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3. The notion of
atoms

Have you evcr looked at a sandy beach from a distance?
It scems |ike a selid piecc of matcerial, doesn’t it

If you eeme closc to it, though. yeu can see that it is
madc up of small, hard pieces of sand. Yeu can pick up
some of the beach sand and let it irickle threugh Yeu
fingers. You can lei all of it go except fer ene small grain
you might keep in yeur palm.

Is that small graio the smaliest piece of'sand there can
be? Suppese you put that small grain en a very hard veck
and hit it with u« hammer. Weuldo’t you smash it into
smallcur pieces? Couldn’t you smash one of those smaller
pieces into still smaller pieces? Could you kcep on doing
thae torever?

@ suppose you take a shect of paper and tcaritin half
Then suppese you wcar the half-sheet in hulf again, and
that new smallcr piece in half aod se en? Ceuld veu keep
on deinyg ket forever?

Twe theusand five hundred ycars age, abesut 450 sc a
Greck scholar, or “philesepher'’, thougbt abeut these
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questions. His name was Leucippus. [ t didn't make scnsc
to him to suppose that anything could be broken into
smaller, and smaller, and smailer pieces forcver.
Somcwherc there had 10 come an end. Atsome poant you
had to reach a piece so small that it couldn’t be brokenup
into anvything smalier.

l.eucippus had a pupil, Dcmocritus. who also thought
this way. By the nme Democritus dicd in 380 a¢ he had
wriltinsome 72 books about his theorics of the Urniiverse
Among thc thcorics was the idea that everything in the
world was made up of very tiny picccs that were 10@ small
o be brekcn up further,

Democritus’s name ler thesc small pieces was
“atomos’’, which is a Greek word meaoing “unbrcak-
ablc”’. That word becawies *“atom” in Englsh.

Demaecritus theught thc whole world was madc up of
dilerem kinds of ateme and that in between the atems
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thcre was nothing at ail. The scparate atoms were too
small 10 be seen, but when many of them were joined in
dilfercnt combinations, they made up all the dilicrent
things we see aboutl us. He thought atoms ceuldn’t be
made or dcstroved, although they eould change their
arrangements. [n that way, one substancc would be
changed into another,

Vcmocnotusosutdn’tsay why he belicved all this It just
seemed (0 make scnsc 10 him. But to most other Greek
pbilosophcrs it did au¢ seem 10 make sense. Indeed, the
most (amous Greek philosophers did not think atoms
existed and Dcmocritus’s views, which we might call
“atomism’’, therelsrc bccame unpopular

[ nancient times. all books were handwritten. Inoiderto
bave morc than one eopy of a particular book, the whole
bookhad to be copicd by hand. [ twas very hard work, and
only very popular besks were oopied a large number of times.

9



Stnce Bemecritus’s Books were not popular, f:w copits
were madc. As fimc weni on, copy after copy’ was lost
"T'oday., oot once single copy ofany ofbhis books exists. They
are all sompletely gone. The only rcason wc know about
his theorics is that other ancicnt beeks, which have sur
vived, menton Democritus and relcr to his theor! of the
atoms.

Belere Bcmocritus’s books were entisely lest, however,
another Greek philosopher, Epicurus, rcad them and
became an atomist himsclli 1n 306 Bc, he cstablished a
school in Athens, Greece, which was then an important
traching ecntrc. Epicurus was a popular tcacher and he
was the first to let women enne intohis school as students.
He 1aught thai all things were made up of atoms, and he
1s supposcd 10 have written ne less than 500 beeks on
various subjects (alihough ancicnt books were usually
quite short).

In the long run, though, Epicurus’'s views also lost
popularjtr and bhis books were cepicd f:wer and fewer
times. In the end, they wcre all lost, just like those of
Pemocritus

But the notion of aloms didn’t disappear. Two cen-
turles aler Epicurus, while his books sull exisied, a
Roman scholar, Lucretius, became an atomist. He, too,
thought that the world was made up of atoms. About 56
s, he wrote a long poem in Latin whose tutle in English
is On the Naiure of Thirgs. In that peem, he cxpluined the
vicws of Bemociitus and Epicurus in censwlerable detail
and with greau skll,

Just the samc, the notion of atoms onever seemed t® be
popular, Lucretius's p#em wasn't copied often, cither As
the civilsations of Greece and Rome broke down, cepy
after copy disappealed, unti finally there wasn't a single
one left. By the time of the “Middle Ages™ io Eurepe, ail
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the writings of Bemocritus, Epicurus, and Lucrctius were
gonc and people had [orgotten about atoms.

Then, in av 1417, somcone came across an old
manuscript in an autic, which turne d out to be asomewhat
damaged copy ol Lucretius’'s poem No other copy firom
ancient times was cver leund. By that ttme, though,
people in Ewope had become very intesested n all ap-
cicnt wiitings, so, when this manuscript was discovered,
it was paompily copied a number ol times

[n 1454, a Geman named johann Gutenberg invented
a printing press. [nstead of being copied by hands, all the
words of a book were sct up in typc. Then copy alter copy
could be printed by inking the type and pressing sheeis of
paper against it. [n this way , many cepies of cvery book
could be quickly made. There was much less danger of
beeks '*disappearing’* alter that.

Onc of the first hooks to be put into printed lorm was
Lucretius’s psem. Many Europeans read the peem and
somc werc impressed by the notion ol atoms. Onc of them
was a French scholar named Pierre Gasse ndi, who wrote
several influential books in the first half of the 1680s. He
knew many ofthe other scholars in Europe at the time and
infnmed them of his views on atoms.

In this way, the original notions of Leucippus survived
for 2,000 ycars. Atomism Just madc 1t into modern

times, thanks to the lucky finding of that aonc copy ol

Lucretins’'s poem. Of ceurse. made rn scientists probably
would have thought of atoms themselves, but it helped to
have the idea ready made fiem ancient times.

Buring the cntire stretch of 2,800 ycars, however, there
was onc point that kept atoms filom being takcn seriously
by most scholars. A toms were only a netion. They were just
somcthing that see med legical to some pcoplc,

There was no eiiderce. Nobody could say, “Here is
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somcthing that bchaves ina particular manncr. The only
way of explaining the behaviour is . suppuse that atoms
exist.’

‘To find such evidence, people had to conduct experi-
mcnts. They had to study the behaviour of matter nnder
certain conditions. wn ordcr to test wherher that behaviour
could bc cxplained by atoms, or net

Gasscndi was onc of thc first to suggest that the proper
way of Jearning about the Univcrsc was to carry out ex-
pcriments. Among the pcople who knew of Gasscndi's
views was an English chemist, Robert Bo)lc. He was thc
tirst scicntist to conduct experiments that sccmed to show
atoms might cxist.

Bovle was interested in air, ler instance, and in how it
mchaved. Air wasn’t a selid that was hard o the touch
and kuept its shapc. In wasn’t a liquid, like wauwr, that
Aowced but ceuld be scen. It was a material that spread
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out very think. Such a maicrial is called a ‘“gas’.

[0 1862, Boylc poured a littie mcrcury {a liquid mctal)
inte a 3-mctrc Jong glass tume shaped like theleteer ). The
cnd ol the shortpart of the 1ube was closcd, while the long
part was lclt optn.

The mercury filled the botom part of the J and the
air wag rapped in the short, rlozcd part of the tube
Bovlc then peurcd more mercury into the tube. The
wcightof the additional mercury fureed some ofit up into
thc short part, As thc mcrcuty was forced in, the tyapped
air was squeczed into a smallcr space. It was “‘com-
messed”. The morc mercury Bovle added. the quore
the trapped air was compressed into a smaller and smallcr
space.

Bovle workrd out how the spacc taken up by the air
grew less with the increasing weight of mercury. This is
called “Boylc's law”.
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But how canair be compressi'd” How can it be squeezed
ino asmaller space?

A sporige can be cormpressed into a smallcr space. So
can a picce of bread. This (s because the spongce or the
bread has little holesinit. When you squcezc the spenge
or the bread, you squcezce the air out of thuse holes and
being the: solid matcrial of the sponge. or th ¢ bread. closer
together. {Ifyou tquersca wet sponge. you push wates out
of tle holes.}

If you can sqQueeze air wogether, as Boylc did, it must
mcan Lhut the airhasholesinic. In scpieiezing. you clase
those holes and bring the material of the air closer
1ogcther.

[1seemcl 10 Bevle that there must be litd pieces of air
—tiny atoms Beiween Ihe atoms therc was space con-
taining nothing at all. When air wits compresscd, the
atoms were iorocd closer together Hefelt this was true for
all gascs.

In fadt, it mightapply to liquids and solids. 100. [fyou
boll ligu:d water. it will lumima stcam, which js a gas_ If
you cool the stcam you get water again

The stcam t1akes up over a thousand times as much
space us thewaver. The casicsi way of explaining this s to
suppose that in water Al the atoms are so close they are
touching, while in sieam they are far apart.

Thus, with Bovle, it 1662, aloma for the fust time
becamu more than just a notion.
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2. The evidence of
atoms

Ceuld thiye be differenc kinds of atoms?

Pemocritus had thought there might be. The ancient
Grceks believed the workd was made up of four kinds of
basic matter, or “elenkents”. These were carth, water,air,
and fire. Demacritus felt each onc of thesn might have a
dilfecent kind of atom.

The earth atoms might be rough and uncven, so that
they sinck together casily and fxrmed the solid earth. The
waler atoms might be smoeth and rcund, so that they
slipped past cach other. The air atoms might be very
t=athery. so that thev Aoated. The licc atoms might be
penty  and jagged, which was why firc hurt.

The (irecks, however. had chiogen the four clements
only ®ecause they secmed 10 make sense. They had
no cvidence thai the world was really madc up of
them.

Boyle. in a bock he wrowe in 1661, siid that elemenis
must be discevercd by cxpeament. Chemists must try 1o
brcak down evervthing to the simplest possible
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Ancient Greek idea of e lements
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substances. Once they had zomething that couldn't be
broken down any further, that was an clcment.

Afier Beyle's book was publshed. chemists began te
look lor clcments by experimenting wwith matter. By the
end of the 1700s, they had discevered abeut 3@ diflerent
elements.

Most of the conmeo meials, «uch as cepper silver
geld, iven, tin, Icad. and mercury, arc clements. These
mctals were known to the ancicnt Greeks, but the chem
ists 0f the | 700s also lound new mctal clements, such as
nickel, cobalt, and uranium.

The chernists alsediscevered thatairisa mixture oftwo
gases, oxy gcn and nitrog en. Each is an element. Anether
gas that ts an element is hydregen. There arc also ele
meits thatare ncither metals nor gases. Carbon, sulphur,
and phosphorous are examples ofthese.

Could it be that cverv clement has a dif erent kind of
atom? Could there be silver atoms and nickel atoms and
oxygen atoms and sulpbur atoms?

Throug hout the 1700s, few chemists thoug h about this.
Although Beyle and somc othcrs were atomists. mest
chemists were not. They searched Ior new elemenis and
studied the way in which these behaved. ‘Ihey didn’t con-
cern themsclves with atoms, because they didn’t sec any
use in Lty¥ing to study tiny objects that ceuldn’t be seen.

Still, thc cvidence for atoms pilcd up. Somc was ob.
tained by a French chemist. Antoine Laurent Lavoisicr
He discovcred. in 1782, that when onc substance is chan-
ged inte anether, as when weed is burned in air and
mecemcs ash and smoke, the total wcight doesn’t change.
The Iinal ash and smok ¢ weigh as much as the original
wood and atr. This is called “the law of censenvation of
matier'’.

Lavoisicr was not onc of those chemists who conceened
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himselfl about atoms, but his discovery did it the notico,

Supposc Bemoains was tight. Suppose atoms can’t be
made or dcstroyed, and all thai can be done 1s 1o change
their arrangem cnt. \vood aid air would eontainatoms in
onekind of arrangement. When thc woed washurned, the
atoms would change their arrangement to (erm ash and
smokc. All the atoms would sull be there, though, and
their towal weigh! wouldn't change.

Il that 15 so, we can test the matter further, [nsicad
of using totual weight we might weigh cach scpasate cle-
m¢m and scc¢ what happens when we change things
around.

A Fuench chemisi. Joseph louis Pioust, tried this. He
worked in Spain because a violent reviluuon began in
Francc in 1789 and he thought it was safer 1o lcave. (It
was. Poor Lavoisicrdidn i leave and he had his hcad cut
off in 1794.)

®ne thing Proust fourxl was ihat he could combine
three ¢lements, copper, carbon, and oxygen, to form a
"'compeund” called coppercurbonate: (A compound is a
substance made up of a combinauon of different cle-
ments.)

To do this. he 0ok 5 grammes of cipper. 4 grammes of
hxygen, and 1 gramme of carbon. He ended up with 10
grammea of copper carbeiatc, since the total weight
couldn’t change

Proust Iound, however, that no matter what system he
uscd 10 put these elements 1ogcther, he always had te use
the same proportions [t was always S of copper 0 4 of
axygen 10 | of carbon. 11h ¢ began with other propertions,
some of one or two of the elements was always I over,

Proust wenton to show that thiy was uue of other com-
pounds as well. They were always built out of clements in
ccriain definite propertions and no other. By 1799, Proust
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was ccrtain this was truc of all compounds. His discovery
is called “‘the law ol definite preportions™.

Proust didn't concern himsclfabout atoms, but you can
see where they fil in here. Suppose all the elcments were
madc up ol atoms, and the atoms oouldn’t be broken into
smaller pieces. ¥hen elemc:ns joined to [erm some com-
pound, so many atoms ol onc clement would combinc
with so many atomsof another.

This eonncction between atoms and the law of definite
proporions occurred to an English chemist, John Dalton.
Hc was intercsted in gases and was very familiar with the
experiments of Boyle. He could scc that the best way to
explain how air and other gases behave is to supposc they
are madc up ol atoms. He could also sce that the Jaw of
definite pieportions made sense il you supposc all the
clements arc madce up ol atoms.

Dalton studied the eombination of clcments on his own
and hc camc across somcthing new, Sometimes 1wo ele-
menis combined in diflerent proportions aftcr all.

I'or instanee, 3 grammes of carbon combine with 4
grammes ol oxvgen 1o iorm a ccrtain gas. @n the other
hand, 3 grammes of carben combine with 8§ grammcs of
oxygen to ferm a dillcrent gas.

The proportions arediilerent, but you’il notice that 8 is
Just twice as large as 4. Dalton wondered if, in the first
case, [ atom of carbon combined with 1 atom of oxygcn,
whilc in the sccond casc [ atom of carben combined with
2 atoms of oxygen.

The names wc have nowadays|erthe two gases support
this thought. Three grammes ol carbon and 4 grammes of
oxyvgen make “carbon monoxide’*, while 3 grammes of
carbon and Bgrammes of exygen makc “carbon dioxide™.
The prefix “mon’ mcans “one’ and “di” means “two".

Dalion lound other cases like 1his. @ne gramme of
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bydregen can combine with 3 grammecs of carbon 10 form
a gas called mcthane. Onc gramme of bydrogen can com-
binc with 6 grammes ef carbon to form a gas called
ethylene. Again, notice that & is twicc as large as 3.

Whencver Dalton (eund clementscombiningin different
proportions. the highcr prepuyrtions were always simple
multiples ol the lowcr oncs—they were iwice as large or
three lime s as large. Dalien’sdiscovcry is called ““the lJaw of
multiple proportions’ and he announccd itin i803.

Paiton could scc that the lJaw of multiple proportions
made sense il You considcred that onc atom or two aloms
or threc atoms of one clement could cembine with one
atom of another cicment, but never two and a hall aloms
or an¥thing like that. He thought this was the final piece
ol cvidcncce necded to show that clements combined as
atoms that could net be breken down into smaller pieces.

[n 1888, Dalton published abook in which hedescribed
his views on atoms. Because ofthis book. it is Dalioo who
i1s usuallv given credit lor working out the *‘atomic
theory™ and for having discovered atoms.

This may secm strangc to you, sincc his vicws were the
same as thosc of Leucippus and Bemocritus over 2,000
years belore. Why arcn’t thosc ancicnt Grceek
philosophers given the credit?

There is a diffcrence, you sec. leucippus and Deino
critus werce just expressing their opinions They had no
evidence. se no one had to bclicve them. and, in fact,
hardly anyonc did.

Dalien, however, went over all the chemical expcri-
mcnts that could be casily explaiaed by suppasing that
atoms existed. He showed how they could be used to
cxplain Boylc's law, the law of conser vation of maticr, the
law of definite proportions., and the law of multiple
proportions.

23



Wheao the notion ofatoms can cxplain so many difle rent
findings, and these lindings haven’tbecn explained in any
other way. thenitishardtodcny the notion. Now people
began to belicve thatatoms did ind eed e xist, After Nalton
published his beek, more and more chemists came to
accept the notion of atoms and soon almost all chemists
did. That is why 1t is Dalton who gcts the credit for the

atomic thcorty.
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3. The weightof
atoms

Dalton wondcred what made the atoms of diflerent cle
ments dillevent frorn each other.

The experiments that pcople hk e I.avaister, Proust, and
Balton himselfl had carried out involved the weight of
dif‘erentsubstanecs Perbaps it was possible to work out
the weights ol the dif‘erent atoms. Perhaps that was w hat
made atoms difxcrent from cach other

No one could weight a singlc atom,ofcourse [t was tee
tiny to sec and certainly te® 1iny to work with. Maybe,
though, the weights of different atoms could be compared
with cach other

For instance, | gramme of hydrogen combines with 8
grammes of oxygcen to form water. Suppose you consider
Lhe: simplest atorma arrange ment for water—| hydrogen
atom combincd with | oxygen atom. In that case, it must
mean that eachoxygen atom 1s 8 times as heavy as each
hydrogen atom. If you let | represent the weight of
hydrogen atom. you would have to let 8 represent the
weight of the oxygen atom,
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Dalton wcnt on 10 compare the weights of other com-
binations of elcments and to work out how hcavy each
atom was in comparison e hvdrogen, (Hydrogen turncd
out to be made up of 1he lighiest of all the atoms.)

However, Dahun had madc a mistake [t turned out
that watcr was not made up of onc hydrogen atom [or
cyvcTy OXygen atom.

In 1800, an Lialian scients t, Alessandro Volia, had put
together the hirst elecinic baucery. 1 producecd an elecine
current 1hat could be mudc te pass through certain sub-
stances. Bcore the vear was over, an English chemist,
William Nicholsun, heard of the discevery. He buih a
battezy of his own and passed an elecusc current through
waler

Nic:holson found 1hat when an clectric custent passed
through water, the water was broken dow n into hydrogen
and oxyRen. He collected the two gases separatcly and
found that the volumc of hydrogen (the room ut 100k up)
was twice as great a8 the volume of uxygen.

Iy 1808, a French chemisy, Jostiph Louss Gay.Lussac,
feund that gases always secmed (o combine in volumes
thai covild be writien as small whole numberz When
hydrogen and oxyges combined to lorm water, the
volumeofl hydrogen was just twice the volume of oxygen.
When hydrogen and chlosine combined te for'm hydrogen
chlutide, the volume of hydrogen was cqual to the volume
of chlorine When pitrogen and hydrogen eumtined 10
form ammonia. the volumeofhydrogen was just 3 1imes
that of nitrogen. ‘This is called “the law of combining
volume'.

lo 1811, an ltalian physiast, Amedro Avogadro,
decided he could explain the law of combining vel ume, if
the same volume gf differe nt gases was al ways made up of
the samc number of particles. These paricles might be
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individual atoms, or they might bc eombinations ofatoms
called ‘‘molecules™. Ths is called “Avogadros
hype thesis™. (The waord "*hypethesis’ mcans a sugges-
ton. )

I this hypothesis was cor:ect, sinoe 2 volumes of
hydrogen comhinc with | volumc ofaxygen, thut would
probably meaqi that 2 hydrogen atoms and | oxygen atom
combine (o form a molecule of water, insteud ofone each
as Dalion had ibought.

The amaunt of oxygen used in lorming water is suill B
umes a hecavy as the amount of hydragen. This mcans
thai the oxygen atom i the wuter molecule must weigh
8 times as much as the 2 hydrogen atoms put togcther An
oxsgen atom must then weigh 16 timesas muchas asingle
hydrogen aom. [ we cepiescnt the waght of hydrogen
as |, the weight ofoxygen must be 16,

Chcmis ts came to acoept the presence of 2 hydrogen
atoms in thc waicr molecule, but almaest nolxdy paid
alention to Avoradro’s hypelhesis. For about 50 ycar<,
chemlsts didn'tquitcunderstand what the law afmultiple
propollions mecant

By the 1810¢ so many chemists werc talking about ele-
ments and aoms, that they fele they really needed some
shorthand way of desaibing them It was su ¢tmplicated
alwsays to saw **a water molecule made up o2 atoms of
hydrogen and | atom ofoxygen.™ whenever they wanted
to talk about the particles compesing watcr.

Dalion had used lade circles (o eepresent atoms He
drew the atoms of each diifcrent clement as a difficrent
kindofcircle. Onc chement was justa bla nk circle. anathe
wa a black arcle. sull another was a circke with a dot in
it, andl so on_ To show how diflerent aloms combined to
form compounds, he nut different circles together. It was
a kindofcode that guickly became very difficult to use. as
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mare elcments and sompounds needed to be represcnted.

A Swedis h chemisy, Jens Jakob Berzclius, had a better
idcua in [833. He suggcsicdthatcachelemeni be represen-
ted by the inuial lever of i 1.atin name. IMtwo clements
began with the same ktter, a second letier fom the name
could be used. That would be the *‘chemical symbol’’,
standing for the element and also standing for one atom
of the clement

Thus, oxygen could be represented as (), nitrogen as N,
carbon as C, hydrogenas H, chlorinc as Cl. suiphuras 5,
phospherus as P, ii11d 50 on. Whei the 1.a1in oamcs were
different from the English ones, the symhol wasn't as
clear. Since the Latin werd lhrgold is "aurum”, for cxam-
ple. the chemical symbel for gold is “Au’™.

By using Berzclius’s system, it became casy 0 show the
molecules of various subsiances, For insiance. H
represcnts a siagle hydrogen atom, but il was found that
hydrogen gas wasn't made up of single atoms. It was
made up of molecules, cach one of which was composed
d” 2 hydrogen atoms. The molecule could be wricten
as Hz.

Other elements in gascous foim were also found to
occur as 2-atom nwlecules You could wn'ie (3, Nzand Cl,
for 1hc oxygen nwlecule, the nitaogen molecule, and the
chlociine mole cule

It was just as casy townite the symbols for moleculces
made up of morc than onc kind of atom. Sincc the water
molccule is made up of 2 hyd rogen atomsand | oxygen
alom, u could be wrinen as H4O. Carbon dioxide, with
molecules madc up of | carbon atom and 2 oxygen atoers,
5 COp while carben monoxide is CO.

Berzclius spemt nany ycars mcasuring the cxaa
weights of the dilferent elements thal combined to torm
pai'ticularceonpounds, justa s Proust had done. Berzcius
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testod more compounds than Proust had, howercr, and
was able 10 work more accuratels

Bcrzelius used his measurements to work out the
weights of the atoms of the various dements. In [B28. he
publivhed a 1able of what eamc (o b ealled *'itomic
weights*'. For the most part, Berzeis™s wable was
accurate, but, unlurtunatcly, he didn't pay any attemiion
to Avogadro's hypothesis about cqual volumes of
gases having equal numbers of partides. For that reason,
he was led astray in some ciscs and got 2 or 3 atomic
weights compleely wrong.

Others were misled as well and lur 3 Jong tmicdil crem
chemists insisted o dif feremt alomic weights (er certain
clements. Semc wen! confiised beiween the hydrogen
atom (H) and thc hy-dsogen molecule (Hg), and between
other cases of lhis kind.

By the 1850s, there were so many argumcnts about the
stucture ol diferent molecules and about how 10 write the
formulac, that it began to Jook as though 1he whale notion
of atoms would have to be discarded. Atomism couldn't
be right ifit gave vise 10 so much irouble

A German chemisy, Friedaich August Kekulé, thought
the best thmg 10 do was to getall the chcemists in Eucope
toge ther and have them argue itout. In IBEE, thetefore,
the First Inteenational Chemical Congress was held in the
town of K arlsruhe m Germany. It was the first interny.
tional mecling of scientists ever held. Onc hundred |
ferty chcmisis aticnded from Gerniuny, Fiance, Grean
Briuin, Rusia, ltaly, and other natio: s

One of thosc arending was an ltalian chemist. Sianis-
lao Cannizzuro. He knewall aboul Avagadin’shy)sithesis
aind he was convinced thai, if chemiss paid altentisn ©
il. they would all be much beiter off.

Hc prescnted all his thoughts in a clcarly written

3



pamphlict. At the Congress, hc made a strung spcech
about Avegadro, then handcd out his pamphlct toall the
chemists present. He also talked in private 10 soine of the
morc importaont chemists, cxplaining all the poims
carefully.

His effiorts worked. The chemists understoed, and the
confusion of the past ycars began to go awvay.

At the ume, a Belgiao chemist, Jaan Scrvais Stas, was
working out a table of atomic weights with greater case
than even Berzelius had done. Heworked so carcfully that
he could show that the oxygen was notcxactly 16 times as
hcavy as the hydrogen atom. It was a Jitile less heavy than
that. If the hydrogeo atom was |, then the oxygen atom
was 1588,

@xygcen, howevcr, combincd with more of the various
elements than hvdrogen did, so that Stas worked with
oxygen almost all of the time. |t was very convenieand fer
hirm to have the atomic weight of oxygen an cxact number.
It made thc arithinetic casier. Stas lct the atomic seight
ofoxvgen be exactly |G, which meant the atomic weight
of hydrogen would be (008, instcad of 1. This system
continucd to be uscd {or a hundred years

Stas adoptcd Avogadro’s hypethesis aller Cannizzaro
explaincd it at the conferense. Sta.s preparcd his atomic
wcights accordingly and by 65 hc was able to make
public ¢the first modcern 1able of such figures. Since that

time, there have been corrcctions to his figures, but only

small oncs.

32

4. The
arrangement of

atoms

Although the problem of the atomic weights was now
worked out, that wasn't the only difficuhy in cennection
with atoms.

Most of the compounds studied it the early 1808s were
made up of simplc molccules with just a few atoms io
cach. ltwas enoughtolistthe dif“ecent kinds of atoms and
eellhow many there were of each. The water molecule was
/@ (2 atoms of hydrogen and | atom of oxygen); the
ammonia molecule was NHy (1 atom of nitrogen and 3
atoms of hydregen}: thehydiogen chloride molecule was
HCI (1 atom of hvdrogen and | atom of chlorinc); the
molecule of sulphuric acid was HS@4 (2 atoms of
hydrogen, | atom of sulphur, and 4 atoms of oxygen).

In some cases, howevcr, Just numbering the atoms
wasn'tcnough. In 182% (wo Getman chemists, J ustus von
Iiebig and Friedrich Wohler, were workhig on two dif-
ferent compounds. Each worked out the fermula lar bis
compeund, and feund so many atoms of this elementand
se many of that.
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When they announced their results, it turned out 1hat
beth compounds had the samc formula ‘Fhe molecule of
cachcontained the same«lements in the samc proportions
—ycl they were dillerem compvunds behaving in dif
ferent ways.

Berzelius, who was the leading chcmisi of his time, was
astonished. Hetepeated the work of the two chemists and
found that both were oerrec. There aweae two different
compounds made up of the same ¢lements in the same
proportions. Berzelius called them *'isomers™, from Greek
words meaning ‘‘cqual proporiions’.

Ouher cases of isomers were lound, almost always in
molecules containing the carbon atom. This was par-
ticularly important because the molecules present in
living organisms usua ly conlain carbon atoms. In fact,
Berzelius called thesc catrboar containing molecules from
planis and animals *“*organic compounds" for that reason.

[t became harder and hatder (0 work out the fsrmutae
for organic compounds, Whercas most of the molecules
without carbon atoms (“inorganic eompounds’™) were
small, so that thcir structures were easily wocked ow,
orgauic compounds were made up of laige molecules con-
@ining mayy atoms. Chemists began o get very sonfused
as to just how many of cach type of alom were present in
the laige orgamc molccules, Even when they did come out
with some figures, they lound that thc same combinauony,
C4 O, lor instance. might represent several different
BOmers.

it obviously wasm't enough to list the numbersolatoms
in a molecule, (hese atoms must be ainanged in some
particular way, Therelore, evenilyou had the same num-
ber ofthe same kinds of atoms in two diff erent molecules,
they might be arranged in dif ferent ways. That was what
made the moleculcs diflercnt.

3¢

But how could the ¢chemists work out the ways in which
atoms were artanged in molcculcs, when both atoms and
molecules weee (00 small 1o see?

The fisst step forward was taken by an English chemist,
Edward Frankland. He combined osganic moleculcs with
certain metais, iind he lound that the atom of a pattikular
metal always eombincd withh a pasticular number of
organic moleculcs.

In 1852, he suggested that cach dif erent kind of atom
must have the power of combining with no more than a
certain number of other atoms. Each kind ofatom had a
cerwain ‘‘valenec”, from a Iatin word meaning ' powcr’'.

For instance, hydrogen had a valcnce of one. A
hydregen atom can combine with only one other atom
Oxygen has a valcnec of two, so it can combine with two
ether atoms. Nitrogen has a valence of three; carbon has
a valence of four; and so om.

In 1858, u Scotush chemist, Archibad Scou Couper,
suggested thai cach atom be looked on as though ithad a
number of **bonds™ by which it could attach itsellto other
atoms. Since hydrogen had a valence ofunc, the hydrogen
atom had one boiad, which eould be written as H— [n
thecame way. oxygen with a valence ofiwo, nitrogen with
thrce, and carbon with four could b¢ written as

|
—O0—, =N —, and—-C—,

You ¢ould ther build up moleculcs by auaching the
bonds briwreen atoms. T hus, a hydrogen molecule, inade
up of 2 hydrogen atoms, could be H—H, cach atom
holding on to thc oiber by its one bund. Sometimes more
than one bond could be used 10 eonneat two atoms. The
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oxyg en moleculc and the nitrogen molecule are O=0
and N=N.

When diff erent atoms are involved, you have the H:@
of water written as H--O_H, the NHsof ammonia as
H—N—H, the CO; of carbon dioxide as O—C=0,

I
H
and so on.

Somctimes some of the bonds are notused. Carbon
monoxide is CO, which can ke written as C=0. The
oxygenatom hasonly two bonds and theyarcusxe dup, but
the carbe n atom has jour bonds, and two of them are not
bejng used. However, carbon monoxid e burns casily com-
bining with oxygcn, picking up an oxyg cn atom fer cach
pairofl unuscd bonds and be coming carbon dioxide .

The methed of using atom bond s to build up moleculcs
was easily applied to the small 1norganic compounds. [
was, however, th e Jarg ¢ and confusing org anic molecules
that need od to be explained.

Kckuléstrugg led wo appl y the valence theory to org anic
comp ounds, and in 1858 he presented his results. He
showcd thay, by conoc ntrating en the faa that carbon
atoms had four bonds each. hc could make sense out of a
numberomo lecules whosc structures had until then been
puzzling.

[b order to mak e surc he wason the rig ht track, he had
10 be ceriain of the atomic weightis of cach element he
used. That was ene reason hc arranged the Frst Int cma-
tional Chemical Congress Once Cannuzaro got the
mattcr ol atomic weig hts siraig htened out, Kckule was
sure he was on the rig ht wrack.

For instance, the molccule of acetic acd, which gives

vineg ar its sour 1aste, is C.Hy@,. By the K ekulé systemits
formulais:
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H O
H—% —éIZ—O—H
H

Notice that cach car bon atom has b ur bonds atiached
toit, cach oxyg cn atom has two, and c ach hyd rog cnatom
has one.

Octane, one of the compeunds in petrol,.is CgH 9
and sopropyl alcohol is CzHaO. By thc Kekulé sysiem,
their formulae are:

HHHMHMHHHMH
T P
WRNHHEHBNH
®ciane

H H H
H—é‘—(ll—Cl‘—H
N
i
Icirape 2 el

Using K ckuE’s system, you can evan begin 10 explain
isome rs. For instance, ethy] aloshol (the alcohol that is
lo und in wine) has the formula C;HgO. Ano ther organic
compound, dwmec thyl ethe . wh ich is altogether different
from ethyl aloshol, also has the b rmula C;H4O.
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By Kekulé's system, thrre are exacdy two dilfcrent Model of benzene aloms
ways in which you can arrange 2 carbon ntoms, 6
hydrogen atoms. and | oxygen atom:

Py oy
H—Cf—()—(r’—H ar H—C—C—O—H
H H H H

In both cases, you have 2 carbon aiems, each with four
bonds; 1 oxygen atom, with two bonds, and 6 hydregen
atoms. cach with ene bond. One of thcsic (ormulae must
stand fur ethyl aleoho! and the other for dimethyl ether,
but which 8 which?

In one case, you will notice that all the hydrogen atoma
arcawached to carbon atoms, se all those hydiogen arems
should act in the same way. In the other case, one of the
hydrogen atoms is auached toan oxygen atom, so that |
hyvdregect atom should act di{Terently from the ethers. 1t
was found thas. in cthyl alcohol, one of the hvdragen
atoms acts differendy (rom the rest. Thercfore, ethyl
alcohol must have the fermula

H— —0—H

H
!
v

L—a—L

d

and dimethyl ether must have the other (oimula,

Many problemsinvelving erganic cempounds beganto
be selvied q uickly onoe Kckuléannounced his systc m. One
simple compound remained a puzzle, however, That was
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benzenc, which bas the (ermula Cg Hs. There seemed 1o be
no way el combining § carbon atems and § hydregen
atoms by thc Kekulé system 10 make a molecule that
would be expected to behave as benzene did.

Kckul¢ puzzled over the problem but gor nowhere.
Then, one day in 1865, hc was (iding on a horse-drawn
bus and [cll into a doze. While hall asleep, hc scemed 10
sec a chain of carben atems whizzing past him. Suddenly,
the «ail end of one chain auached itsell to the head end o
form aring of atoms. Kekulé snappcd awakce and knew he
had the answer.

The ormula (er benzene looks like this:

H
¢
H—C \E—H
nd  lom
!

In 1874, a Dutch chemist, Jacebus Henricus Van't
Hoft. shewed how the'bonds of the carbon atom might be
placed in actual spaec, not justdrawnona piece ol papcr.
It became possible to make 3-<dimensional models of
moleculcs, with all the atoms in the right plase and all the
bonds poiiting in the right dircction.

5. The reality of
atoms

By the end ofthe 1§8ds, the atomic theery had wen all its
bates. The structures of merc and morc melccules were
being werked out in detail, even some preuy complicated
orgamc oncs.

Chemists used Kekulé’s system te guide them in put
ting together atoms to ferm ncw molccules that didn’t
exist in nature Such “synthetic molecules’” ceuld
somctimces be uscd as dyes or as perfumcsor as mcdicnes.

But sull ne ene had ever scen an atom or a melccule.
Atoms and molccules remuined just ways of cxplaining
what chemists found They were very handy notions, but
no onc kncw what atoms or molecules were really like,
how big they were, how much thcy weighed, how they
were shaped, or anything slse. A Russian-German chem-
ist, Friedrich Wilhelm Ostwald, whe was a good Iiend of
Van't Hofl. said that atems shouldn’t be taken too
seriously. They vere a usdul idea. but nething clsc.
Even though his [tiend, Van't Hoff, had worked eut
ways ol preparing modcls of molecules, @stwald ins:isted
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thst 1he re wa s no cvidence tha t atoms rea lly exist ed.

Was there any way of persuading Ostwald that atoms
cxisted?

Back in 1827, a Sosttish botanist named Ro bert Brown
was using a microsc ope to look at tiny pa rticles of pollen
floating io wate r. He noticed tha t the little pieces ol pe llen
move d abeut in evcry direction. Of course, pollcn grains
o mic from plants and have lit1le speck s of hle in them, so
Brown thought the picces might e moving beca usc they
were allve

B rown tried the same cx pcinment, howe ver, with tiny
dve particles, which were definitely not living. S hey
o vod 1o cxa ctly the same way. Such motion is called
“Brownian motion™ . For over 30 years, no one knew how
to exphin it

Abeut 1860, a Scottish mathe matician, James Clerk
Maxwell, studie d the beha viour of gases. He showed that
netonly must they bc madc up of atoms or molecule s, but
thesc atoms or mn lecule s must be moving inall dircc tions
alf the ime, and thcy must be bouncing ofl each other.
The bigher the tcmpe rature, the fster the atoms or
molccules moved and the harder they be unced.

[n liquids lik ¢ water, the mole cules a re alway s moving
and bouncing. tes, though not as casily as in gases.

Any thing whic b is surrounded by water is constantly
bcing struck by atoms or molecules from all sides. The re
is just a bout the same numbe r of collisions (rom oppos itc
sidcs, so that the collisions mestly ba lance cach ether.
Thcrema ybe a e wmore from onedirection than another,
but atoms and molecules are so light that a few more
co llisions ma ke no diffcrence if the oefect being s wuck is
fayrly large

But suppesc you have a very tiny pa rticle in wa tee It
s bcing st ruck from all directions and, when a £w more
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Brownian molion
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water molecules hit f rom onc direction or ano ther the tiny
panicle geisasiz eable blow . Firstthere may be atewcextra
cal li sions [rom onedirc ction, then from another, then (rom
s1ill anothe 1, and so on. Thee pa rticle is shoved first in one
direction, theninanother. then in sall another, and soan.

The 1iny panicle jiggles about end lessly . according 10
the dir¢ttion (cam which the molecular oellis ion s happen
to came That is 1he cx planation of Brow nian me tion.

In 1905, a Geooa o-born mathemaiician, Albent Ein-
stein, 1ok up 1the problem of pariicles moving by Brow-
nian mosion. 11 scemed to him that the smaller the meving
pa niicle is, d1e more easily it would be pushed around by
the celliding molccules and 1he lurtheritwould be push ed
away from its original pssiton tn a certain amouns of
time Again. the larger thc moving mol culcs, the more
casily they would push the partic.e and the further they
would push it.

Fiald-emission mictoscope

5.000 volts
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Einsicin worked out a complicatrd mathematical
cxpression that involved the s ¢ of the paniicle, the size
of 1he water molecule, the distance the parnicle moved
in a certain length of tme, and so on. Il someone could
determinc the figures lor all the diflercrw  parts
ol thc mathemalical ex pyessi on, exce p1 [o1 the see of the
water molecule, thai size could 1then be cak uaied.

In 1908, a French scientist, Jean Baptiste Pervin,
1ackled the problem. He put small particl es of somcthing
called gum resin in a container of waier, Gra vity pulled
the pacticddes to the botiom of the containey, but
Brav nian maot ion kept pushing them upwards.

A wording to Einstcin's mathematical expression, the
number ofpariid es in the water ought 10 get less and less
by a ccnain amount as onc went up from the boitom.
Perrin counted the pardcles at various haghts and was
able to supply numbers b1 cveiy thing 1n Einsicin's

Fleurescent
screen

Needle
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mathematical cxpressiay except the sec ol the water
molecule. Then he could calculate tissize.

For the first ume, the see of the water molecule and
of the atoms that made it up were work ed out. [t turned
out that an atom is abeut 1/100,000,800th of a centr
mctre across. That means that if 100 millhon at ons were
placed side by side, they would form a line 1 cente
ma rc long

[v also mea.nt that in a litrc ol wawr there are
30,000.000. 000.000.000,00@ .000 000 water molecules. [fa
single drop of water was divided cqually among all the
4.000,800,000 poo plc in the whole world, each person
would gct nearly 7,000,000,000.000 molecules.

Os wald had to gic in when the news of Perrin's ex-
pcriment arrived. Brownian motion certainly made it
possiible (or a peson to see individual molecules at work.
Even thoug b thc molccut cs themselves csuldn't be seen,
thc resuls of 1heir jiggling, pushing . and colliding could
be seen. Thus, thanks to P cmin, the:re came rlear preef as
to how large individual atoms were.

After that, virtually cvery sacntist was sure that
atoms rcally cxisted and that they weren’t jusita handy
notLion.

in 1936, a German scientist named Erwin Wilhelm
Mucller invented a "“field-emission microscope”. ‘This
made use of a very finc ncedle-tip in a centainer from
which all the air had been removed (a “‘vacuum’™) .

When heated, the nccdlctip gave ol tiny particles,
which moved away from the tip in straig ht lincs and hit
a screen covered with dhemicals that glowed when the
particle s sttuck them. From the glow, a person could tel)
what kind of struc w re tlu e ncedle- tip bad.

Mueller improved this device and by the 9505 he could
take photog raphs ofthe glowing screen, which showed the
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Aloms in a crysial of iungsten appear as small
luminous dots on the screen of a field-emission
microscopa
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The elements, their symbols. atomic numbers, and atomic weighis
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