in the cm- and m-
range of the electromagnetic spectrum.

alternating currents cosmic rays
(Mm, kHz) ESR NIR Uv (fm, 1023 Hz)
e S i >
. NMR , IR Vis
radio- micro- X- Y-
frequencies waves rays rays
3km A 3m 3mm 3p 3nm 3pm
5 logv 8 Hz 11 14 17 20

3.99x10% E 399107 3.99x102 39.9 kJmol! 399x10°>  39.9x106

E=hv=hc/A

E = energy, v = frequency and A = wavelength of photons
h = Planck constant, ¢ = speed of light

Fig. 2.1.1. The Electromagnetic Spectrum at a Glance

As a result of reactions with and absorptions by the protective atmosphere predominantly the relatively
lower-energy, longer-wave range of the spectrum from ca. 200 nm arrives on our earth. The short-wave
UV-region, in particular the UV-C (< 290 nm) and partly the UV-B (ca. 290 to 320 nm), is absorbed by the
gas ozone (O3) in the atmosphere. In the context of the so-called ozone holes this is wellknown. These
holes result from degradation of the ozone (with formation of oxygen, O,) in its reactions with photolytically
(i.e. by catalytic photons of the solar radiation) accumulated radicals. These radicals are products of our
partly substantially reduced industrial emissions, such as for example the chlorofluorocarbons (CFC, e.g.
from cooling aggregates), CO, (combustion of carbonic energy sources), or methane (i.a. from agricultu-
re). In contrast UV-A (ca. 320 to 400 nm, together with UV-B) is essential on the one hand for the genera-
tion of vitamin D, but on the other hand it causes sunburn (actinic dermatitis) and affects the eye.

The relation E = hvlinks the energy E of a photon y of the electromagnetic radiation with its
frequency v via the Planck constant h. Its wavelength 4 and the frequency v are inversely
proportional via v= c/A to the speed of light c. The reciprocal proportionality between 4 and
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2 The Electromagnetic Spectrum

v defines the connectivity of the three scale values A, v, and E in Fig. 2.1.1. The energies
of the electromagnetic radiation span a range of ca. 20 powers of ten. The Bohr' frequency
condition E (or AE) = hv states, that energy will be absorbed by a molecule, whenever the
energy gap AE between two states of this molecule satisfies the frequency condition. Hence
during registration of a spectrum all transitions between molecular states will be excited, of
which AE values fulfill this condition. By selection of the spectral region we select the nature
of transitions between molecular states. In Fig. 2.1.2, which defines the relevant sections of
the electromagnetic spectrum for the spectroscopic methods in this book, the common
measuring range is specified for each of these (IR, NIR, Vis, UV), except for ESR and
NMR.2 But for all of the methods a characteristic AE with the corresponding frequencies (in
Hz), wavenumbers (in cm™), or wavelength (in 1) is specified.>

IR: 2.5-20 1 (5000-500cm™) ¥ =v’=1/A(cm?)
NIR: 780 — 2500 nm (0.78 — 2.5 )

Vis: 420 — 780 nm

UV: 200 —420 nm

in a magnetic field B

NMR ESR IR NIR Vis UV
3m A 30cm 3cm 3mm 300p 30p 3u 300nm  30nm 3nm
8(logv/Hz) 9 10 11 12 13 14 15 16 17
AE = h v= hC/ﬂ H-NMR, 900 MHz:  3.591x10*
ESR, 9 GHz: 3.591x103
N.=6.022 x 1023 mol-! IR, 2000 cm!: 23.965
h A: 6.626 x 10.34 Js NIR, 1000 nm: 119.626
€, =2.998 x 105 ms’! Vis, 500 nm: 239.652
UV, 300 nm: 398.752

Fig. 2.1.2. The Electromagnetic Spectrum (NMR to UV) and typical AE Values

The fundamental condition E = hv is one of the results of the revolutionary development of
physics at the turn to and beginning of the 20th century. This period spans a few decades
and its description does not pertain to the objectives of this book. However, understanding
spectroscopy requires a short outline of the principal aspects of this development. Reduced
to the essentials it is a matter of the awareness that the classical laws of macroscopic phy-
sics do not suffice to explain the experimental observations in atomic and nuclear dimen-

N

See Footnote 1, p.19.

2. In the literature the definition of these “common” measuring ranges is not at all consistant
and not least a spectrometer-specific value. Nevertheless, the differences are negligible
regarding the principal aspects.

3. The values in kJ mol™! result from the Bohr frequency condition by multiplication of AE with

the Avogadro constant N, (see also p. 20 and 31).
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sions, for example the properties of elementary particles (such as electrons e, protons p, or
photons v). The investigations into the nature of electromagnetic radiation were even the
starting point for the insight: the properties of elementary particles can only be described
entirely by the assumtion of a duality. They have in a complementary sense wave as well
as particle character. Photons y have the energy E = hv, which is the product of their fre-
quency v and the Planck constant h (see footnote 2, p.18). The latter implies that the elec-
tromagnetic radiation is not a continuum, but consists of so-called light quanta, i.e. photons
with discrete energies (quantum: Latin, meaning indivisible). Furthermore, it follows as well
that atoms and therefore all molecules exist in discrete energy states only. These discrete
states of molecules are the premise and basis for the information content of spectroscopic
methods. A continuum would not provide any information. h quantizes (divides) the energy
states of matter and light energy into the smallest possible amounts.

A=clv I, (= amplitudes of E and M)

% A E = electric field
C 7‘ M = magnetic field

= amplitudes I, of
field vectors during A

unpolarized linearly polarized radiation and their orientations

&

Fig. 2.1.3. Quantities of the Electromagnetic Radiation and its Linear Polarization in z

Understanding the absorption of photons —in the optical (UV/Vis to IR) as well as in the re-
sonance region (ESR, NMR) - requires knowledge of the electric and magnetic field of the
electromagnetic radiation. The vectors of both fields oscillate (Latin, vibrate or swing) with
the frequency v perpendicularly to each other and to the propagation direction in x with the
speed of light c. Polarizers' transform natural unpolarized radiation, in which all orientations
of field vectors are present, into linearly polarized radiation, in which the vectors oscillate
only in one direction. Fig. 2.1.3 displays the field vectors of E (in z) and M (in y) in linearly
polarized form. The amplitudes /, of E and M define the intensities /p of the radiation as a
function of the number of photons/s The field vectors of £ and // each are the product of
two counter-rotating vector components. Hence linearly polarized radiation can be looked
at as superposition of two circular polarized waves. The relative phase of the two waves de-

1. They make use of different phenomena such as e.g. absorption, reflexion, birefringence, and
interference of the electromagnetic radiation.
2. Macroscopically measured as /g in W or J s
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termines the position of the polarization plane. Optically active (or chiral) molecules turn the
polarization plane of linearly polarized light via phase shifts as a result of different propaga-
tion speeds of the two circularly polarized waves (Fig. 2.1.4).

polarization plane
-1 L .
! polarization plane turned to the right

Fig. 2.1.4. Left (L) and Right (R) Polarization of the Electromagnetic Radiation

In the optical region a precondition for the absorption of photons is the parallel oscillation of
the vector of E (or one of the counter-rotating vector components) to the vibration direction
of the respective vector of the molecular response (see Chapt. 3.1 and 3.2, p.33 and 42).
Analogues are valid in the resonance region for one of the counter-rotating vector compon-
ents of the magnetic field \/ (see Chapt. 3.3 and 3.4, p. 50 and 59).

The terms quantum theory, quantum physics, or mechanics are used frequently and syno-
nymously, but they always implicate the aspect of the discrete noncontinuous states of mat-
ter. The very new term quantum biology carries this perspective over to the science of
biological macromolecular complex systems. The completion of classical physics by quan-
tum physics is bound to names such as A. Einstein, M. Planck,? P.R. de Broglie3, W. Hei-
senberg? (1925, quantum mechanics), and E. Schrédinger® (1926, wave mechanics).

1. Albert Einstein, Kaiser-Wilhelm-Institut (now Max-Planck-Institut) fur Physik, Berlin, 1879
(BRD) - 1955; 1921 Nobel Prize in Physics “for his services to Theoretical Physics, and
especially for his discovery of the law of the photoelectric effect”.

2. Max K.E.L. Planck, Universitat Berlin, 1858 — 1947; 1918 Nobel Prize in Physics “in recogni-
tion of the services he rendered to the advancement of Physics by his discovery of energy
quanta”.

3. Pierre R. de Broglie (Prince Louis-Victor), Sorbonne University, Paris, 1892 - 1987; 1929
Nobel Prize in Physics “for his discovery of the wave nature of electrons”.

4. Werner K. Heisenberg, Universitat Leipzig, 1901 - 1976; 1932 Nobel Prize in Physics “for
the creation of quantum mechanics, the application of which has, inter alia, led to the disco-
very of the allotropic forms of hydrogen”.

5. Erwin Schrédinger, Universitat Berlin, 1887 (Austria) - 1961; 1933 Nobel Prize in Physics
(with Paul A.M. Dirac) “for the discovery of new productive forms of atomic theory”.
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