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HYDROGEN - SOME HISTORICAL HIGHLIGHTS

Abstract: The early history of experiments in which an inftaable air was prepared is outlined. Once hydrogen
had been discovered by Cavendish in 1766, the wadrktience and technology was given a colossakiog

Its scientific and social consequences form thenrf@us of this essay. Special attention is giveexplain why
experiments were done, and their aims. The marigudlifes which confronted scientists in the intafation of
their results are discussed. Timelines have beed imsorder to facilitate an understanding of thelion of
ideas. A particular emphasis is given to the stafrjhow, through spectral analysis of the hydrogtyma our
understanding of atomic structure developed. Erpanmis involving hydrogen constitute important téagh
material in schools. Detailed instructions are gifer making hydrogen in the laboratory and for destrating

its lightness and flammability. Suggestions are enafl how to use these reactions to teach a widietyaof
chemical concepts and facts.
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I ntroduction

There can be few better ways to introduce the stilojehydrogen to an audience, than
to prepare it from a chemical reaction, fill a bal with it and demonstrate its lightness,
flammability and explosive combustion with oxygeFhese effects can be achieved in
simple demonstration experiments.

To prepare hydrogen and to fill a balloon withuse high quality latex balloons of
30 cm (12") diameter. Apparatus and reagents: 80P plastic fizzy drink bottle,
150 cni 20 % (approx. 3.6M) sulphuric acid, 150 g graredarzinc (a great excess),
0.7 g copper sulphate pentahydrate, one 1 taker, spatula. Method: The acid should be
prepared 24 hours before the experiment, in ortiet tt can cool down to room
temperature. To make 1 drof stock acid solution, carefully add 200 tooncentrated
sulphuric acid to 800 chwater in a 2 drhbeaker, stirring continuously. Since the reaction
is strongly exothermic, the dilution should be domea well ventilated room/fume
cupboard. At the start of the experiment placezihe and copper sulphate in the bottom of
the plastic bottle, and place this in a 1°dmeaker containing about 500 teold water.
This will serve to modify the speed of the reactiatich is exothermic. Carefully pour in
150 cnf of the acid, and then stretch the neck of theoballover the mouth of the bottle.
The balloon will now take approximately 15 minutesinflate, at an ambient temperature
of 20 °C. After this period of time, carefully rer@the balloon from the bottle, tie a knot
in it and then tie it to a piece of thin string ab& metres long, which is anchored with
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a weight e.g. a steel set screw, weighing 20 grarhe. hydrogen in the balloon can be
safely ignited, using a lighted wooden splint, whis attached to a 1 metre ruler.

To fill a balloon with a mixture of hydrogen angygen requires two stages - oxygen,
followed by hydrogen. This experiment is more difli to achieve and will require the
assistance of a competent student or techniciandifferent colour of balloon is
recommended. Apparatus and reagents: 508 fixmy drinks bottle, freshly prepared
3 % hydrogen peroxide solution, potassium permaaigarblue balloon. Method: Into
a 500 cm plastic fizzy drinks bottle pour 300 énof 3 % (10 vol.) hydrogen peroxide
solution. Using a spatula, carefully insert abolit §. potassium permanganate crystals.
Immediately stretch the neck of the balloon over titp of the bottle, and swirl gently, to
enable the permanganate to react with the perofide. mixture effervesces vigorously,
and the balloon will start to inflate. With contauli swirling, enabling the permanganate to
react with more of the peroxide, the balloon shcdwddome partly filled (about 10-15 cm
diameter) with oxygen. When the reaction has swaosi(Lisually after 2-3 minutes),
carefully remove the balloon from the bottle anekets neck firmly pinched. Prepare
another 500 cffizzy drinks bottle for producing hydrogen, as ctésed above, using the
same quantities of reagents. Once the acid has peered into the zinc and copper
sulphate mixture, carefully attach the partialljeti balloon to the mouth of this second
hydrogen generator, and place this bottle into @ beaker containing 500 ¢éntold
water, in order to modify the rate of reaction. §'kiep must be carried out with the help of
a second person. If the transfer of the balloonb®en successful, and little oxygen has
escaped, then this second balloon will become foflgated with a mixture of hydrogen and
oxygen, after some 15 minutes. It will rise whexdtto an anchored string, but will be less
buoyant than the balloon filled with pure hydrogen, account of the greater density of
oxygen. When ignited with a burning splint as digmat above, the mixture explodes with
a loud report.

Figure 1 shows a balloon being filled with hydroggas from the reaction between
zinc and sulphuric acid, using copper sulphatelysttaFigure 2 shows the combustion, in
air, of a balloon of hydrogen gas. Figure 3 shows explosive combustion of
a stoichiometric mixture of hydrogen and oxygen.

After the experiments have been completed, the duygir generators should be
allowed to continue reacting overnight, during vhitme the acid will become fully
neutralised and converted to zinc sulphate solufitiis can be disposed of down the sink,
and the remaining zinc rinsed thoroughly with watercan then be re-used for about two
more experiments. The residue from the oxygen géoermainly water, can safely be
washed down the sink.

There are several aspects of these experiment whaiah themselves for teaching
purposes: reactivity series of metals, acid plugameeaction, displacement reaction,
writing a word equation and balanced symbol equationic equation, redox equation,
catalytic activity, exothermic reaction, moles cdétion involving concentration of
solution and volume of gas produced, excess antidgreagents. Once the hydrogen has
burnt, there is more scope for teaching - writingrdvand balanced equations for the
reaction of hydrogen with oxygen.

Experiments similar to these have been stalwartseofepertoire of scientists, teachers
and university lecturers, for over two centuriesere before Cavendish's notable
achievement.
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Fig. 1. A balloon being filled with hydrogen

Fig. 2. Hydrogen burning in air
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Fig. 3. Hydrogen/oxygen explosion

Prehistory

Hydrogen was discovered by Henry Cavendish [17310LB 1766, yet several earlier
accounts exist of the preparation of this flammagas. This stands to reason because the
mineral acids (sulphuric and hydrochloric) had b&eown since the Middle Ages, and
metals such as iron, zinc and tin were known toAheients. Each of these metals reacts
with acids to produce hydrogen as the principafan product.

The first known written account of the formationafoul smelling form of hydrogen
(made from iron filings and oil of vitriol) is giveby the Geneva born physician and
iatrochemist Turquet de Mayerne [1573-1655]. Altfjlouhe description of his experiment
was not published until 1700, it is clear from msgripts that he had performed it at some
stage before his death. “I have taken 8 oz. of ifitings and in a deep glass cup
| have added successively 8 oz. of oil of vitrintaa little later an equal quantity of warm
water. There was produced an enormous agitatioraagreéat ebullition and meteorism of
matter easily quieted by stirring by a rod. Thesealso raised a most fetid sulphureous
vapour very noxious to the brain, which (as hapddneme not without danger) if brought
near a candle takes fire, on account of which dpisration should be made in the open air
or under a chimney” [1].

In a work published in 1670 the Irish natural psdpher Robert Boyle [1627-1691]
described the preparation and collection of hydnog&Ve took a clear glass bubble
(capable of containing by guess about three ouategter) with a neck somewhat long
and wide, of a cylindrical form; this we filled witoil of vitriol and fair water, of each
almost a like quantity, and casting in half a dogerall iron nails... and speedily inverting
the phial, we put the neck of it into a small witkeuthed glass... with more of the same
liquor in it... soon after we perceived the bubblesdoced by the action of the menstruum
upon the metal, ascending copiously... the wholetgafithe glass bubble, and most of its
neck, seemed to be possessed by air, since hyritg st was able... to hinder the... liquor
from regaining its former place...” [1].

In a posthumously published work in 1700, Boyle adied the combustion of
hydrogen which he had prepared from “a very shaip @ercing saline spirit” (HCI) and
iron filings. “Upon the approach of a lighted camdli would readily enough take fire and
burn with a blueish and sometimes greenish flamth@tmouth of the vial, for a good
while” [1].
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Nicholas Lemery [1645-1715] was a French chemigi felhmulated an early theory of
acid/base reactions. He was an internationallywea chemical demonstrator and author
of one of the most important early chemical texksodCours de Chymie which was first
published in 1675, translated into several langsiaged republished in several editions.
Holmyard notes that: the general impression leftlehmind of the modern reader is that
Lemery must have been one of the most acute atidlsékperimenters that France has
ever produced. Not the least interesting passageaiswhich describes the explosion of
a mixture of air and hydrogen... “If 3 ounces of ofl vitriol be put into a middle-sized
phial, with a long neck, and to it 12 ounces of evathen the mixture grows warm,
if an ounce... of iron file dust be thrown into it.hetre will rise an ebullition,... which will
produce white vapours that will rise and fill theck of the phial. If one puts to the aperture
a lighted wax candle, the vapour will immediatedke fire, and at the same time occasion
a violent and cracking noise” [2].

Since hydrogen has such a distinct and lengthytiésit background prior to 1766,
what was so special and different about Cavendidissovery of it? In order to fully
appreciate the significance of his discovery, idtl be mentioned that during the second
half of the 18 century two strands of chemistry were rapidly eimj: practical -
the manipulation of gases (airs), theoretical agdabout combustion.

In 1727, the English clergyman and natural scierfiiephen Hales [1677-1761]
published his celebrated Vegetable Staticks. i® work he described the collection and
manipulation of gases over water and mercury. Thedwgas” had been coined by the
Flemish iatrochemist Johannes Baptista van HelrfiBif9-1644] in 1624, and different
gases in our sense of the word were still descritpegbhilosophers as different “airs”.
As a scientist, Hales was primarily interestedlangs and how they transport water. But he
also developed a technique for collecting sampfetgics” which were formed in certain
chemical processes e.g. heating coal to red heatgun barrel, and reacting iron filings
with dilute sulphuric acid. During this early parftthe 18th century, natural philosophers
were concerned not only with widening the scopehefr experimental techniques and
investigations, but they were also trying to explaixactly what was going on. Among
topics of particular interest at this time, was baoistion.

The phlogiston theory of combustion was the ingesidrainchild of the German
natural philosopher Johann Joachim Becher [1632]188was published in its original
from in 1677 and subsequently developed by GeomgtEStahl [1660-1734]. It was
a theory which had its roots in alchemical spedutest and which explained the process of
combustion - a chemical process which had puzzledple since time immemorial.
Phlogiston was said to be “the matter and prinaiflfire, not fire itself’. Substances which
were flammable were said to be rich in phlogistehich escaped from the substance when
it burnt. This explanation was easily acceptedstdrstances which seemed to disappear, or
became lighter when burnt e.g. coal, wood, sulphdowever, as the quantitative
combustion of metals (such as tin and iron) becameeasingly investigated during the
course of the 18th century, they were shown to gaimass during combustion. The
validity of the phlogiston theory thus became mopen to question. Neither Becher nor
Stahl had conducted combustion experiments gravicady, thus they had no evidence to
support their theory. The phlogiston theory undetwmany modifications, including the
suggestion that phlogiston itself had negative ma$soughout the 18 century it still
provided a satisfactory explanation to combustibarpmena, and was widely accepted by
the scientific community.
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On the basis of a thorough quantitative analysisashbustion experiments, and his
own interpretations, Antoine Laurent Lavoisier [47b/94] formulated a theory of
combustion which was experimentally beyond reprpacld which convincingly explained
all the deficiencies of the phlogistonists. Thisedhy was published in his Traite
Elementaire de Chymie in 1789. It was to constithi dawn of a new age - the age of
modern chemistry. But in spite of the clear supésiof Lavoisier’s ideas, there remained
many adherents of the phlogiston theory who cluetgatiously to their beliefs. Among
these were two brilliant English experimenters:ejpbs Priestley [1733-1804] and Henry
Cavendish.

Enter Cavendish

If hydrogen had been known for some centuries lee@avendish, and its method of
preparation and its combustion were well known, feovd why was his discovery such
a great step forward and what effect did it have(@nthe uses of hydrogen and (b) the
theory of chemical reactions?

Henry Cavendish was conducting experiments at a timen: (i) gases had relatively
recently been recognised as unique chemical sutegtaii) the chemical composition of
air and water were unknown or even unsuspectei], iimbustion and calcination
(burning) of metals were both regarded as processgscomposition.

Fic. 49.—CAVENDISH’S
APPARATUS FOR FINDING
THE WEIGHT OF GaAs
EVOLVED IN A REACTION.

Fig. 4. Apparatus for measuring the weight of gagtvis evolved during a chemical reaction [1]
Cavendish designed his own apparatus and had aymebfinsight into the nature of

the chemical and physical processes which he iigatetl. Furthermore, he paid great
attention to the importance of quantitative measigngts. He studied inflammable air in the
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context of identifying both its chemical and itsypltal characteristics. Cavendish prepared
his inflammable gas from the reaction between aam@inc, iron or tin) and an acid
(sulphuric or hydrochloric). He additionally calledis inflammable gas phlogiston,
believing it to be the essence of fires.

He published his results in the Philosophical Taatiens in 1766 in his first chemical
memoir, entitled: “Three papers containing experiteeOn Factitious Airs”. The word
factitious in this context means “obtained throwghexperiment from another substance”.
He measured the density of inflammable air in twaysv by weighing a known volume of
the air in a bladder, or by measuring both the m@uand weight of an air which was
released from the same quantities of the same meggbut with two independent
experiments - one to measure volume and the otherelisure mass. He then applied the
equation: density = mass/volume. One of the itefrepparatus which he used to establish
the density of hydrogen is shown in Figure 4.

Flask A contains the acid. B is an upward delivarge and C is a drying tube
containing an absorbing agent e.g. pearl ash (anbgdpotassium carbonate). The top of
the tube has an orifice to allow the gas to escdpe. whole apparatus was weighed.
The metal was weighed separately and then addeditie A. The reaction was allowed to
run to completion, and the whole apparatus andergagvere reweighed at the end. Thus,
the mass of gas which was lost could be calculdtedolume would be found by repeating
the experiment under identical conditions, collegtthe gas over water, marking off the
level of the gas in the inverted collecting vesael] measuring the volume of water which
was needed to reach the mark. Figure 5 showsttaegement.

|

Fig. 5. Measuring the volume of gas by displaceroémiater [1]

Experiments similar to these are universally usedchemistry school teaching
programmes today. Cavendish found that “the aithés same and of the same amount
whichever acid is used to dissolve the same weifjhhy particular metal”. He called it the
inflammable air from metals. This seemed to makeagsince the metal disappeared, and
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the inflammable air appeared. With hindsight, we datect the fallacy of logic here - the
acid was clearly the excess reagent so Cavendigd oot be in a position to deduce that
the gas had actually come from the acid and notrtbl. This example illustrates to what
extent the phlogiston theory had become embeddgeaple’s minds. It shows just how
complex these issues were to resolve. His schembeaepresented as follows:

(calx + phlogiston) + acid = (calx + acid) + phlistgin
metal + acid = salt + inflammable air

A calx was the product formed when a metal burrdiin Today we know that calxes
are metal oxides. Cavendish also studied extensiusing his own specially constructed
eudiometer, the explosive combustion of inflammadés in air. He was particularly
interested to see in what ratios hydrogen had tmized with air, in order to get the most
violent explosion. During these experiments he doteat water was formed when
inflammable air burns. Some of the main points iefresearches into inflammable gas are
summarized in Table 1.

Table 1
A summary of Cavendish'’s results
Density compared Ratio for most .
Name toair violent combustion Method of preparation
Inflammable air = . 3:7 Iron, tin or zinc with hydrochloric
) 1:11 L Sy
phlogiston hydrogen : air or sulphuric acid

A dream cometrue

Cavendish had now clearly defined a new and unagrform substance. He had
simultaneously and unwittingly defined a momentand unstoppable new opportunity for
exploration: manned flight.

Since the earliest times, people had been fascipaten obsessed, with the possibility
of flying. After all, birds make it look so simplend so effortless. And yet for all the
extraordinary mental capacity of humans, their segin limitless ingenuity, the efforts of
the greatest geniuses such as Leonardo da Vin&2[f1819], all that had ever been
achieved were hundreds of phantasmagorical desigif\gng machines, failed attempts to
fly, and thousands of bones of intrepid would-b&ohadventurers, scattered over the
bottoms of countless valleys.

Armed with the latest discovery, a “lighter than gas”, and sniffing that victory was
in sight, a multitude of enthusiasts, engineergnsists, fabric technologists, rope makers,
instrument makers and entrepreneurs set aboutnilegiq machine which would finally
fulfil the great challenge of flight. The design afballoon that would fly people “high
above the clouds” generated a level of excitembat had been unprecedented in the
course of human history. There were many technid@llenges to be overcome.
The balloon had to be impermeable to hydrogenwvasg made out of silk and coated with
a solution of rubber in turpentine and enclosea ilight strong netting. The volume of
hydrogen in the balloon had to be carefully vaiiedrder to allow for expansion of the gas
as the balloon ascended, a controllable gas valve had to be made in the top of the
balloon in order to allow for the escape of exchgdrogen. An elongated wickerwork
basket had to be constructed and suspended frometting. The gas was generated from
the reaction between iron and sulphuric acid. dktd days to inflate the early balloons.
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The first flight (unmanned) of a balloon took plame 27" August 1783. It had a diameter
of 10 feet (3 metres) and used 225 kg sulphurid aamid 500 kg of scrap iron.
The quantities of reagents were determined purstynfa trial and error approach.
Chemistry and the chemical industry were still araathis stage - but this was all about to
change during the next few decades. Figure 6 shawartist's impression of an early
balloon being filled with hydrogen - it is reprodiecfrom a school science book from 1857.

Fig. 6. Filling a balloon with hydrogen [3]

How extraordinary to see barrels full of sulphuaimid! These would have been lined
with lead and would have been very awkward to hanBurthermore, the hydrogen was
contaminated with small amounts of the most obnaxiand smelly gaseous impurities.
But the excitement of watching this giant contraptinflate and rise in the air, was far too
great to dampen the enthusiasm of the balloon cFae.passenger gondola can be seen on
the bottom right hand corner of the illustration.

In front of an audience of an estimated 300,000pf@eahe first successful manned
flight, from Paris, occurred on®1December 1783. The balloon carried three people:
the physicist Jacques Cesar Charles [1746-1823] thadbrothers Anne-Jean Robert
[1758-1820] and Nicholas Louis Robert [1760-1820hey were both mechanical
engineers. The flight lasted for two hours andiedrthem a distance of 24 km (15 miles).
The euphoria of the event was indescribable [4]sifilar level of excitement was
generated by hot air balloons, whose tradition steback to Ancient China.
On 21 November 1783 the first of these, made outneh fabric lined with a specially
treated paper (with alum to render it fireproofgsasuccessfully flown by Jacques-Etienne
Montgolfier [1745-1799]. But hydrogen filled ballos gained the upper hand at this stage
and they came to dominate the world of mannedtfligh

Scientific instruments such as a mercury barometkermometer, hygrometer,
compass and telescope were taken up on the piogdéghts. Thus, a whole new range of



14 Zbigniew A. Szydto

information about the earth’s atmosphere becameladex variation of pressure,
temperature and humidity with height, the chemamhposition of the air - this was still
not fully understood as a mixture - and the obs@wmaand classification of different types
of cloud. Figure 7 gives an impression of the trallity which can be experienced high
above the clouds. No wonder then that some eanlgnaets, such as Charles Green
[1785-1870], made as many as 1400 ascents in iigglilie.

Fig. 4—Asove Tag Crouns,

Fig. 7. Above the clouds [5]

Throughout the nineteenth century, balloon flyingether with two other scientific
and technological advances - photography (from 1&2%1 steam railway travel (from
1812) - transfixed Europeans on an hitherto unglecied scale. Balloons became bigger
and bigger. An example of such a construction asdigantic captive balloon that was
built by the French engineer Henri Giffard [1825828 for the Paris exhibition of 1878.
This had a diameter of 36 metres (118 feet) andnwitled with hydrogen it had a lifting
capacity of 27 tonnes (Mg) and was able to carrp&@sengers. It was made of 7 layers of
muslin, India rubber and canvas, put in alternageids. To make the required amount of
hydrogen required 190 tonnes of sulphuric acid&htbnnes of iron [6].

As time progressed new and novel uses for balloesr® developed, especially for
military purposes. These had disastrous conseqseWiting about German losses during
the first world war, Egon Larsen notes that: “tf&4German airmen who died in their
Zeppelins must have gone through terrible sufferkmgpwing that there was little chance of
survival. It was one of the most inefficient as mad costly and inhuman instruments of
war ever employed” [7].

During the latter decades of the™®@entury, power units were developed for the
balloons (the first one was in 1852, invented bffe@d). Initially these were steam engines
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which proved to be extremely inefficient and daogest Following these, the newly
invented internal combustion engines rapidly camte use. Navigable balloons became
known as dirigibles or airships. They grew in gftee R34, the first British airship to cross
the Atlantic and back in 1919 was 200 metres loagl were able to carry dozens of
passengers on transatlantic trips, as a luxury fafrtransport.

Unfortunately, the “inflammable air” of Cavendishasvto have the last say: after
hundreds of accidents during the preceding 150sy@arolving thousands of fatalities, the
Hindenburg disaster of"6May 1937 temporarily laid to rest the era of “lighthan air”
transport.

The composition of water

For thousands of years, people had considered veatdrair to be fundamental
substances in Nature. They had constituted pathefAristotelian 4 element system, of
which the other two were earth and fire. With trevelopment of experimental science
from the seventeenth century onwards, the conceptair and water as elements or
“building blocks” of Nature became more and moreempto question. Countless
experiments were conducted which, with hindsightula appear to change or instantly
alter our perception of the Universe. And yet kalecades, if not centuries, for new ideas
to gain acceptance. The idea that air is a miafigases, of variable composition, and that
water is a compound of two elements hydrogen arygerx with a fixed chemical formula
H,0, are two examples of this phenomenon of the sloveptance of a new order.

One of the important pieces of apparatus which @Gdigd employed was
a eudiometer. This is a laboratory device which suess change in volume of a gas
mixture, following a physical or chemical actionudiometers were first used during the
last 3 decades of the I&entury, and had been invented by the Italian dstephysicist
and meteorologist Marsilio Landriani [1751-1815]isHellow countryman Alessandro
Volta [1745-1827], natural philosopher and elecbattery pioneer, had the brainwave of
fitting eudiometers with spark wires in order tdtiate the combustion of gaseous mixtures
[8]. In the interpretation of eudiometer combustexperiments it is important to note that
gases were referred to as elastic fluids wherepsds were said to be inelastic fluids.
This important distinction between the two typedloifd underpins the science in today’s
universally used technologies of hydraulics andupmetics.

Cavendish had noted that inflammable air (elastied¥ burns in ordinary air to
produce water (inelastic fluid). Using his eudioatethe conducted several quantitative
experiments, working to several significant figuodsccuracy, whose aim was to establish
the proportions of inflammable air and normal aihich would result in the greatest
contraction of volume. Yet in spite of these expents, he did not reach the conclusion
that water is a compound of hydrogen and oxygenit Agcame increasingly clear that
water was not a simple substance (element), twaitapt types of experiments came to
dominate research: synthesis of water, by combihydfogen with oxygen, decomposition
of water into hydrogen and oxygen.

Further developments in the water story can be sanzad by a timeline which draws
attention to some keystone experiments. It is cteam this, that exploding mixtures of
hydrogen with air or oxygen consumed a great deatsearch time, and surely generated
much entertainment as well.
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e 1781 - Priestley observed that a mixture of depbt@ated air (oxygen) and
inflammable air (hydrogen) explodes violently whegnited.

e 1781 - Cavendish noted that water was formed as@upt when inflammable air was
burnt with dephlogistigated air (this of course,swRriestley’s name for oxygen).

A great rivalry existed between French and Englistemists, as to priority for

advances in research on water, and this was echoembntemporary accounts:

“This great philosopher (Cavendish) ... may be coergid as the true discoverer of the

composition of water”, wrote Nicholson in 1808 [9].

Cavendish also noted that the water thus formedaesgic. Repeated sparking of the
residual gaseous mixture (which would have beerixdune of atmospheric nitrogen and
oxygen) caused a gradual increase in the acidithefroduct, and he recognised this as
nitric acid. He also recognised that the acid wasméd by the reaction between
phlogistigated air (nitrogen) and dephlogisticat@d When further sparking gave no
further reaction i.e. no further diminution on vmle of the gaseous mixture, there remained
a small bubble of gas whose presence Cavendishuwable to satisfactorily explain.
This bubble was shown to be argon by William Ramd8852-1916] and Lord Rayleigh
[1842-1919] in 1894. Oxides of nitrogen are geretabn an everyday basis today, in
internal combustion engines, in exactly the samanaathat Cavendish generated them
250 years ago.
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Fig. 8. Monge’s apparatus for the synthesis of ndfe
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1783 - The French mathematician Gaspard Monge F1B4®] synthesized water by
sparking a mixture of dephlogistigated air (obtdifeom the decomposition of red
calx of mercury) with inflammable air, which wastaimed from pure iron wire
in dilute sulphuric acid. He published his resualiai memoir entitled “On the result of
the inflammation of inflammable gas and dephloga&td air in closed vessels.” This
was published in the Mémoirs de I'’Académie desrsme for 1783. To initiate the
combustion reactions, Monge used an electric sgarlhad been suggested earlier by
Volta. Figure 8 shows his apparatus.

The gases were introduced into cylinders G and &lthie siphon tubes PR. They

passed through stopcocks | and K to the globe Nk ld previously been exhausted via
tap L, which leads to a vacuum pump at O. The gature is then exploded by an electric
spark at M, and the process was repeated.

1784 - Antoine Lavoisier and the mathematician/eegi Jean Baptiste Meusnier
[1754-1793] decomposed water by passing steam iomerfilings in a red hot gun
barrel. This was the first experiment in which waveas chemically decomposed.
It was subsequently employed, alongside the “atid metal” reaction”, to generate
hydrogen in laboratories, and also for filling loalhs. Figure 9 shows the arrangement
of an apparatus for a school experiment whichtiliss this reaction.

[ron tube filled with
iron borings

Undecomposed
water
condensed

Hyd\roaen
X

il

Fig. 9. Lavaoisier’s “gun barrel” experiment, shogithe decomposition of water [10]

1788 - The Scottish inventor, mechanical engineed &hemist James Watt

[1736-1819] drew attention to Priestley’'s experitsean the explosive reactions of
dephlogisticated air and inflammable air, whichdareed water.

1788 - Antoine Lavoisier, whose theory of combustieas rapidly bringing about the

rejection of the phlogiston theory, gave hydrogsnmodern name. This was derived
from two Ancient Greek words - hudro (water) ancheg (born). Lavoisier stated

clearly: “Water is nothing but oxygenated hydrogenthe immediate product of the

combustion of oxygen gas with hydrogen gas.”

1789 - During the late 18th century, static eledlyi machines had been invented,
which were capable of delivering sparks with gesagrgy. One of these was employed
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by the Dutch chemists Johann Deiman [1743-1808] andeAdPaets van Trootswijk
[1752-1837], who used gold wire electrodes to dgmuse water into “small bubbles”.
1790 - The continued enthusiasm for research ihéoexact nature of water, was
boundless: a grand experiment on the compositiowaiér by the French chemists
Antoine Fourcroy [1755-1809], Louis Vauquelin [176829] and Armand Seguin
[1767-1835] was “begun on Wednesday May 1890 and was finished on Friday, the
22" of the same month. The combustion was kept up1&8 hours with little
interruptions, during which time the machine was quitted for a moment. These
experimenters alternately refreshed themselves vdigyued, by lying for a few hours
on mattrasses in the laboratory” [9].

1800 - The English polymath, chemist, author andunah philosopher William
Nicholson [1753-1815] and the surgeon Anthony Ghrl{1768-1840] decomposed
water into hydrogen and oxygen by the use of edfis. This experiment was
undertaken in the same year that Volta had, irrpéach making work on electric cells,
initiated the new science of electrochemistry.

1805 - The French natural scientist Joseph Gaydaugs/78 - 1850] and the Prussian
naturalist and geographer Alexander von Humboldi5ft1845] eudiometrically
demonstrated that water is composed of two voluofigs/drogen combined with one
volume of oxygen.

Fig. 10. Humphry Davy with hydrogen and oxygen ffran original print in the author’s collection]
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e 1806 - The Cornish chemist and inventor HumphryDdw 78-1829] electrolytically
decomposed pure water into hydrogen and oxygenshoded that these two gases
are combined in water in the volumetric ratio 2A.maodified version of this
experiment, the “Hofmann Voltameter”, is populatdamportant in today’s school
teaching programmes. Figure 11 shows a small fragmé an original print of
a cartoon by the celebrated caricaturist Jamega@il[1756-1815]. It depicts the
impish expression on Humphry Davy’s face, who eadly anticipating some fun with
hydrogen and oxygen. The whole cartoon shows aesitem one of Davy's acclaimed
public lectures at the Royal Institution of Greatt@n - they inspired generations of
future scientists.

e« 1842 - The French chemist Jean-Baptiste Dumas [188@] devised a complex
apparatus to accurately establish the gravimetncposition of water.

e 1915 - The English chemists F.P. Burt [died in ]988d E.C. Edgar, both based
at Manchester University, and using a complex agtpar published a paper entitled
“The combining volumes of hydrogen and oxygen”thie Philosophical Transactions
of the Royal Society.

These highlights show just what an extraordinadbmplex historical background
there is, to one of the most well-known facts aésce - the formula for water is,8.

Theories of matter, the laws of chemical combination and diffusion
Theories of matter

Theories that matter is composed of tiny partitiage their origins in Ancient Egypt
and in India. The Greek philosopher Democritus §6-4.370 BC] first formulated
a coherent atomic theory. The word atom is derifreth the Ancient Greek “atomos”,
meaning “uncuttable”. Arguments which were put fard/ by the Greek philosopher
Aristotle [385-322 BC] suggested that matter was emmposed of particles, but was
continuous. It was considered to fill all space.ifmportant consequence of this philosophy
was the tenet that “Nature abhors a vacuum”. Thilogophy of Nature was accepted by
leading scholars, and for several centuries it tpidaed the practical art of alchemy. Yet
on account of its many failings to explain expernita¢ results, the Aristotelian world view
gradually became more and more open to questioadihg intellectuals, including the
French philosopher Pierre Gassendi [1592-1655],eRoBoyle, and the English natural
philosopher, alchemist, theologian and mathematidsnac Newton [1643-1727] were
ardent atomists. With the experimental demonstnatfathe vacuum by the Italian physicist
and mathematician Evangelista Torricelli [L608-1j6#7 1643, the idea that matter was
ultimately composed of tiny inanimate particles \gagen a huge new impetus.

By the beginning of the 19century, with a rapidly increasing body of cherhica
knowledge and reactions which included not only lbastion but also acid/base and the
then relatively recently discovered electrochemioadcesses, natural philosophers were
more urgently seeking an explanation as to why elxtions occur at all, and how do
chemical particles interact? By now, Robert Boyl@&inition of an element as a simple
substance which could not be chemically broken dokad gained wide recognition.
Chemists started to construct tables of differafistances and trying to classify them
e.g. metals, simple earths. Figure 11, taken franealy (1808) dictionary of chemistry,
shows a “table of characters to be made use ohé&méstry, by Messrs Haffenfratz and
Adet”. “Hidrogen” is included in the list of “comistible simple substances commonly
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called inflammable substances”. Others in this listluded carbon, sulphur and
phosphorus. (Pierre Adet [1763-1834] worked witlvadiaier on a new chemical notation
system, whereas Jean Hassenfratz [1755-1827] wasrech chemist, physics professor,
and mine inspector).

Figure 12 shows part of the entry for hydrogenrdle as a lifting agent was already
widely recognised in 1808. Incidentally, thererighis dictionary, a most interesting article
on water. This is not surprising since its auttilliam Nicholson, had first electrolysed
water in 1800, as mentioned above.
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Fig. 12. Uées of hydrogen [9]

The laws of chemical combination

The English natural scientist and meteorologisnJohlton [1766-1844] had, since his
early years, been a firm believer in the idea thatter is particulate. The genius of his
atomic theory was that it was a chemical theoryjctvhexplained the way in which
particles react to form new substances. His théard/a huge impact on our understanding
of chemical reactions, and on their quantitativpeats. The main points of his Atomic
Theory, first conceived in 1803, and published 808 (in his book A New System of
Chemical Philosophy), are:

1. Elements consist of atoms which for any particdlement are all identical in all
respects including weight

2. Atoms of all different elements differ in weight

3. Atoms are very minute particles which are indivisibnd indestructible

4. Atoms of different elements combine together inmémumerical proportions to form
compound atoms (molecules)

5. Compound atoms (molecules) of the same compoundtiantical i.e. they are made
up of the same atoms combined in the same numbers
In 1803 Dalton published the first table of atomieights. Some of his values are:

hydrogen 1, oxygen 5.66, azote 4, carbon 4.5, wé&8, ammonia 5, nitrous gas 9.66.

Dalton did not, at this stage, distinguish betwatms and molecules.

His theory formed the basis for establishing thevd@f Chemical Combination, which
were experimentally determined by various chemisithin a few years of the publication
of his atomic theory. These are stated below. Turalerpin today’s chemical industry and
their application marked a shift in the changehef themical industry, from an ART, which
it had been from time immemorial (Ancient Egypt,ii@ India), to an EXACT SCIENCE,
which it is today.

1. Law of conservation of mass, otherwise known as lthe of indestructibility of
matter. Although this had always been assumed pgrarenters, it was the Russian
polymath and natural philosopher Mikhail Lomonog&v11-1765] who first proved
this on the basis of experimental evidence, inyters 1753-1756 [11]. Subsequently
Lavoisier stated this in 1789. Many chemists (idodg the Swiss chemist Hans
Landolt [1824-1910]) went to extraordinary lengttes find just one example of
a reaction which did not obey the law. Landolt dat succeed, therefore, by default,
the Law was verified.

2. Law of constant composition
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3. Law of multiple proportions
4. Law of reciprocal proportions

Although these laws are not formally learnt in smbdoday, they underpin all “moles
calculations” topics. The elucidation of these lawas made possible by means of the
acceptance of two important principles - Gay Lussa@w of combining gas volumes
(1808): “When gases react, they combine in simplmerical proportions by volume, to
produce simple volume proportions of products (whgaseous), all measurements being
made at the same conditions of temperature andymeg's and the Italian scientist Amedeo
Avogadro’s [1776-1856] hypothesis (1812): “Undewnalgconditions of temperature and
pressure, equal volumes of different gases contdgomal numbers of molecules”.
This seemingly far-fetched idea (there was no waywhich Avogadro could count
molecules) initially encountered much oppositionl dnostility in scientific circles, but its
application gradually served to enable chemistsmiake significant progress in our
understanding of the ratios in which molecules cioeab

The English physician William Prout [1785-1850] fished an anonymous paper in
1815 in which he suggested that ultimately all elate were derived from hydrogen. His
views were based on the rather inaccurate valuasoaiic weights, which approximated to
whole numbers. Prout’s hypothesis, as it becamewvknavas rapidly rejected by the
Swedish chemist Jons Jacob Berzelius [1779-1848ho westablished the first
comprehensive table of atomic weights, and by otfemists. The fact that such an
hypothesis was published at all, reflected theearidbelief that ultimately there is a prime
matter from which all other matter is derived. Poout, this was hydrogen.

Diffusion

The idea of a tiny particle called a molecule, i€ not necessarily the smallest part
of an element, had its origins in the late"1@ntury and was first probably used by
Avogadro. Our understanding of matter being ablexist in one of three states: gas, liquid
or solid, dates back to the beginning of th& &&ntury. With an increased understanding of
the concept of energy, we can now explain the hiebawf particles in the three states of
matter. Diffusion, which can occur in gases anditig, is defined as the random movement
of particles in a manner which is independent deexal gravitational forces. Particles
always diffuse from an area of high concentratman area of lower concentration.

Thomas Graham [1805-1869] was a Scottish chemistwads working at a time when
explanations of the behaviour of substances ingesfithe movement of small particles,
was very much in fashion. He is considered todakeiche founder of a most important
branch of chemistry - colloid chemistry. Whilst Wiorg with the German chemist Johann
Dobereiner [1780-1849], Graham noticed that hydnogescapes more rapidly from
a fissure in a metal vessel than the air can getoimeplace it. He investigated this
phenomenon carefully, and in 1829 he publishedfitise version of his law of gaseous
diffusion [12]. This can be stated as: “The ratewdtich a gas diffuses is inversely
proportional to the square root of its density”.

An experiment in which the rapid diffusion of hydem is exploited to cause
a spectacular effect, was demonstrated by the pisfsicist and populariser of science,
John Tyndall [1820-1876], at the Royal Institutioh Great Britain in London in the
summer of 1874. A diagram of his experiment is odpced in Figure 13. A bell jar
containing hydrogen is lowered over a porous poiclwhs connected by means of
a delivery tube, to a Woulfe bottle containing wassd a glass tube with a nozzle.
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On account of the much more rapid movement of hyeinomolecules than nitrogen and
oxygen molecules in the air, the hydrogen diffussgsidly into the porous pot, causing
a pressure build-up inside the flask resulting fauntain of water.

,umum-

0
l

Fig. 37. A Diffusion Fountain.
Fig. 13. A diffusion fountain, using hydrogen [13]

Thomas Graham also did a noteworthy research [1868] on the absorption of
hydrogen by two metals - palladium and rhodium.sehmetals are today used in hydrogen
storage research for powering cars and other machin

Hydrogen and electrical phenomena

At the beginning of the f8century, great advances were made in our undelistof
electrical phenomena. These can broadly be spdittimo categories: electrochemical - first
described by Volta in 1800, and electromagnetitst tlescribed in 1819 by the Danish
physicist Hans Christian Oersted [1777-1851]. Hgero was to become an important
player in each of these two theatres of science.

Volta's discovery concerning the generation of ktteic current from two dissimilar
metals, simultaneously initiated a huge field dfe@rch, which can broadly be split into:
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chemical electricity (the construction of voltaiglls) and electrolysis (the use of an electric
current to decompose substances). Accompanying thes rapidly evolving fields of
research were theories which tried to explain themovel idea was consequently invented
- electrically charged particles. The English natuphilosopher and founder of
electromagnetic induction, Michael Faraday [1798%78conducted significant research
into the field of electrolysis. He introduced therds: electrode, ion, anode and cathode
into the chemical terminology during the early 1820’ hey had been suggested to him by
his friend, the English scientist, historian ofesuie, Anglican priest, philosopher and
theologian William Whewell [1794-1866].

The idea that electrically charged particles existh opposite charges attracting one
another and like charges repelling one anotherrheasecessary to explain electrochemical
phenomena. However, they raised the important fonedidal question: how is it possible
for atoms to change to ions? The observations gugite clear: metallic sodium (composed
of sodium atoms) is quite different from electrigatharged sodium particles (ions), which
are found in common salt (sodium chloride). Thisexvation seemed to directly contradict
the postulates of Dalton’s Atomic Theory, which hsdted that atoms are indivisible and
unchangeable for any given element.

Throughout the 1®century, various explanations were put forwardryoand explain
this situation. None were entirely satisfactoryeTtea that hydrogen could exist in the
form of electrically charged particles naturallypse from the results of early experiments
on the electrolysis of water. Furthermore, in tlebate on the exact cause of acidity, for
which Lavoisier had suggested that all acids contaiygen (the word is derived from the
Ancient Greek words meaning “acid maker”), Humplrgvy proposed in 1815 that all
acids contain hydrogen. This was because he hagnstimt muriatic acid, also known as
spirits of salt or hydrochloric acid, does not @int oxygen. This idea was further
developed by the German chemist Justus von Liel8§3-1878] in 1838, who “assumed
that acids were compounds of hydrogen, and that tigdrogen could be replaced by
metals” [14].

In 1884 the Swedish physical chemist Svante Arterjll859-1927] defended his
doctoral thesis, in which he proposed an earlyioersf the ionic theory. In his thesis,
Arrhenius made the avant garde suggestion thatptmticles (molecules) of certain
substances (electrolytes) could be split into elkeadty charged particles, ions, immediately
when the substance dissolved in water. These iome wlways present in a solution,
regardless of whether a current flowed or not. Hehkrmore proposed that all acids
furnish hydrogen ions. His ideas were subsequetdlyeloped by the German physical
chemists Walter Nernst [1864-1941] and Wilhelm Gatnv[1853-1932]. Arrhenius was
awarded the Nobel Prize for chemistry in 1903 forWork in this field. Figure 14 gives
a summary of the fields of chemistry which werduahced by Arrhenius’ theory.

In 1909 the Danish chemist Soren Sorensen [1868]li88ented the pH scale. pH is
defined as the logarithm to base 10 of the recgdrotthe hydrogen ion concentration in an
aqueous solution. Today universal indicator is Widesed in school teaching programs, to
introduce children to ideas on acidity and alk&jinand to the concept of pH. The indicator
was invented by chemists, and consists of fourcatdrs: thymol blue, methyl red,
bromothymol blue and phenolphthalein, in carefutheasured proportions. Figure 15
shows the full range of universal indicator coloushich remarkably and coincidentally
are ordered in the same sequence as in a rainbow.
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Fig. 14. The theory of Arrhenius [15]

Fig. 15. Colours of universal indicator

From Rainbowsto Atomic Structure

Towards the end of the 18th century, our understgnef two invisible, but
nevertheless increasingly tangible, phenomena -esgaand electricity, had greatly
improved. The visible, yet quite intangible phenome of light however, remained
a mystery. And what more fascinating natural opiiteenomenon exists than the rainbow?

In the latter half of the 17 century, two theories were postulated, concertiirey
nature of light. The first was the corpuscular tiyegublished in 1672, based on Isaac
Newton’s observations concerning the splitting difitev light into a mixture of 7 colours,
by means of a prism. The second theory, publismed 678 by the Dutch physicist,
mathematician and astronomer Christian Huygens 946B5] postulated that light
consists of waves. The Dutchman’s theory was aedep$ the more logical one, since it
satisfactorily explained the phenomenon of diffi@ct which had been noted in the 1660'’s,
whereas Newton’s theory was unable to do so.

It was not until the beginning of the 19th centtingt significant progress was made
with the analysis of spectra. Having constructectl@mentary type of spectroscope using
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a prism in conjunction with a slit, in 1802 the Hsly chemist William Hyde Wollaston
[1786-1828] noted that dark gaps were presentarstilar spectrum. In that same year the
English polymath Thomas Young [1773-1829] had destrated the wave nature of light,
through the analysis of interference patterns whi@oherent monochromatic light source
was shone through two narrow slits in a thin skedamnetal. It is likely that he obtained
a monochromatic light source by using white lighir{light) with a suitable coloured filter.
Importantly, he was able to determine the differeatvelengths of the colours in white
light.

Investigations concerning the nature of light comtéid to evolve during the first few
years of the 19 century. In 1814 the German physicist Joseph vanrthofer [1787-1826]
invented a device which would measure the wavelentlight in a more satisfactory
manner - this was the diffraction grating, whicmsisted of many lines which were ruled
parallel to one another, on a piece of smoked glasing the diffraction grating,
Fraunhofer was able to carefully catalogue all taf black lines of the solar spectrum,
which had earlier been shown to exist by Wollaskigure 16 shows some of these lines.

PLATE 1L

SOLAR SPECTRUM

Fig. 16. The Fraunhofer lines of the solar spectfLéh

Fraunhofer found over 570 of these lines and wasaoirse, able to calculate the
wavelengths of the light that caused them. Oneifsignt question remained unanswered:
what caused these black lines?

During the middle decades of the 19th century, nadtention was being given to the
spectral analysis of coloured flames which weradpoed by different compounds. These
coloured flames had been known and used for manjudes in fireworks, but scant
attention had been paid to the origins of the amlokigure 17 shows the coloured flames
of lithium, sodium and copper. When spectroscopicalalysed, they are seen to consist of
a series of lines i.e. discrete wavelengths.
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Fig. 17. Lithium, sodium and copper flame colours

Figure 18 shows some examples of spectra. Sodinowrs above as a bright orange
flame, has a particularly strong line (actually tiees very close together, known as the
sodium D lines, with wavelengths 588.9950 and 58%45nm respectively) is reproduced
from a school physics book from 1934.
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MERCURY ARC

Fig. 18. Some spectra [17]
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In 1861 the German physicist Gustav Kirchhoff [18887] made the sensational
discovery that the black Fraunhofer lines of thdarsspectrum coincided with the
wavelengths of metallic compound vapours, whicthhé analysed. The lines themselves,
which constitute an absorption spectrum, were @hbganetal vapours in the sun’s corona.
Together with his colleague and compatriot cheRi@bert Wilhelm Bunsen [1812-1899],
they established a most important principle: ev&gment, when suitably energised, will
emanate a radiation which when analysed, will game emission spectrum that is
characteristic of that element only. Thus was bome of the most important analytical
tools of the chemist and physicist - spectroscoplye instrument itself consisted of
beautifully constructed brass tubes (collimatorgnmineter and telescope) with prisms and
lenses, set up on a circular brass table. Varioakes were engraved, from which accurate
measurements of distances and angles could be mati@gram which shows the principle
of operation of a spectrometer is shown in Figuge 1

Fig. 19. Principle of the spectrometer [17]

In 1871 the French astronomer Pierre Janssen [18@84} who had conducted detailed
spectroscopic and photographic studies of the 8ist, discovered the presence of the
spectral lines of hydrogen in the sun’'s corona.l1BR5 the British born American
astronomer and astrophysicist Cecilia Payne-Gapascfi900-1979] as part of her
doctoral thesis, made the controversial suggegtiah the sun and stars were composed
primarily of hydrogen and helium. She was subsetiyieshown to be correct, and thus
hydrogen assumed a new “prima inter pares” stattisei Universe.

Mathematics and the hydrogen spectrum

In trying to understand the origin of spectra of #lements, it made good sense to
investigate the spectrum of the lightest elementrdgen. A simplified diagram of part of
the hydrogen spectrum is given in Figure 20. ltunsdn the visible region of the spectrum,
and was the first to be subjected to analysis, Hey $Swiss schoolteacher of descriptive
geometry, Johann Jacob Balmer [1825-1898] in 1886. elucidated an empirical
mathematical relationship which involved the wauenbers of the spectral lines.
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_ 1 1
v=Ri(5 1)

where v is the wave number (reciprocal of wavelength) afieen line,Ry is a constant
(109677.76 cit), now called the Rydberg constant, ani$ an integer which assumes the
values 3,4,5,6... for successive lines of the series.
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Fig. 49.—The Balmer series of hydrogen

Fig. 20. Part of the hydrogen spectrum [18]

The complete spectrum of hydrogen consists of séwasts of lines, which were
subsequently denoted by the names of the scientlstsinvestigated them. The German
physicist Friedrich Paschen [1865-1947] in 1908g tAmerican physicists and
spectroscopists Theodore Lyman [1874-1954] in 1¥@derick Brackett [1896-1988]
in 1922 and August Pfund [1879-1949] in 1924.

In 1888 the Swedish spectroscopist Johannes RydfE3§4-1919] formulated
a general expression, based on the equation abovaclude wave numbers of all the
series. This subsequently became known as the Ryélo@ation.

Although the spectral lines of hydrogen were nowevah to fit into an elegant
mathematical relationship, their origin remainedexpiained. In this respect, a major
breakthrough was made by the Danish physicist Nedhr [1885-1962] in 1913 who
answered some fundamental questions concerningtriligure of atoms. Before explaining
his contribution and the rationale behind it wedddook back at the evolution of ideas
concerning atomic structure in the™&entury.

From the publication of Dalton’s atomic theory i80B until the end of the 19
century, the idea of an atom being indivisible wesarly becoming untenable, due to the
existence of ions and to its failure to explain tbacepts of chemical affinity and chemical
combination. On account of the extremely small sikzatoms, evidence for a new model
could only be gained from the increasingly sopbétd apparatus, both electrical and
optical, which was being developed by physicists 1896, the English physicist Joseph
John Thomson [1856-1940] experimentally verifiece thxistence of a new type of
subatomic particle - the electron. In a revolutignstep, he proposed a new model for the
atom, which became known as the plum pudding modtelms were spheres of positive
charge with tiny negatively charged particles cetens - distributed within the sphere
rather like plums in a plum pudding.

A further improvement to this model was made in 3% the New Zealand born
nuclear physicist, Edward Rutherford [1871-1937h e basis of an experiment which
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yielded extraordinary results, he postulated thatentire mass of the atom was to be found
in its tiny centre, or nucleus, and that electramse to be found at the periphery of the
atom. The experiment had involved the firing oftapparticles at a very thin sheets of
metal foils in order to see how they were deflecfedmall number of these bounced back.
Rutherford was so surprised that he wrote: “It \@#most as incredible as if you fired
a 15 inch shell at a piece of tissue paper andntec back and hit you”. Although the
Rutherfordian model provided a much improved pietof atoms, a significant problem
remained. The model failed to explain why negayivdiarged electrons on the periphery of
the atom did not spontaneously spiral into the tp&dy charged very dense nucleus, and
continuously emit energy as they do so.

It was at this stage, in conjunction with two mateas, that Bohr stepped in. The first,
proposed in 1865 by the Scottish physicist JameskQWaxwell [1831-1879], was that
light is a form of electromagnetic radiation. Trecend, made by the German theoretical
physicist Max Planck [1858-1947] in 1900, was thathe subatomic level, energy comes
in discrete packets, which he called quanta. With &ssertion was born a new era in our
understanding of matter - the era of quantum medchawhich today underpins the entire
world of information technology.

Bohr accepted two further ideas which had been razhdt a single electron is
responsible for each spectral line; quantum lawsyaio jumps between different states of
an electron. His two distinctly new principles were

(1) Of the infinite number of orbits of electronsoait an atomic nucleus, which are
possible according to classical mechanics, onlyagediscrete orbits actually occur. The
orbits correspond to specific energy states. Thttes are characterized by specific values
of angular momentum. In classical mechanics thethiy,angular momentuin, of a body
of massm, moving around the periphery of a circle of radiugith a constant velocity is
given by the expression = mv-r. According to the Bohr model, in which only centai
energy states are possible, the angular momentuan integral multiple of Planck’s
constant divided by This is expressed by the equation:

mv-r = nh/2rt
where:m - mass of electrory - velocity of electron, h - Planck’s constant; radius of
electron orbit, n is an integer.

The electron is held in the orbit by the electrtistiorce that attracts it to the nucleus,
which is given in turn by the expression: forcens?/r. By using the above expression for
a given stationary energy state, and balancingairst the electrostatic force exerted by
the nucleus (using Coulomb’s law), Bohr was ablectdculate the actual radii for
“permissible” electron energy states. The first Botbit was calculated to have a radius of
0.05292 nm.

(2) Radiation is emitted or absorbed by a transitb the electron from one quantum
state to another - by a quantum jump. The enerflgrdhnce between the two states is given
by the equation:

El - E2 =h-v
where E; and E, are the energy states at two different quantunelsevh is Planck’s
constant, and’ is the frequency corresponding to a given spetitral When an electron
jumps from one energy level to a higher one, ipabs a quantum of energy, and when the

electron goes from a higher energy level to a loame, it emits the same quantum of
energy.
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While Bohr's theory was able to explain and prediwny phenomena relating to
atomic structure it was limited to one type of syst hydrogenic particles i.e. one electron
atoms or one electron ions e.g. H,"H&?*, O". Whilst the study of many electron systems
introduced a whole new range of issues, the hiatbrole of hydrogen was quite unique.

Figure 21 shows what is superficially recognisatoleevery school child as a Bohr
model of an atom with all its electron shells. dtin fact an ingenious version of the
Periodic Table of the elements, which is excepligrnaformative.

e
W

Fig. 21. Periodic chart of the elements [19]

The table is arranged spirally to show:

Atomic numbers in consecutive order

Theoretical structure of each atom

Shell arrangements (periods)

The numbers of electrons in the outer shell
Oxidation states (Roman numerals)

Groups, showing chemical relationships (radial {hawss)

oukrwnE

Hydrogen bonds

Hydrogen bonds are the particularly powerful seempdforces (intermolecular
attractions) which exist between certain moleculdgy are caused by strong attractions
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between lone pairs of electrons on one type of d@tommolecule, and covalently bonded
hydrogen atoms in neighbouring molecules. They wigst described by the American
chemists Wendell Latimer [1893-1955] and Worth Rmddh [1887-1959] in 1920. Water
owes many of its extraordinary physical propertiethese bonds. These properties include
high surface tension, high dielectric constantjtsnsolid state (ice) it is less dense than
liquid water. Furthermore, water has high boilingdamelting points compared to
molecules of similar relative molecular mass sushrgethane, Cll which do not have
hydrogen bonds. Figure 22 shows the open strudtiiee, caused by hydrogen bonds,
which are shown with dotted lines.

Fig. 22. The structure of ice [20]

Figure 23 shows the result of the high strengthyafrogen bonds in water, which have
split a beaker of water. Liquid nitrogen was useddpidly freeze the water. The same
effect, with much more serious consequences, caardn the cylinder blocks (made of
brittle cast iron) in motor car engines, and irdl@aater pipes in old houses.
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Fig. 23. Hydrogen bonding in action

Conclusion

Another important episode from the history of sceras been sketched (see also
the article on the history of combustion [21]), asmime of the scientific achievements
of the pantheon of 80 performers in the grand tkeat hydrogen presented. A description
of details of their lives, circumstances and peaites has been carefully avoided.
The reason is simple: the story behind each ofetlsegentists that is so utterly captivating
that it would require another eighty 5000 word gssan each of them, to give a fuller
picture of hydrogen and its history. A short paegdr taken from page 250 of a school
textbook of physics from 1934, illustrates just example:

“Joseph Fraunhofer [1787-1826] was born in Bavarid when quite young was left
an orphan. He became apprenticed to a glass mamgaeand spent his nights in searching
for knowledge in old books which he borrowed. IM)18he house in which he lived fell
down and killed everyone in it except the boy, whkas only released after four hours,
badly hurt” [16]. Two further examples of the rakeble lives and achievements of the
two English chemists Read and Partington have tiyckeeen described in greater detail by
the present author [22].

The continued study of hydrogen and the possidlitivhich it opens, will undoubtedly
yield a plethora of beneficial results.

A quote from one of today’'s leading textbook authoProfessor Peter Atkins,
elegantly summarizes the importance of element ONE:
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“An understanding of the structure of the hydrogatom is central to the

understanding of all other atoms, the periodic éaldnd bonding. All accounts of the
structure of molecules are based on the languadie@cepts it introduces” [23].
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