
Chapter 3

Creators and Creations in Chemistry
and Materials Science

Alle Arnzneien sind auf der Erde, aber es
fehlen die Menschen, die sie pflücken würden.
Sie sind zur Ernte gereift, aber die Schnit-
ter sind nicht gekommen. Wenn einmal die
Schnitter der rechten Arznei da sein werden,
dann werden wir ohne Hinderung durch leere
Sophistik die Aussätzigen reinigen und die
Blinden sehend machen. Denn diese Kraft
liegt in der Erde und sie wächst überall. [...]

Die Natur ist so sorgfältig und genau in
ihren Dingen, daß man sie ohne große Kunst
nicht verwenden kann; denn sie bringt nichts
an den Tag, was an sich vollendet wäre.
Alles hat der Mensch zu vollenden. Diese
Vollendung heißt: Alchemie... Und der ist ein
Alchemist, der alles, was in der Natur den
Menschen zum Nutzen wächst, zu seinem von
ihr bestimmten Ende führt. [...] Deswegen
soll mehr Fleiß darauf verwendet werden, um
mehr daraus zu gestalten! [...]

All the remedies are on earth, but we lack the
men to gather them. They are ready to be
harvested, but the reapers have not come. But
one day the reapers of the right remedies shall
come, and undeterred by empty sophistry we
will cleanse the lepers and make the blind see.
For this power is concealed in the earth, and
it grows everywhere. [...]

Nature is so careful and exact in her cre-
ations that they cannot be used without great
skill; for she does not produce anything that
is perfect in itself. Man must bring everything
to perfection. This work of bringing things to
their perfection is called alchemy... And he is
an alchemist who carries what nature grows
for the use of man to its destined end. [...]
For this reason more diligence should be spent
on alchemy, in order to obtain still greater
results! [...]
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Gott hat Eisen gescha↵en, aber nicht das,
was daraus gemacht werden soll... Das Weitere
hat Er dem Feuer anbefohlen und dem Vul-
canus, der des Feuers Herr ist... Daraus folgt,
daß das Eisen zuerst von seinen Schlacken
gereinigt und dann zu dem geschmiedet wer-
den muß, was aus ihm entsehen soll. Das
nennt sich Alchemie, das ist der Schmelzer—
der Schmied—, der Vulcanus heißt. Was das
Feuer tut, ist Alchemie—auch im Ofen, oder
auch im Küchenherd.

God created iron but not that which is to be
made of it... He enjoined fire, and Vulcan, who
is the lord of fire, to do the rest... From this
it follows that iron must be cleansed of its
dross before it can be forged. This process is
alchemy; its founder is the smith Vulcan. What
is accomplished by fire is alchemy—whether in
the furnace or in the kitchen stove.

Paracelsus. ca. 1536. In Jolande Jacobi, ed. 2002. Paracelsus: Lebendiges Erbe.
St. Goar: Reichl. pp. 96–97. English translation adapted from Norbert Guterman.

As with biology, during the nineteenth century, intellectual leadership in chemistry and materials
science passed from scientists in other countries (primarily France, the United Kingdom, and Swe-
den) to German-speaking scientists. As covered in this chapter, creators from the predominantly
German-speaking central European research world then made enormous contributions to inorganic
chemistry, organic chemistry, the chemistry of foods and drinks, chemical explosives, chemical war-
fare agents and pesticides, physical chemistry, polymers, ceramics, metallurgy, and other aspects of
chemistry and materials science.1 German-speaking creators also made numerous contributions to
other chemistry-related areas such as biochemistry (Chapter 2), earth science (Chapter 4), physical
chemistry (Chapter 5), and nuclear chemistry (Chapter 8).

1In addition to specific references that are cited in di↵erent areas throughout this chapter, this chapter makes
use of general biographical and project information from: ACLS 2000; Albrecht et al. 1992; Ash and Söllner 1996;
Bar-Zohar 1967; Bower 1987; Bunch and Hellemans 2004; Challoner 2009; Cornwell 2003; Crim 2018; EB 1911, 2010;
Gillispie 1970–1990; Gimbel 1990a; Glatt 1994; Hall 2019; István Hargittai 2006, 2011; Linda Hunt 1991; Impey et
al. 2008; Jacobsen 2014; Koertge 2007; Kurowski 1982; Lasby 1971; Lusar 1956, 1971; Medawar and Pyke 2000; Mick
2000; Murray 2003; Nachmansohn 1979; NDB 1953–2020; Neufeld 2012; Nouzille and Huwart 1999; O’Reagan 2014,
2019; Porter 1994; Charles Walker 1946; Peter Watson 2010; Weitensfelder 2009.

For coverage of major portions of the history of chemistry and materials science in the German-speaking
world, see: Abelshauser et al. 2004; Brock 1993; Bugge 1955; Co↵ey 2008; Deichmann 2001; Drummer and Zwilling
2007; Engels et al. 1989; Farber 1961; Haber 1958, 1971; Ihde 1984; Johnson 1990; Kahlert 2002; Lesch 2000; Maier
2015; Marsch 1994a; Neufeldt 2003; Partington 1935, 1957, 1964; Peppas 2013; Rosner 2004; Sasuly 1947; Scerri
2006; Schwenk 2000; Soukup 2007; Teltschik 1992; Ungewitter 1938; Weeks and Leicester 1968; Welsch 1981; Werner
2017.

I have deliberately left a blank space where images of some creators or creations should go.
Those are people or projects that I felt were important enough that they should definitely be shown in this book,
yet I have not yet been able to locate a suitable image that I have permission to use, despite my searches in Europe
and in the United States. If readers have any relevant images and could send them to me, I would be very grateful
and will include them in future editions of this book. Even where a suitable photo cannot be located, I believe that
leaving a blank space pays tribute both to the scientific importance of that creator or creation and to how that
historical fact has been very nearly forgotten.
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In 1946, the American journalist Charles Lester Walker provided a useful contemporary perspective
on chemistry and materials-related creations that were transferred out of the German-speaking
world [Charles Walker 1946]:

Mica was another thing. None is mined in Germany, so during the war our Signal Corps
was mystified. Where was Germany getting it?

One day certain piece of mica was handed to one of our experts in the U.S. Bureau of
Mines for analysis and opinion. “Natural mica,” he reported, “and no impurities.”

But the mica was synthetic. The Kaiser Wilhelm Institute for Silicate Research had
discovered how to make it and—something which had always eluded scientists—in large
sheets.

We know now, thanks to FIAT teams, that ingredients of natural mica were melted in
crucibles of carbon capable of taking 2,350 degrees of heat, and then—this was the real
secret—cooled in a special way. Complete absence of vibration was the first essential.
Then two forces directly perpendicular to each other were applied. One, vertically, was
a controlled gradient of temperature in the cooling. At right angles to this, horizontally,
was introduced a magnetic field. This forced the formation of the crystals in large
laminated sheets on that plane.

“You see this . . .” the head of Communications Unit, TIIB, said to me. It was metal,
and looked like a complicated doll’s house with the roof o↵. “It is the chassis or frame,
for a radio. To make the same thing, Americans would machine cut, hollow, shape,
fit—a dozen di↵erent processes. This is done on a press in one operation. It is called the
‘cold extrusion’ process. We do it with some soft, splattery metals. But by this process
the Germans do it with cold steel!

Thousands of parts now made as castings or drop forgings or from malleable iron can
now be made this way. The production speed increase is a little matter of one thousand
per cent.”

This one war secret alone, many American steel men believe, will revolutionize dozens
of our metal fabrication industries.

In textiles the war secrets collection has produced so many revelations, that American
textile men are a little dizzy. There is a German rayon-weaving machine, discovered
a year ago by the American ‘Knitting Machine’ Team, which increases production in
relation to floor space by one hundred and fifty percent. Their “Links-Links” loom
produces a ladderless, runproof hosiery. New German needle-making machinery, it is
thought, will revolutionize that business in both the United Kingdom and the United
States. There is a German method for pulling the wool from sheepskins without injury
to hide or fiber, by use of an enzyme. Formerly the “puller”—a trade secret—was made
from animal pancreas from American packing horses. During the war the Nazis made it
from a mold called aspergil paraciticus, which they seeded in bran. It results not only
in better wool, but in ten per cent greater yield.

Another discovery was a way to put a crimp in viscose rayon fibers which gives them
the appearance, warmth, wear resistance, and reaction-to-dyes of wool. The secret here,
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our investigators found, was the addition to the cellulose of twenty-five per cent fish
protein.

But of all the industrial secrets, perhaps, the biggest windfall came from the laboratories
and plants of the great German cartel, I. G. Farbenindustrie. Never before, it is claimed,
was there such a store-house of secret information. It covers liquid and solid fuels,
metallurgy, synthetic rubber, textiles, chemicals, plastics. drugs, dyes. One American
dye authority declares:

It includes the production know-how and the secret formulas for over fifty thousand dyes.
Many of them are faster and better than ours. Many are colors we were never able to
make. The American dye industry will be advanced at least ten years.

Gottfried Plumpe, a historian of science who wrote one of the most comprehensive studies of
I.G. Farben’s chemical research programs [Plumpe 1990], summarized his findings about why the
German chemical industry was so innovative [Caron 1995, pp. 163–173]:

When the companies merged to form the IG Farben in 1926 they had a total of 25 large
laboratories employing over 3,700 people. [...]

Cooperation with external researchers and research institutes traditionally played an im-
portant role in developing the innovative potential of the company. It is no exaggeration
to say that there was a close network of cooperation between chemical companies and
universities, and that this formed the basis for the development of the German chemical
industry. Outstanding examples from the years prior to the merger include the synthesis
of indigo and ammonia, the development of the first medicines and chemotherapy. Fa-
mous names from this period include Adolf von Baeyer, Fritz Haber, Wilhelm Filehne,
Paul Ehrlich and Hermann Staudinger.

The basic research carried out by external institutes was essential for industrial R&D.
The universities also ensured a supply of qualified personnel both for the research lab-
oratories and for the production plants. A close and trusting relationship between the
company and universities was thus an integral part of IG Farben’s research strategy. The
importance accorded to this is reflected by the fact that the Board of Management itself
rook charge of maintaining these contacts. The founding fathers of IG, men like Carl
Duisberg, Carl Bosch and Arthur von Weinberg, regarded themselves at least partially
as scientists and undertook this task personally. In 1931, when the Central Committee
was set up, it was agreed unanimously that one of its nine members should have special
responsibility for these research contacts.

IG Farben has often been accused of having no uniform R&D strategy, unlike the Anglo-
American corporations. I do not believe that this is true. IG management most definitely
did have a basic objective—we need only think of its declared aim of becoming a di-
versified company capable of synthesizing all organic products. Given the size of the
company and above all the diversity of its activities this objective could never manifest
itself in the form of a single “grand design”. The most important factor behind the
company’s R&D policy was the fact that all members of the management team shared
the basic conviction that R&D was essential for the company’s future and that there
was general agreement on the basic aims.
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In the relatively prosperous years following the merger, when the company was earning
high profits, this meant that almost every project received authorization and financial
support. Costs expanded accordingly, with research expenses reaching ten per cent of
sales in the 1920s, the highest level in the company’s short history.

[...] About a third of all university graduates working for IG were employed in research.
In 1929/30 there were about 1,100 scientists on the payroll. By 1932 the number had
fallen by about 100, partly through redundancies and partly through natural wastage.
During the 1930s the number of researchers gradually rose again, reaching a high point of
1,300 in 1940. During the war it fell back to 1,000. This decline becomes more significant
if we compare it with the development of the total workforce. In 1929 research scientists
represented just one per cent of the workforce. This rose to 1.5 per cent during the
Depression because considerably more labourers and clerical sta↵ lost their jobs than
researchers. By 1939 researchers only represented 0.8 per cent of the workforce and by
1944 this had dropped to 0.5 per cent. [...]

It is never as easy to quantify the results of R&D and their economic impact as it is to
describe organizational structures. It is a well-known fact that the number of patents
is only a very rough indicator because it says nothing about the importance of the
processes and products they refer to. Nevertheless, the figures give some indication of
activity. IG Farben obtained an extremely large number of patents, roughly correspond-
ing to its spending on R&D.

The number of patent applications rose in the 1920s, dropped during the Depression and
then increased again through the 1930s. Between 1928 and 1930 IG Farben submitted
more than 2,000 patent applications a year in Germany and almost 10,000 worldwide.
In the thirties IG Farben had more patents than any other company in the world. At
the start of 1939 it held over 5,000 patents in Germany and about 34,000 in other
major countries throughout the world, including 5,300 in the USA, about 4,000 in the
UK, 3,700 in France, 2,300 in Italy and nearly 900 in Japan. The majority—a good
third of the German patents—concerned dyestu↵s, while 13 per cent were for organic
intermediates and solvents, about 10 per cent each were for inorganic products and
medicines, eight per cent for photographic products and fibres and about six per cent
for the hydrogenation of mineral oil.

Plumpe also gave an overview of the wide range of innovations that came from the German chemical
industry [Caron 1995, pp. 163–173]:

A few details of the innovations made by IG Farben should give a clearer idea of what
all this meant. In the 1920s by far the largest project was the synthesis of mineral oil,
which was brought to a successful conclusion in 1932. The basic principle comprised
catalytic hydrogenation of solid carbon from lignite or hard coal, yielding aviation and
motor fuel, lubricants and hydrogenation gas. The high energy requirement meant that
these processes were less economical than those based on petrochemical feedstocks, and
they were only used in Germany during the Nazi period. However, the R&D work in this
field provided a wealth of material that was of wider use to the petrochemical industry
and is still important today.
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The second most important project was the synthesis of rubber, a project which the
companies had worked on prior to the merger and which was taken up again in 1926.
The project was largely abandoned during the Depression, but in 1935 came the break-
through with the development of styrene butadiene rubber. A modified form of this
synthetic rubber is the most important commodity rubber produced today. IG Farben
was also a pioneer in the development of plastics. Its achievements include polystyrene
(1929), the development of polyvinylchloride (PVC) into a usable engineering plastic
(1931) and the discovery of polyurethane in 1937. IG also developed a polyamide-based
synthetic fibre (Perlon) at around the same time as Du Pont (1935) and in 1941 it
produced the first polyacrylonitrile fibre.

Until the discovery of penicillin, IG was also a world leader in the field of chemotherapy.
Milestones in this field include the development of antimalarial drugs based on quinolone
derivatives, for example, Plasmochin (1924), Atebrin (1930) and, above all, the first anti-
bacterial sulphonamide (1935). A pioneering innovation in the field of crop protection,
phosphoric acid ester (mid-1930s), also belongs to the IG era.

The development of organic intermediates was extremely important for many areas
of the chemical industry from dyestu↵s through pharmaceuticals and crop protection
agents to films and plastics. The products developed are too numerous to be listed here,
but it is no exaggeration to say that the success of IG was largely due to its dominant
position in this field and that the organic intermediates were the foundation stone for
the development of modern chemical technology. In order to give a complete picture of
the breadth of research in the IG Farben, its work on inorganic and metal chemistry and
its pioneering role in the development of colour photography should also be mentioned.

Since there are no precise data on the contribution made by new products to the com-
pany’s sales and earnings, it is not easy to quantify their importance, and above all their
economic impact. However, I feel that the company’s steady diversification is evidence
of the importance of research in its development. Even when the merger was agreed in
1926 the name “Farbenindustrie” (dyestu↵s industry) was hardly appropriate for the
company as a whole. Nitrogen fertilizers were already generating a larger proportion of
sales than dyestu↵s, and the establishment of new commercial activities based on suc-
cessful innovations accelerated this trend, making IG Farben one of the most diversified
chemical companies by the 1940s.
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3.1 Inorganic Chemistry

German-speaking scientists made a huge number of important discoveries in inorganic chemistry,
including identifying large numbers of the elements, creating the periodic table of the elements,
and making a wide variety of other chemical innovations.2

Discoveries of elements

Once chemists realized in the eighteenth century that chemicals were composed of distinctive ele-
ments, there was an international race to purify, characterize, and name as many elements as possi-
ble. Several important scientists in that race were in Sweden, France, and the United Kingdom, but
arguably the largest plurality of element discoveries came from scientists in the German-speaking
world. The major German-speaking discoveries are summarized below. Note that some elements
are listed more than once, if they were independently discovered by di↵erent scientists, or first
discovered earlier but then characterized in much more detail later.

Carl Wilhelm Scheele (Pomerania, 1742–1786), shown in Fig. 3.1, was the earliest and most success-
ful German-speaking discover of elements. He discovered at least ten elements: hydrogen (1771),
nitrogen (1771), oxygen (1771), fluorine (1771), phosphorus (1774), chlorine (1774), manganese
(1774), molybdenum (1778), barium (1774), and tungsten (1781).

As illustrated in Fig. 3.2, Martin Klaproth (German states, 1743–1817) discovered six elements:
titanium (1795), strontium (1791), zirconium (1789), tellurium (1798), cerium (1803), and uranium
(1789).

FriedrichWöhler (German, 1800–1882) discovered five elements: beryllium (1828), aluminum (1827),
silicon (182?), titanium (182?), and yttrium (1828); see Fig. 3.3. He was also the first to synthesize
important molecules such as urea and calcium carbide.

Robert Bunsen (German, 1811–1899) and Gustav Kirchho↵ (German, 1824–1887), shown together
in Fig. 3.4, discovered cesium in 1860 and rubidium in 1861. Bunsen also created the carbon-zinc
battery; with Peter Desaga (German, 1812–1879) he created the Bunsen burner.

As shown in Fig. 3.5, Jean de Marignac (Swiss, 1817–1894) measured atomic weights with greater
precision than others had previously and also discovered three elements: samarium (1880), gadolin-
ium (1880), and ytterbium (1878).

Berta Karlik (Austrian, 1904–1990) and Traude Bernert (Austrian, 1915–1998) discovered short-
lived astatine in natural ore samples in 1942; see Fig. 3.5.

Carl Auer von Welsbach (Austrian, 1858–1929), shown in Fig. 3.6, was phenomenally successful
on fronts in science, engineering, and business. He discovered four elements: praseodymium (1885),
neodymium (1885), ytterbium (1905), and lutetium (1905). He also invented the gaslight mantle,
osmium wire, the metal filament incandescent lamp, and the flint metal lighter. Based on those
inventions and discoveries, he founded Auergesellschaft, Treibacher Industrie, and Osram.

2Brock 1993; Bugge 1955; Co↵ey 2008; Engels et al. 1989; Farber 1961; Ihde 1984; Johnson 1990; Kahlert 2002;
Maier 2015; Neufeldt 2003; Partington 1935, 1957, 1964; Scerri 2006; Weeks and Leicester 1968; Werner 2017.
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As illustrated in Fig. 3.7, Otto Berg (German, 1873–1939), Walter Noddack (German, 1893–1960),
and Ida Tacke Noddack (German, 1896–1978) discovered rhenium and technetium in 1925. In 1934,
Ida Tacke Noddack also correctly predicted how to produce neptunium and plutonium, which do
not exist naturally (p. 1224).

Other German-speaking discoverers of elements are shown in Figs. 3.8–3.11:

• Hennig Brand (German states, 1630–1692, Fig. 3.8) discovered phosphorus in 1669.

• Clemens Winkler (German, 1838–1904, Fig. 3.8) discovered germanium in 1886.

• Albertus Magnus (German states, 1193–1280, Fig. 3.8) discovered arsenic in 1250.

• Carl Jacob Löwig (German, 1803–1890, Fig. 3.8) discovered bromine in 1825.

• Karl Ernst Claus (Baltic German, 1796–1864, Fig. 3.8) discovered ruthenium in 1844.

• Friedrich Stromeyer (German states, 1776–1835) and Karl Hermann (German states, 1765–
1846) discovered cadmium in 1817; see Fig. 3.9.

• Ferdinand Reich (German, 1799–1882) and Hieronymous Theodor Richter (German, 1824–
1898) discovered indium in 1863; see Fig. 3.9.

• Franz-Joseph Müller von Reichenstein (Austrian, 1740–1825) discovered tellurium in 1782;
see Fig. 3.10.

• Jacques-Louis Soret (Swiss, 1827–1890) and Marc Delafontaine (Swiss, 1838–1911) discovered
holmium in 1878; see Fig. 3.10.

• Dirk Coster (Dutch, 1889–1950) and George de Hevesy (Hungarian, 1885–1966) discovered
hafnium in 1922; see Fig. 3.10.

• Georgius Agricola, or Georg Bauer (German states, 1494–1555, Fig. 3.10), discovered bismuth
around 1540. He conducted extensive work on metallurgy.

• Friedrich Ernst Dorn (German, 1848–1916, Fig. 3.11) discovered radon in 1900.

• Gerhard Carl Schmidt (German, 1865–1949, Fig. 3.11) discovered the radioactivity of thorium
in 1898; Marie Curie later confirmed that result.

• Kasimir Fajans (Polish, 1887–1975) and Oswald Helmuth Göhring (German, 1889–1915) dis-
covered the first isotope of protactinium in 1913; see Fig. 3.11.

• Otto Hahn (German, 1879–1968) and Lise Meitner (Austrian, 1878–1968) discovered a longer-
lived protactinium isotope in 1917; see Fig. 3.11.
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Figure 3.1: Carl Wilhelm Scheele discovered ten elements during the period 1771–1781.
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Figure 3.2: Martin Klaproth discovered six elements (including uranium) during the period 1789–
1803.



3.1. INORGANIC CHEMISTRY 375

Figure 3.3: Friedrich Wöhler discovered five elements, and was also the first to synthesize important
molecules such as urea and calcium carbide.
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Figure 3.4: Robert Bunsen and Gustav Kirchho↵ discovered cesium in 1860 and rubidium in 1861.
Bunsen also created the carbon-zinc battery; with Peter Desaga he created the Bunsen burner.
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Figure 3.5: Jean de Marignac measured atomic weights with greater precision and discovered samar-
ium, gadolinium, and ytterbium 1878–1880. Berta Karlik and Traude Bernert discovered short-lived
astatine in natural ore samples in 1942.
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Figure 3.6: Carl Auer von Welsbach discovered four elements; invented the gaslight mantle, os-
mium wire, the metal filament incandescent lamp, and the flint metal lighter; and founded Auerge-
sellschaft, Treibacher Industrie, and Osram.
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Figure 3.7: Otto Berg, Walter Noddack, and Ida Tacke Noddack discovered rhenium and technetium
in 1925. In 1934, Ida Tacke Noddack also correctly predicted how to produce neptunium and
plutonium, which do not exist naturally.
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Figure 3.8: Hennig Brand discovered phosphorus in 1669. Clemens Winkler discovered germanium
in 1886. Albertus Magnus discovered arsenic in 1250. Carl Jacob Löwig discovered bromine in 1825.
Karl Ernst Claus discovered ruthenium in 1844.
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Figure 3.9: Friedrich Stromeyer and Karl Hermann discovered cadmium in 1817. Ferdinand Reich
and Hieronymous Theodor Richter discovered indium in 1863.
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Figure 3.10: Franz-Joseph Müller von Reichenstein discovered tellurium in 1782. Jacques-Louis
Soret and Marc Delafontaine discovered holmium in 1878. Dirk Coster and George de Hevesy
discovered hafnium in 1922. Georgius Agricola discovered bismuth around 1540.



3.1. INORGANIC CHEMISTRY 383

Figure 3.11: Friedrich Dorn discovered radon in 1900. Gerhard Schmidt discovered the radioactivity
of thorium in 1898. Kasimir Fajans and Oswald Göhring discovered the first isotope of protactinium
in 1913. Otto Hahn and Lise Meitner discovered a longer-lived protactinium isotope in 1917.
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Creation of the periodic table of the elements

Johann Wolfgang Döbereiner (German states, 1780–1849), shown in Fig. 3.12, was the first to
realize that elements could be grouped by similar chemical properties. Among elements that were
known then in 1829, he found three examples of each type, later dubbed triads. He also discovered
platinum catalysts and used those to invent an improved lamp, which became widely used as the
world’s first fluid-filled instant lighter.

As illustrated in Fig. 3.13, Leopold Gmellin (German states, 1788–1853) expanded Döbereiner’s
triads into a connected table of known elements in 1843. Some other pioneers of periodic properties
of the elements included Max Joseph von Pettenkofer (German, 1818–1901, who also made im-
portant contributions to urban hygiene), Peter Kremers (German?, 18??–19??), and Ernst Lenssen
(German?, 1837–1870?).

Julius Lothar Meyer (German, 1830–1895) produced the first truly scientific periodic table of the
elements in 1862 and published it in his 1864 chemistry textbook, as shown in Fig. 3.14. Meyer’s
1864 textbook discussed in detail how the known elements fit into a periodic table that explained
all of the measured masses, densities, and valences of the elements (Fig. 3.15). It also predicted
new elements that would fill in gaps in the periodic table. Meyer presented data demonstrating the
periodic properties of atomic volumes, with peaks corresponding to the beginning of each row of
the periodic table. In 1868 he updated his periodic table with additional elements that had been
newly discovered (Fig. 3.16).

Dmitri Mendeleev (Russian, 1834–1907) left Russia to study chemistry with Robert Bunsen and
Gustav Kirchho↵ in Heidelberg in 1860–1861, visited Switzerland, and then returned to Russia.
During his chemistry studies in Germany and Switzerland, Mendeleev almost certainly would have
been exposed to the early periodic tables of Döbereiner, Gmellin, and others, although of course
there is no way to verify students’ discussions from the nineteenth century from the available written
records. Morever, it is quite likely that Mendeleev would have heard about the early work of Julius
Lothar Meyer, who also studied with Robert Bunsen and Gustav Kirchho↵ in Heidelberg around
the same time that Mendeleev was there. Meyer’s 1864 chemistry textbook that presented and
explained the periodic table was widely circulated in Europe, and copies would presumably have
been available in Russia after Mendeleev returned home.

After returning to Russia, Mendeleev did not even begin to develop his version of the periodic table
until 1869 (nine years after his immersion in the academic world of German chemistry, and five
years after the publication of Meyer’s detailed textbook on the periodic table), and did not finalize
it until 1879 [Scerri 2006, pp. 105, 112]. Rather than o↵ering any credible explanation about how
his version of the periodic table grew out of his earlier studies in Germany, Switzerland, and Russia,
Mendeleev claimed that the entire periodic table simply came to him in a dream, that he had never
heard of any earlier versions of the periodic table, and that it was entirely his idea. While Mendeleev
is widely called the originator of the period table nowadays, the evidence clearly demonstrates that
Döbereiner’s and Gmellin’s work preceded Mendeleev’s by decades, and that Julius Lothar Meyer
produced highly detailed versions of the periodic table backed by large amounts of experimental
evidence and accurate predictions years before Mendeleev, even including details that Mendeleev’s
later table did not.
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Figure 3.12: Johann Wolfgang Döbereiner was the first to realize that elements could be grouped
by similar chemical properties. Among elements that were then known in 1829, he found three
examples of each type, later dubbed triads. He also discovered platinum catalysts and invented an
improved lamp.
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Figure 3.13: Leopold Gmelin expanded Döbereiner’s triads into a connected table of known elements
in 1843. Some other pioneers of periodic properties of the elements included Max Joseph von
Pettenkofer, Peter Kremers, and Ernst Lenssen.
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Figure 3.14: Julius Lothar Meyer produced the first scientific periodic table of the elements in 1862
and published it in his 1864 chemistry textbook.
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Figure 3.15: Lothar Meyer’s 1864 chemistry textbook showed in detail how the known elements
fit into a periodic table that explained all of the measured masses, densities, and valences of the
elements. It also predicted new elements that would fill in gaps in the periodic table.
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Figure 3.16: Lothar Meyer presented data demonstrating the periodic properties of atomic volumes,
with peaks corresponding to the beginning of each row of the periodic table. In 1868 he updated
his periodic table with newly discovered elements.
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Other important contributions to inorganic chemistry

As illustrated in Fig. 3.17, Otto Schott (German, 1851–1935) founded the Schott glassworks in
Jena and created a number of special-purpose types of glass, including optical glass (1873, for
Zeiss microscopes to achieve the maximum di↵raction-limited resolution), lithium glass (1879),
and borosilicate glass (1887). Borosilicate glass is resistant to thermal stress (when exposed to
temperature changes, it expands and contracts less than normal glass, and therefore is much less
likely to shatter when heated or cooled), so it is still widely used to make glassware containers for
cooking and laboratory work.

Fritz Haber (German, 1868–1934) invented and Carl Bosch (German, 1874–1940) scaled up the
Haber-Bosch process for chemically synthesizing ammonia on an industrial scale for fertilizers and
explosives (rather than having to rely on limited natural sources, such as harvesting bat guano from
caves) [Hager 2008; Stoltzenberg 1994, 2005; Szöllösi-Janze 2015]. See Fig. 3.18. Haber won the 1918
Nobel Prize in Chemistry for this work. Å. G. Ekstrand, President of the Royal Swedish Academy of
Sciences, praised Haber’s accomplishment [www.nobelprize.org/prizes/chemistry/1918/ceremony-
speech/]:

Geheimrat Professor Haber. This country’s Academy of Sciences has awarded you the
1918 Nobel Prize for Chemistry in recognition of your great services in the solution of
the problem of directly combining atmospheric nitrogen with hydrogen. A solution to
this problem has been repeatedly attempted before, but you were the first to provide
the industrial solution and thus to create an exceedingly important means of improving
the standards of agriculture and the well-being of mankind. We congratulate you on
this triumph in the service of your country and the whole of humanity.

In 1962, Rudolf Hoppe (German, 1922–2014) created the first chemical compounds containing noble
gases, which had previously been believed to be chemically inert. See Fig. 3.19.

As shown in Figs. 3.20–3.23, many other German-speaking scientists made important contributions
to inorganic chemistry:

Richard Abegg (German, 1869–1910, Fig. 3.20) pioneered valence theory (including what is now
know as Abegg’s rule) and also measured the e↵ects of solutes on freezing point depression, osmotic
pressure, and other properties.

Wilhelm Biltz (German, 1877–1943, Fig. 3.20) made careful measurements of many inorganic molec-
ular weights and vapor pressures.

Otto Linné Erdmann (German states, 1804–1869, Fig. 3.20) conducted experiments with nickel and
indigo and also measured a number of atomic weights.

Otto Robert Fricke (German, 1895–1950, Fig. 3.20) was especially known for his work with oxide
hydrates.

Wilhelm Hampe (German?, 18??–19??, Fig. 3.20) studied the properties of metal-halogen com-
pounds.
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Siegfried Herzog (German, 1918–2011, Fig. 3.20) conducted research on a variety of compounds
containing metals or transition metals.

Kurt Issleib (German, 1919–1994, Fig. 3.21) created and studied a wide range of phosphorus com-
pounds, including phosphorus-containing drug molecules.

Wilhelm Klemm (German, 1896–1985, Fig. 3.21) made important discoveries in many areas of
inorganic chemistry, including intermetallic compounds, rare earths, transition elements, oxides,
fluorides, and magnetochemistry. As a student, teacher, or collaborator, he worked with many
other major inorganic chemists, such as Wilhelm Biltz, Rudolf Hoppe, Eduard Zintl, and others.

Wilhelm Manchot (German, 1869–1945, Fig. 3.21) was especially known for his work on a variety of
carbon monoxide reactions, but he also conducted research on silicides and other areas of inorganic
chemistry.

Eilhard Mitscherlich (German states, 1794–1863, Fig. 3.21) discovered isomorphism in crystals,
experimented with several acids and salts, studied catalysis, and measured the vapor pressures of
many volatile compounds.

Paul Pfei↵er (German, 1875–1951, Fig. 3.21) conducted research on ionic compounds and crystals.
He discovered salen ligands (complex molecular structures) as well as the Pfei↵er e↵ect of molecules
on optical rotation of polarized light.

Carl Friedrich Rammelsberg (German, 1813–1899, Fig. 3.21) studied phosphoric acid and made a
large number of important discoveries in chemical mineralogy that were relevant to both geology
and industrial mining.

Günther Rienäcker (German, 1904–1989, Fig. 3.22) focused especially on heterogeneous catalysts,
their mechanisms, and their applications.

Otto Ru↵ (German, 1871–1939, Fig. 3.22) was noted for his work in fluorine chemistry, high-
temperature chemistry, and several other areas of inorganic chemistry.

Robert Schwarz (German, 1887–1963, Fig. 3.22) conducted important research on the chemistry of
silicon, germanium, halogens, and peroxides.

Arthur Simon (German, 1893–1962, Fig. 3.22) harnessed Raman spectroscopy to determine molec-
ular structures. He also developed an electric furnace and a cryostat for chemical experiments.

Georg Ernst Stahl (German states, 1659–1734, Fig. 3.22) conducted some of the first detailed
chemical studies of reduction-oxidation reactions and fermentation reactions.

Alfred Stock (German, 1876–1946, Fig. 3.22) studied a number of areas of inorganic chemistry,
including boron hydrides, silicon hydrides, beryllium, and mercury toxicity. He created the Stock
system (e.g., “iron(II) chloride” for FeCl2) for naming binary chemical compounds that is still in
use today.



392 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

Erich Thilo (German, 1898–1977, Fig. 3.23) created and studied novel inorganic polymers composed
of silicates, as opposed to more conventional carbon-based polymers.

Hans von Wartenberg (German, 1880–1960, Fig. 3.23) developed techniques and compiled a large
amount of important data regarding high-temperature chemistry. He also did important work in
silicon chemistry.

Alfred Werner (Swiss, 1866–1919, Fig. 3.23) won the Nobel Prize in Chemistry in 1913 for his discov-
eries regarding the coordination chemistry of bonding and stereochemistry in inorganic molecules.
T. Nordström, President of the Royal Swedish Academy of Sciences, explained the importance of
Werner’s work [www.nobelprize.org/prizes/chemistry/1913/ceremony-speech/]:

The number of atoms or groups of atoms which can be linked in a first sphere with
the elementary atom functioning as centre, or which in other words can be coordinated
into complex radicals under direct linkage with an atom, Werner calls the coordination
number. This is a dearly defined numerical concept which is superior to other numerical
concepts designed to characterize a�nity saturation in that it is to some extent inde-
pendent of the nature and valence of the interconnected elementary atoms, in so far as
it has the same value for the great majority of elements. Only two such numerical values
have been demonstrated as yet, i.e. four for some elements, and six for the others.

By this approach of which only some principal characteristics can be mentioned here,
Werner explains the structure and origin of complex inorganic compounds. By widening
and deepening the concept of valence which incorporates his view he has succeeded in
bringing atomistic and molecular compounds together under a common point of view.
He has drawn a large number of diverse compounds into the range of his comprehensive
expert mental work and has thereby been able to establish a uniform system for large
groups of inorganic compounds. Werner’s approach has also exerted significant influence
on research in organic chemistry.

Werner’s theory has been supported in an extremely important and valuable manner by
the stereochemical researches which he carried out as a sideline, mostly in connection
with his work on the constitution of chemical compounds.

By virtue of his theory of the asymmetrical carbon atom, van’t Ho↵ became the real
founder of the stereochemistry of organic compounds, and it is Werner’s indisputable
merit to have introduced this approach to inorganic chemistry as well. Even in his earlier
investigations into certain metal ammonias he was able to show that numerous cases
of isomerism in complex cobalt and platinum compounds could only be satisfactorily
explained by steric approach. For complex radicals of a certain type he put forward a
steric theory—the octahedron theory—which predicted that certain of these compounds
must occur in two stereoisomeric forms, a prediction which has been confirmed by
experiment. By far the greatest interest in this field attaches also to the discovery he
made in the last few years, that certain cobalt, chromium, iron, and radium compounds
with an asymmetrical metal atom in the complex radical can be divided into two forms
which behave like mirror images and show di↵erences of the same kind as those in organic
mirror-image isomers, i.e. they are optical antipodes of each other. This discovery is a
splendid support for Werner’s theory. It has been called the most important discovery
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in chemistry in recent times, and his stereochemical work makes him the founder of
inorganic stereochemistry.

As to Werner’s research work as a whole we can with good reason agree with the
remark of an eminent research worker, that Werner’s theoretical and experimental work
in inorganic chemistry has opened up new paths of chemical research and is of positively
revolutionary significance. It is substantially his researches which have during the last
few decades set the trend of development in inorganic chemistry and have newly inspired
this branch of science which had been somewhat neglected during the last quarter of the
19th century, by giving it new impulses which have borne fruit in numerous di↵erent
special studies by various research workers.

Lothar Wöhler (German, 1870–1952, Fig. 3.23) spent his career studying oxidative reactions for
explosives, catalysts, and other applications.

Eduard Zintl (German, 1898–1941, Fig. 3.23) made important discoveries regarding intermetallic
compounds; his name remains associated with Zintl phases and Zintl ions.
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Figure 3.17: Otto Schott created optical glass, lithium glass, borosilicate glass. Borosilicate glass
is resistant to thermal stress and widely used for glassware containers for cooking and laboratory
work.
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Figure 3.18: Fritz Haber invented and Carl Bosch scaled up the Haber-Bosch process for producing
ammonia for fertilizers and explosives.
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Figure 3.19: In 1962, Rudolf Hoppe created the first chemical compounds containing noble gases,
which had previously been believed to be chemically inert.
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Figure 3.20: Other creators who made important contributions to inorganic chemistry included
Richard Abegg, Wilhelm Blitz, Otto Linné Erdmann, Robert Fricke, Wilhelm Hampe, and Siegfried
Herzog.
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Figure 3.21: Other creators who made important contributions to inorganic chemistry included Kurt
Issleib, Wilhelm Klemm, Wilhelm Manchot, Eilhard Mitscherlich, Paul Pfei↵er, and Carl Friedrich
Rammelsberg.
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Figure 3.22: Other creators who made important contributions to inorganic chemistry included
Günther Rienäcker, Otto Ru↵, Robert Schwarz, Arthur Simon, Georg Ernst Stahl, and Alfred
Stock.
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Figure 3.23: Other creators who made important contributions to inorganic chemistry included
Erich Thilo, Hans von Wartenberg, Alfred Werner, Lothar Wöhler, and Eduard Zintl.
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3.2 Organic Chemistry

German-speaking scientists dominated the development of organic chemistry, or the chemistry of
molecules that contain significant numbers of carbon atoms.3 Organic chemistry is especially impor-
tant since carbon-rich molecules include everything from biological molecules to pharmaceuticals
to synthetic polymers and dyes.

Ulrich Wengenroth, a scientific historian at the Deutsches Museum in Munich, summarized the
importance of the German-speaking world for organic chemistry (and vice versa) [Landes et al.
2010, pp. 290–291]:

The showcase of German science-based industry was undoubtedly organic chemistry.
From the 1880s until well after World War II German companies held a commanding
position in most products based on carbon hydrates, especially when it came to high-
value products like pharmaceuticals. The success story began with synthetic dyestu↵s
in the 1880s. Although the first synthetic dyestu↵s were created in France and England,
the latter in a laboratory set up by a student of the German chemist Liebig, it was
German firms, supported by academic chemists from universities and engineers from
polytechnics, that turned synthetic dyestu↵s into an industry with a highly methodical
and scientific approach.

Serendipity had it that hydrocarbons are at the root of three major product families:
dyestu↵s, synthetic materials, and pharmaceuticals. In looking for one, chemists would
inevitably find the others. They just had to find out what the properties of the respective
stu↵ were they had hit upon. This was done by massive testing on a hitherto unprece-
dented scale by hundreds of professionals in the laboratories of the big three (Hoechst,
Bayer, BASF) of the German chemical industry. In the words of Carl Duisberg, head
of Bayer, there was “nowhere any trace of a flash of genius” in the labs, just academic
toil and screening. Eventually his company found more than 10,000 synthetic dyestu↵s
before the eve of World War I, 2,000 of which were marketed. At the same time they had
hit on dyestu↵s that wouldn’t dye but could cure ills. Many twentieth-century drugs
are “failed dyes,” Valium being just the most profitable among them. Next to drugs a
host of synthetic materials was found “on the way” and gave rise to ever more scrutiny
when laboratories were testing newly synthesized chemicals.

Charts of tar-based products show a wide spectrum from explosives to anesthesia, Bake-
lite, and a number of synthetic dyestu↵s and their intermediates. It took the German
chemical industry’s competitors decades and the scrapping of all property rights in the
wake of the wars slowly to erode the position it had built by the turn of the century.

3Abelshauser et al. 2004; Brock 1993; Bugge 1955; Co↵ey 2008; Deichmann 2001; Drummer and Zwilling 2007;
Engels et al. 1989; Farber 1961; Haber 1958, 1971; Ihde 1984; Johnson 1990; Kahlert 2002; Lesch 2000; Maier 2015;
Marsch 1994a; Neufeldt 2003; Partington 1935, 1957, 1964; Peppas 2013; Rosner 2004; Sasuly 1947; Schwenk 2000;
Soukup 2007; Teltschik 1992; Ungewitter 1938; Welsch 1981.
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Friedrich Wöhler (German, 1800–1882), shown in Fig. 3.24, synthesized urea, discovered compound
radicals, and made other discoveries that helped to found the field of organic chemistry.

Justus von Liebig (German, 1803–1873) collaborated with Wöhler for part of his career, for example
in discovering compound radicals. As illustrated in Fig. 3.25, he taught large number of students
in his laboratory, creating generations of later chemists.

August Kekulé (German, 1829–1896) figured out the chemical bonds and structure of benzene
(1865) and other organic molecules; see Fig. 3.26.

Friedrich Beilstein (German, 1838–1906, Fig. 3.27) created the encyclopedic Beilstein’s Handbook
of Organic Chemistry in 1881 and continued to update its collection of organic molecules and
information during his lifetime. Other chemists have continued to update and maintain Beilstein’s
Handbook to this day.

Ernst Beckmann (German, 1853–1923) developed the Beckmann rearrangement (1886), shown in
Fig. 3.27, which later proved extremely useful for making Nylon and several important drugs. He
also invented the Beckmann freezing-point apparatus and thermometer.

As illustrated in Fig. 3.28, Carl Schotten (German, 1853–1910) and Eugen Baumann (German,
1846–1896) developed Schotten-Baumann reactions (1883), which are used to synthesize a wide
variety of useful organic molecules.

Friedrich Bergius (German, 1884–1949) created and Carl Bosch (German, 1874–1940) scaled up
the Bergius process for producing synthetic fuels under high pressures (1913), for which they both
won the Nobel Prize in Chemistry 1931. See Fig. 3.29. Professor W. Palmær, Member of the Nobel
Committee for Chemistry, announced the award
[www.nobelprize.org/prizes/chemistry/1931/ceremony-speech/]:

You, Professor Bosch, were the first to enrich the chemical industry with this powerful
tool, for the production of ammonia from the elements. Between the presentation of
the scientific bases of this synthesis and its industrial exploitation lay a mighty chasm,
which you bridged, inter alia, by the brilliant invention and construction of the high-
pressure apparatus. By doing so, you made it possible for nitrogen to be made available
to mankind in inexhaustible quantities, in a form suitable for agriculture, and even at
lower prices than hitherto. Furthermore, you developed high-pressure methods for the
production of other important substances. By virtue of this, the Academy wishes to
thank you and congratulate you, and requests you to receive the distinction from the
hands of His Majesty the King.

General Director Bergius. You undertook to tackle a problem which, in its importance
for humanity, can be compared with the solution of the nitrogen question. You have
shown how, by the injection of hydrogen under pressure, pit coal, brown coal, and
other carbon-bearing materials can be processed to liquid fuels which are considered
indispensable in modern life for the propulsion of ships and vehicles. You have thereby
obviated the danger which threatened of exhaustion of petroleum deposits, an event
which must have happened sooner or later. In your work, you arrived at the high-
pressure method quite independently. On the basis of your work, a powerful industry
has already been formed.

Similarly, in 1925 Franz Fischer (German, 1877–1947) and Hans Tropsch (Austrian, 1889–1935)
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created the Fischer-Tropsch process for synthesis of fuels and other hydrocarbons, as shown in Fig.
3.30.

Synthetic fuels played a huge role in the German-speaking world due to limited fuel sources.4. Due
to limited worldwide resources and concerns about global warming and pollution, such synthetic
fuels or similar approaches may have a renewed importance in the future.

Otto Diels (German, 1876–1954) and Kurt Alder (German, 1902–1958) developed Diels-Alder re-
actions (1928), which are very useful for producing polymers and other complex organic molecules.
They both won the Nobel Prize in Chemistry in 1950. See Fig. 3.31. Professor A. Fredga of the
Nobel Committee for Chemistry explained the importance of their work
[www.nobelprize.org/prizes/chemistry/1950/ceremony-speech/]:

Professor Diels, Professor Alder. More than two decades have passed since the day when
you sent in the first paper on “Syntheses in the Hydroaromatic Series” to the Editor of
the Annals. Much has happened since then—in Science, as well as in the world.

The reciprocal addition of the unsaturated compounds was at that time still somewhat
mysterious. The chemistry of the high polymer compounds belonged for the most part
to the future. You found it necessary to stress that the new substances which you ob-
tained so easily were not molecular compounds but were really new molecules, stable
and firmly bonded. New simple bonds had come into being of the old, well-known kind.
This identification has paved the way to a right understanding of the polymerization
phenomena of the unsaturated compounds, and through it you have very greatly ad-
vanced the development of high polymer chemistry and technics.

In this treatise you have even indicated how highly promising the consequences of the
low molecular compounds were for the future of chemistry. In the past years the synthesis
of dienes has, to be sure, achieved more than you could either foresee or predict when
you wrote your paper. But the general trend, the prophetic leading ideas are already to
be found in it.

You mention there the possibilities for discussion of several theoretically interesting
questions concerning the forces of attraction in polycyclic systems. You also mention
the practical consequences. The possibility of the synthetic production of complicated
natural substances or of compounds similar to them is, in your view, immediately in
prospect. Finally you indicate the possibility that this astonishingly rapid and smoothly
running reaction could also play a significant part in the processes of Nature.

Since 1928 the synthesis of dienes has been developed in various directions by numerous
workers, and its significance has become more and more obvious. You have yourselves,
partly together, partly independently, worked with great success in the field you have
opened up. The external circumstances were not always of the best for reasons which
we all know. We have been told that you, Professor Diels, were in the past years unable
to do any experimental work. And yet your thoughts played keenly upon scientific
problems and we hope that you will soon have the opportunity of approaching the
problems experimentally as well. You, Professor Alder, in spite of limited facilities for

4E.g., Becker 1981; Kastens et al. 1952; Krammer 1978, 1981; Lampe 1977; Albert Miller 1945; Schroeder 1945;
Sheldon 1945; Vieter 1980.
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work, are again fully active. During the past year you have, by your splendid work on
the steric and energetic conditions in the polycyclic systems, successfully maintained
your position as the leading research worker in this field.

As illustrated in Fig. 3.32, Otto Unverdorben (German, 1806–1873), Friedlieb Ferdinand Runge
(German, 1795–1867), Carl Fritzsche (German, 1808–1871), and August Wilhelm von Hofmann
(German, 1818–1892) synthesized aniline, which can be chemically modified to produce a wide
variety of colored dyes, explosives, and drugs.

Heinrich Caro (German, 1834–1910), Carl Gräbe (German, 1841–1927), and Carl Theodore Lieber-
mann (German, 1842–1914), shown in Fig. 3.33, synthesized alizarin red dye in 1868.

Adolf von Baeyer (German, 1835–1917), Karl Heumann (German, 1850–1894), Johannes Pfleger
(German, 1867–1957), and Rudolf Knietsch (German, 1854–1906) synthesized indigo dye. Adolf
von Baeyer won the Nobel Prize in Chemistry in 1905. See Fig. 3.34. Professor A. Lindstedt,
President of the Royal Swedish Academy of Sciences, explained the importance of von Baeyer’s
work [www.nobelprize.org/prizes/chemistry/1905/ceremony-speech/]:

Among the living research workers who have contributed directly or indirectly to the
unique development of the tar-dyestu↵ industry the place of honour goes to the Professor
at Munich University, Adolf von Baeyer, for his researches into the composition of indigo
as well as into the triphenyl methane dyestu↵s.

Indigo, the gorgeous pigment of the indigo plant, has been considered the most impor-
tant of all organic pigments on account of its beauty and colour fastness, and the annual
tribute which the West used to pay India for it amounted to a very considerable sum.
To reproduce the pigment by synthetic methods and make it more easily obtainable was
therefore an exceptionally inviting task for chemical research.

The complex and unique composition of indigo, however, made this also one of the
hardest of tasks. Here there could be no question of one of those casual discoveries,
which by happy accident seem to achieve half the work. Years of work were required
for even von Baeyer’s acumen and experimental skill to achieve the necessary insight
into the pigment’s chemical composition and to be able to manufacture it from simpler
constituents. Even after the purely scientific part of the work had been completed it
still took a number of years to make the results obtained from research applicable to
technology. [...]

Simultaneously with his analyses within the indigo group, analyses moreover which
exerted a far-reaching influence upon the development of organic chemistry and directed
research into new channels, von Baeyer was active with no less success in another sphere
of the chemistry of organic dyestu↵s. The stimulus was given by his discovery of a
new group of beautifully coloured compounds, the so-called phthaleins, of which only
the eosin pigments, highly important to industry, and the rhodamin dyes derived from
them, may have particular mention here. In a series of masterly experiments von Baeyer
demonstrated several years ago the chemical nature of the phthaleins and showed that,
just like the already known rosaniline dyes, they may be classified as derivatives of
the hydrocarbon triphenylmethane. In recent years—more exactly, from 1900 on—von
Baeyer has resumed his work on triphenylmethane, and from this a new conception
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of the chemical composition of pigments and in general of the connection between the
optical properties of organic substances and their interior atomic structure has been to
a high degree prepared.

The dyestu↵s studied by von Baeyer belong to the main category of organic substances
usually classified under the name of aromatic compounds, which di↵er decisively from
the other organic substances—the so-called aliphatic or fatty acid series—both in their
properties and in their behaviour in reaction. In fact this di↵erence has been considered
so great that it has caused the division of the whole of organic chemistry into two
separate halves: the chemistry of aliphatic, and of aromatic substances. Nevertheless,
one of the main tasks of scientific research is to try to bridge the gulfs dividing di↵erent
sciences, or di↵erent branches of the same science. In this respect, too, von Baeyer has
carried out notable work in his research, remarkable alike from the experimental as well
as from the theoretical point of view, on the so-called hydroaromatic compounds. With
these compounds, he has found the transitional form between the two main series just
mentioned and by application of the new conception and the new method to the terpenes
and the species of camphor occurring in nature and also important for technology, he
has opened up fields for synthetic work which were previously inaccessible.

Peter Griess (German, 1829–1888), Otto Nikolaus Witt (German/Swiss, 1853–1915), and Paul
Friedländer (German, 1857–1923), depicted in Fig. 3.35, were some of the many other German-
speaking scientists who developed thousands of other artificial dyes.

Adolph Strecker (German, 1822–1871), Friedrich Gustav Carl Emil Erlenmeyer, Jr. (German, 1864–
1921), Fritz Arndt (German, 1885–1969), and Bernd Eistert (German, 1902–1978) developed meth-
ods to artificially synthesize amino acids, the building blocks of proteins. See Fig. 3.36.

As shown in Fig. 3.37, Friedrich Reinitzer (Austrian, 1857–1927), Otto Lehmann (German, 1855–
1922), and Daniel Vorländer (German, 1867–1941) discovered and developed liquid crystals. Liquid
crystals can respond to changing temperatures, voltages, pressure, or other conditions by changing
their optical properties. One application of liquid crystals is to create materials that change colors
over a custom-designed range of temperatures. Electrically controlled liquid crystals are now widely
used in electronic display panels from watches to television screens.

After being developed in the German-speaking world, liquid crystal technology was seized and
adopted by the United Kingdom and the United States after World War II. For example, liquid
crystals and some of their applications were described in BIOS 1688, Radiological Activities in
Germany, p. 12:

6. Thermo-Colour Methods

Berthold attempted to apply Thermo-Colour materials, developed by Dr. Penzig of
I.G. Farben in 1939, to non-destructive methods of testing. With these materials it
is possible to detect small changes of temperature of the order of a few degrees in
temperature ranges up to 360oC. It was Berthold’s intention to apply the method to
inspect the fit or surface contact of cast inserts, duplex bearings, etc.
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Figure 3.24: Friedrich Wöhler synthesized urea, discovered compound radicals, and made other
discoveries that helped to found the field of organic chemistry.
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Figure 3.25: Justus von Liebig collaborated with Wöhler for part of his career, for example in
discovering compound radicals. He taught large number of students in his laboratory, creating
generations of later chemists.
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Figure 3.26: August Kekulé figured out the chemical bonds and structure of benzene (1865) and
other organic molecules.
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Figure 3.27: Friedrich Beilstein created the encyclopedic Beilstein’s Handbook of Organic Chemistry.
Ernst Beckmann developed the Beckmann rearrangement (1886), which later proved extremely
useful for making Nylon and several drugs. He also invented the Beckmann freezing-point apparatus
and thermometer.
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Figure 3.28: Carl Schotten and Eugen Baumann developed Schotten-Baumann reactions (1883),
which are used to synthesize a wide variety of useful organic molecules.
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Figure 3.29: Friedrich Bergius created and Carl Bosch scaled up the Bergius process for producing
synthetic fuels (1913), for which they both won the Nobel Prize in Chemistry 1931.
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Figure 3.30: Franz Fischer and Hans Tropsch created the Fischer-Tropsch process for hydrocarbon
synthesis in 1925.
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Figure 3.31: Otto Diels and Kurt Alder developed Diels-Alder reactions (1928), which are very
useful for producing polymers and other complex organic molecules. They both won the Nobel
Prize in Chemistry in 1950.
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Figure 3.32: Otto Unverdorben, Friedlieb Ferdinand Runge, Carl Fritzsche, and August Wilhelm
von Hofmann synthesized aniline, which can be chemically modified to produce a wide variety of
colored dyes, explosives, and drugs.
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Figure 3.33: Heinrich Caro, Carl Gräbe, and Carl Theodore Liebermann synthesized alizarin red
dye in 1868.
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Figure 3.34: Adolf von Baeyer, Karl Heumann, Johannes Pfleger, and Rudolf Knietsch synthesized
indigo dye. Adolf von Baeyer won the Nobel Prize in Chemistry in 1905.
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Figure 3.35: Peter Griess, Otto Nikolaus Witt, and Paul Friedländer developed other artificial dyes.
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Figure 3.36: Adolph Strecker, Friedrich Gustav Carl Emil Erlenmeyer, Jr., Fritz Arndt, and Bernd
Eistert developed methods to artificially synthesize amino acids, the building blocks of proteins.
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Figure 3.37: Friedrich Reinitzer, Otto Lehmann, and Daniel Vorländer discovered and developed
liquid crystals, which are now widely used in electronic display panels from watches to television
screens.
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German-speaking scientists made many important contributions to organometallic chemistry.

Ludwig Mond (German, 1839–1909, Fig. 3.38) discovered metal carbonyls such as nickel tetracar-
bonyl (1890) and used his discovery to make a fortune purifying nickel in the United Kingdom.

Johann (John) Ulric Nef (Swiss, 1862–1915, Fig. 3.38) received his Ph.D. under Adolf von Baeyer at
the University of Munich, then spent his career in the United States. He studied carbene molecules,
discovered Nef synthesis and the Nef reaction, and applied those methods to organic compounds
containing metal ions.

Wilhelm Schlenk (German, 1879–1943, Fig. 3.38) discovered organolithium compounds and studied
organomagnesium compounds. He remains known for the Schlenk equilibrum, the Schlenk flask,
and the Schlenk line.

Franz Hein (German, 1892–1976, Fig. 3.38) focused on organometallic chemistry for his whole
career, studying organic compounds containing bismuth, chromium, magnesium, and other metal
ions.

Walter Otto Hieber (German, 1895–1976, Fig. 3.38) made a variety of important discoveries in
organometallic chemistry, including organic molecules containing iron, manganese, osmium, rhe-
nium, and other metals. His name remains attached to the Hieber base reaction. He was the
doctoral adviser of Ernst Otto Fischer and Erwin Weiss (see below).

Karl Ziegler (German, 1898–1973, Fig. 3.39) won the Nobel Prize in Chemistry in 1963 for his work
on organometallic chemistry and its application to polymer production. Professor A. Fredga of the
Nobel Committee for Chemistry praised Ziegler’s innovations in that area
[www.nobelprize.org/prizes/chemistry/1963/ceremony-speech/]:

Professor Ziegler has found entirely new methods of polymerization. Studying organometal-
lic compounds, he discovered that organoaluminium compounds, which are easy to pre-
pare, are particularly suitable for work on the industrial scale. Peculiar electrical forces
operate around an aluminium-carbon bond in a hydrocarbon chain: reactive molecules
are drawn in and sandwiched between the carbon atom and the aluminium atom, thus
increasing the length of the chain. All this happens much more quietly than in free-
radical reactions. When the chain is long enough, we detach the aluminium and thus
stop the further growth of the molecule. The combination of aluminium compounds
with other metallic compounds gives Ziegler catalysts. These can be used to control
polymerizations and to obtain molecular chains of the required length. However, many
systematic experiments—and indeed some accidental findings—were necessary to reach
this stage. Ziegler catalysts, now widely used, have simplified and rationalized polymer-
ization processes, and have given us new and better synthetic materials.

Similarly, Ernst Otto Fischer (German, 1918–2007, Fig. 3.39) won the Nobel Prize in Chemistry
in 1973 for his research on organometallic chemistry (along with Geo↵rey Wilkinson). Fischer
studied ferrocene, created cobaltocene in 1953, and synthesized bis(benzene) chromium together
with his student Walter Hafner in 1955. Professor Ingvar Lindqvist of the Royal Academy of Sciences
explained Fischer’s discoveries [www.nobelprize.org/prizes/chemistry/1973/ceremony-speech/]:
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It seems to be appropriate to put forward these views when speaking of this year’s Nobel
laureates in chemistry, professors Fischer and Wilkinson. The facts were available for
all the chemists of the world to see, but the right interpretation was lacking. Once
the correct hypothesis was arrived at by fantasy or intuition, it readily lent itself to
simple processes of logical deduction. I am of course referring to the way in which
they together with the former Nobel laureate Woodward reached the conclusion that
certain compounds could not be understood without the introduction of a new concept,
namely that of the sandwich compound. This expression applies to the structure of these
compounds, which can be thought of as a metal atom—the filling—sandwiched between
two flat molecules. Now the science of chemistry involves, of course, more than flashes
of visionary inspiration, and both Fischer and Wilkinson did not hesitate to confirm
and develop the concept of the sandwich compound by an intensive experimental e↵ort.
This they did by the successful synthesis of a large number of compounds which were
analogous to the initially discovered ferrocene (named by Woodward in analogy with
benzene), but with other metals than iron, and with other flat molecules than the
cyclopentadienyl group found in ferrocene. Amongst other things, Fischer managed to
surprise chemists by preparing a sandwich of chromium between two benzene molecules.
The culinary exploits were pursued further with the progress to open sandwiches, having
a flat molecule on one side of the metal atom, and with only small molecules such as
carbonyl, methyl or ethyl groups on the other side. [...]

It is a fact that every discovery within the realm of fundamental chemical research has
potential applications. The very circumstance of the stability of sandwich compounds
has led to involved theoretical discussions, which have also played their part in important
advances in theoretical and applied research on catalysis.

Walter Hafner (German, 1927–2004, Fig. 3.39) received his Ph.D. under Ernst Otto Fischer. He
and Fischer synthesized bis(benzene) chromium in 1955.

Erwin Weiss (German, 1926–2019, Fig. 3.39) did his Ph.D. studies under Walter Hieber and an-
alyzed the structure of bis(benzene) chromium soon after it was synthesized by Ernst Otto Fis-
cher and Walter Hafner. He spent the rest of his career investigating organic molecules containing
lithium, sodium, potassium, rubidium, caesium, magnesium, copper, and other metal ions.
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Figure 3.38: Some creators who made important contributions to organometallic chemistry included
Ludwig Mond, Johann (John) Ulric Nef, Wilhelm Schlenk, Franz Hein, and Walter Otto Hieber.
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Figure 3.39: Other creators who made important contributions to organometallic chemistry included
Karl Ziegler, Ernst Otto Fischer, Walter Hafner, and Erwin Weiss.
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Other German-speaking scientists who made important contributions to organic chemistry included:

Karl von Auwers (German, 1863–1939, Fig. 3.40) received his Ph.D. under August Wilhelm von
Hofmann and in turn was the doctoral adviser of Georg Wittig and Karl Ziegler. He is best remem-
bered for developing Auwers synthesis in 1908.

Eugen Bamberger (German, 1857–1932, Fig. 3.40) also received his Ph.D. under August Wilhelm
von Hofmann. He discovered the Bamberger rearrangement in 1894.

Ernst Bergmann (1903–1975, Fig. 3.41) received his Ph.D. under Wilhelm Schlenk at the University
of Berlin in 1927 and conducted important research in organic and fluorine chemistry. Soon after
the founding of the modern nation of Israel, he became the head scientist of the Israeli program to
develop nuclear weapons. (This is another example of German-speaking scientists being responsible
for developing nuclear weapons in several di↵erent countries.)

Julius von Braun (Polish/German, 1875–1939, Fig. 3.41) was a doctoral student of Otto Wallach and
made several discoveries such as the von Braun reaction and the Rosenmund-von Braun reaction.

Julius Bredt (German, 1855–1937, Fig. 3.41) determined the structure of camphor and is also known
for Bredt’s rule and the Bredt distributor.

Hans Theodor Bucherer (German, 1869–1949, Fig. 3.41) received his Ph.D. under Johannes Wis-
licenus and went on to discover the Bucherer reaction, Bucherer carbazole synthesis, and the
Bucherer-Bergs reaction.

George Büchi (German, 1921–1998, Fig. 3.41) is especially remembered for his studies of photo-
chemical organic reactions.

Ernst Büchner (1850–1924, Fig. 3.41) spent his career working in organic chemistry and developed
the Büchner flask and the Büchner funnel, both of which are now widely used for filtration in
chemistry and biology experiments.

Robert Bunsen (German, 1811–1899, Fig. 3.42) conducted research in organic chemistry in addition
to his well-known work in inorganic chemistry. He worked with organic arsenides, discovered an
antidote for arsenic poisoning (iron oxide hydrate) and studied organic photochemistry.

Rainer Ludwig Claisen (German, 1851–1930, Fig. 3.43) developed many important experimental
methods that have been widely used in organic chemistry ever since, including Claisen condensation,
the Claisen reaction, the Claisen rearrangement, the Claisen flask, etc.

Rudolf Criegee (German, 1902–1975, Fig. 3.42) studied the oxidation of organic molecules and the
properties of cyclic reactions. He discovered the Criegee rearrangement and the Criegee intermedi-
ate.

Theodor Curtius (German, 1857–1928, Fig. 3.42) discovered the Curtius rearrangement and several
novel molecules, including hydrazine, an extremely important rocket fuel.

Walter Dieckmann (German, 1869–1925, Fig. 3.43) is most famous for developing Dieckmann con-
densation, a step that ever since then has been widely utilized in the synthesis of organic molecules.

André Dreiding (Swiss, 1919–2013, Fig. 3.42) developed Dreiding stereomodel kits for physically
building and showing organic molecular structures.
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Richard August Carl Emil Erlenmeyer (German, 1825–1909, Fig. 3.42) had a long career working
in many di↵erent areas of organic chemistry and biochemistry, but he is best remembered for the
Erlenmeyer flask and the Erlenmeyer rule.

Hermann von Fehling (1812–1885, Fig. 3.42) is famous for developing Fehling’s solution for detecting
sugars, which has since been widely used everywhere from public school classrooms to hospital
laboratories.

Hermann Emil Fischer (German, 1852–1919, Fig. 3.44) is remembered for many innovations such
as Fischer esterification and Fischer projection. He won the Nobel Prize in Chemistry in 1902 for
his work on the synthesis of sugars and purines. Professor Hj. Théel, President of the Swedish Royal
Academy of Sciences, praised his research [www.nobelprize.org/prizes/chemistry/1902/ceremony-
speech/]:

With surprisingly acute judgement and with brilliant discernment in choosing his ways
and means Fischer not only reproduced synthetically natural grape- and fruit-sugars,
but also some thirty other sugars and an abundance of closely related compounds.
Whereas of the naturally occurring, simple sugars only those with 5-6 carbon atoms
have been found, Fischer synthesized a continuous series containing from 2 to 9 carbon
atoms. Furthermore, by his elegant method of making glucosides artificially, he has also
added to the achievements of organic synthesis this group which is so extraordinarily
important for vegetable physiology. [...]

Even since 1776 when Scheele found uric acid in urinary calculus, several substances
closely related to it such as xanthine, adenine and guanine, etc. have been detected in
animal secretions. The same group additionally includes theobromine, theophylline and
ca↵eine which occur in the vegetable kingdom and constitute the stimulants in our staple
beverages cocoa, co↵ee and tea. With the keen perception of the excellent scientist and
a masterly technique Professor Fischer brought order and clarity to this field as well.
He demonstrated that all those substances are derivatives of the same parent substance,
purine, which he had discovered. He successfully prepared them from one another and
from simpler constituents in such a way that here, too, the synthesized chain goes back
to inorganic carbon, hydrogen and oxygen, and besides these he prepared a large number
of new, closely related substances so that the purine derivatives studied by Fischer must
now number about 150. The intrinsic composition of each has been fully determined.

Wilhelm Rudolph Fittig (German, 1835–1910, Fig. 3.44) worked in several areas of organic chem-
istry during his career and discovered several new molecules and new types of organic reactions. His
name is most closely associated with the Fittig reaction for the synthesis of alkylbenzene molecules.

Hermann Frasch (1851–1914, Fig. 3.44) spent most of his career using organic chemistry to improve
processes in oil refining.

Karl Fries (German, 1875–1962, Fig. 3.44) received his Ph.D. under Theodor Zincke and is best
known for discovering the Fries rearrangement of phenolic ester molecules.

Ludwig Gattermann (1860–1920, Fig. 3.44) wrote a widely used textbook of experimental methods
in organic synthesis, also discovered new methods such as the Gattermann reaction.

Carl Glaser (German, 1841–1935, Fig. 3.44) developed Glaser coupling, which was later used to
synthesize indigo dye and other important organic molecules.
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Irma Goldberg (Russian but educated in Switzerland and worked in Switzerland and Germany,
1871–<1939, Fig. 3.45) worked with and married Fritz Ullmann. She developed several synthetic
dye molecules and is remembered for the Goldberg amidation reaction.

Fritz Haber (German, 1868–1934, Fig. 3.45) studied carbon-carbon and carbon-hydrogen bond
strength and other topics in organic chemistry, in addition to his better known work on ammonia
synthesis in inorganic chemistry.

Arthur Hantzsch (German, 1857–1935, Fig. 3.45) developed Hantzsch pyridine synthesis and Hantzsch
pyrrole synthesis.

Kurt Hoesch (German, 1882–1932, Fig. 3.45) focused on the synthesis of phenylketone molecules
and developed the Hoesch reaction for that purpose.

Erich Hückel (German, 1896–1980, Fig. 3.45) is famous for the Hückel molecular orbital theory, as
well as his contributions to physical chemistry such as the Debye-Hückel theory for electrolysis.

Rolf Huisgen (German, 1920–, Fig. 3.45) studied the reaction mechanisms involved in each step of
synthesizing organic molecules, and personally developed the Huisgen reaction.

Claire Hunsdiecker (German, 1903–1995, Fig. 3.46) and Heinz Hunsdiecker (German, 1904–1981,
Fig. 3.46) received their Ph.D.s in chemistry, married, and spent their lives conducting research in
organic chemistry. They are best known for the Hunsdiecker reaction.

Oskar Georg Friedrich Jacobsen (German, 1840–1889, Fig. 3.46) studied the distillation and com-
ponents of coal tar, discovered the Jacobsen rearrangement, and pioneered the field of marine
chemistry.

Karl Kastner (1783–1857, Fig. 3.46) helped establish the academic field of chemistry and taught
Justus von Liebig.

Heinrich Kiliani (German, 1855–1945, Fig. 3.46) studied digitalis and carbohydrate chemistry, and
developed (along with Emil Fischer) the Kiliani-Fischer synthesis of sugar molecules.

Emil Knoevenagel (German, 1865–1921, Fig. 3.46) focused on experimental methods of synthesizing
organic molecules and is remembered for the Knoevenagel condensation reaction.

Ludwig Knorr (German, 1859–1921, Fig. 3.47) developed processes such as Knorr quinoline syn-
thesis and Knorr pyrrole synthesis, and synthesized phenazone, an aspirin-like drug molecule (p.
219).

Hermann Kolbe (German, 1818–1884, Fig. 3.47) helped to formalize the field of organic chemistry
and coined the term “synthesis.” His name is associated with Kolbe electrolysis, Kolbe nitrile
synthesis, and the Kolbe-Schmitt reaction.

Wilhelm Körner (1839–1925, Fig. 3.47) studied many aromatic compounds as well as biochemical
molecules from plants.

Albert Ladenburg (1842–1911, Fig. 3.47) purified scopolamine (which is now used to treat nausea)
and synthesized other alkaloid drug molecules.

Carl Mannich (German, 1877–1947, Fig. 3.47) worked in several di↵erent areas of organic chemistry,
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including keto bases and alcohol bases, and remains best known for the Mannich reaction.

Hans Meerwein (German, 1879–1965, Fig. 3.47) developed or determined the mechanisms of several
key organic synthesis reactions, leading to his name being associated with methods such as Meer-
wein arylation, Meerwein’s salt, Meerwein-Ponndorf-Verley reduction, and the Wagner-Meerwein
rearrangement.

Jakob Meisenheimer (German, 1876–1934, Fig. 3.48) sytnehsized and determined the structures of
a number of organic molecules, most notably the class of molecules that are now known as the
Meisenheimer complex.

Julius Lothar Meyer (German, 1830–1895, Fig. 3.48) made his greatest contribution to chemistry
by developing the periodic table of the elements (p. 387), but he also did important work in organic
chemistry, such as studying the structure of benzene.

Karl Meyer (German, 1899–1990, Fig. 3.48) did important research on polysaccharide molecules
such as hyaluronan, a component of many human cells and some bacteria.

Kurt Hans Meyer (German, 1883–1952, Fig. 3.48) received his Ph.D. under Arthur Hantzsch and
studied a variety of organic reactions over the course of his career.

Viktor Meyer (German, 1848–1897, Fig. 3.48) worked in both organic and inorganic chemistry.
Among other accomplishments, he discovered thiophene and developed the Viktor Meyer apparatus
for measuring vapor densities.

Eilhard Mitscherlich (German, 1794–1863, Fig. 3.48) did important research in the fields of crys-
tallography, inorganic chemistry, and organic chemistry. In organic chemistry, he is best known for
his experiments on benzene derivatives.

Costin D. Nenitzescu (Romanian, educated in Switzerland and Germany, 1902–1970, Fig. 3.49)
studied under Hans Fischer and sent on to a long career synthesizing and identifying organic
molecules. Nenitzescu synthesis is named for him.

George Olah (Oláh György, Hungarian, 1927–2017, Fig. 3.49) won the Nobel Prize in Chemistry
in 1994 for his work on carbocations. Professor Salo Gronowitz of the Royal Swedish Academy of
Sciences explained his discoveries [www.nobelprize.org/prizes/chemistry/1994/ceremony-speech/]:

Because it was not possible to detect carbocations with spectroscopic methods, di↵erent
scientists interpreted their experiments di↵erently, and a scientific feud took place in
organic chemistry during the 1960s and 1970s.

Through a series of brilliant experiments Professor George Olah solved the problem. He
created methods to prepare long-lived carbocations in high concentrations, which made
it possible to study their structure, stability and reactions with spectroscopic methods.
He achieved this by using special solvents, which did not react with the cations. He
observed that in these solvents at low temperatures, carbocations could be prepared
with the aid of superacids, acids eighteen powers of ten stronger than concentrated
sulfuric acid. Through Olah’s pioneering work he and the scientists who followed in
his footsteps could obtain detailed knowledge about the structure and reactivity of
carbocations. Olah’s discovery resulted in a complete revolution for scientific studies of
carbocations, and his contributions occupy a prominent place in all modern textbooks
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of organic chemistry.

Olah found that there are two groups of carbocations, the trivalent ones called carbe-
nium ions, in which the positive carbon atom is surrounded by three atoms, and those
in which the positive carbon is surrounded by five atoms, called carbonium ions. The
disputed existence of these penta-coordinated carbocations was the reason for the sci-
entific feud. By providing convincing proof that penta-coordinated carbocations exist,
Olah demolished the dogma that carbon in organic compounds could at most be tetra-
coordinated, or bind a maximum of four atoms. This had been one of the cornerstones
of structural organic chemistry since the days of Kekulé in the 1860s.

Olah found that the superacids were so strong that they could donate a proton to sim-
ple saturated hydrocarbons, and that these penta-coordinated carbonium ions could
undergo further reactions. This fact has contributed to a better understanding of the
most important reactions in petrochemistry. His discoveries have led to the development
of methods for the isomerization of straight chain alkanes, which have low octane num-
bers when used in combustion engines, to produce branched alkanes with high octane
numbers. Furthermore, these branched alkanes are important as starting materials in
industrial syntheses. Olah has also shown that with the aid of superacids it is possible
to prepare larger hydrocarbons with methane as the building block. With superacid
catalysis it is also possible to crack heavy oils and liquefy coal under surprisingly mild
conditions.

Wilhelm Ostwald (1853–1932, Fig. 3.49) made a number of important contributions in organic
chemistry, catalytic chemistry, and physical chemistry. He won the Nobel Prize in Chemistry in
1909 (p. 744).

Hans von Pechmann (German, 1850–1902, Fig. 3.49) synthesized or discovered several new organic
molecules and is remembered for Pechmann condensation and Pechmann pyrazole synthesis.

Fritz Pregl (Austrian, 1869–1930, Fig. 3.49) developed important methods for quantitative organic
microanalysis that have been widely used ever since. For that work, he won the Nobel Prize in
Chemistry in 1923. Professor O. Hammarsten, Chairman of the Nobel Committee for Chemistry,
announced the award [www.nobelprize.org/prizes/chemistry/1923/ceremony-speech/]:

The improvement consists of the fact that Pregl converted previously used methods
for quantitative analysis of relatively large quantities of substances to micro-analytical
methods. This has made it possible to carry out these analyses of such small quantities
of substances, the analysis of which would previously have been impossible, with exactly
the same accuracy, but with great savings in time, labour, and expense. [...]

Pregl’s micro-analysis can be equally well applied in all fields of organic chemistry. It has
already proved itself in a great number of cases, and has stood the test in this country as
well. It opens promising prospects for research in the future, particularly in the vast field
of biochemistry. There is every reason to hope that micro-analysis will make possible
fruitful study of a great number of substances which so far, in some respects at least,
have been practically inaccessible to exact chemical investigation. Such substances, for
instance, include enzymes, vitamins and hormones, the extremely great significance of
which for the vital processes is well known.
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Vladimir Prelog (Austro-Hungarian, 1906–1998, Fig. 3.49) made many important discoveries re-
garding the stereochemistry of organic molecules and the shapes of enzymes, for which he won
the Nobel Prize in Chemistry in 1975. Professor Arne Fredga of the Royal Academy of Sciences
explained his research [www.nobelprize.org/prizes/chemistry/1975/ceremony-speech/]:

Professor Prelog has worked in many fields of stereochemistry, and often the problems
have been connected with the geometrical shapes of the molecules and their influence
on the course of the reactions. [...]

Professor Prelog has also made important contributions to enzyme chemistry. He has
studied enzymatic reactions on small molecules and in particular oxidation or reduction
processes. The experiments may be more or less successful depending on how the en-
zyme and the other molecule fit together geometrically. By systematic experiments with
various small molecules of well-defined shapes, it was possible to construct a “map” of
the active part of the enzyme molecule. The results have recently been confirmed in a
special case by Swedish scientists using x-ray methods.

Professor Prelog has also with ingenuity and penetration discussed and analysed the
fundamental concepts of stereochemistry, not least the conditions for chirality in large
and complicated molecules.

Robert Pschorr (German, 1868–1930, Fig. 3.50) worked on the synthesis of complex organic molecules
and is best known for Pschorr cyclization.

Rudolf Pummerer (Austrian, 1882–1973, Fig. 3.50) focused on the chemistry of sulfoxides and free
radicals, and remains known for the Pummerer rearrangement.

Sergey Reformatsky (Russian but educated in Germany, 1860–1934, Fig. 3.50) studied organic
synthesis and metal catalysts, and is remembered for the Reformatsky reaction.

Karl Reichenbach (German states, 1788–1869, Fig. 3.50) discovered many useful organic molecules,
including phenol and para�n.

Walter Reppe (German, 1892–1969, Fig. 3.50) was an enormously influential figure in applied
organic chemistry, both in Germany and in other countries (through postwar reports on his chemical
methods). His work focused on turning Germany’s large natural supply of coal into acetylene, and
then converting the acetylene into a vast variety of useful chemical molecules, a process that became
known as Reppe chemistry.

Karl Wilhelm Rosenmund (German, 1884–1965, Fig. 3.50) received his Ph.D. under Otto Diels. His
name is associated with Rosenmund reduction and the Rosenmund-von Braun reaction.

Otto Ru↵ (German, 1871–1939, Fig. 3.51) conducted important work in high-temperature chem-
istry, the chemistry of sugars, polymers, and other areas of organic chemistry. He is best known for
Ru↵ degradation.

Traugott Sandmeyer (Swiss, 1854–1922, Fig. 3.51) was an expert at synthesizing complex organic
molecules. He is still remembered for the Sandmeyer reaction and Sandmeyer synthesis.

Rudolf Schmitt (German, 1830–1898, Fig. 3.51), along with his Ph.D. advisor Adolph Kolbe, dis-
covered the Kolbe-Schmitt reaction. He also conducted research on salicylic acid and other areas
of organic chemistry.



430 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

Hermann Staudinger (German, 1881–1965, Fig. 3.51) made an enormous number of contributions
in the fields of organic chemistry, polymers, and colloids. He discovered ketene molecules and the
Staudinger reaction, and won the Nobel Prize in Chemistry in 1953. Professor A. Fredga, member
of the Nobel Committee for Chemistry, praised his work
[www.nobelprize.org/prizes/chemistry/1953/ceremony-speech/]:

Professor Staudinger. More than thirty years ago you expressed the view that a chemical
molecule can attain an almost arbitrary size and that such macromolecules are of great
importance in our world. Your view was based on logical reasoning. You drew attention
to the fact that what are termed high polymers are formed when for some reason or
another an anticipated ring closure fails to occur. You thus submitted an argument
which an organic chemist cannot ignore. Moreover, in extensive and painstaking series
of studies you have provided experimental proof.

Johann Stobbe (German, 1860–1938, Fig. 3.43) is best known for developing Stobbe condensation,
a step that ever since then has been widely utilized in the synthesis of organic molecules.

Johannes Thiele (German, 1865–1918, Fig. 3.51) synthesized several organic molecular structures
and is still known for the Thiele tube.

Bernhard Tollens (German, 1841–1918, Fig. 3.51) determined the structures of several sugar molecules
and developed the Tollens reagent.

Alfred Treibs (German, 1899–1983, Fig. 3.52) founded organic geochemistry. He discovered por-
phyrin molecules in petroleum, proving that petroleum originated from ancient plants and animals.

Fritz Ullmann (German, 1865–1939, Fig. 3.52) worked with and married Irma Goldberg. He de-
veloped several synthetic dye molecules and is remembered for the Ullmann reaction and Ullmann
condensation. He also edited the Enzyklopädie der Technischen Chemie, which has been updated
by others since then and is still in use today.

Jacobus Hendricus van ’t Ho↵ (Dutch, 1852–1911, Fig. 3.52) made many important discoveries in
the stereochemistry of organic molecules as well as in physical chemistry. He won the Nobel Prize
in Chemistry in 1901. C.T. Odhner, President of the Royal Swedish Academy of Sciences, described
his research [www.nobelprize.org/prizes/chemistry/1901/ceremony-speech/]:

As a result of his investigations in the fields of atomic and molecular theory van ’t Ho↵
has made the most important discoveries in theoretical chemistry since Dalton’s time.

With regard to atomic theory van ’t Ho↵, following an idea put forward by Pasteur, ad-
vanced the hypothesis that the elementary atoms have attachment points geometrically
oriented in space—a hypothesis which in so far as carbon compounds are concerned led
to the theory of the asymmetry of carbon atoms and to the founding of stereochemistry.

Still more revolutionary were van ’t Ho↵’s discoveries in the field of molecular theory.
van ’t Ho↵’s investigations showed that the law, which has been named after the Italian
Avogadro, according to which the number of gas molecules in a given volume is the same
for all gases at the same pressure and temperature, embraces not only substances in the
gaseous phase but also those in solution, provided that their pressure, known as osmotic
pressure, is taken into account in the same way as the gas pressure in the case of gases.
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He proved that gas pressure and osmotic pressure are identical, and thereby that the
molecules themselves in the gaseous phase and in solutions are also identical. As a result
of this the concept of the molecule in chemistry was found to be definite and universally
valid to a degree hitherto undreamed-of. He also discovered how to express the state
of chemical equilibrium in reactions and the electromotive force which a reaction can
produce; he explained how the transition occurs between the various modifications of
the elements, between hydrates of di↵ering water contents, how double salts are formed,
etc.

By applying these simple principles, which were originally borrowed from mechanics
and thermodynamics, van ’t Ho↵ became one of the founders of chemical dynamics.

Jacob Volhard (1834–1910, Fig. 3.52) and his student Hugo Erdmann discovered the Volhard-
Erdmann cyclization reaction. Volhard also trained several other students who went on to make
great discoveries, most notably Hermann Staudinger.

Otto Wallach (German, 1847–1931, Fig. 3.52) focused on organic molecules that are alicyclic,
or both aliphatic and cyclic. His name is associated with the Wallach rearrangement, Wallach
degradation, and Wallach’s rule. He won the Nobel Prize in Chemistry 1910, and Professor O.
Montelius, President of the Royal Swedish Academy of Sciences, praised his research
[www.nobelprize.org/prizes/chemistry/1910/ceremony-speech/]:

Through this pioneering work Wallach opened up a new field for research, which could
be investigated further with good hope of success. And it is true that this field was
immediately tackled by a great number of research scientists in various countries. Or-
ganic chemistry, during the decade that followed, was characterized by the study of the
so-called alicyclic compounds, among which the terpenes and the closely related types
of camphor with their derivatives played the most important part. Wallach himself, by
overcoming considerable di�culties with admirable success and though perseverance,
made continuous progress in the field opened up by himself. An extraordinarily large
number of compounds were prepared by him and he also determined their structure.
Apart from the terpenes proper, he also investigated and scientifically characterized
various previously known or newly discovered natural products, such as alcohols, ke-
tones, sesquiterpenes and polyterpenes belonging to the terpene series, which in part
are also of great significance in biological and technical respects. For this reason the
alicyclic series has, since the middle of the eighties, assumed such size and importance
as to make it the equal of the other three main series within organic chemistry. Wallach
contributed more towards this than any other research scientist.

Wallach’s research activity did not only decisively influence theoretic chemistry, but also
chemical industry, namely that branch of the industry which processes essential oils.

Conrad Willgerodt (German, 1841–1930, Fig. 3.52) studied the chemistry of ketones, discovered
iodosobenzene, and is still remembered for the Willgerodt reaction.

Johannes Wislicenus (German, 1835–1902, Fig. 3.53) made a number of important discoveries
regarding the stereochemistry of organic molecules.

Georg Wittig (German, 1897–1987, Fig. 3.53) is famous for the Wittig reaction and the Wittig re-
arrangement. He developed a new method to produce alkenes, or hydrocarbon molecules containing
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double bonds, for which he won the Nobel Prize in Chemistry in 1979. Professor Bengt Lindberg
of the Royal Academy of Sciences explained the importance of Wittig’s work
[www.nobelprize.org/prizes/chemistry/1979/ceremony-speech/]:

Georg Wittig has provided many significant contributions in organic chemistry. The
most important of these is the discovery of the synthetic method which bears his name,
the Wittig reaction. In this, phosphorus ylides, a type of compound which he discovered,
are allowed to react with carbonyl compounds. An exchange of groups takes place and
the result is a compound in which two carbon atoms have been joined by a double bond.
Since many natural products with biological activity contain such bonds, this elegant
method has found wide-spread use, for example in the industrial synthesis of vitamin
A.

Alfred Wohl (German, 1863–1933, Fig. 3.53) worked in sugar chemistry, developed novel catalysts,
and is remembered for Wohl degradation, the Wohl-Aue reaction, and the Wohl-Ziegler reaction.

Ludwig Wol↵ (German, 1857–1919, Fig. 3.53) received his Ph.D. under Rudolph Fittig and con-
ducted important research in organic chemistry; his name is now associated with the Wol↵ rear-
rangement and the Wol↵ reduction.

Charles Adolphe Wurtz (Franco-German, studied in Germany, 1817–1884, Fig. 3.53) discovered the
Aldol reaction, what is now called the Wurtz reaction, ethylamine, and ethylene glycol.

Ernst Carl Theodor Zincke (German, 1843–1928, Fig. 3.53) received his Ph.D. under Friedrich
Wöhler, and in turn was the doctoral advisor of Otto Hahn. He made many organic chemistry
discoveries for which he is remembered, such as Zincke reaction, Zincke nitration, Zincke-Suhl
reaction.

Many chemical innovations were transferred from the German-speaking world to other countries
before World War II, in the form of published papers, foreign students who visited the German-
speaking world, and chemists who left the German-speaking world (to seek careers elsewhere and/or
to flee the rising tide antisemitism and National Socialism). All remaining chemical innovations, of
which there were still a very large number, were seized by Allied countries at the end of World War
II.

In September 1945, R. P. Linstead and T. J. Betts, the British and American chairs of the Combined
Intelligence Objectives Subcommittee, gave an incomplete yet still impressive list of important
German innovations in synthetic chemistry that had been found by U.S. and U.K. investigators
[AFHRA A5186 electronic version pp. 904–1026, Ch. 4, pp. 54–56]:

The German war time economy was based on its abundant supplies of coal and therefore
coke; water gas; on calcium carbide from coke and lime, leading to acetylene; on nitrogen
and hydrogen, leading to ammonia; and on salt, leading to chlorine and caustic soda.
From these basic products the entire German chemical industry was erected by the
following catalytic processes:

1. Hydrogenation of coal, tar, and oils, and their subsequent conversion into motor
fuels, and diesel oils with its long line of by-products such as lubricants, lower
aliphatic hydrocarbons and olefines and compounds containing oxygen, like phenol
and its homologues.
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2. The variety of processes of catalytic conversion of CO and H2 in di↵erent propor-
tions leading to methanol, ethanol and their homologues up to long chain fatty
alcohols.

(a) The synthesis of isobutanol and its conversion to isobutylene and isooctane.

(b) The production of hydrocarbons according to the Fischer-Tropsch synthesis
leading to aliphatics and olefines from low to very high chain length. Further
conversion of the olefines so obtained by addition of CO and H2 of the type of
the oxo reactions or with CO and water according to the fatty acid synthesis
of Reppe.

3. The reactions of acetylene and ethylene and their many derivatives leading to
solvents, plastics, rubber and synthetic fibres.

4. The latest types of aliphatic reactions of acetylene and olefine with CO.

Of particular significance is the manufacture of synthetic rubber (BUNA) by the Reppe
process, which uses only 1/3 of the quantity of carbide and acetylene required in the
conventional process. The discovery of the “Koresine” tacking process is regarded as
being of primary importance. The application of this process to the synthetic rubber
industry in the U.S. resulted in increased production, and did much to eliminate the
threat of a cut in tire production during the critical phase of combat operations.

The development of plastics covered a very large number of polymer products, among
which the polyisocyanates and polyurethanes (Demodurs), the superpolyamides of the
Igamid and Perlon types (German nylon) consisting of dibasic acids, diamides, the
polyethylenes (Lupolenes), the vinylchloride polymers (Igelites), the vinylacetate poly-
mers (Nowiliths), as well as their derivatives, represent outstanding achievements.

Similarly, Linstead and Betts listed a number of important German innovations for synthetic fuels
and oils that had been found by U.S. and U.K. investigators [AFHRA A5186 electronic version pp.
904–1026, Ch. 4, pp. 59–60]:

The two principal features of the German synthetic fuels and lubricants industry con-
sisted of the hydrogenation of coal, coal tar, and coal tar products; and the Fischer-
Tropsch process for the production of fuel from water gas.

The acquisition of a vast amount of specific German data has been one of the significant
accomplishments resulting from exploitation of intelligence in this field. Should the U.S.
or Great Britain be faced with another national emergency, adequate supplies of fuels
and lubricants will be much more assured as the result of this information.

The DHD process for obtaining aviation fuels by hydrogenation and conversion to aro-
matics is a development hitherto unknown in this detail.

The Germans were discovered to have adopted new methods which permitted the suc-
cessful hydrogenation of brown coal from Rhineland reserves. They had also perfected
a novel process for producing water gas from brown coal.
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Interrogation of German authorities and examination of documents and plants revealed
that the Fischer-Tropsch process could not be expected to yield more than 15 to 20%
of fuel and oil requirements of the German economy. However, the Fischer-Tropsch
process has a certain advantage of yielding crude chemicals which possess a considerable
potential for further refining.

The Germans have recently developed a new iron catalyst which could be used to
supplant catalysts of conventional cobalt type.

The following additional discoveries resulting from investigation of the German fuel and
oil industry are worthy of mention:

1. New high grade aviation lubricants obtained by polymerization of ethylene.

2. New methods of testing fuels and lubricants.

3. Fairly complete specifications for German fuels and lubricating oils.

4. Details of German shale oil distillations and the refining of these distillates.

Many laboratory improvements were encountered which had not been applied to indus-
trial use, but which will prove of value in U.S. and British development work.
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Figure 3.40: Karl von Auwers developed Auwers synthesis in 1908, and Eugen Bamberger discovered
the Bamberger rearrangement in 1894.
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Figure 3.41: Other creators who made important contributions to organic chemistry included Ernst
Bergmann, Julius von Braun, Julius Bredt, Hans Theodor Bucherer, George Büchi, and Ernst
Büchner.
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Figure 3.42: Other creators who made important contributions to organic chemistry included Robert
Bunsen, Rudolf Criegee, Theodor Curtius, André Dreiding, Richard August Carl Emil Erlenmeyer,
and Hermann von Fehling.
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Figure 3.43: Rainer Ludwig Claisen, Walter Dieckmann, and Johann Stobbe developed condensation
reactions that have been widely used to synthesize organic molecules ever since.
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Figure 3.44: Other creators who made important contributions to organic chemistry included Her-
mann Emil Fischer, Wilhelm Rudolph Fittig, Hermann Frasch, Karl Fries, Ludwig Gattermann,
and Carl Glaser.
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Figure 3.45: Other creators who made important contributions to organic chemistry included Irma
Goldberg, Fritz Haber, Arthur Hantzsch, Kurt Hoesch, Erich Hückel, and Rolf Huisgen.
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Figure 3.46: Other creators who made important contributions to organic chemistry included Cläre
Hunsdiecker, Heinz Hunsdiecker, Oskar Georg Friedrich Jacobsen, Karl Kastner, and Heinrich Kil-
iani, and Emil Knoevenagel.
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Figure 3.47: Other creators who made important contributions to organic chemistry included Lud-
wig Knorr, Hermann Kolbe, Wilhelm Körner, Albert Ladenburg, Carl Mannich, and Hans Meer-
wein.
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Figure 3.48: Other creators who made important contributions to organic chemistry included Jakob
Meisenheimer, Julius Lothar Meyer, Karl Meyer, Kurt Hans Meyer, Viktor Meyer, and Eilhard
Mitscherlich.
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Figure 3.49: Other creators who made important contributions to organic chemistry included Costin
D. Nenitzescu, George Olah, Wilhelm Ostwald, Hans von Pechmann, Fritz Pregl, and Vladimir
Prelog.
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Figure 3.50: Other creators who made important contributions to organic chemistry included Robert
Pschorr, Rudolf Pummerer, Sergey Reformatsky, Karl Reichenbach, Walter Reppe, and Karl Wil-
helm Rosenmund.
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Figure 3.51: Other creators who made important contributions to organic chemistry included Otto
Ru↵, Traugott Sandmeyer, Rudolf Schmitt, Hermann Staudinger, Johannes Thiele, and Bernhard
Tollens.
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Figure 3.52: Other creators who made important contributions to organic chemistry included Alfred
Treibs, Fritz Ullmann, Jacobus Hendricus van’t Ho↵, Jacob Volhard, Otto Wallach, and Conrad
Willgerodt.



448 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

Figure 3.53: Other creators who made important contributions to organic chemistry included Jo-
hannes Wislicenus, Georg Wittig, Alfred Wohl, Ludwig Wol↵, Adolphe Wurtz, and Ernst Carl
Theodor Zincke.
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3.3 Chemistry of Foods and Drinks

In food and drink production as in many other areas, the German-speaking world possessed very
limited natural resources. When key food and drink ingredients from foreign sources became too
expensive during peacetime, and especially when key ingredients were embargoed and unavailable
during World Wars I and II, German-speaking scientists developed a number of highly innovative
food substitutes and related synthetic products and preservatives. This is a large field, and only a
few examples are briefly discussed here.

Even after the wars, several of these innovative food and drink products continued to be used both in
German-speaking countries and in other countries around the world that adopted the innovations,
especially in cases where the innovative product was cheaper or better than the original food, drink,
or ingredient. The strong interest by other countries in these innovations is demonstrated by the
large number of BIOS, CIOS, and FIAT reports that Allied countries wrote about them.

Karl Reimer (German, 1845–1883), Wilhelm Haarmann (German, 1847–1931), and Ferdinand Tie-
mann (German, 1848–1899) found the molecular structure of natural vanillin flavor from vanilla
beans, and developed purely chemical methods of synthesizing it in 1874, as illustrated in Fig. 3.54.
In the modern world, most vanillin flavor is chemically synthesized using these same or similar
methods, since chemical synthesis is less expensive than growing and processing vanilla beans.

In 1879, Constantin Fahlberg (Russian but studied and worked in Germany, 1850–1910) discovered
the artificial sweetener saccharin. By the 1880s, saccharin was synthesized on a large scale in
Germany (Fig. 3.55), and it has been sold around the world ever since [BIOS 1576].

During World War I, Hermann Staudinger (German, 1881–1965) and Paul Immerwahr (German,
1886–1926) developed an artificial substitute for scarce black pepper: ground nutshells soaked in
chemically synthesized piperine or piperine derivatives (the key ingredient of real black pepper)
[Vaupel 2010, 2011]. See Fig. 3.56.

By World War II, the German-speaking world had developed a number of other artificial spices,
such as synthetic allspice, cinnamon, cloves, cardamom, and nutmeg [Vaupel 2011; CIOS XXXII-47;
FIAT 244].

During wartime, ca↵eine was an important stimulant, yet its natural sources—tea leaves and co↵ee
beans—were di�cult to obtain due to embargoes. Therefore, many German-speaking chemists
developed artificial methods of producing ca↵eine (Fig. 3.57). Most of those methods involved
direct chemical synthesis of ca↵eine by a long series of reactions [BIOS 306; BIOS 449; BIOS 1404;
CIOS XXVI-9; FIAT 71; FIAT 885]. However, some especially ingenious (or desperate) scientists
also developed and demonstrated methods to farm large quantities of snake urine, which contains
an especially high concentration of uric acid, and then convert that uric acid to ca↵eine [BIOS 449;
p. 1822].
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In the 1930s, Hermann Staudinger (German, 1881–1965), Tadeusz Reichstein (Polish, educated
and worked in Switzerland, 1897–1996), Max Kerschbaum (German?, 18??–10??), Eligius Freudl
(Austrian, 1875–1951), and other chemists developed Co↵arom and other instant co↵ee mixes
derived from synthetic ingredients [Priesner 2014, 2016; FIAT 244; FIAT 407]. See Fig. 3.58.

In parallel during the 1930s, Max Rudolf Morgenthaler (Swiss, 1901–1980) and other chemists devel-
oped Nescafé, an instant co↵ee mix derived from co↵ee bean extracts and other natural ingredients
[Priesner 2014, 2016]. See Fig. 3.59.

During World War II, German-speaking scientists also made a number of improvements to the
processing and sterilization of fruit juices that were adopted by other countries after the war [e.g.,
Kertesz 1946; FIAT 50].

In the 1930s and early 1940s, many German-speaking scientists developed artificial methods to
produce lipids or fats for foods, soaps, fuels, and other products:

• Glycerin, sterols, fatty acids, and triglycerides were produced from chemical synthesis on an
industrial scale and sold for food products and other applications [BIOS 86; BIOS 805; FIAT
213; FIAT 407]. See Fig. 3.60.

• Fats were produced and purified from various strains of cultured algae and yeast using biotech-
nology methods [BIOS 236; BIOS 691]. In addition to the food applications, this appears to
have been the origin of algal and other microbial biofuel technologies. See Fig. 3.61.

Artificially produced fats were used to make a variety of food products, including cooking oil,
cooking fat (shortening), margarine, creamer, salad oil, chocolate [Clarke 1946], synthetic human
milk (infant formula) [FIAT 107], etc. [See also Gemmill 1946 for examples of other innovations in
butter production.]

Likewise in the 1930s and early 1940s, German-speaking scientists developed several egg protein
substitutes that consisted of protein extracted and processed on an industrial scale from (Fig. 3.62):

• Cultured strains of yeast that produced the variety of amino acids needed by humans, as
developed by Andreas Lembke (German, 1911–2002) and other scientists [BIOS 236; BIOS
691; FIAT 491].

• Animal blood plasma (a final product called Plenora), as developed by scientists at the
Rugamer & Co. Plenora-Werke in Hamburg [BIOS 1417; FIAT 491].

• Fish (a final product called Eiweiss), as developed by Peter Paul Hiltner (German, 19??–19??)
and other scientists [BIOS 1481; FIAT 491].

• Milk (a final product called Milei), as developed by Georg Demmler (German, 19??–19??)
and other scientists [BIOS 32; BIOS 275; BIOS 1513; BIOS 1782; FIAT 491].
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In order to preserve valuable food stocks for storage and transport during both peacetime and
wartime, German-speaking scientists developed many important food preservatives that are still
widely used, such as:

• Ascorbic acid (vitamin C), which was identified by Albert Szent-Györgyi (Hungarian, 1893–
1986) in 1930 and mass-produced via chemical synthesis by Tadeusz Reichstein (Polish, edu-
cated and worked in Switzerland, 1897–1996) in 1933 (Fig. 3.63).

• Benzoic acid, which was first analyzed by Friedrich Wöhler (German, 1800–1882) and Justus
von Liebig (German, 1803–1873, Fig. 3.63) in 1832.

• Citric acid, which was first produced from fermentation in fungi by Carl Wehmer (German,
1858–1935, Fig. 3.63) in 1890 [Benninga 1990, p. 140].

• Sorbic acid, which was discovered in 1859 by August Wilhelm von Hofmann (German, 1818–
1892, Fig. 3.63).

• Ethylenediaminetetraacetic acid (EDTA), which was synthesized and demonstrated in 1935
by Ferdinand Münz (Austrian, 1888–1969, Fig. 3.64). EDTA works by chelating (trapping)
metal ions that are needed by degradative enzymes and bacteria.

In 1940, German-speaking scientists also developed and successfully implemented the use of ultra-
violet light to sterilize drinks so that they could be packaged for safe long-term storage without
requiring refrigeration [BIOS 770; FIAT 50; FIAT 107; FIAT 257]. Some of the most important
scientists in the project were Andreas Lembke (German, 1911–2002), Hellmuth Bayha (German?,
19??–19??), Karl Krammer (German?, 19??–19??), and Eugen Sauter (German?, 19??–19??). For
more information, see pp. 1835–1841.

Several of the above innovations, those related to biotechnology, are covered in more detail in
Appendix A.
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Figure 3.54: Karl Reimer, Wilhelm Haarmann, and Ferdinand Tiemann found the molecular struc-
ture of natural vanillin flavor and developed methods of artificially synthesizing it in 1874.
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Figure 3.55: Constantin Fahlberg discovered the artificial sweetener saccharin in 1879. By the 1880s,
saccharin was synthesized on a large scale in Germany.
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Figure 3.56: During World War I, Hermann Staudinger and Paul Immerwahr developed an artificial
substitute for scarce black pepper: ground nutshells soaked in chemically synthesized piperine or
piperine derivatives (the key ingredient of real black pepper).
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Figure 3.57: German-speaking chemists developed artificial methods of producing ca↵eine, including
from direct chemical synthesis [FIAT 885] and from the conversion of uric acid harvested from snake
urine [BIOS 449].
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Figure 3.58: In the 1930s, Hermann Staudinger, Tadeusz Reichstein, Max Kerschbaum, Eligius
Freudl, and other chemists developed Co↵arom, an instant co↵ee derived from synthetic ingredients.
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Figure 3.59: In the 1930s, Max Rudolf Morgenthaler and other chemists developed Nescafé, an
instant co↵ee derived from natural ingredients.
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Figure 3.60: In the 1930s and early 1940s, German-speaking scientists developed methods to produce
fats via industrial chemical synthesis [BIOS 805].
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Figure 3.61: In the 1930s and early 1940s, German-speaking scientists developed methods to produce
fats via biotechnology [BIOS 236; BIOS 691].



460 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

Figure 3.62: In the 1930s and early 1940s, German-speaking scientists developed several egg protein
substitutes that consisted of protein extracted and processed on an industrial scale from cultured
yeast, animal blood plasma (Plenora), fish (Eiweiss), and milk (Milei) [BIOS 236; BIOS 1417; BIOS
1481; BIOS 1513].
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Figure 3.63: German-speaking scientists developed many important food preservatives, including
ascorbic acid (vitamin C, identified by Albert Szent-Györgyi and mass-produced by Tadeusz Re-
ichstein), benzoic acid (first analyzed by Friedrich Wöhler and Justus von Liebig), citric acid (first
produced from fermentation in fungi by Carl Wehmer), and sorbic acid (discovered by August
Wilhelm von Hofmann).
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Figure 3.64: In 1935, Ferdinand Münz created the synthetic preservative ethylenediaminetetraacetic
acid (EDTA), which works by chelating (trapping) metal ions that are needed by degradative
enzymes and bacteria.
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3.4 Explosives

German-speaking scientists were responsible for most of the major innovations in modern explo-
sives.5

The first known high explosive was fulminating gold, a complex mixture of compounds contain-
ing gold, ammonia, and chlorine. Fulminating gold was produced and demonstrated by Sebalt
Schwertzer (German states, 1552–1598) and Johann Thölde/Thölden (German states, 1565–1614).
Historical portraits of Schwertzer and Thölde(n) do not appear to exist, but Fig. 3.65 shows illus-
trations of typical alchemists from that time and place.

As illustrated in Fig. 3.66, Christian Schönbein (German states, 1799–1868), Rudolf Christian
Böttger (German, 1806–1881), Friedrich Julius Otto (German, 1809–1870), and Wilhelm Lenk von
Wolfsberg (Austrian, 1809–1894) developed nitrocellulose or guncotton explosive.

Johann F. E. Schultze (German?, 18??–19??), Max Duttenhofer (German, 1843–1903), and Fred-
erick Volkmann (German?, 18??–19??) developed smokeless powder, shown in Fig. 3.67. Smokeless
powder is essentially an improved nitrocellulose material in flake or powder form, and has been
widely used as propellant for small solid rockets.

Johann Rudolf Glauber (German states, 1604–1670) discovered picric acid around 1648, and Her-
mann Sprengel (German states, 1834–1906) produced large quantities of picric acid as an explosive
in 1871 (Fig. 3.68). Sprengel also produced safety explosives (binary explosives that can be safely
stored as separate components, then mixed shortly before use) and other explosive-related products.

As shown in Fig. 3.69, Julius Wilbrand (German, 1839–1906) first synthesized trinitrotoluene (TNT)
in 1863, Paul Hepp (German, 18??–19??) improved the synthesis in 1880, and Karl Häussermann
(German?, 1853–1918) used TNT as an explosive in 1889. Science historian Peter Krehl described
their contributions [Krehl 2009, p. 404]:

1891: Karl Häussermann, a German chemist, discovers the explosive properties of trini-
trotoluene [...], later known as TNT. The substance was first crudely synthesized by
the German chemist Julius Wilbrand [...]; pure TNT was first prepared by the German
chemist Paul Hepp in 1880. Häussermann, who undertook the manufacture of TNT on
an industrial scale, was also the first to suggest its military use: pressed into shells, it
can withstand the shock developed by the propellant when a shell is fired from a gun
barrel. In 1902, TNT was adopted for use by the German army.

Wilhelm Michler (German, 1846–1889), Carl Meyer (German, 18??–19??), Karel Hendrik Mertens
(Dutch, 18??–19??), and Pieter van Romburgh (Dutch, 1855–1945) developed tetryl explosive be-
ginning in 1877. See Fig. 3.70.

5For dedicated coverage of this topic, see especially: George Brown 1998; Field 2017; Krehl 2009; Walters and
Zukas 1989.
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As illustrated in Fig. 3.71, Georg Friedrich Henning (German, 1863–1945) first synthesized hexogen
in 1898, and Edmund von Herz (German?, 18??–19??) patented hexogen as an explosive in 1919.
Hexogen later became much more widely known as “Research Department Explosive” or RDX in
the United Kingdom and United States.

Figure 3.72 shows that nitroglycerin and dynamite were also closely connected to the German-
speaking research world. Ascanio Sobrero (Italian but studied under Justus Liebig, 1812–1888)
developed nitroglycerin explosive in 1847. Nitroglycerin is extremely powerful but quite sensitive
to physical shock. In 1867, Alfred Nobel (Swedish but worked in Germany, 1833–1996) developed
dynamite, which is clay soaked with nitroglycerin, in order to make the nitroglycerin less sensitive
to shock and therefore much easier to transport and use.

Bernhard Tollens (German, 1841–1918) and Peter Wigand (German, 18??–19??), shown in Fig. 3.73,
developed pentaerythritol tetranitrate (PETN) explosive in 1891. The general public nowadays is
more familiar with Semtex plastic explosive, which is a mixture of PETN and RDX with a small
amount of plasticizer and binder. PETN is also used as a blood pressure medication.

Figure 3.74 presents examples of German-speaking scientists who made important contributions to
the mathematical theory of explosions. Walther Nernst (German, 1864–1941) and Max Bodenstein
(German, 1871–1942) worked out the theory of explosive chain reactions; Nernst won the Nobel
Prize in Chemistry in 1920 (p. 745). Heinrich Mache (Austrian, 1876–1954) and Ludwig Flamm
(Austrian, 1885–1964) developed the theory of explosive gas mixtures.
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Figure 3.65: Sebalt Schwertzer and Johann Thölde(n) developed and demonstrated fulminating
gold explosive.
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Figure 3.66: Christian Schönbein, Rudolf Christian Böttger, Friedrich Julius Otto, and Wilhelm
Lenk von Wolfsberg developed nitrocellulose or guncotton explosive.
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Figure 3.67: Johann F. E. Schultze, Max Duttenhofer, and Frederick Volkmann developed smokeless
powder.
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Figure 3.68: Johann Rudolf Glauber discovered picric acid ca. 1648, and Hermann Sprengel pro-
duced large quantities of picric acid as an explosive in 1871.
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Figure 3.69: Julius Wilbrand synthesized trinitrotoluene (TNT) in 1863, Paul Hepp improved the
synthesis in 1880, and Karl Häussermann used TNT as an explosive in 1889.
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Figure 3.70: Wilhelm Michler, Carl Meyer, Karel Hendrik Mertens, and Pieter van Romburgh
developed tetryl explosive beginning in 1877.
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Figure 3.71: Georg Friedrich Henning synthesized hexogen (RDX) in 1898, and Edmund von Herz
patented RDX as explosive (1919).
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Figure 3.72: Ascanio Sobrero developed nitroglycerin explosive in 1847. Alfred Nobel developed
dynamite (clay soaked with nitroglycerin) in 1867.
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Figure 3.73: Bernhard Tollens and Peter Wigand developed pentaerythritol tetranitrate (PETN)
explosive in 1891. Semtex plastic explosive is a mixture of PETN, RDX, and polymers. PETN is
also used as a blood pressure medication.
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Figure 3.74: Walther Nernst and Max Bodenstein worked out the theory of explosive chain reactions.
Heinrich Mache and Ludwig Flamm developed the theory of explosive gas mixtures.
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German-speaking scientists also invented and developed fuel-air explosives [von Haken 1933; Karlsch
2007b; Stevens 2007, pp. 103–111; CIOS ER 201]. The earliest known description of a fuel-air explo-
sive bomb is a patent application filed on 6 April 1933 by Kurd von Haken (German?, 18??–19??),
DE680483, Fliegerbombe für Kohlenstaubexplosionen [Airborne Bombs for Coal Dust Explosions]
(Fig. 3.75):

In der Zeichnung ist der
Fliegerbombenkörper in Abb. 1 schematisch
im Schnitt dargestellt. Abb. 2 betri↵t ein
o↵enes Fallschirmchen mit dem Zeitzünder.
In Abb. 3 ist die Zeitwirkung der Explosion
einer Gruppe solcher Bomben auf ein
Druckwellenempfangsgerät auf der Seite in
einiger Entfernung dargestellt. Es bedeutet
4 die Bombe mit Kohlenstaub, gegebenen-
falls mit flockig in diesem verteilten Feuer-
werkpulversätzen, 5 ein etwa barometrisch
einstellbares Gerät zum Auslösen des
Fallschirmes, 6 die durch irgendein an sich
bekanntes Mittel von mehreren Flugzeu-
gen aus für alle Bomben gleichzeitig
einzustellende Zündvorrichtung, die zu
den einzelnen Zündern 7 führt, die mit
etwa mittels einer Taschenlampenbatterie
8 auszulösende Zeitzünderchen 9 versehen
sind. Die Zeitzünderchen 9 sind von den
von ihnen zu zündenden Zündsätzen für
den Kohlenstaub 10 umgeben, an die ein
sie zerstäubender Sprengsto↵körper 11 sich
anschließt. 12 ist das Fallschirmchen für
diese Zeitzünder, die in zusammengelegtern
Zustande in besonderen Kammern 13 der
leicht zu zerteilenden Bombe angeordnet
sind. 14 ist der Initialsprengkörper zum
Zerstäuben der ganzen Bombe. 15 ist
ein Fallschirm, gegebenenfalls mit pro-
pellerförmig angeordneten Ö↵nungen 16
versehen, damit die Bombe in Drehung
gerät und so in begrenztem Maße durch die
Schwingungen der Fallschirme gehemmt
wird. 12’ ist das Fallschirmchen mit dem
Zeitzünder in geö↵netem Zustande.

In the drawing, the aerial bomb is shown
schematically in section in Fig. 1. Fig. 2 con-
cerns an open parachute with the time fuse.
Figure 3 shows the time e↵ect of the explo-
sion of a group of such bombs on a pres-
sure wave receiving device on the side at
some distance. 4 means the bomb with pul-
verized coal dust, possibly with a flare in
the distributed fireworks powder etching, 5
an approximately barometrically adjustable
device for triggering the parachute, 6 which,
by means of a means known per se from
a plurality of airplanes, which are provided
with timers 7 to be triggered by means of
a torch battery 8, for example. The timers
9 are of the ignitions to be lit by them. For
the carbon dust 10, to which an explosive
body, which atomizes them, follows. 12 is
the parachute for these time igniters, which
are arranged in a combined state in partic-
ular chambers 13 of the easy-to-split bomb.
14 is the atomic bubble for atomizing the
whole bomb. 15 is a parachute, provided
if necessary with propeller-shaped openings
16, so that the bomb is turned and thus lim-
ited to a certain degree by the vibrations of
the parachutes. 12’ is the parachute with the
time fuse in the opened state.
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Beim etwa gleichzeitigen Abwurf einer
Reihe von Bomben ö↵nen sich nicht alle
Bombenfallschirme gleichzeitig, so daß die
Bomben in verschiedener Höhe und in
verschiedener Zeit über einer mehr oder
weniger großen Zielfläche, z.B. 1 qkm,
verteilt sind, im Gesamtgewicht von etwa 10
t. Bei der Primärzerstäubungdurch Zünden
der Sprengkörper 14 bilden sich um die
Bomben eine Reihe Staubwolken, die in
langsamem Falle weiter sinken. Die kleinen
Fallschirmchen mit den kleinen Zeitzündern
ö↵nen sich gleichzeitig oder früher durch
Auslösung einex Hilfsvorrichtung 17 vom
Manometer aus und verteilen sich in gle-
ichmäßigem Falle in diesen Staubwolken, so
daß sie auch annähernd gleichzeitig zur Ex-
plosion kommen. Auf dem Zeitmeßgerät ze-
ichnen sich dann, je nach der Entfernung
der Bomben 1, 2, 3 und der Zündkörperchen
1 bis 10, drei Wellen a, b, c für die
Zerstäubung und etwa fünf kleine Wellen,
von der Explosion der Zündkörperchen
herrührend, ab. Um die detonierenden
Zündkörperchen herum wirkt sich progres-
siv steigernd eine große Druckwelle 18 aus,
die im Zusammenhang mit der Großluftbe-
wegung mit Überschallgeschwindigkeit auf
große Entfernung zur Wirkung gelangt.

When a series of bombs are dropped at the
same time, not all of the bombshells open at
the same time, so that the bombs are at dif-
ferent heights and at di↵erent times over a
more or less large target area, for example,
1 square kilometer, with a total weight of
approximately 10 t. In primary sputtering
by igniting the explosive bodies 14, a se-
ries of dust clouds form around the bombs,
which sink further in a slow case. The little
parachutes with the small time fuses open
at the same time or earlier by triggering an
auxiliary device from the manometer and
distributing themselves in this case evenly
in the dust clouds, so that they also al-
most explode at the same time. According
to the distance of the bombs 1, 2, 3 and
the ignition body 1 to 10, three waves a, b,
c for the atomization and about five small
waves, which originate from the explosion of
the ignition cores, are then distinguished on
the time-measuring device. Around the det-
onating detonators, a large pressure wave 18
acts progressively increasing, which in con-
junction with the shock wave arrives at a
great distance with a supersonic velocity.
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Figure 3.75: Kurd von Haken filed a patent application on fuel-air explosives in 1933.
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Using von Haken’s patent, Mario Zippermayr (Austrian, 1899–1979) led a team that developed and
tested fuel-air explosives 1942–1945, as shown in Fig. 3.76 [CIOS ER 201, NavTecMisEu 548-45].
Historian Rainer Karlsch explained the development program [Karlsch 2007b]:

During the war a group of scientists under the direction of the Austrian physicist Mario
Zippermayr made use of the patent belonging to Kurd von Haken. They improved the
concept of the coal dust bomb. [...]

Zippermayr’s activities for the Air Force and the establishment of his research institute
probably did not begin until 1942. The swift progress of the group is therefore even
more astounding. Zippermayr was not, however, the scientific “brain” of the group, but
rather its loyal Nazi manager.

According to reports by the US Forces Austria Counter-Intelligence Corps, his group
had 35 individuals employed in locations in Vienna and in Lofer, Tyrol. The most
important research project was the development of a highly explosive warhead with
which the anti-aircraft missiles ‘Enzian’ (Gentian) and ‘Schmetterling’ (Butterfly) were
to be fitted.

The project work was accelerated in the second half of 1944, after the landing of the
Allies at Normandy and the assassination attempt on Hitler. At that point the SS took
over the most modern weapons development projects, and tried to bring these weapons
to a usable stage of development. Among the many exotic ideas there were also some
technically very demanding projects such as the development of nerve gases, missiles
and nuclear explosives.

Himmler’s organization also had an influence on the project of SS o�cer Mario Zipper-
mayr, and in this case the cooperation between researchers and the SS was probably
especially close. The researchers were on a promising path, as Zippermayr reported
in October 1944 in a report for the Reichsforschungsrat (Research Advisory Council)
labeled “Geheime Kommandosache” (Secret Commando Matter). He referred to exper-
iments that took place in the spring of 1943 with 60 kilograms of a mixture of coal dust
and liquid oxygen in the vicinity of the air base Zwölfaxing near Vienna. The explosions
broke windows up to 1.5 kilometers away. As far as 3.5 kilometers away, windows and
doors that had been pulled to were pushed open by the explosions.

The project was given the code name “Witches Cauldron” [Hexenkessel]. Contributors
to the project were scientists from Dynamit Nobel Corporation, Rheinmetall-Borsig,
the Ballistic Institute in Gatow, as well as specialists from the brown coal industry and
from the Zippermayr group. Probably there was at least one more SS research group
that conducted similar experiments in Silesia and in other locations.

According to information that reached British intelligence early in 1945, a test north of
Berlin achieved a destructive radius of approximately 600 meters. The heat and pressure
wave ignited trees in the target area and knocked them over. The air force could have
made good use of such a weapon. The plan was to target these at aircraft formations
via anti-aircraft missiles. As far as we know, these missiles were never used, however.
But the new bomb could have been used against large surface target areas. This was
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a very real danger. According to American secret service reports, the German military
possessed at war’s end 5-ton “liquid air bombs,” as the thermobaric bombs were called
then. In the National Archive in Washington, there is a document naming a plant in
Nordhausen, in the Harz region, where the V-2 missiles were produced, as the location
for the production of even larger “oxygen bombs” (yet another name for these same
bombs). An actual use of the bombs never occurred.

Even as late as the capitulation, the victors possessed only vague secret service informa-
tion about the super bomb. Nevertheless, there was an interest in the immediate study
and development of this technology, of course under conditions of utmost secrecy. For
this reason, Zippermayr was repeatedly questioned by the Chemical Warfare Service,
beginning on 3 August 1945. During a later interrogation in 1949, he told the Americans
that with his bomb—whether with pulverized coal dust or with gas or other liquids—he
could achieve the area destruction of a small atomic bomb. Furthermore, the production
of such a bomb would be much cheaper.

In contrast to other prominent German weapons industry researchers, there was re-
luctance to transport the SS man Zippermayr to the United States. However, several
of his colleagues were o↵ered the opportunity to continue their research in America in
the context of “Operation Paperclip.” Apparently the Soviets also benefited from the
knowledge produced by the Zippermayr group. According to an American report, Hein-
rich Mache, a professor at the Technical University in Vienna, was forced to conduct
experiments with coal dust explosives in October 1945 under Soviet supervision.

The terrible fruits of the Zippermayr group did not just remain in the arsenals. They
were used as “enhanced blast weapons” in the Vietnam War and in 1969 in Soviet-
Chinese border conflicts at the Ussuri River. This name comes from the fact that the
temperatures achieved by these bombs were not extreme. This changed in the late
1980s when the reaction temperature was raised substantially through added metallic
particles, primarily aluminum, but also through other metals, as well as through oxygen.
The principle of the thermobaric bomb, however, remained the same and is one example
for the fact that it was not just in the case of missiles and jet planes that the victors
in the Second World War made use of the knowledge of the defeated powers. That the
technology behind the “father of all bombs” is old hat should not obscure the fact that
this is a weapon of mass destruction that should be forbidden.

Note that the use of powdered aluminum in explosives to enhance the temperature and blast (as
described above) was also developed in wartime Germany; see pp. 3559–3562 [BIOS 27; BIOS 100;
BIOS 1261]. Thus the “thermobaric” and “enhanced blast weapons” built by the United States
and other countries after the war were entirely derived from technologies that had previously
been designed and demonstrated in Germany and Austria, based on information and materials
obtained from German-speaking scientists, as well as the direct assistance of many of those scientists
themselves (such as Mario Zippermayr, likely others on his team, and Heinrich Mache, who is
mentioned above and shown in Fig. 3.74).
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Figure 3.76: Mario Zippermayr led a team that developed and tested fuel-air explosives 1942–1945.
[Conference of CWS O�cials with Ing. Mario Zippermayr. 18 March 1949. Regraded Unclassified
(7/13/99) by USAINSCOM FOI/PA. Fort Meade, Department of the Army. Courtesy of Henry
Stevens.]
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Similarly, German-speaking scientists led the development of shaped (or hollow) explosive charges,
as illustrated by the examples of patents shown in Fig. 3.77. German-speaking scientists who were
responsible for the development of shaped explosive charges included [Kennedy 1990]:

• Franz von Baader (German states, 1765–1841, Fig. 3.78) designed and utilized shaped charges
for mining.

• Gustav Bloem (German?, 18??–19??, Fig. 3.78) invented metal-lined shaped charges as det-
onator caps.

• Carl Julius Cranz (German, 1858–1945, Fig. 3.78) worked on many aspects of ballistics and
supported Franz Rudolf Thomanek and others in developing militarily useful shaped charges.

• Rolf Engel (German, 1912–1993, Fig. 3.78) was an expert on rockets, explosives, shaped
charges, and implosion designs. He worked on secretive military projects for the German
military during World War II and for the French military after the war.

• Ernst Richard Escales (German, 1863–1924, Fig. 3.78) published handbooks and journals
about a wide variety of explosives and explosive techniques, including shaped charges.

• Max von Förster (German, 1845–1905, Fig. 3.78) designed, tested, and published descriptions
of shaped explosive charges.

• Hellmuth von Huttern (German?, 19??–19??, Fig. 3.79) worked with Franz Rudolf Thomanek
in developing the first prototypes for military shaped charge weapons.

• Heinrich Langweiler (German?, 19??–19??, Fig. 3.79) led the team that developed the Faust-
patrone and Panzerfaust anti-tank weapons [BIOS 99; BIOS 100].

• Hans Mohaupt (Swiss, 1915–2001, Fig. 3.79) brought the concept of shaped explosive charges
to the United States, leading to the design of the bazooka.

• Egon Neuman (German?, 18??–19??, Fig. 3.79) developed sophisticated shaped charge explo-
sives in 1910 and helped to publicize the general concept [George Brown 1998, p. 166; Walters
and Zukas 1989, pp. 12–13].

• Hubert Schardin (German, 1902–1965, Fig. 3.79) worked for the Luftwa↵e as an expert on
the design and experimental measurement of shaped explosive charges and implosion bombs
[Krehl 2009, pp. 1160–1162; Nagel 2012a, p. 149↵.].

• Erich Schumann (German, 1898–1985, Fig. 3.79) ran a Heereswa↵enamt (Army Ordnance Of-
fice) program to design and conduct experimental measurements of shaped explosive charges
and implosion bombs [Karlsch 2005; Nagel 2012a].

• Alfred Stettbacher (Swiss, 1888–1961, Fig. 3.80) designed and tested shaped charges.

• Franz Rudolf Thomanek (Austrian, 1913–1990, Fig. 3.80) began designing and developing
hollow-charge antitank weapons in 1932 and worked on them until 1945.
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• Walter Trinks (German, 1910–1995, Fig. 3.80) worked closely with Erich Schumann as part of
the Heereswa↵enamt (Army Ordnance O�ce) program to design and conduct experimental
measurements of shaped explosive charges and implosion bombs [Karlsch 2005; Nagel 2012a].

The chemist Simon Field [Field 2017, pp. 131–132, 136] emphasized the contributions of these
scientists:

In 1792 the twenty-six-year-old German Catholic philospher, theologist, and mining
engineer Franz Xaver von Baader came up with a way of saving gunpowder in mines. The
idea was to make a conical of mushroom-shaped hollow in the front of the gunpowder
charge. His reasoning was not recorded, and it is not clear what e↵ect it had, if any, but
it was used in Norway and later in the mines of the Harz Mountains in Germany[...]

Things were a little di↵erent ninety-one years later, in 1883. The chief company engineer
of the nitrocellulose factor of Wol↵ and Co. in Walsrode, Germany, was a man named
Max von Förster. Von Förster tested a hypothesis “to give the detonating gases of gun-
cotton a certain direction aiming toward the target” through a series of experiments
with hollowed-out charges. “Estimated on the whole, it appears that the e↵ect of the
hollow cartridge of the same size and less weight is superior to the full one of more
weight.” [...]

In 1883 Gustav Bloem patented a metal detonator cap with a hollow in it, to get a
“concentration of the e↵ect of the explosion in an axial direction.” This was the first
lined cavity shaped charge.

[...] Dr. Franz Rudolph Thomanek, on February 4, 1938, discovered the importance of
the metal lining. [...] Between then and 1943, Thomanek experimented with di↵erent
hollow shapes and di↵erent liner thicknesses, including tapering the thickness.

In Zurich in 1937 a Swiss engineer, Dr. Henry Hans Mohaupt, also came up with a
metal-lined hollow cavity shaped charge, and tried to get the British government to pay
him for the expense of developing it. [...]

Mohaupt brought his idea to the United States on October 18, 1940. First developed as
a rifle grenade, the idea morphed into a rocket-propelled munition with a shaped charge
armor-piercing warhead that became known as the “bazooka” [...]

As shown in Fig. 3.81, Herbert Rühlemann (German, 18??–19??) invented time-delay electric bomb
fuses in the 1920s. Ernst Marquard (German, 18??–19??) helped to further develop them during
the war. Both Rühlemann and Marquard aided ordnance development in the United States after
the war.
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Figure 3.77: German-speaking scientists led the development of shaped explosive charges, as illus-
trated by these examples of patents from Hans Mohaupt and Franz Rudolf Thomanek.



484 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

Figure 3.78: German-speaking scientists who were responsible for the development of shaped ex-
plosive charges included Franz von Baader, Gustav Bloem, Carl Julius Cranz, Rolf Engel, Ernst
Richard Escales, and Max von Förster.
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Figure 3.79: Other German-speaking scientists who were responsible for the development of shaped
explosive charges included Hellmuth von Huttern, Heinrich Langweiler, Hans Mohaupt, Egon Neu-
man, Hubert Schardin, and Erich Schumann.
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Figure 3.80: Other German-speaking scientists who were responsible for the development of shaped
explosive charges included Alfred Stettbacher, Franz Rudolf Thomanek, and Walter Trinks.
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Figure 3.81: Herbert Rühlemann invented time-delay electric bomb fuses in the 1920s, Ernst Mar-
quard helped to further develop them during the war, and both aided ordnance development in the
United States after the war.



488 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

Figure 3.82: Over two years after World War II ended in Europe, the U.S. War Department General
Sta↵ (WDGS) Intelligence Division wrote a report summarizing what they had learned about “New
Explosives Developed by the Germans” during the war. Even after so many decades, that report
remains classified and unavailable to the public. Why? What information is in the report? [NARA
RG 319, Entry NM3-82, Box 2899, Folder Project 3826]
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3.5 Chemical Warfare Agents and Pesticides

German-speaking scientists dominated the development of chemical warfare agents and pesticides.6

Figure 3.83 shows the chemical structures of some major chemical warfare agents and pesticides.

Several compounds became famous or infamous after their use in World War I (Fig. 3.83). The
cyanide-containing Prussian blue pigment was developed in the German-speaking world around
1700. Hydrogen cyanide gas derived from the Prussian blue pigment was called Prussic acid. It was
deployed to some extent on WWI battlefields, but was also used as an insecticide; in WWII it was
called Zyklon B and used in the gas chambers of the Holocaust, but even long after the wars, it
was still used for criminal executions in the United States.

Chlorine gas, two chlorine atoms bonded together, was used on WWI battlefields, and is caustic
to lungs, eyes, and other sensitive tissues with which it comes into contact. Phosgene gas coupled
the two chlorine atoms to a carbon atom and an oxygen atom, making it more readily absorbed
by tissues and hence even more toxic. In mustard agent, the two chlorine atoms were linked to a
hydrocarbon chain. This hydrocarbon chain gave mustard agent an oily feel, made it persist on
surfaces for long periods of time instead of rapidly dispersing like a gas, and made it penetrate
through skin so that it could attack even people wearing gas masks.

The U.S. chemical weapons expert Jonathan Tucker described how Fritz Haber (German, 1868–
1934) and other German scientists developed the first generation of chemical warfare agents [Tucker
2006, pp. 10–12, 18–19]:

Because Germany possessed the world’s most advanced chemical industry, it enjoyed an
inherent advantage in this type of warfare. [...]

The individual who became responsible for developing chemical weapons for the German
War O�ce was Professor Fritz Haber, a brilliant young chemist and ardent Prussian
nationalist who directed the Kaiser Wilhelm Institute for Physical Chemistry in Berlin.
[...]

In late 1914, Haber had the idea of loading artillery shells with chlorine, which the
German chemical industry produced in large quantities for the production of dyestu↵s.
When a shortage of artillery shells ruled out this method of delivery, he proposed instead
that chlorine be released directly from pressurized gas cylinders, allowing the wind to
carry the poisonous cloud over the enemy’s trenches. [...]

In mid-January [1915], Haber ordered the chemist Otto Hahn and several other col-
leagues to help prepare the chlorine attack. [...] The German chemists helped to organize
a special unit for gas warfare called Pioneer Regiment 36. [...]

In December 1915, the Germans fired shells containing phosgene, a gas used in the dye
industry that was eighteen times more toxic than chlorine. [...]

6Friedrich et al. 2017; Gellermann 1986; Gröhler 1989; Hager 2008; Harris and Paxman 2002; Hein Hofmann 2008;
Pfingsten 2003; Stoltzenberg 1994, 2005; Szöllösi-Janze 2015; Tucker 2006; Zecha 2000.
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In an e↵ort to circumvent the Allied use of protective masks and respirators, Haber
and his colleagues developed a new chemical warfare agent that attacked the skin as
well as the lungs. Called “mustard” because of its sharp, garlicky odor, it was an oily
liquid that was readily absorbed through the skin, giving rise after several hours to
severe chemical burns and blisters. In July 1917, once again at Ypres, the Germans
began firing mustard-filled shells containing an explosive burster charge that shattered
the liquid agent into a fine mist that was colorless or light yellow. Like phosgene, the
e↵ects of mustard were insidious: symptoms developed only after a delay of three to
twenty-four hours (with a mean of ten to twelve hours), so that troops often did not
realize that they had been exposed to the agent until it was too late.

[...] Mustard soon became the most dreaded of chemical weapons and was dubbed “the
king of the war gases.” Not only was it highly persistent, clinging to clothing and
equipment and contaminating the battlefield for days or even weeks, but its ability to
penetrate the skin forced troops to augment their respirators with cumbersome oilskin
capes, goggles, and leather or rubber garments. This protective gear could be worn only
for short periods, however, because it caused heat stress and seriously impaired fighting
e�ciency.

Fritz Haber won the 1918 Nobel Prize in Chemistry for unrelated work to chemically synthesize
ammonia on an industrial scale (p. 390).

The German-speaking world also produced the most important early insecticides, which had a
worldwide impact and became the prototypes for improved insecticides. Dichloro-diphenyl-trichloro-
methylmethane (DDT, Fig. 3.83), with five chlorines coupled to two benzene rings, was first pro-
duced in 1874 by Othmar Zeidler (Austrian, 1850–1911). Paul Hermann Müller (Swiss, 1899–1965)
discovered DDT’s insecticidal properties in 1939. DDT was rapidly transferred from the German-
speaking world to many other countries [Brooks 1974, pp. 7–17] and was widely used to curtail
insect-borne diseases in the 1940s–1960s. Müller won the Nobel Prize in Physiology or Medicine in
1948 for DDT, drawing the praise of Professor G. Fischer, member of the Sta↵ of Professors of the
Royal Caroline Institute [www.nobelprize.org/prizes/medicine/1948/ceremony-speech/]:

The story of DDT illustrates the often wondrous ways of science when a major discovery
has been made. A scientist, working with flies and Colorado beetles discovers a substance
that proves itself e↵ective in the battle against the most serious diseases in the world.
Many there are who will say he was lucky, and so he was. Without a reasonable slice
of luck hardly any discoveries whatever would be made. But the results are not simply
based on luck. The discovery of DDT was made in the course of industrious and certainly
sometimes monotonous labour; the real scientist is he who possesses the capacity to
understand, interpret and evaluate the meaning of what at first sight may seem to be
an unimportant discovery.

Dr. Paul Müller. I have tried to give a brief survey of the historical development of
DDT. Your discovery of the strong contact insecticidal action of dichloro-diphenyl-
trichloromethylmethane is of the greatest importance in the field of medicine. Thanks
to you, preventive medicine is now able to fight many diseases carried by insects on a
way totally di↵erent from that employed heretofore. Your discovery furthermore has,
throughout the world, stimulated successful research into newer insecticides.
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Figure 3.83: Chemical warfare agents and pesticides, including chemical agents used during World
War I, some important early insecticides, nerve agents produced during World War II, and related
nerve agents produced after World War II.



492 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

DDT was phased out starting in the 1960s due to concerns about environmental side e↵ects, as
most famously articulated in Rachel Carson’s 1962 book, Silent Spring. However, it was replaced
by other insecticides that came from the German-speaking world.

Scientists in the German-speaking world developed a number of chemical derivatives of DDT that
appeared (and in some cases still appear) to be safer. One was dichlorodiphenyldichloroethane
(DDD), also known a ME-1700. Others were difluorodiphenyltrichloroethane (DFDT, also known
as Lauseto) and monofluorodiphenyltrichloroethane (MFDT), which as of 2019 were still being
considered as attractive and relatively safe insecticides [Zhu et al. 2019].

Hermann Staudinger (German, 1881–1965) and Leopold Ruz̆ic̆ka (Austro-Hungarian, studied in
Germany and worked in Switzerland, 1887–1976) identified pyrethroid insecticide molecules in 1924,
and pyrethroid insecticides have been widely used from the 1960s onward as a safer replacement
for DDT. Staudinger won the Nobel Prize in Chemistry in 1953 for his work on polymers (p. 430),
and Ruz̆ic̆ka won the Nobel Prize in Chemistry in 1939 for his work on hormones (p. 313).

Other early insecticides had an even more profound impact. Organophosphate compounds, contain-
ing both a phosphorus atom and several carbons, were developed as insecticides by Paul Gerhard
Schrader (German, 1903–1990). Parathion (Fig. 3.83) was one of the earliest and best-known ex-
amples, and numerous variations such as malathion were subsequently produced and used to the
present day. Yet because some of the early organophosphate insecticides had some toxicity to hu-
mans as well as insects, they proved to be the key to developing more modern chemical warfare
agents, rapidly acting nerve agents.

Scientists in the Third Reich produced and tested a wide variety of organophosphate nerve agents,
and created several especially potent ones (which were given postwar codenames beginning with
G for German): tabun (GA), sarin (GB), soman (GD), ethylsarin (GE), cyclosarin (GF), and
isopentylsarin (GH). (The code name GC was not used, to avoid confusion with the U.S. code
name for phosgene, CG [Tucker 2006, p. 105]. GG was likely skipped because of the double letters.)
See Fig. 3.83. Schrader created all of the agents just listed, except for soman which was developed
by Richard Kuhn (Austrian, 1900–1967). After their initial discovery and testing, the agents were
mass-produced by I.G. Farben at several industrial plants led by the chemist Otto Ambros (German,
1901–1990). These G-series nerve agents were exclusively possessed by the Third Reich and were
stockpiled (p. 497) but never used, presumably due to fear that Allied nations would retaliate with
much cruder but still e↵ective first-generation chemical weapons such as mustard gas.

Jonathan Tucker described the sophistication of nerve agent research, development, and production
during the Third Reich [Tucker 2006, pp. 42, 45, 47–48, 50–51]:

Code-named “Hochwerk,” it would eventually cover an area 1.5 kilometers long by 700
meters wide. [...]

Because of shortages of key equipment and manpower, it took two years and an ex-
penditure of 120 million reichsmarks to complete the Hochwerk plant at Dyhernfurth,
which the Anorgana company headed by Ambros began to operate in the spring of 1942.
The sprawling production complex included buildings for manufacturing basic chemical
ingredients, intermediates, and final products; numerous warehouses and storage tanks;
a bombproof bunker that could hold 1,000 tons of bulk agent; filling lines for loading
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Tabun into artillery shells and aerial bombs; a well-equipped medical clinic with a sta↵
of trained physicians; and barracks for the plant workers. To reduce exposure to air
raids, the main production facility was built partially underground and camouflaged
with trees planted on the roof.

Because of Tabun’s extreme toxicity, the design of the Hochwerk facility included spe-
cial features to protect the plant workers against exposure. Each kettle was housed in
an enclosed operating chamber formed of two spaced glass walls. Between the glass
walls, a ventilation system produced greater than atmospheric pressure, so that the
flow of air was always toward the reaction kettle. Inside the operating chamber, the
air above the kettle was continuously changed by means of a separate ventilating duct,
creating negative pressure. This pressure di↵erential meant that the air contaminated
with Tabun fumes was retained inside the operating chamber. All pipes used to transfer
solutions containing Tabun were double-walled, and their outer surfaces were sprayed
frequently with a weak solution of ammonia and water to neutralize minor leaks. After
each production run, the kettles were decontaminated with steam and ammonia.

No technicians were allowed to enter the operating chambers while the production of
Tabun was under way. Instead, the operators opened and closed valves with long-handled
mechanical levers that penetrated the double glass walls through rubber-sealed gaskets.
[...]

Although the standard Germany Army gas mask protected against breathing contami-
nate air, Tabun could also be absorbed through the skin. For this reason, all mechanics
who entered the sealed production chambers to perform repairs and maintenance wore
not only a respirator but a protective suit, cap, boots, and gloves, encapsulating the
entire body. The suit consisted of two layers of rubber separated by a layer of cloth,
making it cumbersome and unbearably hot in summer. Despite these precautions, about
a dozen fatal accidents occurred during the two and a half years of Tabun production,
most of them a↵ecting mechanics performing overhauls of the plant. In one incident,
seven pipe fitters were struck in the face by a pressurized stream of liquid Tabun that
forced itself between their respirators and rubberized suits. [...]

All seven victims were given intramuscular injections of atropine and a new drug called
Sympotal, but five did not respond to the antidotes and died. [...]

Dyhernfurth had its own munition-loading facility, which was built underground and
equipped with ventilation shafts. Steel artillery shells and bomb casings were manufac-
tured in a separate building and place on conveyor belts that transported them to the
filling plant. Liquid Tabun pumped from underground storage tanks was loaded into
empty 105 mm and 150 mm artillery shells, 250-kilogram aerial bombs, and artillery
rockets. [...] To compensate for Tabun’s lack of volatility, the bombs contained a central
“burster” tube filled with a high explosive that, detonated on impact with the ground,
would shatter the liquid agent into a mist of tiny droplets, poisoning enemy soldiers
through inhalation and skin contact.

Once an aerial bomb had been loaded with Tabun, the filling port was closed with a
plug that incorporated a tightening pin. Using a wrench, a technician applied seating
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pressure to the pin, causing it to shear o↵ and leave the plug in a sealed position, flush
with the surface of the weapon. The sealing plug and adjacent surface were then coated
with a slow-drying pink lacquer that would turn a deep carmine if Tabun lead through
the plug. Near the base of the bomb or shell, workers painted three green rings around
the munition to indicate its contents, along with stenciled numbers providing the date
of manufacture and a code letter indicating the ratio of Tabun to chlorobenzene. [...]

The forced laborers were assigned the most menial, backbreaking, and dangerous tasks
at the Tabun plant, including construction, maintenance, and loading munitions with
the liquid agent. On the filling line, they wore protective clothing similar to a deep-sea
diving suit, with a helmetlike mask covering the entire head and a hose providing a
supply of fresh air. [...]

While Gerhard Schrader synthesized tabun, sarin, and hundreds of other possible nerve agents
and pesticides, Jonathan Tucker described the role that Richard Kuhn also played in the program
[Tucker 2006, pp. 54, 62–63]:

In early 1943, Colonel Schmidt of the Army Ordnance O�ce asked Professor Richard
Kuhn, the director of the Institute of Chemistry at the Kaiser Wilhelm Institute for
Medical Research in Heidelberg, to analyze the e↵ects of nerve agents on the central
and peripheral nervous systems. [...]

Based on these insights, Kuhn’s research team developed a standardized assay that
measured the ability of nerve agents to inhibit purified cholinesterase enzymes in the
test tube. Over the next two years, they used this assay to screen a variety of candidate
nerve agents, some of their own invention and others synthesized by the German Army
chemists at Spandau Citadel. [...]

[D]uring the spring of 1944, Richard Kuhn, working at the Kaiser Wilhelm Institute in
Heidelberg, made a striking discovery. He was continuing his research for the German
Army by screening a wide variety of organophosphorus compounds—some of which he
had synthesized himself—for the ability to inhibit cholinesterase. Because of the Nazi
obsession with secrecy, his research was “compartmented”: he was not put into contact
with other scientists in the nerve agent field and was completely unaware of Schrader’s
work.

When Kuhn replaced the isopropyl alcohol used to make Sarin with a more complex alco-
hol known as pinacolyl, the resulting substance (which he called Compound 25075) had
a camphorlike odor and was roughly twice as potent as Sarin in inhibiting cholinesterase.
The War O�ce code-named this new compound “Soman,” and Kuhn synthesized small
amounts in the laboratory.

Toxicological testing of Soman in animals by Dr. Gross at IG Elberfeld revealed that the
new agent was twice as toxic as Sarin by inhalation, readily penetrated into the skin, and
passed rapidly from the bloodstream into the brain, enhancing its lethal e↵ects. Even
more striking, Soman inactivated cholinesterase irreversibly within two minutes, severely
limiting the e↵ectiveness of atropine as an antidote. Over the next several months, Kuhn
and his colleagues tested about fifty analogues of Sarin and Soman for their ability to
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inhibit cholinesterase in his test-tube system. The most promising compounds were then
tested on dogs and apes. [...]

The G-series nerve agents and information on how to produce them was removed from Germany
at the end of the war (Fig. 3.84), and G-series agents have been mass-produced by a wide range
of nations ever since. For example, the postwar U.S./U.K. chemical warfare program was directly
copied from the wartime German program, making extensive use of German scientists, information,
and materials [Tucker 2006, p. 116]:

In addition to Schieber, EUCOM hired about thirty German chemical warfare experts,
some of whom were later transferred to Edgewood Arsenal to continue their work on
American soil. [...] Several of the German chemical weapons specialists recruited by
Porton Down later moved to the United States, where they were granted U.S. citizenship
and prominent positions.

Similarly, the postwar Soviet chemical warfare program was also directly copied from the wartime
German program [Tucker 2006, pp. 106–107, 145]:

In September 1946, with the aid of captured German scientists, Soviet engineers and
pipe fitters had systematically dismantled the Tabun and Sarin plants at Dyhernfurth,
which the Red Army had seized as war booty, and shipped the production equipment
to Stalingrad. [...]

To assist in rebuilding the nerve agent production lines, the Soviets brought to Stalin-
grad about a dozen German chemists and process engineers from Dyhernfurth who had
been captured by the Red Army. The most senior of the German scientists were Dr. von
Bock, the former production manager. Soon after his arrival, he was ordered to write a
detailed technical report on Tabun production and was questioned at length about the
metal corrosion problems associated with the manufacture of Sarin.

The Sarin plant at Stalingrad started out as a copy of the one at Dyhernfurth, but for
reasons of national pride [Zaharovich] Soborovsky and [Boris] Libman tried to improve
on the German production process. In so doing, they ran into serious technical problems
that resulted in lengthy delays. [...] Although the development had begun in 1948, it was
not until 1959—more than a decade later—that Chemical Works No. 91 was churning
out large amounts of Sarin with a satisfactory level of purity and stability.

A significant innovation in nerve agents first became known after the war. Although G-series agents
were relatively small molecules that dispersed fairly rapidly, if they were coupled to an oily hydro-
carbon chain, they could persist on surfaces for long periods of time and also readily penetrate
through human skin. These improved nerve agents became known as the V-series (for venomous);
VX was the favorite in the United States and United Kingdom, and the similarly acting VR was the
favorite in the Soviet Union (Fig. 3.83). O�cially, the invention of this category of nerve agents was
credited to postwar researchers not from the German-speaking world. In 1952, Ranajit Ghosh and
J. F. Newman at the UK Imperial Chemical Industries (ICI) Plant Protection Laboratory produced
a potent V-series agent, Amiton, that had been intended as an insecticide. Almost simultaneously,
Lars-Erik Tammelin of the Swedish Institute of Chemical Defense produced similar compounds
that came to be known as Tammelin esters.
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In fact, V-series agents appear to have been invented, produced, and tested in Germany during
the war. As shown in Appendix A, in 1945 Gerhard Schrader gave U.K. and U.S. o�cials detailed
information on many hundreds of nerve agents that he had developed and tested [BIOS 714].
Schrader’s report included a wide variety of V-series agents, composed of G-series agents coupled
to an oily hydrocarbon chain. Furthermore, many of Schrader’s agents possessed the same molecular
features as VX and VR, such as using a nitrogen atom to attach two branches of hydrocarbons to the
toxic part of the molecule. After the war, Schrader, Ernst Schegk, and Hanshelmut Schlör of Bayer in
Leverkusen (part of I.G. Farben during the war) filed patents on linking an oily hydrocarbon chain to
a toxic organophosphate toxin, although postwar restrictions both delayed public acknowledgement
of that work and compelled them to focus on insecticide applications instead of chemical warfare
applications. In the United States (and likely in other countries as well), German experts such as
Friedrich Wilhelm Ho↵mann were employed to mass produce V-series agents.

It is quite possible that Richard Kuhn or others also developed V-series agents in Germany during
the war. Much more archival research is needed to clarify the history of the development and
dissemination of knowledge about V-series agents.

German-speaking scientists also discovered and developed other categories of chemical weapons.
For example, R. P. Linstead and T. J. Betts, the British and American chairs of the Combined
Intelligence Objectives Subcommittee, described a highly corrosive German chemical weapon in a
September 1945 report, [AFHRA A5186 electronic version pp. 904–1026, Ch. 4, p. 54]:

A new method was discovered for the manufacture of chlorine trifluoride. The value of
this compound is said to lie in its powerful oxidizing properties which causes organic
materials to burst into flame immediately on contact. It also has a quality of liberating
fluorine which attacks glass and rapidly obscures vision in planes or military vehicles.

German chemical agents with incendiary, freezing, neuropharmacological, and other properties were
also reported.

Figures 3.85–3.96 show some of the German-speaking scientists who were involved in developing
and testing chemical warfare agents and pesticides.
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Figure 3.84: Stockpiled German nerve gas warheads found by U.S. forces in 1945.
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Figure 3.85: Examples of German-speaking scientists involved in developing and testing chemical
warfare agents and pesticides.
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Figure 3.86: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.87: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.88: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.89: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.90: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.91: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.92: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.



506 CHAPTER 3. CREATORS & CREATIONS IN CHEMISTRY & MATERIALS SCIENCE

Figure 3.93: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.94: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.95: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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Figure 3.96: More examples of German-speaking scientists involved in developing and testing chem-
ical warfare agents and pesticides.
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3.6 Physical Chemistry

Due to the dominance of creators from the greater German-speaking world both in the field of
chemistry and in the field of physics, it is not surprising that they founded and led the area of
physical chemistry, the intersection between chemical and physical phenomena.7 Some important
creators in this area are shown in Figs. 3.97–3.100 and discussed below. For closely related creators
and creations in quantum physics and statistical physics, see Sections 5.4 and 5.5, respectively.

Svante Arrhenius (1859–1927) was Swedish but studied and worked in Germany and Austria. In
fact, throughout most of his education and career he encountered considerable opposition to his
scientific innovations in Sweden, but was given strong support and assistance by creators such as
Ludwig Boltzmann, Rudolf Clausius, Friedrich Kohlrausch, Wilhelm Ostwald, and Jacobus van ’t
Ho↵. Arrhenius was one of the founders of the field of physical chemistry and won the Nobel Prize
in Chemistry in 1903 for his theoretical insights into electrolytic dissociation. H. R. Törnebladh,
President of the Royal Swedish Academy of Sciences, explained the importance of Arrhenius’s work
[www.nobelprize.org/prizes/chemistry/1903/ceremony-speech/]:

Around 1880 Svante Arrhenius—then studying for a doctorate in science—arrived, as
a result of his researches into the movement of electric current through solutions, at
a new explanation of the causes of chemical phenomena, i.e. he attributed them to
electrical charges contained in the constituents of reacting substances. Electricity was
thus introduced as a decisive factor into the theory of chemistry[...]

In the time of Berzelius this notion rested on a qualitative basis only, whereas Arrhe-
nius’s theory determined it quantitatively, thus allowing it to be treated mathematically.
In his doctor’s thesis, twenty years ago, Arrhenius had deduced from this principle all
known laws governing chemical changes, but despite this the new theory was very little
understood. It so conflicted with current ideas as to disprove them. According to this
theory, for instance, common salt, sodium chloride, when dissolved in water splits up to
a varying extent, in other words it is dissociated into its constituent parts which are dia-
metrically opposed but charged with electricity, i.e. into ions of chlorine and of sodium,
the only chemically e↵ective substances in a solution of common salt. The theory also
claimed that when an acid and a base react upon one another, water is the primary
product and salt the secondary, and not reversely, as was then generally believed. Ideas
so contrary to those current at that time could not be accepted immediately. A strug-
gle lasting more than ten years and an enormous number of new experiments were
required before the new theory was accepted by everyone. During this long battle over
Arrhenius’s theory of dissociation tremendous advances were made in chemistry and
ever closer links were established between chemistry and physics—to the great benefit
of both sciences.

7For more information on this area, see especially: Brock 1993; Laurie Brown et al. 1995; Bugge 1955; Co↵ey 2008;
Engels et al. 1989; Farber 1961; Gamow 1966; Ihde 1984; Johnson 1990; Jones 2008; Jungnickel and McCormmach
1986, 2017; L’Annunziata 2016; von Meÿenn 1997; Ingo Müller 2007; Neufeldt 2003; Partington 1957, 1964; Teichmann
et al. 2008; Weber 1988.
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Ludwig Boltzmann (Austrian, 1844–1906) developed an extensive framework of statistical physics
equations for describing the thermodynamic behavior of large numbers of particles in solids, liquids,
or gases. As part of that work, he gave a precise mathematical definition of entropy for the second
law of thermodynamics.

In 1850, Rudolf Clausius (German, 1822–1888) was the first to clearly articulate the second law
of thermodynamics, that entropy cannot decrease, or equivalently that heat flows from regions of
higher temperature to regions of lower temperature. He also did important work on phase transitions
and other aspects of physical chemistry.

Peter Debye (Dutch, 1884–1966) studied and worked in Germany and Switzerland for many years.
He developed statistical models of the behavior of molecules, chemical solutions, and crystalline
solids. For his work, he won the Nobel Prize in Chemistry in 1936 (p. 745).

Manfred Eigen (German, 1927–2019) developed methods of measuring very fast chemical reactions.
He won the Nobel Prize in Chemistry in 1967 for those innovations. Professor H.A. Ölander of the
Nobel Committee for Chemistry announced the award
[www.nobelprize.org/prizes/chemistry/1967/ceremony-speech/]:

Professor Dr. Manfred Eigen. Although chemists had long been talking of instantaneous
reactions, they had no way of determining the actual reaction rates. There were many
very important reactions of this type, such as the neutralization of acids with alkalis.
Thanks to you, chemists now have a whole range of methods that can be used to follow
these rapid processes, so that this large gap in our chemical knowledge has now been
filled.

Richard Ernst (Swiss, 1933–) developed nuclear magnetic resonance (NMR) spectroscopy methods
that are useful for studying chemical molecules and biological systems. For that work, he won the
Nobel Prize in Chemistry in 1991. Professor Sture Forsén of the Royal Swedish Academy of Sciences
praised his research [www.nobelprize.org/prizes/chemistry/1991/ceremony-speech/]:

Professor Ernst,

You have played a leading role in several of the most significant methodological de-
velopments that have taken place in the field of NMR spectroscopy over the past two
decades; developments that have had a lasting impact on the way modern chemistry is
conducted. You have, in an admirable way, combined excellent experimental know-how
with extraordinary theoretical insight. In recognition of your services to chemistry, and
to natural science as a whole, the Royal Swedish Academy of Sciences has decided to
confer upon you this year’s Nobel Prize for Chemistry.

Fritz Haber (German, 1868–1934, Fig. 3.18) made tremendously important contributions not only
to most other areas of chemistry, but also to physical chemistry, particularly with regard to electro-
chemistry, combustion, and chemical bond energies [Hager 2008; Stoltzenberg 1994; 2015Szöllösi-
Janze 2015]. He won the Nobel Prize in Chemistry in 1918 for his development of industrial-scale
ammonia synthesis (p. 390).
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Wilhelm Heinrich Heintz (German, 1817–1880) analyzed the physical structure of molecules, in-
cluding fatty acids, uric acid, amines, and others. He also studied chemical reaction kinetics and
the properties of a number of metals.

Gerhard Herzberg (German, 1904–1999) made important discoveries regarding molecular struc-
tures, molecular spectroscopy, and highly reactive free radical molecules. He won the Nobel Prize
in Chemistry in 1971 for his work in those areas. Professor Stig Claesson of the Royal Swedish
Academy of Sciences explained the importance of Herzberg’s research
[www.nobelprize.org/prizes/chemistry/1971/ceremony-speech/]:

Herzberg began as a physicist and his first contributions to molecular spectroscopy were
published at the end of the 1920’s. In such investigations one measures how molecules
absorb light-energy—also outside the visible region—i.e. in the ultraviolet and infrared.
Since light-energy is packaged as quanta, these measurements can provide accurate
information about energy contents in molecules. From this information their size, shape
and other properties can be derived. Such calculations must be based on the description
of matter given by quantum mechanics. The development of this subject during the
1920’s and 30’s is regarded as one of the most exciting periods in the history of physical
science. Herzberg’s elegant experimental investigations combined with his theoretical
insight into their interpretation contributed to the progress of quantum mechanics while
being decisive for the rapid development of molecular spectroscopy.

One may now ask why Herzberg—originally a physicist and even famous as an astro-
physicist—finally was awarded the Nobel Prize in chemistry.

The explanation is that around 1950 molecular spectroscopy had progressed so far
that one could begin to study even complicated systems of great chemical interest.
This is brilliantly demonstrated by Herzberg’s pioneering investigations of free radicals.
Knowledge of their properties is of fundamental importance to our understanding of
how chemical reactions proceed.

For a chemical reaction to occur the original molecules must in some way break up into
fragments which rearrange to form the new molecules. These fragments, or intermedi-
ates, are called free radicals.

Free radicals are very di�cult to study due to their short life-times—measured in mil-
lionths of a second. Herzberg therefore had ample opportunity to repeatedly demon-
strate his exceptional experimental skill when the necessary spectroscopic technique
was worked out.

Herzberg has so far performed extensive precision determinations of the properties
of over thirty free radicals among which are to be found the radicals methyl and
methylene—well known from organic chemistry. Among his exciting discoveries may
be mentioned that radicals drastically change their shape with increasing energy. For
example, methylene is linear in its ground state but bent in states of higher energy.
Many of the most important results were only achieved after several years’ work and
some of the most exciting as late as at the end of the 1960’s. One can therefore note
that this year’s prize is truly an award for contributions of great current interest.
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In 1840, Germain Hess (Swiss, 1802–1850) formulated what is now known as Hess’s law, a form of
the first law of thermodynamics (conservation of energy) applied to series of chemical reactions. He
also studied the thermodynamics of the dissolution of various salts in water.

Jaroslav Heyrovský (Austrian/Czech, 1890–1967) developed polarographic and electroanalytic meth-
ods of analyzing chemical samples. For those innovations, he won the Nobel Prize in Chemistry in
1959. The Royal Swedish Academy of Sciences summarized his work
[www.nobelprize.org/prizes/chemistry/1959/ceremony-speech/]:

Chemical and electrical phenomena are often associated, as in the case of redox reac-
tions, when electrons are emitted and absorbed. In 1922 Jaroslav Heyrovský discovered
a method for analyzing the occurrence and content of various substances in solutions us-
ing electrical measurements. The solution is analyzed with two electrodes, one of which
is a dropping mercury electrode. At a voltage specific for di↵erent substances, redox re-
actions cause the current to rapidly increase to a level dependent on the concentration
of the substance.

Roald Ho↵mann (born Roald Safran, Polish, 1937–) made important discoveries regarding the
behavior of electrons in chemical bonds, for which he won the Nobel Prize in Chemistry in 1981.
The Royal Swedish Academy of Sciences summarized his work
[www.nobelprize.org/prizes/chemistry/1981/ceremony-speech/]:

In chemical reactions, molecules composed of atoms meet and form new compounds.
Electrons orbiting around the atoms’ nuclei play an important role here. After Kenichi
Fukui proved that the properties of the electron orbits that most weakly bound to the
atom are critical in chemical reactions, Roald Ho↵mann went on to further develop
these theories from the mid-1960s. Independently of one another, Roald Ho↵mann and
Kenichi Fukui both demonstrated how the symmetrical properties of electron orbitals
explain the course of chemical reactions.

Erich Hückel (German, 1896–1980) developed the Hückel molecular orbital theory to explain double
and triple covalent bonds in molecules. He also worked with Peter Debye to create the Debye-Hückel
theory of electrolytic solutions.

Friedrich Kohlrausch (German, 1840–1910) was an experimentalist who worked on a wide range of
topics in chemistry, physics, and physical chemistry over his career. He developed and used accurate
methods of measuring the electrical conductivity of electrolytes, and also studied the properties of
mercury. In addition, he developed experimental techniques and instruments for measuring thermal
conductivity, elasticity, magnetic fields, and optical properties.

Walter Kohn (Austrian, 1923–2016) developed new methods to calculate the behavior of electrons
in large molecules and in solid materials. For that work, he won the Nobel Prize in Chemistry in
1998, as explained by Professor Björn Roos of the Royal Swedish Academy of Sciences
[www.nobelprize.org/prizes/chemistry/1998/ceremony-speech/]:
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In two landmark articles from 1964 and 1965, Walter Kohn showed an alternative way
in which quantum mechanical equations can be approximated. He showed that there
is a one-to-one correspondence between the energy of a quantum mechanical system
and its electron density, which is a function of three positional coordinates only and is,
therefore, much easier to handle than the complicated wave function, which depend on
the positions of all electrons. He also developed a method which made it possible to
construct a set of equations, which could be used to determine the energy and electron
density. This approach, called density functional theory, has developed during the last
ten years into a versatile computational tool with many applications in chemistry. Due
to its simplicity, it can be applied to larger molecules than the wave function based
methods. Density functional theory has made it possible to study the mechanisms of
chemical reactions in enzymes, for example when water is transformed into oxygen in
photosynthesis.

Irving Langmuir (American but studied in Germany, 1881–1957) did important work on surface
chemistry, the study of chemical reactions that occur at the surface of a liquid or solid. For his
discoveries, he won the Nobel Prize in Chemistry in 1932. The Royal Swedish Academy of Sciences
described Langmuir’s research [www.nobelprize.org/prizes/chemistry/1932/langmuir/facts/]:

Chemical reactions often take place more easily next to surfaces where substances in
di↵erent phases, such as solids and gases, come in contact. In studies of incandescent
light bulbs with rarefied hydrogen gas, Irving Langmuir discovered that a layer of hy-
drogen atoms only one atom thick formed on the inside of the incandescent light bulb.
Further studies of oil films and other materials led him in 1917 to a theory postulating
that surfaces resemble a chessboard on which every square can be occupied by only one
atom or molecule. As a result, atoms or molecules that wind up next to each other can
more easily react with one another.

Johann Josef Loschmidt (Austrian, 1821–1895) studied the physical structures and sizes of molecules.
He developed methods to determine the number of gas molecules within a given volume of air. In his
honor, that number for standard temperature and pressure is now called the Loschmidt constant,
approximately 2.69⇥ 1025 molecules/m3 at 0oC and 1 atmosphere of pressure.

Julius von Mayer (German, 1814–1878) expressed the first law of thermodynamics, the law of
conservation of energy (including heat energy and work), in 1841. He was also the first to find
equations for the specific heat of an ideal gas, or the relationship between the amount of heat
energy absorbed by a substance and the corresponding temperature rise for that substance. He was
one of the first to attempt a scientific analysis of photosynthesis, and he created Mayer’s reagent
for detecting alkaloids.

Karl Friedrich Mohr (German, 1806–1879) developed improved methods of volumetric analysis and
chemical titration. In an 1837 journal article, he became the first known scientist to state the first
law of thermodynamics (conservation of energy) [Mohr 1837]:
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Ausser den bekannten 54 chemischen Ele-
menten gibt es in der Natur der Dinge nur
noch ein Agens, und dieses heisst Kraft; es
kann unter den passenden Verhältnissen als
Bewegung, chemische A�nität, Cohäsion,
Elektricität, Licht, Wärme und Mag-
netismus hervortreten, und aus jeder dieser
Erscheinungsarten können alle übrigen her-
vorgebracht werden.

Apart from the known 54 chemical ele-
ments, there is only one agent in the phys-
ical world, and this is called energy; it can
appear under the appropriate conditions as
motion, chemical a�nity, cohesion, electric-
ity, light, heat and magnetism, and from any
one of these forms it can be transformed
into any of the others.

Walther Nernst (German, 1864–1941) was one of the founders of the field of physical chemistry.
He made important discoveries regarding the statistical physics underlying thermodynamics, phys-
ical chemistry, electrochemistry, and the physics of solids. He derived the Nernst equation relating
voltages and ion concentrations in electrochemistry. In 1905 he discovered the third law of thermo-
dynamics (as a system approaches absolute zero temperature, its entropy approaches a constant
value), for which he won the Nobel Prize in Chemistry in 1920 (p. 745).

Wilhelm Ostwald (German, 1853–1932) was another founder of the field of physical chemistry. He
developed statistical methods that were applicable to thermodynamic processes in both chemistry
and physics. He also made key discoveries regarding the dissociation constants of electrolytes (Ost-
wald’s dilution law) and polymorphism in solid materials (Ostwald’s rule). Ostwald’s work won the
Nobel Prize in Chemistry in 1909 (p. 744).

John Polanyi (German/Hungarian, 1929–) is the son of Michael Polanyi. He won the Nobel Prize in
Chemistry in 1986 for developing methods of using infrared chemiluminescence and other techniques
to make high-speed measurements of chemical reactions as they occur. The Royal Swedish Academy
of Sciences explained his work [www.nobelprize.org/prizes/chemistry/1986/ceremony-speech/]:

Chemical reactions in which molecules comprised of atoms collide and form new com-
pounds represent one of nature’s fundamental processes. At the end of the 1950s John
Polanyi began developing methods to carefully study the dynamics of chemical reac-
tions. During chemical reactions, the newly formed molecules are sometimes infused with
energy that then is emitted in the form of infrared light. By measuring this very weak
radiation, the quantum mechanical energy state of the molecules can be determined and
the reaction mapped.

Michael Polanyi (Hungarian, 1891–1976) made major discoveries in many areas of physical chem-
istry, including the kinetics of chemical reactions, X-ray di↵raction, the adsorption of gases by
solids, fiber di↵raction analysis, and the theory of dislocations in materials under plastic defor-
mation. He also made important contributions in a number of other fields, including medicine,
economics, philosophy, and epistemology. He was the father of John Polanyi.

Jacobus van ’t Ho↵ (Dutch, 1852–1911) was another founder of the field of physical chemistry, mak-
ing vital discoveries regarding chemical a�nity, chemical equilibrium, chemical kinetics, chemical
thermodynamics, osmotic pressure in solutions, and stereochemistry. In 1901, he became the first
winner of the Nobel Prize in Chemistry (p. 430).
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Kurt Wüthrich (Swiss, 1938–) developed methods to use nuclear magnetic resonance (NMR) to
study large molecules. For that work, he won the Nobel Prize in Chemistry in 2002. Professor
Astrid Gräslund of the Royal Swedish Academy of Sciences emphasized the importance of his
innovations [www.nobelprize.org/prizes/chemistry/2002/ceremony-speech/]:

Using nuclear magnetic resonance, or NMR, a method that Kurt Wüthrich has fur-
ther refined, it is now possible to determine the three-dimensional structure of protein
molecules in a water solution. NMR is one of the chemist’s best methods for examining
molecules, and it has been used extensively for small molecules since the mid-20th cen-
tury. But large molecules like proteins involve special problems. One of the fine points
of NMR is that it enables us to see individual signals, for example, from each hydrogen
nucleus in a molecule. But because a protein can contain thousands of hydrogen nuclei,
how do you know which signal belongs to which nucleus?

Wüthrich devised a way of systematically determining how each signal fits together
with its special hydrogen nucleus. In the bargain, he was also able to determine a large
number of pairwise distances between hydrogen nuclei. This enabled him to calculate
a three-dimensional structure for the protein molecule. It is something like drawing a
picture of a house if you know a large number of distances in the house. So thanks to
Wüthrich’s discovery, we can now use NMR to examine and depict proteins in their
natural environment, surrounded by water like in a cell.
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Figure 3.97: Some creators who made important contributions to physical chemistry included Svante
Arrhenius, Ludwig Boltzmann, Rudolf Clausius, Peter Debye, Manfred Eigen, and Richard Ernst.
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Figure 3.98: Other creators who made important contributions to physical chemistry included
Wilhelm Heintz, Gerhard Herzberg, Germain Hess, Jaroslav Heyrovský, Roald Ho↵mann, and Erich
Hückel.
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Figure 3.99: Other creators who made important contributions to physical chemistry included
Friedrich Kohlrausch, Walter Kohn, Irving Langmuir, Johann Loschmidt, Julius von Mayer, and
Karl Friedrich Mohr.
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Figure 3.100: Other creators who made important contributions to physical chemistry included
Walther Nernst, Wilhelm Ostwald, John Polanyi, Michael Polanyi, Jacobus van ’t Ho↵, and Kurt
Wüthrich.
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Electrochemistry, batteries, and fuel cells

[I am still working on this section...]

Karl Kordesch (1922–2011): Improved batteries, fuel cells.

Christian Schönbein (1799–1868): Fuel cells (1838)

FIAT 800, Nickel Cadmium Storage Batteries in Germany.

FIAT 670, Survey of a New Storage Battery. [Mercury batteries]

Friedrich Kohlrausch (German, 1840–1910).
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Figure 3.101: Christian Schönbein designed the first fuel cells in 1838.
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Photography

[I am still working on this section...]

In 1725, Johann Heinrich Schulze (German states, 1687–1744) discovered that light causes some
silver solutions to become darker, and he used that process to form temporary images.

Carl Wilhelm Scheele (German states, 1742–1786) developed chemical fixer for silver solutions also
discovered the need for working with light-sensitive silver solutions in red light until they were
fixed.

No later than 1839, brothers Friedrich Wilhelm Enzmann (German states, 1802–1866) and Carl
Heinrich Enzmann (German states, 18??–18??) produced some of the earliest cameras and photo-
graphic film.

German-speaking scientists who made important contributions to color photography included Adolf
Miethe (German, 1862–1927, photo flash and color photography), Hermann Wilhelm Vogel (Ger-
man, 1834–1898), Raphael Eduard Liesegang (German, 1869–1947), and Joseph Weiss (Austrian,
1905–1972). See Fig. 3.102.

Ottomar Anschütz (1846–1907): Fast camera shutter

Artur Fischer (1919–2016): Synchronized photo flash

FIAT 678, Status of Exploitation of Photography and Optics in Germany.

FIAT 891, Duxochrome Photo Color Prints.

Gill and Mustroph 2014; Gill, Manfred, and HeinzMustroph. 2014. Agfa und die Anfänge der Fo-
tografie: Vom Blutlaugensalz zur größten europäischen Filmfabrik: Teil 1 von 3. Chemie in unserer
Zeit. 48:424-438.
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Figure 3.102: German-speaking scientists who made important contributions to color photography
included Adolf Miethe, Hermann Wilhelm Vogel, Raphael Eduard Liesegang, and Joseph Weiss.
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Figure 3.103: Advanced technology to produce and process color film was developed in the German-
speaking world and transferred to other countries after World War II [NARA RG 40, Entry UD-75,
Box 58, Folder TIID Discards].
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3.7 Materials Science

Materials science covers the creation of solid chemical compounds that make useful materials for
various applications and products. For simplicity, this field can be divided into polymers, ceramics,
and metals, and German-speaking scientists played major roles in all of these areas.

Polymers

German-speaking scientists led most of the development of polymers, including plastics and syn-
thetic rubbers, which are now ubiquitous in consumer products.8

As shown in Fig. 3.104, polystyrene was first created in 1839 by Johann Eduard Simon (German
states, 1789–1856), and developed further in 1845 by August Wilhelm von Hofmann (1818–1892)
and John Blyth (Scottish but studied in Germany, 1814–1871). In 1929, Hermann Mark (Aus-
trian, 1895–1992) and Carl Wul↵ (German?, 18??–19??) greatly improved the process of produc-
ing polystyrene. In the 1940s, Fritz Stastny (Austrian, 1908–1985) created expanded or porous
polystyrene (Styrofoam). Polystyrene is used to make a wide variety of consumer products, and
Styrofoam is used to make thermally insulated containers and protective packaging (Fig. 3.105).

Cellulose acetate was first created in 1865 by Paul Schützenberger (Franco-German, 1829–1897),
and produced in larger quantities in 1903 by Arthur Eichengrün (German, 1867–1949) and Theodore
Becker (German?, 18??–19??). The brothers Camille Dreyfus (Swiss, 1878–1956) and Henri Dreyfus
(Swiss, 1882–1944) developed cellulose acetate yarn in 1913. Cellulose acetate has been used for
photographic film, eyeglass frames, yarn, clothing, and other products, as illustrated in Fig. 3.106.

Eugen Baumann (German, 1846–1896) discovered photopolymerization and created polyvinyl chlo-
ride in 1872 (Fig. 3.107). Friedrich (Fritz) Klatte (German, 1880–1934) developed an improved
method of producing polyvinyl chloride in 1913. Polyvinyl chloride is widely used for making water
drain pipes and pipe fittings.

Phenol formaldehyde (phenolic) resin was first created in 1891 by Adolf von Baeyer (German,
1835–1917) and Werner Kleeberg (German?, 18??–19??), and developed further in 1902 by Adolf
Luft (German?, 18??–19??). Adolf von Baeyer won the Nobel Prize in Chemistry in 1905 (p. 404).
In 1907 Leo Baekeland (Belgian but studied under August Kekulé, 1863–1944) began producing
and commercializing phenolic resin under the trade name of Bakelite; phenolic resin was also sold
under other trade names. Phenolic resin was used to make early plastic products such as telephone
cases. See Fig. 3.108.

In 1897, Wilhelm Krische (German, 1859–19??) and Friedrich Adolph Spitteler (German, 1846–
1940) created a natural plastic (later dubbed Galalith) by purifying and crosslinking casein milk
protein, as shown in Fig. 3.109. Galalith was also used to make a number of early plastic products.

8Dietrich Braun 2017; Feichtinger 2017; Kline 1946; Herman Mark 1993; Morris 2005; Schwedt 2013; Seymour
2013; Strom and Rasmussen 2012; Tuttle 1981.
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Figure 3.104: Polystyrene was first created in 1839 by Eduard Simon, and developed further by
August Wilhelm von Hofmann, John Blyth, Hermann Mark, Carl Wul↵, and Fritz Stastny.
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Figure 3.105: Polystyrene is used to make a wide variety of consumer products. Expanded or porous
polystyrene (Styrofoam) is used to make thermally insulated containers and protective packaging.
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Figure 3.106: Cellulose acetate was first created in 1865 by Paul Schützenberger, and developed
further by Arthur Eichengrün, Theodore Becker, Camille Dreyfus, and Henri Dreyfus. Cellulose
acetate has been used for photographic film, eyeglass frames, yarn, clothing, and other products.
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Figure 3.107: Eugen Baumann discovered photopolymerization and created polyvinyl chloride in
1872. Friedrich (Fritz) Klatte developed an improved method of producing polyvinyl chloride in
1913. Polyvinyl chloride is widely used for making water drain pipes and pipe fittings.
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Figure 3.108: Phenol formaldehyde (phenolic) resin was first created in 1891 by Adolf von Baeyer
and Werner Kleeberg, and developed further by Adolf Luft and Leo Baekeland. Phenolic resin was
commercialized as Bakelite and other trade names and used to make early plastic products such as
telephone cases.
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Figure 3.109: Wilhelm Krische and Adolph Spitteler created a natural plastic (later dubbed
Galalith) from casein milk protein in 1897.
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Polyethylene was first created in 1898 by Hans von Pechmann (German, 1850–1902). In 1900,
Eugen Bamberger (German, 1857–1932) and Friedrich Tschirner (German?, 18??–19??) determined
the chemical structure of polyethylene. Karl Ziegler (German, 1898–1973) developed an improved
method of producing polyethylene in 1952, and won the Nobel Prize in Chemistry in 1963 (p. 420).
Polyethylene has been widely used to make plastic bags (Fig. 3.110), due to its flexibility and the
low cost of Ziegler’s production process.

Polycarbonate was first created in 1898 by Alfred Einhorn (German, 1856–1917). In 1953, Hermann
Schnell (German, 1916–1999) developed an improved method of producing polycarbonate. Because
polycarbonate is very rugged, it is used to make products such as compact discs, water bottles, cell
phone cases, and safety glasses. See Fig. 3.111.

Friedrich (Fritz) Klatte (German, 1880–1934), shown in Fig. 3.112, created polyvinyl acetate (white
glue) in 1912.

Otto Röhm (German, 1876–1939) and Walter Hermann Bauer (German, 1893–1968) created poly-
methylacrylic (plexiglass) in 1928. Plexiglass pieces from a circa 1942 German aircraft windshield
are shown in Fig. 3.113.

Other German-speaking scientists who made important contributions to rubber included (Fig.
3.114):

• Carl Harries (German, 1866–1923) studied the polymer structure of rubber.

• Fritz Hofmann (German, 1866–1956) produced synthetic rubbers.

• Kurt Gottlob (Austrian, 1881–1925) developed emulsion polymerization and improved vul-
canization.

• Kurt Meyer (German, 1883–1952) studied the structure of cellulose and the e↵ect of entropy
on rubber elasticity.

• Herman(n) Mark (Austrian, 1895–1992) studied the structure of cellulose.

• Eugen(e) Guth (Hungarian, 1905–1990) developed a mathematical model using entropy to
calculate the elasticity of rubber.

As shown in Fig. 3.115, Eduard Tschunkur (German, 1874–1946) and Walter Bock (German, 1895–
1948) created styrene-butadiene synthetic rubber (Buna S) in 1929. It is now used to make most
tires.

Similarly, Eduard Tschunkur, Helmut Kleiner (German, 1902–1987), and Erich Konrad (German,
1894–1975) created created acrylonitrile butadiene synthetic rubber (Buna N) in 1930. It is now
used for products such as latex-free nitrile rubber gloves (Fig. 3.116).

Polyacrylonitrile (Orlon) was first created in 1930 by Hans Fikentscher (German, 1896–1983) and
Claus Heuck (German?, 18??–19??), and produced as fibers by Herbert Rhein (German?, 1899–
1955) in 1938. See Fig. 3.118.
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Figure 3.110: Polyethylene was first created in 1898 by Hans von Pechmann, and developed further
by Eugen Bamberger, Friedrich Tschirner, and Karl Ziegler. Polyethylene has been widely used to
make plastic bags.
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Figure 3.111: Polycarbonate was first created in 1898 by Alfred Einhorn, and developed further
by Hermann Schnell. Because polycarbonate is very rugged, it is used to make products such as
compact discs, water bottles, cell phone cases, and safety glasses.
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Figure 3.112: Friedrich (Fritz) Klatte created polyvinyl acetate (white glue) in 1912.
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Figure 3.113: Otto Röhm and Walter Hermann Bauer created polymethylacrylic (plexiglass) in
1928. Plexiglass pieces from German aircraft windshield (ca. 1942).
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Figure 3.114: Other German-speaking scientists who made important contributions to rubber in-
cluded: Carl Harries, Fritz Hofmann, Kurt Gottlob, Kurt Meyer, Herman(n) Mark, and Eugen(e)
Guth.
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Figure 3.115: Eduard Tschunkur and Walter Bock created styrene-butadiene synthetic rubber
(Buna S) in 1929; it is now used to make most tires.
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Figure 3.116: Eduard Tschunkur, Helmut Kleiner, and Erich Konrad created created acrylonitrile
butadiene synthetic rubber (Buna N) in 1930; it is now used for products such as latex-free nitrile
rubber gloves.
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Figure 3.117: I.G. Farben headquarters in Frankfurt am Main (1930–1945) and production of bu-
tadiene or buna synthetic rubber.
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Figure 3.118: Polyacrylonitrile (Orlon) was first created in 1930 by Hans Fikentscher and Claus
Heuck, and produced as fibers by Herbert Rhein in 1938.
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As illustrated in Fig. 3.119, Otto Bayer (German, 1902–1982) created polyurethane in 1937. Poly-
urethane is now used for sprayable thermal insulation, surface coatings [BIOS 629], memory foam,
Spandex, and other products.

Paul Schlack (German, 1897–1987) created polyamide (Nylon or Perlon) in 193?. Wallace Carothers
(American, 1896–1937) independently produced Nylon around the same time in the United States
but became much better known than Schlack. Nylon is widely used now to make thread, rope, and
solid objects (Fig. 3.120).

Karl Rehn (German, 19??–19??) and Karl Ziegler (German, 1898–1973), shown in Fig. 3.121, pro-
duced polypropylene in 1954. Ziegler won the Nobel Prize in Chemistry in 1963 (p. 420). Polypropy-
lene is widely used for products that must not crack even after repeated bending and stress, such
as plastic hinges and centrifuge tubes.

Other German-speaking scientists who made important contributions to polymers included (Fig.
3.122):

• Wilhelm Rudolph Fittig (German, 1835–1910) studied the chemistry of polymers.

• Bernhard Tollens (German, 1841–1918) developed urea-formaldehyde resin polymers.

• Oscar Troplowitz (German, 1863–1918) created adhesive bandages and adhesive tape in 1901.

• Hermann Staudinger (German, 1881–1965) studied polymer structures. He won the Nobel
Prize in Chemistry in 1953 (p. 430).

• Werner Kuhn (Swiss, 1899–1963) was especially noted for his work on the physical chemistry
of polymers, applying the laws of statistical physics to polymer molecules to explain the
temperature dependence of viscosity and elasticity in rubber and other polymers.

• Victor Garten (German?, 18??–19??) developed electrically conducting polymers in Australia
after World War II, possibly based on wartime German work. The 2000 Nobel Prize in Chem-
istry was awarded to Alan Heeger, Alan MacDiarmid, and Hedeki Shiakawa for rediscovering
electrically conducting polymers much later.

Polymer production also makes extensive use of the Diels-Alder reaction, which was developed by
Otto Diels (German, 1876–1954) and Kurt Alder (German, 1902–1958). They both won the Nobel
Prize in Chemistry in 1950. See pp. 403 and 413.

After World War II, vast amounts of information on polymers were transferred from the German-
speaking world to Allied countries: scientists, reports on interrogations of scientists, patents, BIOS/
CIOS/FIAT reports, samples, hardware, and even complete factories. Thus it was the innovations of
German-speaking creators that dominated the field of polymers from the first inventions of polymers
in the nineteenth century to the boom in commercial polymer production and applications in the
latter half of the twentieth century.
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Figure 3.119: Otto Bayer created polyurethane in 1937. Polyurethane is now used for sprayable
thermal insulation, surface coatings, memory foam, Spandex, and other products.
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Figure 3.120: Paul Schlack created polyamide (Nylon) in 193?. Nylon is widely used now to make
thread, rope, and solid objects.
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Figure 3.121: Karl Rehn and Karl Ziegler produced polypropylene in 1954. Ziegler won the Nobel
Prize in Chemistry 1963. Polypropylene is widely used for products that must not crack even after
repeated bending and stress, such as plastic hinges and centrifuge tubes.
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Figure 3.122: Other German-speaking scientists who made important contributions to polymers in-
cluded Wilhelm Rudolph Fittig, Bernhard Tollens, Oscar Troplowitz, Hermann Staudinger, Werner
Kuhn, and Victor Garten.
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Figure 3.123: The Assistant Director of the Development Section at the U.S. Du Pont company
wrote that because of all of the information on polymers that his company acquired from Germany
and Austria after the war, “a considerable number of man years have been saved in synthetic fiber
research” at his company [NARA RG 40, Entry UD-75, Box 61, Folder Booster Letters].
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Ceramics and crystallography

German-speaking scientists played major roles in ceramics and crystallography. Some examples
include:

Johann Hessel (German, 1796–1872) was one of the pioneers of classifying crystal shapes and
describing them mathematically. He also studied the composition of feldspar and other minerals.

Ralph Kronig (German, 1904–1995) developed detailed theoretical models of the behavior of X-rays
and electrons in crystal lattices.

Max von Laue (German, 1879–1960) pioneered the use of X-rays to analyze the atomic arrangements
in crystals and ceramic materials. He focused primarily on theoretical methods of analyzing the
results, and the experiments were implemented by Walter Friedrich (German, 1883–1968) and Paul
Knipping (German, 1883–1935). Max von Laue won the Nobel Prize in Physics in 1914 for this work.
Professor G. Granqvist, Chairman of the Nobel Committee for Physics, explained the importance of
the methods and discoveries of von Laue’s group [www.nobelprize.org/prizes/physics/1914/press-
release/]:

This was the situation when von Laue placed a research medium of the highest import
at the disposal of science by virtue of his epoch-making discovery of the interference of
X-rays and, at the same time, proved that X-rays, as is the case with light rays, consist
of progressive transversal waves.

Previous research had indicated, as is mentioned in the foregoing, that it was highly
probable that, if X-rays are wave motions of the same type as light rays, then their
wavelengths would have to be of an order of 10�9 cm. In order to obtain clear interference
phenomena of the same type as those which are caused when light rays pass a grating
it was necessary for the distance between the grating slits to be of an order of 10�8

cm. But this is approximately the distance between the molecules of a solid body and
it was in this manner that von Laue arrived at the idea of employing, as a di↵raction
grating, a solid body with regularly-arranged molecules, e.g. a crystal. As early as 1850
Bravais had introduced into crystallography the assumption that the atoms composing
the various crystals are arranged in regular groups, so-called three-dimensional lattices
or space-lattices, whose constants could be calculated with the aid of crystallographic
data.

However, the theoretical basis of a space-lattice was unknown and thus it was first
necessary for von Laue to develop this theory if else the investigation were to have a
value. This he did mainly according to the same approximations as those conventional
to the science of optics as applied to normal one-dimensional lattices.

Von Laue left the execution of the experimental work in the hands of W. Friedrich and
P. Knipping. The apparatus which they employed consisted of a lead box into which
they admitted a thin bundle of X-rays which they directed so as to fall upon a precisely
oriented crystal. Sensitized film was positioned both behind and at the sides of the
crystal. Already the preparatory tests showed that the intensity maxima which had
been anticipated by von Laue became evident in the form of blackened spots on the film
positioned behind the crystal. [...]
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As a result of von Laue’s discovery of the di↵raction of X-rays in crystals proof was thus
established that these light waves are of very small wavelengths. However, this discovery
also resulted in the most important discoveries in the field of crystallography. It is now
possible to determine the position of atoms in crystals and much important knowledge
has been gained in this connection. We can anticipate further discoveries of equal note
in the future. It is thus rendered likely that experimental research into the influence of
temperature upon di↵raction will provide the solution to the question of a zero-point
energy, or will at least be of some assistance in arriving at a solution to this problem,
as the temperature factor assumes a di↵erent value according to whether a zero-point
energy exists or not. However, the direct results of this discovery of di↵raction are of no
less importance: it is now possible to subject the X-ray spectra to direct examination,
their line spectra can even be photographed, and science has thus been enriched by a
method of research whose full implications can not yet be fully appreciated.

Herman(n) Mark (Austrian, 1895–1992) primarily focused on polymer research, yet he carried out
some important work with X-ray crystallography as well.

Eilhard Mitscherlich (German states, 1794–1863) made several important contributions to crys-
tallography. He is especially remembered for his discovery of crystallographic isomorphism, or the
ability of the same chemical composition to form crystals of somewhat di↵erent shapes depending
on the alignment of the component atoms.

Friedrich Mohs (German states, 1773–1839) studied many aspects of crystallography. He is espe-
cially famous for introducing his mineral hardness scale in 1812. The Mohs scale ranks minerals
from softer (starting with 1 for talc) to harder (ending with 10 for diamond) based on which mineral
receives scratches when two dissimilar minerals are rubbed together. It is still widely used today.

Paul Niggli (Swiss, 1888–1953) was another important pioneer of X-ray crystallography, and further
developed the mathematical methods of describing crystal structures.

Arthur Schoenflies (German, 1853–1928) applied advanced mathematical methods such as group
theory to the analysis of crystal structures. Schoenflies notation is still widely utilized in crystal-
lography and solid state physics.

Gustav Tschermak von Seysenegg (Austrian, 1836–1927) studied the crystallographic structures
and chemical compositions of a wide variety of minerals and even meteorites.

Christian Samuel Weiss (German states, 1780–1856) was one of the pioneers of classifying crystal
shapes and describing them mathematically.

A large amount of information on ceramic materials, crystallography, and solid state physics was
transferred out of the German-speaking world after World War II [e.g., FIAT 617].
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Figure 3.124: German-speaking scientists who made important contributions to ceramics and crys-
tallography included Walter Friedrich, Johann Hessel, Paul Knipping, Ralph Kronig, Max von Laue,
and Herman(n) Mark.
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Figure 3.125: Other German-speaking scientists who made important contributions to ceramics
and crystallography included Eilhard Mitscherlich, Friedrich Mohs, Paul Niggli, Arthur Schoenflies,
Gustav Tschermak von Seysenegg, and Christian Samuel Weiss.
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Metals

[I am still working on this section...]

A common view is that by 1945, metallurgy was less advanced in the German-speaking world than
elsewhere, due to the scarcity of metal deposits in German-speaking areas and the international
blockade of metal imports during the wars. In fact, many German-speaking scientists made major
contributions to metallurgy [Maier 2007]. Some examples include:

Georgius Agricola, or Georg Bauer (German states, 1494–1555, Fig. 3.10), discovered bismuth
around 1540 and conducted extensive work on metallurgy.

Kurt Anderko (German, 19??–19??) titanium, Paperclip

Carl Josef Bayer (1847–1904) extracting aluminum from bauxite

Carl Berg (German, 1851–1906)

August Borsig (1804–1854)

Walter Dawihl (1904–19??)

Max Hansen (1901–1978) titanium

William Kroll (Luxembourg but educated and worked in Germany, 1889–1973) titanium

Alfred Krupp (1812–1887)

Friedrich Krupp (1787–1826)

Reinhard Mannesman (1856–1922)

Hugo Stinnes (1870–1924)

Fritz Thyssen (1873–1951)

Carl Auer von Welsbach (Austrian, 1858–1929) gaslight mantle (1885), osmium wire (1890), metal
filament lamp (1898), and flint metal lighter (1903).

Alfred Wilm (1869–1937) Duralumin aluminum alloy
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Figure 3.126: German-speaking scientists who made important contributions to metallurgy included
Kurt Anderko, Carl Josef Bayer, Carl Berg, August Borsig, Walter Dawihl, and Max Hansen.
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Figure 3.127: Other German-speaking scientists who made important contributions to metallurgy
included William Kroll, Alfred Krupp, Friedrich Krupp, Reinhard Mannesman, Hugo Stinnes, and
Fritz Thyssen.
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Figure 3.128: Other German-speaking scientists who made important contributions to metallurgy
included Carl Auer von Welsbach and Alfred Wilm.
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Despite the wartime shortages, by 1945 metallurgy was so advanced in the German-speaking world
that Allied countries seized large quantities of information and scientists, and even complete fac-
tories, to improve the state of metallurgy in their own countries. For example, in September 1945,
R. P. Linstead and T. J. Betts, the British and American chairs of the Combined Intelligence Ob-
jectives Subcommittee, listed a number of important German innovations in metallurgy [AFHRA
A5186 electronic version pp. 904–1026, Ch. 4, pp. 52–53]:

In the field of ferrous and nonferrous metallurgy the following discoveries are worth
recording:

1. A new flux for welding magnesium.

2. A hard magnesium coating obtained by anodizing aluminum oxide which had many
industrial and armament applications.

3. Refinements in the process of continuous casting. This casting was done into a
tank of water rather than an open pit. The method employed a small mould which
resulted in many economies of production.

4. The use of chemicals in the grain refining process in heating magnesium for cast-
ing. This process, used in the production of high quality magnesium, permitted
achievement of equal quality by using a temperature 100oC below that employed
in the conventional process.

5. The electric smelting furnace developed by Siemens and Halske. This resulted
in the production of pig iron with little coke, a process with distinct advantages
when coke supplies are limited and cheap hydro-electric power abundant. A further
advantage is the reduction of the sulphur content in pig iron.

6. Improved hard cemented carbide for use in cutting tools.

7. German development and use of drawn steel cartridge cases. Steel cartridge cases
were designed for a wide range of calibers ranging from small arms to large ar-
tillery pieces. Steel cartridge cases have the obvious advantages of saving critical
materials.

As a more focused example, BIOS 925, Tungsten Carbide Research in Germany, p. 3, discussed
German innovations in metal hardening that Allied countries wanted to copy (see also BIOS 1076):

This report contains the results of a detailed interrogation of Dr. [Walter] Dawihl who
was head of Osram’s Research Department. By agreement with Krupps this Laboratory
carried out all hard metal research on behalf of the Widia organisation and as such was
the most important Hard Metal Research Laboratory in Germany.

The report gives a general survey of the Research Programme of the Laboratory during
the war years and traverses the latest theories on the fundamental metallurgy of hard
metal as developed by Dr. Dawihl.
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It describes his experiments to relate the practical performance of hard metal with
metallurgy and discusses the e↵ect of crystal formation and shape on the physical prop-
erties.

A technique of coating steel with a thin hard metal skin is described and the composition
of the metal is given.

Descriptions of the processes of making boron carbide and titanium boride are given
and a very brief resume of the work done on sintered iron and steel.

Part III deals with the practical application of Laboratory Research to commercial
practice and gives brief descriptions of methods of manufacture, specifications and a
detailed costing of each operation.

Appendix I is probably the most valuable portion of the report as it contains a list of
Reports issued by the laboratory, copies of which are in our hands. They are listed by
H.E.C. numbers, title and number of pages and diagrams.

Appendix II is a description of making tungsten carbide in an electric arc furnace of
novel design by D.E.W., Krefeld.

Appendix III is a drawing of a continuous rotary tube furnace for carburising.

American metallurgists Charles R. Simcoe and Frances Richards provided a glimpse of how German-
speaking scientists and methods were utilized to create advanced metal alloys in the postwar United
States [Simcoe and Richards 2018 pp. 145, 147–148]:

Titanium was on its way to becoming the aerospace metal that its promoters had hoped
it would be. Then an earthquake shook both the aerospace industry and titanium.
The Secretary of Defense, Charles Wilson, formerly of General Motors Corporation,
announced a decision to base the defense of the country on missiles rather than on
manned aircraft. The accompanying reductions and cancellations of contracts rocked
the industry. [...] The reduction in aircraft and engine production caused a near-total
collapse of the titanium market. This most promising of metals for the postwar era,
which had received an estimated $200 million in government support, was in serious
danger of extinction by the very DOD that had brought it into being. [...]

The changes in the titanium industry had changed the career paths of many of the indi-
viduals selected as founders. William Kroll returned to Europe to enjoy his retirement
years in Brussels. Max Hansen left ARF to accept a high-level post in the metals indus-
try in Germany. In 1958, Hansen and Kurt Anderko, another German who worked with
Hansen at ARF and who had returned to Germany with him, published a monumental
second edition of the “Constitution of Binary Alloys.” [...]

By the late 1950s and early 1960s, the major research and development support for ti-
tanium by the government had ceased. The founders, as well as the younger researchers,
were forced to find other areas of research or move on to other employment. [...]
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One significant development in the 1960s was the building of the SR-71 Blackbird
military reconnaissance plane with a speed capability of Mach 3. The SR-71 was an
all-titanium aircraft manufactured with Ti-6Al-4V and a new alloy, Ti-13V-11Cr-3Al.
Another early 1960s attraction was the interest in a supersonic transport plane. It would
have been an all-titanium aircraft that was planned to compete with the European-made
Concorde. It was planned to fly at nearly Mach 3 and would have used large amounts
of titanium per plane for a planned 200-plane fleet. The program was cancelled by
Congress in 1971.

Thus German-speaking scientists were apparently responsible for the titanium alloys that made
the SR-71 Blackbird spy plane possible, and that would have made possible a fleet of Mach-3
passenger aircraft. Unfortunately the United States lost interest in such technologies, and those
German-speaking scientists retired or found employment in other areas.
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Figure 3.129: Advanced methods in metallurgy were developed in the German-speaking world and
transferred to other countries after World War II [NARA RG 40, Entry UD-75, Box 3, Folder Press
Releases].
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3.8 Other Creations in Chemistry

German-speaking scientists made many other important discoveries and inventions in chemistry.

Chromatography

Chromatography is a technique for separating molecules of di↵erent sizes that are initially mixed to-
gether, based on the fact that they will di↵use at di↵erent rates through wet paper, capillary tubes,
or other solid, liquid, or gaseous materials. German-speaking scientists developed the general ap-
proach of chromatography as well as most of its specific implementations [Ettre 2001; Goppelsröder
1861, 1901; Runge 1850; Schönbein 1861].

Friedlieb Ferdinand Runge (German, 1795–1867) developed chemical spot tests on filter paper in
the 1840s and first published his results in 1850, as shown in Fig. 3.130 [Runge 1850]. Runge’s tests
were essentially two-dimensional chromatography for separating a pool of molecules placed in the
central spot into concentric rings of di↵erent types of molecules.

By exploring and harnessing that initial technique, Christian Schönbein (German states, 1799–
1868) and his student Friedrich Goppelsröder (Swiss, 1837–1919) demonstrated one-dimensional
chromatography methods both in filter paper and in capillary tubes in 1861 [Schönbein 1861;
Goppelsröder 1861]. See Fig. 3.131.

Goppelsröder continued working to improve and to apply capillary-based chromatography for sev-
eral decades, including using it to separate and analyze the colored pigments from plant leaves
[Goppelsröder 1901]. See Figs. 3.132–3.134.

Raphael Eduard Liesegang (German, 1869–1947, Fig. 3.135) also developed and used improved
methods of capillary and paper chromatography [Ettre 2001].

Building on the earlier work of Goppelsröder with the chromatography of plant pigments, Richard
Willstätter (German, 1872–1942) developed improved methods for chromatography and used those
to identify in detail the molecular structures of di↵erent types of chlorophyll and other plant pigment
molecules (Fig. 3.135). For that work, he won the Nobel Prize in Chemistry in 1915 (p. 352).

Gustav Hertz (German, 1887–1975) invented gaseous di↵usion enrichment and gas chromatography;
he filed detailed patent applications on his methods in 1923 (Fig. 3.136). He continued to work on
gas chromatography (as well as other projects) in Germany until 1945, and in the Soviet Union
during the period 1945–1955. It seems likely that his work for those two countries involved using
gaseous di↵usion methods to separate uranium isotopes for nuclear weapons programs, although
currently very little documentation from that work is publicly available.

Inspired by the pioneering work by Hertz, Erika Cremer (German, 1900–1996) began developing
improved methods of gaseous di↵usion and gas chromatography in the late 1930s and continued
throughout World War II (Fig. 3.136). As with Hertz, it seems likely that her work involved using
gaseous di↵usion methods to separate uranium isotopes for the German nuclear program, though
little documentation is currently available. Cremer continued to work on gas chromatography after
the war, and is best known for her postwar demonstrations and publications on gas chromatography,
including those with her student Fritz Prior (Austrian, 1921–1996) [Bobleter 1997].

See also pp. 2536–2566 for other creators and creations related to gaseous separation and gas
chromatography.
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Figure 3.130: Friedlieb Ferdinand Runge developed chemical spot tests or two-dimensional chro-
matography on filter paper in 1850 [Runge 1850].
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Figure 3.131: Christian Friedrich Schönbein and Friedrich Goppelsröder developed one-dimensional
chromatography in filter paper and in capillary tubes in 1861 [Schönbein 1861; Goppelsröder 1861].
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Figure 3.132: Friedrich Goppelsröder continued working to improve and to apply capillary-based
chromatography for several decades, including using it to separate and analyze the colored pigments
from plant leaves [Goppelsröder 1901].
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Figure 3.133: Friedrich Goppelsröder continued working to improve and to apply capillary-based
chromatography for several decades, including using it to separate and analyze the colored pigments
from plant leaves [Goppelsröder 1901].
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Figure 3.134: Friedrich Goppelsröder continued working to improve and to apply capillary-based
chromatography for several decades, including using it to separate and analyze the colored pigments
from plant leaves [Goppelsröder 1901].
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Figure 3.135: Raphael Eduard Liesegang and Richard Willstätter developed and applied improved
methods for capillary and paper chromatography.
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Figure 3.136: Gustav Hertz and Erika Cremer invented the methods of gaseous di↵usion separation
and gas chromatography.
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Colloids

As opposed to solutions of tiny particles or suspensions of large particles that eventually settle
out, colloids have medium-sized particles that can remain suspended indefinitely in a medium, such
as the fat particles in milk (Fig. 3.137). Some German-speaking scientists who made important
contributions to the understanding and application of colloids included:

• Georg Bredig (German, 1868–1944, Fig. 3.137) developed colloidal solutions of metals as
catalysts.

• Herbert Freundlich (German, 1880–1941, Fig. 3.137) studied colloidal stability and coagula-
tion.

• Franz Kolb (German, 18??–19??, Fig. 3.137) worked with colloids and invented plasticine
modeling clay in 1890.

• Robert Havemann (German, 1910–1982, Fig. 3.138) conducted research on colloids.

• Carl Wilhelm Wolfgang Ostwald (German, 1883–1943, Fig. 3.138) also did important work
on colloids.

• Hermann Staudinger (German, 1881–1965, Fig. 3.138) studied colloids, macromolecules, and
polymers. He found that many substances that had been regarded as colloidal clumps of small
molecules were actually composed of macromolecules or polymers. For his discoveries, he won
the Nobel Prize in Chemistry in 1953 (p. 430).

• Richard Zsigmondy (Austrian, 1865–1929, Fig. 3.138) made a number of important discoveries
regarding colloids, and also developed synthetic food products. He won the Nobel Prize in
Chemistry 1925 for his work on colloids. Professor H.G. Söderbaum, Secretary of the Royal
Swedish Academy of Sciences, stated [www.nobelprize.org/prizes/chemistry/1925/ceremony-
speech/]:

Zsigmondy’s work has quite simply been pioneering as regards the explanation of
the mechanism of the coagulation phenomenon and also as regards the study of the
structure of gels. [...]

The brief review given here of some of the most important work of Zsigmondy is
necessarily highly incomplete, if not to say fragmentary, but should surely su�ce
to show how it pioneered the way and opened up new regions in a field of research
which had so far been di�cult of access, a field which must be recognized as having
the very greatest importance for human knowledge. Let us only remember in this
connection that all manifestations of organic life are finally bound to the colloidal
media of the protoplasm.

This by way of motivation for the decision of the Academy of Sciences to award the
Chemistry Nobel Prize for 1925 to Dr. Richard Zsigmondy, Professor of Chemistry
at the University of Göttingen, for proving the heterogeneous nature of colloidal
solutions and for the methods used which have laid the foundation of modern colloid
chemistry.
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Figure 3.137: Colloids have medium-sized particles that can remain suspended indefinitely in a
medium, such as the fat particles in milk. Some German-speaking scientists who made important
contributions to the understanding and application of colloids included Georg Bredig, Herbert
Freundlich, and Franz Kolb.
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Figure 3.138: Other German-speaking scientists who made important contributions to the under-
standing and application of colloids included Robert Havemann, Carl Wolfgang Ostwald, Hermann
Staudinger, and Richard Zsigmondy.
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Synthetic lubricating oils

During the period 1927–1945, Hermann Zorn (German, 1896–1983) led a large group at I.G. Farben
Ludwigshafen that invented and mass-produced synthetic lubricating oils and additives [Jantzen
1996a, 1996b]. As a result of their work, Zorn and his coworkers filed a large number of patents
worldwide; see Figs. 3.139–3.140 for some examples. Some of their patents were approved and issued
in the 1930s, but many were not finally approved and issued until after World War II.

In addition to Zorn’s group, several other groups of German-speaking scientists developed various
types of synthetic lubricating oils during the same time period, as documented in BIOS 1611, Major
Developments in Synthetic Lubricants and Additives in Germany, pp. 92–93 and 99–100:

In the investigation of the German oil industry and interrogation of the leading person-
nel, certain facts have come to light which show that Germany had a well-developed
synthetic lubricating oil industry already in being, and undergoing rapid expansion. Al-
though from a quantity basis the products obtained from natural petroleum resources
predominated, it would appear that from the quality standpoint the synthetic produc-
tion was of most importance. [...]

As would be expected, the outstanding developments were made under the auspices of
the I.G. Farbenindustrie. It would appear that as early as 1927 a department under
Dr. Zorn at Ludwigshafen commenced research on the polymerisation of olefines for the
production of lubricants, this work being coupled with an investigation of the possible
constituents of lubricating oils by synthesis of likely hydrocarbons; this work was similar
to but apparently much wider in scope than that of Mikeska.

By 1936 the process based on the polymerisation of ethylene was developed and pro-
duction started in 1937 at Leuna, and later at Schkopau. By Government order this
development was kept secret. Similar processes but based on the production of olefines
by wax cracking were developed and operated by the I.G. and Vakuum at Pölitz and
Rhenania Ossag (Shell) at Harburg. [...]

Besides the above developments, Ruhrchemie produced about 1500 tons/month of a
synthetic automotive engine oil (based on Fischer-Tropsch products) of a rather unsat-
urated, easily oxidisable character, which was used by the Army[...] [...] Rheinpreussen
A.G., Homberg produced spindle oil, machine oil and steam cylinder oil, each of which
found application in the various Services, particularly the Navy, where the aromatic
character of the products was found beneficial in diesel engine lubricants. Other low
pour steam cylinder oils were produced at Pölitz and Ludwigshafen, the latter by the
Paraflow synthesis. [...]

Reviewing the above topics as a whole it is apparent that in the synthetic field particu-
larly, the Germans were ahead of the Allied developments, especially in their widespread
application of the adipic ester type of lubricant. [...] Certainly some of the uses already
explored experimentally open up very interesting fields for development, particularly in
the lubrication of internal combustion engines.

The synthetic lubricating oils and additives that were invented by Zorn and other German-speaking
scientists were extensively studied by Allied countries [e.g., BIOS 373; BIOS 1611; CIOS XXXII-68;
CIOS XXXII-94; CIOS XXXII-107.] Now they are widely used around the world.
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Figure 3.139: Hermann Zorn led a group at I.G. Farben Ludwigshafen that invented and mass-
produced synthetic lubricating oils and additives during the period 1927–1945.
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Figure 3.140: Hermann Zorn led a group at I.G. Farben Ludwigshafen that invented and mass-
produced synthetic lubricating oils and additives during the period 1927–1945.
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Synthetic detergents

Traditional soap-making requires animal fat, which was in short supply in the German-speaking
world during World War I, the Depression, and World War II. Therefore, German-speaking chemists
developed synthetic detergents using methods of direct chemical synthesis [Baird 1955; Gritz 2013,
2014; BIOS 518; BIOS 1222; FIAT 913]. Such synthetic detergents are now used worldwide, since
they proved to have superior properties and lower production cost compared to traditional soaps.

Perhaps the most important chemist in the development of synthetic detergents was Fritz Günther
(German, 1877–1957), who led a large research group devoted to the topic at BASF in Ludwigshafen
(which became I.G. Farben Ludwigshafen). Günther and his group began working on the problem
during World War I and produced their first commercial synthetic detergent, called Nekal, in 1917.

Günther and his group developed a wide range of other synthetic detergents over the following
decades: Nekalin, alkylbenzene sulfonates (ABS) such as sodium dodecyl benzene sulfonate, and
others. See Fig. 3.141. Günther retired in 1938 due to failing eyesight (possibly caused by prolonged
chemical exposure), yet his group at Ludwigshafen remained highly active until at least 1945.

Hermann Ludwig Orthner (German, 1897–1971) ran another important group at I.G. Farben Höchst
that developed and mass-produced synthetic detergents such as Igepon/Hostapon and Mersol until
at least 1945 (Fig. 3.142). For example, BIOS 1222, Mersol and Hostapon Processes, I.G. Farbenin-
dustrie, Höchst, p. 1, reported:

During the war the I.G. Farbenindustrie manufactured large quantities of Mersol type
products from a hydrogenated Fischer Tropsch cut, Mepasin. Large scale manufacture
of this product was carried out at Leuna and Wolfen, but the development work was
done at Höchst under Professor Orthner. Höchst laboratories also developed two further
processes for detergents (Hostapon) of the same type from Mepasin.

German-speaking scientists also invented the methods of mass-producing and purifying enzymes
(such as proteases and lipases) and adding them to commercial detergents to improve their cleaning
power (see for example p. 1821).

Many of these German developments were patented and known through those patents to other
countries from the 1920s onward. Others were not adopted by other countries until Allied investi-
gators interrogated German scientists and visited plants after World War II. Synthetic detergents
and detergent incorporating cleaning enzymes are now commonly used worldwide.
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Figure 3.141: Fritz Günther developed synthetic detergents from 1917 to the 1930s.
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Figure 3.142: Hermann Ludwig Orthner developed synthetic detergents from the 1930s to 1945.
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Chemical treatments to make fabrics resistant to fire, water, stains, and wrinkling

Scientists at I.G. Farben developed a wide variety of chemical treatments to make clothing and
other fabrics resistant to fire, water, stains, wrinkling, etc. By the early 1940s, those chemical
fabric treatments were in widespread production and use in the German-speaking world. Especially
important in this area were Gustav Schwen’s (German, 18??–19??) group of chemists at I.G. Farben
Ludwigshafen and August? Gutmann’s (German, 18??–19??) group at I.G. Farben Höchst.

After the war, those chemical fabric treatments were closely inspected and eagerly adopted by Allied
countries. Figures 3.143–3.145 show examples from one postwar Allied report, BIOS 518, Textile
Auxiliary Products of I.G. Farbenindustrie: Application, Testing and Miscellaneous Information.

Another report, BIOS 698, Survey of the German Heavy Textile Proofing Industry, explained the
great importance and innovation of the chemical treatments, for example for making fabrics simul-
taneously fire-retardant and water-resistant:

FIREPROOFING

Several of the firms visited had experience of this type of proofing mainly using the I.G.
Akaustan products. The latter are mainly water soluble ammonium salts but Akaustan
S is of particular interest in that it gives a water-insoluble fireproofing e↵ect. It can be
applied simultaneously with Persistol to give combined fireproofness and water repel-
lency and there is reason to believe that this is probably the only known method of
obtaining the combined proofing e↵ects which does not interfere with the ventility of
the cloth.

[See also FIAT 170.]

Firefighting chemicals

In addition to creating fire-retardant fabrics, German-speaking scientists also made major improve-
ments to chemical methods of fighting and extinguishing fires. For example, BIOS 704, Mechanical
Foam Liquid and Equipment, reported:

6. Conclusions and Recommendations.

(a) Substantial war time improvements were made in German foam fire fighting equip-
ment.

(b) Some German foam liquids are reported to be a blend of protein and synthetic mate-
rials. Protein foams were recognized as possessing the best fire extinguishing properties.
Blending was necessary because of a shortage of protein materials.

(c) The new standard German foam nozzle should be studied and tested.

(d) The foam proportioner shown in Figure 2, has a very practical use in fire fighting.
Development of a similar device for shipboard use is recommended.

(e) Where adequate fire main pressure is not available to operate standard Navy foam
fire fighting equipment, compressed air or carbon dioxide gas can be used to boost the
pressure of water obtained from bilge pumps. Study and investigation of this principle
for use on small Naval Craft is recommended.
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Figure 3.143: Scientists at I.G. Farben developed a wide variety of chemical treatments to make
fabrics resistant to fire, water, stains, wrinkles, etc. Those chemical fabric treatments were adopted
by Allied countries [BIOS 518].
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Figure 3.144: Scientists at I.G. Farben developed a wide variety of chemical treatments to make
fabrics resistant to fire, water, stains, wrinkles, etc. Those chemical fabric treatments were adopted
by Allied countries [BIOS 518].
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Figure 3.145: Scientists at I.G. Farben developed a wide variety of chemical treatments to make
fabrics resistant to fire, water, stains, wrinkles, etc. Those chemical fabric treatments were adopted
by Allied countries [BIOS 518].
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“Superglue”

The family of isocyanate “superglue” products was developed in the 1930s by a large research
group led by Otto Bayer (German, 1902–1982) at I.G. Farben Leverkusen. (The same group also
developed polyurethane and other related products—see Fig. 3.119.)

BIOS 719, Interview with Professor Otto Bayer, Formerly Member of the Directorate and Head of
the Scientific Laboratories of the I.G. Farbenindustrie, Leverkusen, provided information on that
program:

This interview was to obtain information on the chemistry of isocyanates and particu-
larly the new polyisocyanates and their derivatives which have been intensively studied
in Germany for some years.

Professor Bayer confirmed that he had pioneered and developed this new isocyanate
chemistry and stated that at Leverkusen he had had about 50–60 chemists and 200
other workers engaged on these problems.

Professor Bayer was obviously an expert in his subject and had considerable knowledge
of the synthesis, analysis, chemical properties, and industrial uses of the polyisocyanates
and their derivatives. [...]

Professor Bayer said that about 50 polyisocyanates have been prepared and examined
in the laboratory. The more important of these are the following: [...]

(c) Desmodur R. Triphenylmethane triisocyanate.

This material was of importance for bonding rubber and Buna to various other surfaces,
e.g. metals and textiles. [...]

It is suggested by Professor Bayer that the adhesion obtained by the use of polyiso-
cyanates in bonding rubber to metal is due to a film of oxide and moisture on the metal
surface, the water producing ureide bridges between two isocyanate groups and such
bridges then forming complexes with metal oxide films.

On the rubber interface, adhesion is thought to be due to solubility of isocyanates in
the rubber and to secondary valence forces. With cellulose, bonding results from the
unavoidable water present in the cellulose reacting preferentially with the isocyanate.

Leather can be bonded by means of isocyanates by reaction between the amino groups
of the leather and the isocyanate.

These German-developed adhesives were intensively studied by Allied countries [e.g., BIOS 629;
BIOS 719; BIOS 1691; BIOS 1699] and came to be used around the world after the war.
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[I am still working on these sections...]

Sunscreen lotion

Friedrich Ellinger (18??–19??), Franz Greiter (Austrian, 18??–19??), Rudolf Schulze (German,
1906–1974), Josef Maria Eder (Austrian, 1855–1944), and Leopold Freund (Austrian, 1868–1943)
developed compounds for sunscreen lotion, as illustrated in Fig. 3.146.

Other

BIOS 1007, Instrumentation and Control in the German Chemical Industry. [Magnetic oxygen
recorder, CO2 recorder, etc.]

BIOS 1321, Control Instruments in the German Chemical Industry. [Chemical control in produc-
tion, IR chemical analyzer]

FIAT 708, A Survey of the Use of Infra-Red Spectra in Chemical Analysis in Germany.

BIOS 563, The German Radio Component Industry, p. 18 [condensers, amplifiers, photo-electric
cells, rectifiers, novel batteries, etc.]

[Alfred Schmid, Swiss]

2.3 Fibre glass Developments

A synthetic material composed of fibreglass coated with an artificial resin had been
developed, and was used to coat articles made of a low-density homogeneous wood with
a coating 0.02 mm thick. This resulted in an article of light weight but having great
strength. It was claimed that both tensioned and compressional forces could be dealt
with. Dr. Schmid envisaged the aircraft of the future as being made from glass coated
homogeneous wood for light weight combined with great strength. He also claimed that
repairs to the skin, if damaged, could be done simply by the application of more of the
fibre-glass material.
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Figure 3.146: Friedrich Ellinger, Franz Greiter, Rudolf Schulze, Josef Maria Eder, and Leopold
Freund developed compounds for sunscreen lotion.



Chapter 4

Creators and Creations in Earth and
Space Science

Daher ist die Aufgabe nicht sowohl zu sehen was
noch keiner gesehen hat, als bei Dem was Jeder
sieht, zu denken was noch Keiner gedacht hat.

Therefore the problem is not so much, to see
what no one has yet seen, but rather to think
concerning that which everyone sees, what no
one has yet thought.

Arthur Schopenhauer. 1851.
Parerga und Paralipomena: Kleine Philosophische Schriften.

Vol. 2, Section 76, p. 93. Berlin: A. W. Hayn.

This chapter gives an overview of some earth and space science innovations that have played
major roles in the modern world and that were discovered or developed by scientists and engineers
who were trained in the predominantly German-speaking central European research world in the
nineteenth and early twentieth centuries.1 Creators from the German-speaking world made major

1In addition to specific references that are cited in di↵erent areas throughout this chapter, this chapter makes
use of general biographical and project information from: ACLS 2000; Albrecht et al. 1992; Ash and Söllner 1996;
Bar-Zohar 1967; Bower 1987; Bunch and Hellemans 2004; Challoner 2009; Cornwell 2003; Crim 2018; EB 1911, 2010;
Gillispie 1970–1990; Gimbel 1990a; Glatt 1994; Hall 2019; István Hargittai 2006, 2011; Linda Hunt 1991; Impey et
al. 2008; Jacobsen 2014; Koertge 2007; Kurowski 1982; Lasby 1971; Lusar 1956, 1971; Medawar and Pyke 2000; Mick
2000; Murray 2003; Nachmansohn 1979; NDB 1953–2020; Neufeld 2012; Nouzille and Huwart 1999; O’Reagan 2014,
2019; Porter 1994; Charles Walker 1946; Peter Watson 2010; Weitensfelder 2009.

For coverage of major portions of the history of earth and space science in the German-speaking world, see:
von Boguslawski and Krümmel 1884–1887; Bowler 1993; Brückner and Penck 1909; Chambers 2002; Chladni 1794;
Galle and Wattenberg 1963; Geiger 1950; Greene 2015; von Hann 1887; von Hann and Süring 1926; Haurwitz 1941;
Hesse 1924, 1937; Hoskin 2011; Javanović-Kruspel 2015; Köppen 1955; Lemonick 2008; Lüdecke 2015; Mohs 1825;
North 1995; Nothdurft and Smith 2002; Probst 2015; Schön 2004; Schwarzschild 1958; Spiess 1985; Wegener 1966;
Wellnhofer 2008; Wulf 2015.
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contributions to geophysical and space science fields, including geological science, paleontology,
ocean and hydrological science, atmospheric science, planetary science, and astrophysics.

4.1 Geological Science

German-speaking scientists made a long string of discoveries in geological science. In fact, outside
observers were impressed and even envious of how seriously the whole German-speaking world took
the field of geology. For example, in BIOS 948, German Academic Geology, visiting British scientists
wrote after World War II:

Geology was a subject formerly taught in German schools but was removed from the
curriculum under the Hitler regime. It is, we understand, to be replaced and it is clear
that teachers should receive sound geological training up to the necessary level at their
Universities. [...]

Strong representations have been made for a number of years that Geology should be
a part of the normal science curriculum in British schools. In this respect, the team
regard the proposed German curriculum as on a considerably wider basis than the
existing British practice. [...]

In preWar times, German geologists found employment in considerable numbers outside
Germany[...]

We were impressed with the high status of German mining and miners. There is a deep-
routed tradition derived from the thousand years of their honourable history that has
given the German miners a sense of self-esteem and a realisation of their high place in
the community.

Abraham Gottlob Werner (German states, 1749–1817, Fig. 4.1) developed stratigraphy, the scien-
tific analysis of rock layers of increasing age with increasing depth. He also taught a large number
of students, many of whom became highly influential geologists. Encyclopaedia Britannica called
him the “father of German geology” [EB 1911].

I have deliberately left a blank space where images of some creators or creations should go.
Those are people or projects that I felt were important enough that they should definitely be shown in this book,
yet I have not yet been able to locate a suitable image that I have permission to use, despite my searches in Europe
and in the United States. If readers have any relevant images and could send them to me, I would be very grateful
and will include them in future editions of this book. Even where a suitable photo cannot be located, I believe that
leaving a blank space pays tribute both to the scientific importance of that creator or creation and to how that
historical fact has been very nearly forgotten.
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Eduard Suess (Austrian, 1831–1914) discovered and correctly interpreted evidence for the Paleozoic
southern supercontinent Gondwana and the adjacent Tethys Ocean (1861); see Fig. 4.2. Suess
also proposed methods of measuring changes in ancient sea levels vs. time and was one of the
first scientists to discuss the ecology of biospheres. Oxford University’s Biographical Dictionary of
Scientists summarized some of Suess’s research accomplishments [Porter 1994, p. 651]:

The outcome of these interests was The Face of the Earth 1885–1909, a massive work
devoted to analysing the physical agencies contributing to the Earth’s geographical
evolution. Suess o↵ered an encyclopedic view of crustal movement, of the structure and
grouping of mountain chains, of sunken continents, and of the history of the oceans. He
also made significant contributions to rewriting the structural geology of each continent.

In many respects, Suess cleared the path for the new views associated with the theory
of continental drift in the twentieth century. In view of geological similarities between
parts of the southern continents, Suess suggested that there had once been a great
supercontinent, made up of the present southern continents; this he named Gondwana-
land, after a region of India. Wegener’s work was later to establish the soundness and
penetration of such speculations.

Alfred Wegener (German, 1880–1930) marshalled detailed evidence for his theory of continental
drift (1912–1930) and also made major contributions to the understanding of polar air circulation.
Wegener, shown in Fig. 4.3, was the son-in-law of Wladimir Köppen (p. 632). Wegener died while on
an expedition to Greenland to gather more evidence for his theories. His ideas regarding continental
drift became widely accepted and celebrated after his death [Greene 2015; Wegener 1966]. The
Encyclopedia Britannica described Wegener’s research [EB 2010]:

German meteorologist and geophysicist who formulated the first complete statement of
the continental drift hypothesis. [...]

In about 1910 he began toying with the idea that in the Late Paleozoic era (about
250 million years ago) all the present-day continents had formed a single large mass,
or supercontinent, which had subsequently broken apart. Wegener called this ancient
continent Pangaea. [...]

Wegener first presented his theory in lectures in 1912 and published it in full in 1915
in his most important work, Die Entstehung der Kontinente und Ozeane (The Origin
of Continents and Oceans). He searched the scientific literature for geological and pale-
ontological evidence that would buttress his theory, and he was able to point to many
closely related fossil organisms and similar rock strata that occurred on widely separated
continents, particularly those found in both the Americas and in Africa.
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Figure 4.1: Abraham Gottlob Werner developed stratigraphy, the scientific analysis of rock layers
of increasing age with increasing depth, and is regarded as the “father of German geology.”
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Figure 4.2: Eduard Suess discovered and correctly interpreted evidence for the Paleozoic southern
supercontinent Gondwana (1861).
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Figure 4.3: Alfred Wegener marshalled detailed evidence for his theory of continental drift (1910–
1930) and also made major contributions to the understanding of polar air circulation.
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Emil Wiechert (German, 1861–1928) established the detailed study of the structure of the Earth
and the behavior of di↵erent types of seismic waves passing through parts of the Earth; see Fig. 4.4.
Specifically, he invented an improved seismograph, calculated how seismic waves propagate through
the Earth, demonstrated evidence for layers within the Earth, and proposed that the Earth’s core
was made of iron. Wiechert was also one of several German-speaking scientists who discovered and
analyzed the electron before the more famous work of J. J. Thomson (p. 704).

Wiechert was the first professor of geophysics in Germany and founded the world’s first Institute
of Geophysics at Göttingen University in 1898. In 1922, he also initiated the foundation of the
German Geophysical Society (initially called the Deutsche Seismologische Gesellschaft). Wiechert
attracted, taught, and collaborated with many younger scientists who made fundamental discoveries
in geophysics, such as:

• Gustav Angenheister (German, 1878–1945, Fig. 4.5) studied surface waves from earthquakes,
was the director of an observatory in Samoa for several years, and in 1928 became the successor
of Wiechert as head of the Institute of Geophysics at Göttingen University.

• Ludwig Carl Geiger (Swiss, 1882–1966, Fig. 4.5) made many contributions to seismology,
most notably by developing a method to determine the epicenter of an earthquake.

• Beno Gutenberg (German, 1889–1960) was one of Wiechert’s greatest students at the Göttingen
Institute of Geophysics, and he continued to conduct geophysics research after he obtained
his doctorate in 1911. Gutenberg built upon all of the Institute’s work up to that time by de-
veloping a system of quantifying earthquake energy, and also by making major contributions
to the knowledge of the Earth’s interior structure and convective circulation in the Earth’s
mantle (Fig. 4.6). Due to rising antisemitism in Germany, in 1930 Gutenberg moved to the
California Institute of Technology and founded the Seismological Laboratory there. In the
United States, the name of one of Gutenberg’s American students, Charles Richter, became
associated with the earthquake energy scale that had been developed by Gutenberg and that
was based on decades of German seismological work at Göttingen. As a result, Richter’s name
has been immortalized with the “Richter scale,” and the work of Gutenberg and all of his
predecessors back to Emil Wiechert has been largely forgotten by the general public.

• Gustav Herglotz (German, 1881–1953, Fig. 4.5) worked with Emil Wiechert to develop equa-
tions for the velocities and travel times of seismic waves in the Earth (the Wiechert-Herglotz
method). He also made many important contributions to applied mathematics and relativistic
physics.

• Ludger Mintrop (German, 1880–1956, Fig. 4.5) invented seismic methods of exploring for
oil and minerals, using his own specially designed vibrometers and seismographs. His work
revolutionized oil drilling and minerals mining industries worldwide. During World War I, he
developed seismic methods to locate the position of enemy artillery guns.

• Wilhelm Schlüter (German?, 1875–1902, Fig. 4.5) invented the clinograph for measuring
changes in the angle of inclination of a slope. He used his new instrument to demonstrate
that long waves from earthquakes are not linear oscillations that vibrate in one direction, but
rather elliptical oscillations that vibrate around an elliptical pattern in two dimensions.
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• Karl Bernhard Zoeppritz (German, 1881–1908, Fig. 4.5) developed the Zoeppritz equations
for calculating the propagation and reflection of S and P seismic waves. He probably would
have gone on to make many more important discoveries in geophysics, but unfortunately he
died from an infection when he was only 26 years old.

Loránd Eötvös (Hungarian, 1848–1919) and Felix Vening Meinesz (Dutch, 1887–1966) developed
increasingly sensitive gravitational gradiometers for mapping the mass distribution of underlying
geological structures; see Fig. 4.7.

Alexander von Humboldt (Prussian, 1769–1859, Fig. 4.8) pioneered geomagnetic mapping, making
and recording measurements of the Earth’s magnetic field in his travels around the world [Wulf
2015]. He discovered that the strength of the magnetic field increases as one travels from the equator
toward the poles. He also coined the term “physical geography,” which later became known as
geophysics.

Carl Friedrich Gauss (German states, 1777–1855) and Wilhelm Weber (German, 1804–1891), shown
in Fig. 4.8, greatly improved geomagnetic mapping. They invented more accurate instruments for
measuring the strength and direction of the magnetic field, established a society to make magnetic
measurements around the world, and developed mathematical methods (potential theory) for ana-
lyzing the results to locate magnetic sources and to distinguish magnetic sources inside the Earth
from those outside the Earth.

Julius Bartels (German, 1899–1964) and Gerhard Fanselau (German, 1904–1982) also made detailed
studies of the Earth’s magnetic field (Fig. 4.9).

Building upon those earlier German work on geomagnetism, during the period 1941–1947, Walther
Elsasser (German, 1904–1991) developed the dynamo model that explains how the Earth’s magnetic
field is generated by the Earth’s core. See Fig. 4.9.

As illustrated in Fig. 4.10, Victor Goldschmidt (Swiss, 1888–1947) founded the field of geochemistry,
and Walter Hermann Bucher (German, 1888–1965) made major contributions to structural geology
and paleontology.
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Figure 4.4: Emil Wiechert established the detailed study of the structure of the Earth and the
behavior of di↵erent types of seismic waves passing through parts of the Earth.
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Figure 4.5: Some other creators who made major contributions to knowledge of the structure of the
Earth and the behavior of di↵erent types of seismic waves included Gustav Angenheister, Ludwig
Carl Geiger, Gustav Herglotz, Ludger Mintrop, Wilhelm Schlüter, and Karl Bernhard Zoeppritz.
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Figure 4.6: Beno Gutenberg developed a system of quantifying earthquake energy and also made
major contributions to the knowledge of the Earth’s interior structure and convective circulation
in the Earth’s mantle (1914–1960).
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Figure 4.7: Loránd Eötvös and Felix Vening Meinesz developed increasingly sensitive gravitational
gradiometers for measuring the mass of underlying geological structures.
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Figure 4.8: Alexander von Humboldt, Carl Friedrich Gauss, and Wilhelm Weber developed geo-
magnetic mapping.
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Figure 4.9: Julius Bartels and Gerhard Fanselau made detailed studies of the Earth’s magnetic
field, and Walther Elsasser developed the dynamo model that explains how the Earth’s magnetic
field is generated (1941–1947).
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Figure 4.10: Victor Goldschmidt founded the field of geochemistry, and Walter Hermann Bucher
made major contributions to structural geology and paleontology.
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German-speaking creators also developed the Universal Transverse Mercator (UTM) projection
system for map coordinates, which is now used worldwide for the Global Positioning System (GPS)
[Buchroithner and Pfahlbusch 2016]. O�cial histories have claimed that the UTM system was
developed by the United States after World War II, but cartographers Manfred Buchroithner and
René Pfahlbusch discovered evidence that the UTM system was developed in Germany before and
during World War II, and seized by the United States at the end of the war:

Recent discoveries of Wehrmacht Maps in the Military Archive of the Federal Archive of
Germany in Freiburg im Breisgau raised the motivation for further investigations into
the history of the internationally employed Universal Transverse Mercator (UTM) pro-
jection which actually represents a prerequisite for the global use of Global Positioning
System (GPS)—and thus of any type of navigation—instruments. In contrast to the
frequently stated opinion that this map projection was first operationally used by U.S.
Americans it turned out that presumably the first operational maps with indication of
the orthogonal UTM grid were produced by German Wehrmacht o�cers prior to the
post World War (WW) II triumph of this projection. Based on the authors’ recent dis-
coveries this article reveals some hitherto hardly known facts concerning the history of
cartography of the 1940s. [...]

With the complete military occupation of Germany through the Allied Forces in spring
1945 the largest part of the German geodetic documents and records stored in the
Thuringian temporary evasion quarters of the “Reichsamt für Landesaufnahme” (RfL,
Reich O�ce for Surveying) and the “Kriegskartenhauptamt” (Main O�ce for Military
Maps) fell into the hands of the American troops. The U.S. Army Map Service (AMS)
immediately examined these “German Materials, as they came to be called” (Cloud
2002, 264, cum lit.) and recognized its value. Since Thuringia was by negotiation pro-
vided as part of the Soviet Occupation Zone, all the material and the expert sta↵ was
evacuated to Bamberg in the American Occupation Zone. Directly after the war (Bam-
berg Conference in June 1945), with cooperation of sta↵ members of the former RfL, a
new geodetic “armaments program” for Europe began. Leading members of the map-
ping activities of the Deutsches Reich, last not least of the Reconnaissance Unit “Dora”
and the “Forschungssta↵el zur besonderen Verwendung” (Research Squadron for Spe-
cial Deployment) were, during the first months and years after the war, interrogated by
the Americans.

In his memoirs, Wolfgang Pillewizer (1911–1999), first member of the Reconnaissance
Unit “Dora” and then of the “Forschungssta↵el zur besonderen Verwendung” (cf. Stams
2012) and as chair holder of cartography predecessor of the first author of this article,
describes in considerable detail the interrogations of himself and also other members of
the Reconnaissance Unit “Dora” and the “Research Squadron for Special Deployment”
by OSS, the O�ce of Strategic Services, the then military secret service (Pillewizer
1986). In his book and later during oral communications with the prime author in the
1990s, he also mentioned that one task of the “Forschungssta↵el” was the mapping of
possible “extension areas” of the Deutsches Reich, and that immediately after the war
OSS chased him and subsequently kept him detained in Kransberg Castle, Germany,
over 16 months for interrogations about his cartographic activities in Eastern Europe
and outside Europe (cf. also Häusler 2007b; Buchroithner, Koch, and Stams 2012).
There, not only thematic but also geometric questions of the cartographic work were
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subject of the questioning. [...]

Early German research and development results were adopted by the Soviet Union
in the 1930s and later by the USA and gained worldwide recognition—last not least
through the introduction of the UTM system by the NATO member states in 1951.
The end of the Cold War and the release of the military satellite navigation system of
NATO for civilian purposes led to its final breakthrough. This implies that today almost
all industrialized countries use for their authoritative map series a geodetic coordinate
system which has its origin, for the most essential part, in Germany. In the twenty-first
century, in a world of ubiquitous application of GPS at a global scale, UTM Projection
became simply a conditio sine qua non for everyday life.
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4.2 Paleontology

German-speaking scientists made many valuable contributions to paleontology [Bowler 1993; Ja-
vanović-Kruspel 2015].

Friedrich von Alberti (German, 1795–1878), shown in Fig. 4.11, identified and characterized Triassic
rock strata and their fossils, the preceding Permian-Triassic extinction, and the following Triassic-
Jurassic extinction (1834). He also greatly improved salt mining and salt processing by introducing
a process of steam heating.

Christian Leopold von Buch (German states, 1774–1853, Fig. 4.12) characterized Jurassic rock
strata and their fossils, and also explained igneous rock formation. He created the first geological
map of Germany in 1826.

As shown in Fig. 4.13, Karl Häberlein (German?, 18??–19??), Hermann von Meyer (German states,
1801–1869), and Wilhelm Dames (German, 1843–1898) discovered and analyzed Archaeopteryx
specimens, which are important transitional fossils for bird evolution (1861–1884) [Chambers 2002;
Wellnhofer 2008]. Hermann von Meyer also discovered Plateosaurus, an important step in the
evolution of sauropod dinosaurs, and Wilhelm Dames also studied whale evolution.

The American Council of Learned Societies described some of von Meyer’s importance in the field
[ACLS 2000, p. 602]:

His main scientific area of interest was the fossil vertebrates, and his chief work was
Fauna der Vorwelt (4 vols., 1845). He considered all types of vertebrates and was one
of the most distinguished scientists in the field; his descriptions were characterized by
great accuracy and clarity of expression.

Ernst Stromer (German, 1871–1952, Fig. 4.14) led an important expedition to Egypt to excavate
Cretaceous deposits, and he spent much of the rest of his career analyzing his finds in Germany.
Through this material, Stromer discovered Spinosaurus and several other Cretaceous dinosaurs
and non-dinosaur species. Unfortunately almost all of his fossil collection was destroyed when its
Munich museum was bombed by the Allies in 1944 [Nothdurft and Smith 2002; Probst 2015].

Louis Agassiz (Swiss, 1807–1873, Fig. 4.15) studied in Germany and worked in Switzerland before
eventually moving to the United States, where he helped to build up the field of paleontology from
his post at Harvard. He found and analyzed a wide variety of fossils over the course of his career.

Heinrich Ernst Beyrich (German, 1815–1896, Fig. 4.15) discovered many Cenozoic fossils and named
the Oligocene epoch of the Cenozoic era.

Johann Blumenbach (German states, 1752–1840, Fig. 4.15) developed the foundations of the field
of anthropology, studying the lifestyles and skeletons of humans worldwide.

Johanna “Tilly” Edinger (German, 1897–1967, Fig. 4.15) founded the field of paleoneurology, the
study of brain structure and brain evolution from endocasts preserved inside some fossils skulls.
Oxford University’s Biographical Dictionary of Scientists emphasized the importance of Edinger’s
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research [Porter 1994, p. 201]:

Edinger was a leading figure in the field of twentieth-century vertebrate palaeontology
and laid the foundations for the study of palaeoneurology. In her two great works Die
fossilen Gehirne (Fossil Brains) (1929) and The Evolution of the Horse Brain (1948)
she demonstrated that the evolution of the brain could be studied directly from fossil
cranial casts.

Hanns Bruno Geinitz (German, 1814–1900, Fig. 4.15) collected and analyzed samples from Europe,
Asia, and North America, and discovered a wide variety of Paleozoic and Mesozoic fossils.

Friedrich von Hüne (German, 1875–1969, Fig. 4.15) discovered fossils of many new species of di-
nosaurs, other reptiles, and amphibians, and worked to reclassify previously discovered fossil species
in a much more systematic fashion. Edwin Colbert, a curator of paleontology at the American Mu-
seum of Natural History, praised von Hüne’s accomplishments [Colbert 1984, pp. 108–109]:

Von Huene was wholeheartedly interested in the dinosaurs; during his lifetime he became
one of the great authorities on these reptiles. [...]

He has spent many decades in the study of fossil reptiles, with a singleness of pur-
pose and a degree of industry that are truly amazing. The volume of his publications
through the years is prodigious, and his contributions to our knowledge of fossil rep-
tiles are numerous and significant. They include papers on reptilian relationships and
classification, descriptions of dinosaurs from all over the world, investigations of vari-
ous Mesozoic marine reptiles, especially ichthyosaurs, and other technical studies too
numerous to mention. [...]

He has been noted for his activity in the field, traveling all over the world to study and
collect fossil reptiles—not only in his native Germany but also in other parts of Europe,
in North America, in Brazil, in Argentina, in Africa, and in Asia.
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Figure 4.11: Friedrich von Alberti identified and characterized Triassic rock strata and their fossils,
the preceding Permian-Triassic extinction, and the following Triassic-Jurassic extinction (1834).
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Figure 4.12: Christian Leopold von Buch characterized Jurassic rock strata and their fossils, and
also explained igneous rock formation.
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Figure 4.13: Karl Häberlein, Hermann von Meyer, and Wilhelm Dames discovered and analyzed
Archaeopteryx specimens, which are important transitional fossils for bird evolution, during the
period 1861–1884.
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Figure 4.14: Ernst Stromer discovered Spinosaurus and other Cretaceous dinosaurs.
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Figure 4.15: Other creators who made important discoveries in paleontology included Louis Agassiz,
Heinrich Ernst Beyrich, Johann Blumenbach, Johanna “Tilly” Edinger, Hanns Bruno Geinitz, and
Friedrich von Hüne.
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Many important discoveries in human evolution were made by scientists from the greater German-
speaking world:

• Marie Eugène Dubois (Dutch, 1858–1940) discovered the first fossils of Homo erectus (dubbed
“Java Man”) in 1891; see Fig. 4.16. Homo erectus was a widespread and tremendously impor-
tant ancestor of modern Homo sapiens. Franz Weidenreich (German, 1873–1948) and Ralph
von Königswald (German, 1902–1982) discovered and analyzed additional Homo erectus fos-
sils.

• As shown in Fig. 4.17, in 1907 Otto Schoetensack (German, 1850–1912) and Daniel Hartmann
(German?, 18??–19??) discovered the first fossils of Homo heidelbergensis, which was either
an ancestor or a close cousin of modern humans.

• Johann Fuhlrott (German, 1803–1877) and Hermann Schaa↵hausen (German, 1816–1893)
discovered the first fossils of Homo neanderthalensis in 1856. Homo neanderthalensis or Ne-
anderthals were a sophisticated species of humans that existed in parallel with Homo sapiens
for thousands of years, then disappeared for reasons that are still unclear; see Fig. 4.18.

• Hugo Obermaier (German, 1877–1946) made important discoveries regarding the migrations,
tools, and cave paintings of humans during the Ice Ages, as illustrated in Fig. 4.19.

As shown in Fig. 4.20, several creators made major contributions to the field of biogeography, or
the worldwide distributions of modern species:

• Alexander von Humboldt (Prussian, 1769–1859) collected and compared plant samples from
around the world, as illustrated in Fig. 4.20. He published many books on his discoveries and
thereby helped to establish the field of biogeography. He also made important measurements
of geomagnetism in his travels around the world [Wulf 2015].

• Christian Ehrenberg (German, 1795–1876) collected specimens and studied the comparative
anatomy of samples from Europe, the Middle East, and around the world.

• Richard Hesse (German, 1868–1944) published Tiergeographie auf Ökologischer Grundlage in
1924. Together with its 1937 revised English edition, Ecological Animal Geography, that book
had an enormous impact in advancing the field of biogeography [Hesse 1924, 1937].
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Figure 4.16: Marie Eugène Dubois, Franz Weidenreich, and Ralph von Königswald discovered and
analyzed Homo erectus fossils.
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Figure 4.17: Otto Schoetensack and Daniel Hartmann discovered Homo heidelbergensis in 1907.
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Figure 4.18: Johann Fuhlrott and Hermann Schaa↵hausen discovered Homo neanderthalensis in
1856.
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Figure 4.19: Hugo Obermaier made important discoveries regarding the migrations and the tools
of humans during the Ice Ages.
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Figure 4.20: Creators who made major contributions to the field of biogeography, or the world-
wide distributions of modern species, included Alexander von Humboldt, Christian Ehrenberg, and
Richard Hesse.
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4.3 Ocean and Hydrological Science

German-speaking scientists made major contributions to ocean and hydrological sciences.2

Heinrich Georg von Boguslawski (German, 1827–1884, Fig. 4.21) coauthored the Handbuch der
Ozeanographie [Handbook of Oceanography] with Otto Krümmel. It appeared in 1884–1887 in two
large volumes covering all major aspects of ocean spatial distribution, physical properties, chemistry,
circulation, etc., and became the standard reference work on the subject for many decades, including
later updates.

Carl Chun (German, 1852–1914, Fig. 4.21) led expeditions in the Valdivia (Fig. 4.23) and made
important discoveries regarding deep sea life, marine invertebrates, and subarctic seas.

Carl Wilhelm Correns (German, 1893–1980, Fig. 4.21) was the world’s leading expert in marine
sediments [BIOS 1368]. He collected sediments on marine expeditions in the 1920s, and used new
methods such as X-ray di↵raction to analyze them in his laboratory in the 1930s. He was the son
of the biologist Karl Correns (p. 89). The American Council of Learned Societies described some
of his accomplishments [ACLS 2000, pp. 209–210]:

A pioneer in modern sedimentary petrology, he found that clays are not amorphous
substances but mixtures of well-defined crystalline minerals such as kaolinite, halloysite,
montmorillonite, and mica materials. With samples from the bottom of the South At-
lantic, he developed methods for dividing sediments into grain size classes that could
be investigated by optical microscopy, X-ray di↵raction, and chemical analysis.

Albert Defant (Austrian, 1884–1974, Fig. 4.21) founded the field of physical oceanography and was
an expert on the physics of the ocean, the atmosphere, and the interactions between the two. He
was one of the main scientists on the Meteor oceanographic research ship.

Günter Dietrich (German, 1911–1972, Fig. 4.21) helped to refine the comprehensive understanding
of ocean tides, currents, and circulation.

Felix Anton Dohrn (German, 1840–1909, Fig. 4.21) established the model of marine biological
research stations, especially with a station on the Gulf of Naples (Stazione Zoologica, initiated in
1871). The American Council of Learned Societies described the importance of his work [ACLS
2000, p. 256–257]:

Primary contribution was the establishment of the Zoological Station in Naples: not
only the first laboratory set up specifically for marine studies, but also the first insti-
tute formally organized for the sole pursuit of research. The station was conceived by
Dohrn in 1870, and the doors opened in February 1874. [...M]any important pioneer-
ing experimental investigations were carried out. Especially significant were studies in
comparative physiology and experimental embryology, which became the foundations
of whole new sciences.

Ernst Ehrenbaum (German, 1861–1942, Fig. 4.22) made major contributions to systematic ichthy-
ology as well as the study of marine invertebrates.

2von Boguslawski and Krümmel 1884–1887; Bowler 1993; Spiess 1985.
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Vagn Walfrid Ekman (1874–1954, Fig. 4.22) was Swedish but worked closely with German expe-
ditions, providing oceanographic measuring instruments and conducting theoretical calculations to
compare with the measured data. Many oceanographic properties are named after him: the Ekman
layer, Ekman number, Ekman pumping, Ekman spiral, Ekman transport, etc.

Otto Krümmel (German, 1854–1912, Fig. 4.22) coauthored the Handbuch der Ozeanographie [Hand-
book of Oceanography] with Heinrich Georg von Boguslawski, completing the first edition after von
Boguslawski’s death and then updating it later. One of Krümmel’s greatest contributions was in
the study of ocean currents and circulation patterns (Fig. 4.24).

Alfred Merz (Austrian, 1880–1925, Fig. 4.22) was a pioneer of oceanography and was the first chief
scientist for the Meteor research ship (Fig. 4.24).

Friedrich (Fritz) Spiess (German, 1881–1959, Fig. 4.22) championed the funding and execution of
oceanographic research, and he planned and commanded the expeditions of the Meteor research
ship.

Georg Wüst (German, 1890–1977, Fig. 4.22) studied ocean circulation and was one of the main
scientists on the Meteor research ship.

German-speaking scientists discovered Antarctica and played a major role in its exploration [Lüdecke
2015; Schön 2004]:

• Fabian Gottlieb von Bellingshausen (Baltic German, 1778–1852) led an expedition that dis-
covered Antarctica in 1820. He proceeded to circumnavigate Antarctica and to make contact
with its coastline at several points along the way; Fig. 4.25 illustrates the route of his expe-
dition. Bellingshausen Island and Bellingshausen Sea near Antarctica are named after him.

• Erich von Drygalski (German, 1865–1949, Fig. 4.26) led groups that explored Greenland
during 1891–1893 and Antarctica during 1901–1903. In Antarctica, his expedition discovered
and named Kaiser Wilhelm II Land and the Gaussberg volcano, and was the first to use a
balloon for Antarctic exploration and photography. Drygalski Island in Antarctica is named
after him.

• Wilhelm Filchner (German, 1877–1957, Fig. 4.26) headed an Antarctic expedition during
1911–1912 that discovered the Luitpold Coast and mapped part of Antarctica. The Filchner-
Ronne Ice Shelf in the Antarctic is named for him (and the much later U.S. Ronne expedition
from 1947–1948).

• Alfred Ritscher (German, 1879–1963, Fig. 4.26) led a major Antarctic expedition during 1938–
1939 that mapped a large part of Queen Maud Land. Ritscher Peak and Ritscher Upland in
Antarctica are named after him.

As illustrated in Fig. 4.27, Eduard Brückner (German, 1862–1927) and Albrecht Penck (German,
1858–1945) amassed and correctly interpreted a huge amount of evidence for the Ice Ages, especially
from the Alps, from 1901 onward. In 1909, they published their results as the landmark three-volume
work, Die Alpen im Eiszeitalter [The Alps in the Ice Age].
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Figure 4.21: Some important creators in oceanography included Heinrich Georg von Boguslawski,
Carl Chun, Carl Wilhelm Correns, Albert Defant, Günter Dietrich, and Felix Anton Dohrn.



618 CHAPTER 4. CREATORS AND CREATIONS IN EARTH AND SPACE SCIENCE

Figure 4.22: Other important creators in oceanography included Ernst Ehrenbaum, Vagn Ekman,
Otto Krümmel, Alfred Merz, Friedrich (Fritz) Spiess, and Georg Wüst.
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Figure 4.23: Examples of important German oceanographic research ships included the Valdivia
and the Meteor.
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Figure 4.24: Map of Atlantic ocean currents by Otto Krümmel from 1883.
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Figure 4.25: Fabian Gottlieb von Bellingshausen discovered Antarctica in 1820.
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Figure 4.26: Erich von Drygalski led important scientific expeditions to both Greenland and Antarc-
tica. Wilhelm Filchner and Alfred Ritscher led major expeditions to Antarctica.
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Figure 4.27: Eduard Brückner and Albrecht Penck collected and correctly interpreted evidence for
the Ice Ages (1901–1909).
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4.4 Atmospheric Science

As shown by the examples in Figs. 4.28–4.34, many German-speaking creators made major discov-
eries in atmospheric science.3

Richard Assmann (German, 1845–1918, Fig. 4.28) published the first weather map for Germany in
1880, invented the Assmann aspiration psychrometer around 1890, and discovered the stratosphere
in 1902. He was a strong and e↵ective advocate for meteorology research and education.

Arthur Berson (German, 1859–1942, Fig. 4.28) made measurements of atmospheric conditions and
human physiology at high altitudes, and led expeditions to study weather conditions in the Arctic,
South America, Africa, and other regions.

Wilhelm von Bezold (German, 1837–1907, Fig. 4.28) made important discoveries regarding atmo-
spheric thermodynamics and thunderstorms, as well as optical illusions (the Bezold e↵ect and the
Bezold–Brücke shift).

C. H. D. Buys Ballot (Dutch, 1817–1890, Fig. 4.28) studied the direction of air flow in weather
systems (now known as the Buys Ballot law) and the e↵ect of the rotation of the sun on Earth’s
atmospheric temperatures (now known as the Buys Ballot table). Even the American Council of
Learned Societies deemed his work especially noteworthy, over a century after his death [ACLS
2000, p. 158]:

[H]is chief accomplishment was to help shape the new field of meteorology by empha-
sizing and himself collecting data from the widest possible network of simultaneous
observations.

Paul Crutzen (Dutch, worked in Germany, 1933–, Fig. 4.28) was instrumental in analyzing and
predicting damage to the ozone layer by pollution, climate change e↵ects caused by burning fossil
fuels, and the possibility of a nuclear winter created by dust from numerous explosions. He won the
Nobel Prize in Chemistry in 1995 for his work on the ozone layer. Professor Ingmar Grenthe of the
Royal Swedish Academy of Sciences noted [www.nobelprize.org/prizes/chemistry/1995/ceremony-
speech/]:

In 1970 Paul Crutzen demonstrated that nitrogen oxides, formed during combustion
processes, could a↵ect the rate of ozone depletion in the stratosphere. He suggested
that dinitrogen monoxide, popularly known as “laughing gas” and formed through mi-
crobiological processes in the ground, could have the same e↵ect. He has also studied the
formation of ozone in the lower atmosphere. Ozone is one ingredient of “smog,” which
is formed by the influence of solar radiation on air pollutants, especially exhaust gases
from motor vehicles and other combustion systems. Whereas stratospheric ozone is a
prerequisite for life, tropospheric ozone is strongly toxic and harmful to most organisms,
even in small quantities.

3Bowler 1993; von Hann 1887; von Hann and Süring 1926; Haurwitz 1941.
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Julius von Hann (Austrian, 1839–1921, Fig. 4.28) was arguably the founder of systemic global me-
teorology. Figures 4.32–4.32 show a few pages from his Atlas der Meteorologie (1887) giving average
isotherms, isobars, winds, and rainfall worldwide. Julius von Hann and Reinhard Süring wrote the
Lehrbuch der Meteorologie, which became the standard textbook for generations of meteorology
students. The American Council of Learned Societies noted [ACLS 2000, p. 394]:

Hann was one of the most prominent meteorologists of his day. His importance rested less
on the creation of new theoretical concepts than on his e↵orts to coordinate empirical
and theoretical results into a coherent structure. [...] He was a driving force in the
establishment of mountain observatories, where he studied upper-air data from many
di↵erent aspects. He produced the first comprehensive climatologies of both the tropics
and the polar regions.

Bernhard Haurwitz (German, 1905–1986, Fig. 4.29) received his Ph.D. in meteorology and geo-
physics from the University of Leipzig in 1927, worked there after graduating, and then moved to
the United States in late 1932 ahead of rising antisemitism in Germany. He helped to bring German
methods of meteorology to the United States. Haurwitz taught at MIT and New York University
and wrote Dynamic Meteorology, which became the standard reference on the subject.

Hugo Hergesell (German, 1859–1938, Fig. 4.29) organized the regular collection of temperature,
humidity, and pressure data by balloons at di↵erent altitudes in order to improve weather forecasts.

Karl Jelinek (Austrian, 1822–1876, Fig. 4.29) studied both meteorology and geomagnetism, com-
bining measurements with new types of instruments and sophisticated mathematical analysis to
obtain important new results.

Joseph Kölzer (German, 1883–1970, Fig. 4.29) established the field of military meteorology before
World War I and continued to develop that area until after World War II. He also studied the
propagation of sound waves in di↵erent layers of the atmosphere.

As shown in Fig. 4.33, Wladimir Köppen (German, 1846–1940) developed a detailed system of
climate classification (how wet/dry and how hot/cold a region tends to be) that is still in use, with
subsequent improvements by Rudolf Geiger (German, 1894–1981) [Geiger 1950; Köppen 1955].
Wladimir Köppen was the father-in-law of Alfred Wegener (p. 590), and Rudolf Geiger was the
brother of Hans Geiger (p. 1210). The Encyclopedia Britannica described the importance of Köppen
and his work [EB 2010]:

German meteorologist and climatologist best known for his delineation and mapping
of the climatic regions of the world. He played a major role in the advancement of
climatology and meteorology for more than 70 years. His achievements, practical and
theoretical, profoundly influenced the development of atmospheric science. [...]

A climax in geographical climatology was reached in 1900 when Köppen introduced his
mathematical system of climatic classification. Each of five major climate types was
assigned a mathematical value according to temperature and rainfall. Since then, many
of the systems introduced by other scholars have been based on Köppen’s work. [...]
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In 1927 he undertook, with Rudolph Geiger, the editorship of a five-volume Handbuch
der Klimatologie (“Handbook of Climatology”), which was nearly completed when he
died. [...]

Köppen was one of the last scholars of an era when an erudite man could attain com-
petence in, and make significant contributions to, many branches of natural science.

As illustrated in Fig. 4.34, Auguste Piccard (Swiss, 1884–1962) and Paul Kipfer (Swiss, 1905–1980)
studied the upper atmosphere and cosmic rays using their own specially designed high-altitude
balloon with a pressurized crew compartment.

Reinhard Süring (German, 1866–1950, Fig. 4.29) made important discoveries regarding clouds,
atmospheric radiation, the upper atmosphere, and high-altitude physiology. He and Julius von
Hann wrote the Lehrbuch der Meteorologie, which became the standard textbook for generations
of meteorology students.
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Figure 4.28: Some creators who made major discoveries in atmospheric science included Richard
Assmann, Arthur Berson, Wilhelm von Bezold, C. H. D. Buys-Ballot, Paul Crutzen, and Julius von
Hann.
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Figure 4.29: Other creators who made major discoveries in atmospheric science included Bernhard
Haurwitz, Hugo Hergesell, Karl Jelinek, Joseph Kölzer, and Reinhard Süring.
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Figure 4.30: A page from Julius von Hann’s Atlas der Meteorologie (1887) showing average isotherms
worldwide in January.



630 CHAPTER 4. CREATORS AND CREATIONS IN EARTH AND SPACE SCIENCE

Figure 4.31: A page from Julius von Hann’s Atlas der Meteorologie (1887) showing average isobars
and winds worldwide in January.
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Figure 4.32: A page from Julius von Hann’s Atlas der Meteorologie (1887) showing average annual
rainfall worldwide.
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Figure 4.33: Wladimir Köppen and Rudolf Geiger developed a detailed system of climate classifi-
cation that is still in use.
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Figure 4.34: Auguste Piccard and Paul Kipfer also used balloons to study the upper atmosphere
and cosmic rays.
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4.5 Planetary Science

German-speaking scientists made a large number of important discoveries in planetary science
regarding the planets, moons, asteroids, and comets of our solar system [North 1995].

Although the German-speaking research world became more established after 1800 or so, one cannot
cover planetary science without mentioning three very important creators from before that time:

• Nicolaus Copernicus (Prussian, 1473–1543, Fig. 4.35), who proposed that the planets orbit
around the sun and conducted other research in physics and math.

• Tycho Brahe (Danish but educated and worked in the German-speaking world, 1546–1601,
Fig. 4.36), who made detailed astronomical observations that were used by Johannes Kepler
to calculate planetary orbits.

• Johannes Kepler (Weil der Stadt, 1571–1630, Fig. 4.37), who worked out the physics of plan-
etary orbits and also did other work in physics and math.

As shown in Fig. 4.38, Ernst Chladni (German states, 1756–1827) discovered and published (in
1794) detailed evidence that meteorites come from space [Chladni 1794].

Creators who made important early detailed maps of the Moon and Mars included (Fig. 4.39):

• Johann Hieronymus Schröter (German states, 1745–1816) created a Moon map in 1791 and
a Mars map in 1800.

• Wilhelm Beer (Prussian, 1797–1850) and Johann Heinrich von Mädler (German, 1794–1874)
produced a highly detailed Moon map in 1834–1837 (Fig. 4.40) and the best Mars map then
available in 1830–1840 (Fig. 4.41).

• Johann Friedrich Julius Schmidt (German, 1825–1884) created a Moon map even more de-
tailed than that of Beer and Mädler during the period 1858–1874.

German-speaking creators discovered many major asteroids, including the four largest asteroids in
the main asteroid belt between Mars and Jupiter (Figs. 4.42–4.43):

• Franz Xaver von Zach (Hungarian, 1754–1832) organized astronomical searches for asteroids
and was one of the astronomers (along with Heinrich Olbers, Carl Friedrich Gauss, and
Giuseppe Piazzi) to spot the largest asteroid, Ceres, in 1801.

• Heinrich Olbers (German states, 1758–1840) was one of the astronomers who spotted Ceres
in 1801. He also discovered the very large asteroids Pallas in 1802 and Vesta in 1807. He
discovered Olbers’ comet in 1815, and proposed Olbers’ paradox (why is the night sky dark
if there are an infinite number of stars in every direction, if you look far enough?) in 1823.
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• Carl Friedrich Gauss (German states, 1777–1855) developed revolutionary new methods for
calculating orbits that led to the discovery and tracking of Ceres in 1801. He also calculated
other asteroid orbits and developed methods of accounting for the perturbations of asteroid
orbits by planets.

• Karl Ludwig Harding (German states, 1765–1834) discovered the very large asteroid Juno in
1804. He also discovered several comets, created an important star catalog, and studied the
behavior of variable stars.

• Maximilian Wolf (German, 1863–1932) was an important pioneer of astrophotography, and
used that technique to discover hundreds of asteroids.

Johann Encke (German states, 1791–1865) and Theodor von Oppolzer (Austrian, 1841–1886),
shown in Fig. 4.44, each carefully worked out the detailed orbits of many planets, asteroids, and
comets.

Friedrich Wilhelm Herschel (Hanover, 1738–1822, Fig. 4.45) discovered the planet Uranus in 1781,
as well as two of its moons: Oberon (1787) and Titania (1787). He also discovered two additional
moons of Saturn (Enceladus and Mimas, both in 1789) and studied the behavior of sunspots. His
sister Caroline Herschel (Hanover, 1750–1848) composed a very important early star catalog [Hoskin
2011; Lemonick 2008].

Some other creators who made major discoveries about the outer solar system included (Fig. 4.46):

• Johann Bode (German states, 1747–1826) worked out the orbit of Uranus in 1782 following
Friedrich Wilhelm Herschel’s discovery.

• Johann Galle (German, 1812–1910) discovered the planet Neptune in 1846 [Galle and Wat-
tenberg 1963].

• Gerard Kuiper (Dutch, 1905–1973) discovered the methane atmosphere of Saturn’s moon
Titan (1944), carbon dioxide in the atmosphere of Mars (1947), Uranus’s moon Miranda
(1948), Neptune’s moon Nereid (1949), and evidence for the Kuiper belt of comets orbiting
beyond Neptune (1951).



636 CHAPTER 4. CREATORS AND CREATIONS IN EARTH AND SPACE SCIENCE

Figure 4.35: Nicolaus Copernicus recognized the sun, not the Earth, as the center of the solar
system.
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Figure 4.36: Tycho Brahe made detailed astronomical observations that were used by Johannes
Kepler to calculate planetary orbits.
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Figure 4.37: Johannes Kepler calculated the elliptical orbits of planets in the solar system.
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Figure 4.38: Ernst Chladni discovered and published detailed evidence that meteorites come from
space (1794).
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Figure 4.39: Creators who made important early detailed maps of the Moon and Mars included
Johann Hieronymus Schröter, Wilhelm Beer and Johann von Mädler, and Johann Friedrich Julius
Schmidt.
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Figure 4.40: The Moon map (1834–1837) produced by Wilhelm Beer and Johann von Mädler.
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Figure 4.41: The Mars map (1830–1840) produced by Wilhelm Beer and Johann von Mädler.
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Figure 4.42: Creators who discovered many major asteroids included Franz Xaver von Zach, Heinrich
Olbers, Carl Friedrich Gauss, Karl Ludwig Harding, and Maximilian Wolf.
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Figure 4.43: Asteroids of the inner solar system.



4.5. PLANETARY SCIENCE 645

Figure 4.44: Johann Encke and Theodor von Oppolzer carefully worked out the detailed orbits of
many planets, asteroids, and comets.
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Figure 4.45: Friedrich Wilhelm Herschel discovered the planet Uranus, two of its moons, and two
additional moons of Saturn. His sister Caroline Herschel composed a very important early star
catalog.
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Figure 4.46: Some other creators who made major discoveries about Uranus, Neptune, and the
outer solar system included Johann Bode, Johann Galle, and Gerard Kuiper.
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4.6 Astrophysics

German-speaking scientists played a dominant role in the development of astrophysics, from the
physics of stars to the history of the universe.

Cosmic rays are high-energy radiation that is emitted by the sun or other objects further out
in space and that strikes the Earth’s atmosphere, which mostly shields the Earth’s surface from
the rays [L’Annunziata 2016; North 1995]. Some creators who discovered and studied cosmic rays
included (Fig. 4.47):

• Theodor Wulf (German, 1868–1946) created electroscopes for measuring radiation (Fig. 4.48)
and demonstrated that they detected more radiation from the Ei↵el Tower than on the ground,
suggesting that radiation was coming from space.

• Victor Franz Hess (Austrian, 1883–1964) carried some of Theodor Wulf’s electroscopes up in
his 1912 balloon flight to measure cosmic rays, and showed that the measured cosmic ray radi-
ation increases with altitude (Fig. 4.48). Hess won the Nobel Prize in Physics in 1936 for this
work. Professor H. Pleijel, Chairman of the Nobel Committee for Physics of the Royal Swedish
Academy of Sciences, praised Hess’s discovery [https://www.nobelprize.org/prizes/physics/
1936/ceremony-speech/]:

Professor Hess. By virtue of your purposeful researches into the e↵ects of radioactive
radiation carried out with exceptional experimental skill you discovered the surpris-
ing presence of radiation coming from the depths of space, i.e. cosmic radiation. As
you have proved, this new radiation possesses a penetrating power and an intensity
of previously unknown magnitude; it has become a powerful tool of research in
physics, and has already given us important new results with respect to matter and
its composition. The presence of this cosmic radiation has o↵ered us new, important
problems on the formation and destruction of matter, problems which open up new
fields for research. We congratulate you on your fine achievements.

• Werner Kolhörster (German, 1887–1946) conducted more thorough balloon experiments in
1913–1914 and obtained more accurate data on cosmic ray radiation vs. altitude (Fig. 4.48).

• Erich Regener (German, 1881–1955) developed improved radiation detectors and related in-
struments and launched them first in balloons and later in rockets.

• Eduard Gottfried Steinke (German, 1899–1963) measured cosmic rays of di↵erent energies.

• Georg Pfotzer (German, 1909–1981) was a student of Erich Regener and collaborated with
him in his experiments.

• Auguste Piccard (Swiss, 1884–1962) and Paul Kipfer (Swiss, 1905–1980) measured cosmic ray
intensities up to the highest altitudes then possible in a balloon (Fig. 4.34).
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Figure 4.47: Some creators who discovered and studied cosmic rays included Theodor Wulf, Victor
Hess, Werner Kolhörster, Erich Regener, Eduard Steinke, and Georg Pfotzer.
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Figure 4.48: Theodor Wulf created electroscopes for measuring radiation, and Victor Hess carried
them up in his 1912 balloon flight to measure cosmic rays. The graphs show Victor Hess’s 1912
data on the measured cosmic ray radiation vs. altitude, and Werner Kolhörster’s more accurate
1913–1914 data.
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As illustrated in Fig. 4.49, stars such as the sun create such intense heat and pressure in the central
core that they convert hydrogen into helium plus lots of energy, via both proton-proton fusion
reactions and carbon-catalyzed fusion reactions.

Some creators who made major discoveries in stellar physics included (Figs. 4.50–4.51)4:

• Walter Baade (German, 1893–1960) identified and studied di↵erent types of stars.

• Hans Bethe (German, 1906–2005) worked out the major fusion reactions in stars, for which
he won the Nobel Prize in Physics in 1967 (p. 1229).

• Ludwig Biermann (German, 1907–1986) studied the solar wind of charged particles streaming
outward from the sun.

• Robert Emden (Swiss, 1862–1940) developed the Emden equation describing the spatial vari-
ation of pressure inside a star.

• Joseph von Fraunhofer (German states, 1787–1826) performed spectral analyses of the sun.

• Fritz Houtermans (German, 1903–1966) first worked out some of the fusion reactions and
reaction rates in stars.

• Rudolph Minkowski (German, 1895–1976) used astrophotography to study supernovae.

• J. Robert Oppenheimer (1904–1967) calculated the conditions involved in stellar collapse at
the end of a star’s life. Oppenheimer was born in the United States but had a German father
and second-generation German-American mother, was raised speaking German, repeatedly
visited family in Germany during his childhood, and received his Ph.D. in Germany under
Max Born at Göttingen.

• Samuel Heinrich Schwabe (German, 1789–1875) studied sunspots.

• Martin Schwarzschild (German, 1912–1997) made major contributions to our understanding
of stellar structure and evolution.

• Hermann Carl Vogel (German, 1841–1907) performed spectral analyses of stars.

• Carl Friedrich von Weizsäcker (German, 1912–2007) worked out the major fusion reactions
in stars.

For more information on fusion reactions, see Section 8.6.

4Bethe 1991, 1997; Bird and Sherwin 2005; Brown and Lee 2006; Davis 1968; L’Annunziata 2016; North 1995;
Schwarzschild 1958; Schweber 2012.
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Figure 4.49: Stars such as the sun create such intense heat and pressure in the central core that
they convert hydrogen into helium plus lots of energy, via both proton-proton fusion reactions and
carbon-catalyzed fusion reactions.



4.6. ASTROPHYSICS 653

Figure 4.50: Some creators who made major discoveries in stellar physics included Walter Baade,
Hans Bethe, Ludwig Biermann, Robert Emden, Joseph von Fraunhofer, and Fritz Houtermans.
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Figure 4.51: Other creators who made major discoveries in stellar physics included Rudolph
Minkowski, J. Robert Oppenheimer, Samuel Heinrich Schwabe, Martin Schwarzschild, Hermann
Carl Vogel, and Carl Friedrich von Weizsäcker.
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Friedrich Bessel (German states, 1784–1846) developed the parallax method of measuring distances
to stars (see Fig. 4.52), as well as Bessel mathematical functions. Based on geodetic observations,
he approximated the figure of the Earth, and in 1841 he established the Bessel ellipsoid, which
was used as an important geodetic reference system for over a century. His theory of observational
errors was also highly influential in the physical sciences.

The multigenerational Baltic German Struve family of astronomers included (Fig. 4.53):

• Friedrich Georg Wilhelm von Struve (1793–1864) measured the distances to many stars using
Bessel’s parallax method, and also produced a catalog of binary stars (pairs of stars orbiting
each other).

• Otto Wilhelm von Struve (1819–1905) made many important astronomical observations, in-
cluding precession measurements for the solar system.

• Karl Hermann Struve (1854–1920) made detailed measurements of the positions of many
moons and stars, and also devised the mathematical Struve function in 1882.

• Gustav Wilhelm Ludwig Struve (1858–1920) measured accurate positions of stars and the
rotation rate of our Milky Way galaxy.

• Otto Struve (1897–1963) studied interstellar matter and stellar physics.

Creators such as Friedrich Argelander (German, 1799–1875), Eduard Schönfeld (German, 1828–
1891), Adalbert Krüger (German, 1832–1896), and Robert Trümpler (Swiss, 1886–1956) composed
important catalogs of stars that are visible from Earth; see Fig. 4.54. Figure 4.55 shows examples
of star catalogs by Argelander from 1843, and by Argelander, Schönfeld, and Krüger from 1859.

Bart Bok (Dutch, 1906–1983, Fig. 4.56) pioneered the study of interstellar matter and the structure
of our Milky Way galaxy.

Several creators discovered and analyzed dark matter, a mysterious, invisible substance that only
interacts with other things via gravity and that surrounds normal matter such as galaxies (Fig.
4.57):

• Jacobus Kapteyn (Dutch, 1851–1922) developed astrophotography, measured galactic rotation
rates, and used that data to deduce the existence of dark matter.

• Fritz Zwicky (Swiss, 1898–1974) conducted experimental observations and theoretical analyses
of dark matter and stellar physics, and also helped to develop jets and rockets in the United
States [John Johnson, Jr., 2019; Stöckli and Müller 2008].

• Jan Oort (Dutch, 1900–1992) studied dark matter and the structure of the Milky Way galaxy,
and also proposed the existence of the Oort cloud of comets in the outer reaches of our solar
system.
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Albert Einstein (German, 1879–1955) predicted the possibilities of both dark energy (which he
called the cosmological constant) and the expansion of the universe in 1917 [Pais 1982]. As shown
in Fig. 4.58, dark energy currently appears to make up approximately 68% of the universe and acts
as an antigravitational force to push the universe apart. Approximately 27% of the universe seems
to be dark matter, and only about 5% of the universe is atoms or other ordinary matter.

For more information on relativity and cosmology, see Section 5.3.
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Figure 4.52: Friedrich Bessel developed the parallax method of measuring distances to stars, as well
as Bessel mathematical functions.
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Figure 4.53: The multigenerational Struve family of astronomers included Friedrich Georg Wilhelm
von Struve, Otto Wilhelm von Struve, Karl Hermann Struve, Gustav Wilhelm Ludwig Struve, and
Otto Struve.
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Figure 4.54: Creators such as Friedrich Argelander, Eduard Schönfeld, Adalbert Krüger, and Robert
Trümpler composed important catalogues of stars that are visible from Earth.
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Figure 4.55: Star catalogs by Friedrich Argelander (1843), and by Argelander, Eduard Schönfeld,
and Adalbert Krüger (1859).
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Figure 4.56: Bart Bok pioneered the study of interstellar matter and the structure of our Milky
Way galaxy.
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Figure 4.57: Jacobus Kapteyn, Fritz Zwicky, and Jan Oort discovered and analyzed dark matter,
a mysterious, invisible substance that only interacts with other things via gravity and surrounds
normal matter such as galaxies.
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Figure 4.58: Albert Einstein predicted dark energy and the expansion of the universe in 1917.
Dark energy currently appears to make up approximately 68% of the universe and acts as an
antigravitational force to push the universe apart.
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