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t. The notion of 

atoms 

Have you ever looked al a saody beach from a distance? 

It seems like a solid piece of material, doesn't it. 
If )'OU come close to h, 1 hough, you can see that it is 

made up of small, hard pieces of sand. You can pick up 
some of the beach sand and let it trickle through you 
fingers. You can let all ofil go except for one small grain 

you might keep in your palm. 
Is that small grain the smallest piece of sand there can 

be:? Suppose you put that small grai1'I oo a very hard rock 
and hit it wilh a hammer. Vlouldn'1 you smash i1 in10 
small er pieces? Couldn't you smash one of those smaJler 
pieces into still smaller pieces? Could you keep on doing 
thal forever? 

Or suppose you take a sheet of paper and tear it  in half. 
Then suppose you tear I he half•shee, io half again, and 
that new smaller piece in half, and so on? Could }'OU keep 
on doing tJwl forever? 

Two thousand five hundred years ago, aboul 450 BC a 
Greek scholar, or "philosopher", thought about these 
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qu�Lioos. His name was Leucippus. I t  didn't make sense 
to him to suppose LhaL anything couJd be broken into 
smaller, and smaller, and $mailer pieces forever. 
Somewhere there had 10 come an end. Al some point you 
had to reach a piece so small that i1 couldn=, be broken up 
into anything smaller. 

leutippus had a pupil, Democritus. who also thought 
this way. By the time Democrilus died in 380 BC he had 
wr-iuc.n some 72 books abou1 his theories or1he U,-.iverse. 
Among the theor-ies was the idea that everything in the 

world was made up of vtt')' tiny pieces tha1 were 100 small 
10 be broken up further. 

Oemoc;riios's name for these small pieces was 
1oa1omos", which is a Greek word meaoing "unbreak­
able". That word becomes ''atom" in English. 

Democritus thought the whole world was made up or 
different kinds or atoms and that in between Lhe aLoms 
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there was nothing at aU. The separate atoms were too 
small to be seen, but when many of them were joined in 
different combinations, they made up all the different 
things we see about us. He thought atoms couldn't be 
made or destroyed, although they could c;.hange I heir 
arrangc:mcnts. In thal way, one substance would be 
changed into another. 

Democritus couldn't say why he believed aU this. ltjusl 
seemed 10 make sense to him. But to most other Greek 
philosophers it did not seem to make sense. lndeedJ the 

most ramous Greek philosophers did not think atoms 
existed and Dcmoc.ritus =s views, which we might call 
"atomism", thcrefol'e became unpopular. 

In  ancie11t timcs1 all book..� were handwri tten. In order to 
have more than one copy or a particular book, the whole 
book had to be copied by hand. I t  was very hard work, and 
only very popular books wcrcoopied a large number of times, 
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Since Dernocriws's books we re not popular, few copi es 
w ere made. As time we nt o n, copy afte, ·  copy ,11as lo st. 
Toda>•, oot one single copy of a ny of his books exi sts. They 
are all completely go ne. The only rca so,, "'C kno,11 about 
his theorie s is that other ancient books> which have sur-, 
vived, m eollon Democritu s and refor to his theory of the 
atoms. 

Before Ocmot: ritus's books wer e c.ntil'ely lost, how ever> 
another Greek philosopher, Epicuru s, !'cad them and 
became an a1omist him self. In 306 BC, he e stablished a 
school in Athens, Gre ec e, which was th en an important 
teaching cent re. Epicuru s wa s a popular teacher a nd he 
,, •as the first to let wome n cc;,me into his schoc>I as student s. 
He taught that all thi ngs  were mad e up of atoms, and h e 

i s supposed to have wriuen no le ss than 300 books on 
va riou s subjects (although :mcicnl books were t1st1a1ly 
quite sho rt). 

In the long run, though, Epicurus's views aJso lost 
populari1y and his books w ere copied fewer and fewer 
times. In the e nd, th ey were all lost, just like those of 
Democriws. 

But th e notio n of atorns didn't di sappeal'. Two ce n· 
mrie s afte r  Epicuru s1 whil e his books still e..xi sted, a 
Roman scholar, Lucretius, became an a1omist. He, too, 
thought that th e world wa s made up of atom s. Abou1 56 
ac, he wro te a long poem in Latin whose titl e i n Eogli sh 
is On 1/u Nature of Things. In that poem1 he explai ned the 
views of Democritu s and Epicuru s in <,.-ons�erable detail 
aod with grea1 skill. 

Just th e same, the no1io n of atom s never seemed 10 be 
popular. l....uc.retius's poem wasn't copied often, either. As 
th e civilisation s of Cr«ce aod Rome b roke down, COP)' 
after copy di sappeared, until finally thete wasn'1 a singl e 

o ne lefi. By the ti me of th e ··Middle Ages" io Europc1 all 
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lhe writings of Democrilus, Epic urus. a,,d Lucretius were 
gone and people ha<l forgouen aboul atoms. 

Then, in AO l 4 L 71 someone came across a n old 
manu.scripl in an auic, which turned oul lo be a somewhal 
damaged copy of Lucreti us's poem. No other copy from 
anciem times was e\'er found. By that time, though, 
people i n E urope had become very inte resled in all an­
cient w,;tings, so, when this manuscript was discovered, 
it was p .. omptly copied a numbe, ·  of times. 

In 1454, a German named Johan n Gute nberg inventc..-d 
a pri nting prtss. I nslead ofbeiog copied b)' hands, all the 
words of a book were scl up in t)'pe. Then copy afler copy 
cot11d b e  pri nted by inking the lype and pressi ng sheets of 
papet against it. In this way, many copies of every book 
could be quickly made. There was much less danger of 
books "disappearing" after thaL 

One of the first books to be p ut into prin1cd form was 
Lucreti us's poem. Maoy Europeans read the poem and 
some were impressed by the notion of atoms. One of them 
was a French scholar named Pierre Gasseodi, who wrote 
several influential books in the first half of the L600s. He 
knew manyc>fthe other .scholars in E urope at the time a nd 
informed them of his vlews on atoms. 

In this wa)' , the original notions ofLeucippus survived 
for 2,000 years. Atomism just made it into modem 
times, thanks 10 the locky finding of that one copy of 
Lucretiu.s�s poem. Of course 1 modern scientists probably 
would have thought ofaioms themselves, but it hel ped 10 

have the idea ,·eady made from ancient times. 
During I he entire stretch of2,000 yea�. however, there 

was one point thal kept atoms from being taken seriously 
by most sch()lars. Atoms v..-ere only a notion. They were just 
something thal seemed logical to some people .  

There was oo widence. Nobody could say, "Here is 
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something that behaves in a panicular manner. The only 
way of explaining the behaviour is t() suppc>se that at0ms 
exisc" 

To find such evidence, people had to conduct experi­
ments. They had to study the behaviour of mauer under 
certain conditions, in order to 1est whe1 her that behaviour 
could be explaioed by atoms, OI' llOL 

Casscndi was one or the first to suggest that the proper 
way of Jean1h,g about the Universe was to carr)' out ex� 
pcriments. Among the people who knew of Casscndi's 
views was a1\ English chemist, Robert Bo)•le. He was the 
first scientist to conduct experiments that seemed to show 
atoms might e.xis1. 

Boyle was interested in air, for instance, and in how i t  
behaved. Air wasn't a solid that was hard to the touch 
and kept its shape. 11 ,,,.asn't a liquid, like wa1er� tha1 
flowed but could be seen. It was a material that spread 
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out very thinly. Such a ma1erial is called a "gas". 
In 1662. Boyle poured a liule mereUI)' (a liquid metal) 

intO a 5·metrc long glass tube sha1J4:d like the letter J. The 
end of the short pan of the 1ube was closed, while the long 
parl was left OJ:)4:n. 

The mercury filled th<: bonom part of the J and the 
air was trapped in the short, dosed part of 1h<: lube. 
Boyle then iX)urcd more mercury in10 the tube. The 
weight of the addi1iooal mercury forced some ofit up in10 
the Short part. As the mcrcui;• was forced in, the trapped 
air was squec-tcd into a smaller space. It was ='com­
pressed". The more mel'eury Boyl<: added, the more 
the tr:.tpped air was compressed i,uo a smaller and smaller 
space. 

Boyle worked out how the space taken up by the air 
grew less with the increasing weight of mercury. This is 
called "Boyle's law". 
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Bln ho" ca1\ air be compressed? How can it be squen.«I 
into a small er spacd 

A sponge can be compressed into a smaller space. So 
can a piece 0,-bread. This i.s bcc.1u.sc 1he sponge or the 
brf'acl has liulc holes i n  it. When you �uecze the a1>0ngt 
or 1hc bread, you squeeze 1ht air out orthvse holrs and 
bring 1hc solid ma1cri:,I of the sponge, or I he bread, closer 
together. (Jr, ou squec.tc a wet sponge. you pu.sh water out 
of ll1e holes.) 

Jr )O\l can squt'.'C'Ze air together, as Boyle did, i1 must 
mean 1h ,u the air has holrs in it. In s<1u<·ezing, )OU close 
those holes and bring the material of the air closer 

logcthC"r. 
I I seemed lo �k that there must be Jiu le pieces ofnir 

-tiny atom.s. Between 1he atoms there w.s spate con­
taining nothing :.u all. \\'hen air w:u compre.ssed. the 
atoms \\UC forced closer together. He ftlt this was 1rue for 

all gos«. 
In fact, il might ap1:>ly to liquids aod solids. too. Ir you 

boil liquid water, it will 1um imoucam, which i.$ a gas. Jf 
you cool the s1cam you get water again. 

The steam 1aka up over a thousand times a.1 much 
space ri� tht \\-a(tr. The ca.sif'SI way of explaining 1hi� is to 
suppost 1hat in w:nn al l  the atoms are so dose they r..rc 
touching, "'hile in steam they are rar apart. 

Thus, wilh Boyle, in 1662, a1oms for tht' firs1 time 
btame more tha.n just a notion. 
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2. The evidence of 

atoms 

Could there be dirrc�m kinds of atoms? 
Democritus had thought there might be .  Tiie ancient 

Creeks btlieved the world was made up of four kinds of 
b:uic matter, or "elcmcnti". These \\Cre earih, wa1er. air, 
and fire. Democritus Celt each one or thcrn might have a 
different kind or atom. 

The earth a toms might be rO\lgh and unc\'en, so tha1 
they srnck tog et.her ca,ily and formed the sol id earth. The 

\\atcr atoms might be imoot.h and round, so that they 
sli1>ped past each other. The air :uoms might be very 
feathery, so that 1..hey flo.'ltcd. 1'he lin: atoms mi.a,;lu be 
point) and jagged, which wns why fire hurl. 

The Creeks. ho,"cver, had d1ose1\ the rour clements 
only beeau..K they seemed to mnke sense. They had 
no C\'idt.n<ic that tht world w:u rt.all) m,,dc u p  of 
1hcm. 

Boy le, in a book he wrOIC" i n  1661, J{lid that t lc mcnls 
must be di.sco, ercd by expcnmcnt. Chtrnists must tr)' 10 
break down ,:very1hing 10 the simpl�t possible 
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Ancient Greek idea of elements 

Water 
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substances. Ooce they had something that cotildn't be 
broken down any further, that was an clement. 

After Bo>•le's book was published, chemists began 10 

look for cl cmen1s by experimenting ,,.,ith malter. By the 
end of the 1700s, they had discovered about 30 differe nt 
elements. 

�1ost of the cornmoo mernls, such as c-0pper, silver, 
gold, iron, tin1 lead, and mercury, arc clements. These 
mc1als were known to the ant..icnt Greeks, but the chem· 
i s LS of the L 700s also found new metal clcmcms, such as 

nickel, oobah, and uranium. 
Th e c.:h emisti also discovered that air is a mixture of two 

gases, oxygen and nitrogen. Each is an element. Another 
gas th at is an element is h)1drogen. There arc al so c l c ­
me1ns that are neither meta ls nor gases. Carbon, sulphur, 
and phosphorous are examples oflhese. 

Could it be lhat every element has a different kind of 
atom? Could there be silver atoms and nickel atoms and 
oxygen atoms and suJphur atom s? 

Throughout 1he 1700s. few chemists though about lhis. 
Although Boyle and some o,hcrs were atomist.s. most 
chemists were nol. They searched for new elemems and 
studied the way in which these bchaved. 11-ieydid n'I con· 
cern themselves with atoms, because they didn't sec an)' 
u se in trying 10 study tiny objects that could n't be see n. 

Still, the evidence for aloms piJcd up. Some was ob-­
tained by a French chemist, Antoine Laurent Lavoisier. 
He discovered, in 1782, that ,,•hen one substance is ch an. 
ged i nto another, as when wood i s burned in air and 
becomes ash and smoke, the total weight doesn't ch ange. 
The final ash and smoke wejgh as much as the original 
wood and air. This is called ",he law of conservation of 
m atter". 

Lavoisier was oot one of those chemist.s who concerned 
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himst.lf about al oms, bu1 his discovery did fi1 1 he notion. 
Suppose �nl0Cri1us was righ1. Supprue alomscan·, be 

made or dcs1roycd, and alJ th,u can be done is to change 
lheir arnngemcm. Wood and air would torua.in atoms in 

one kind of nrrangcmtnt. \\'hen the wood was burned, 1hc 
a1oms would c-hangc 1hci r arran.gcmcnl to form ash and 
smoke. All 1hc atoms wo uld stiJJ be Lhcrc, thou�h, and 
th('ir wtal wcighl wouldn't change. 

If that is so, Wt' an test 1hc rnauer further. Insccad 
of using weal ,,-eight we migh1 weigh each kparatc clc­
mem aod scc what happens "'hen we change things 
around. 

A fttnch chcmiu.Joscph L ouis Prou.Jt, tried this. He 
worked in Spain �use a violent revolution bcg�n in 

Franoc in Ji89 aod he thought it was safer to lcowe. (It 
was. Poor La\·oi sicr didn't la,·e and he had hi5 head cu1 
off in 1194.) 

One thing Prou51 found was 1Jmt he could combine 
three tlcmcnt5, copper, carbon, and oxygen, to form a 

''co,npound" called copper c:;1rbonate . .  (A compound is a 
substan«- niad e  up of a combination or diffi:rent cl('a 
mtnts.) 

To do this, he took 5 grammes or copper. 4 grammes of 
oxygen. and I gramme o( carbon. He end.Kl up with IO 
grammes of copper carbo1Hlle, siooc the total weight 
couldn't change .  

Prou s1 found, how('vcr, tha1 no maucr what 5)'5tcm he: 
used to put these elemenu 10gcthcr1 he a lM>'.l)'S had 10 use 
Lhr same pro1>0rcions. It was alwars 5 of copper to 4 or 
oxygcn lo I of carbon. Ifhc lx-gan with a.her proportions, 
some of one or two or the clements was always  lcf l  ovc:r. 

Proust M>C.nt on to show tha1 thij was true of other com­
pouDd.s as well. They �c� always built out of demenlS in 

ccrcain defini1c proportions and no other. By J 799, Proust 
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was certain this was ffUe of all compounds. His discovery 
is caJled "the Jaw of definite proportions". 

Proust didn't concern himself about atc)m..s. bu1 you can 
see where they fiL in here. Suppose all the clements were 
made up of atoms, and the atoms oouldn•t be broken into 
.smaller pieces. \Vhen elemerns joined to form some com­
pound, so many atoms of one element would combine 
with so many atoms ofa11other .  

This oonnectjon between atoms and the law of definite 
proponions occurred to an English chemist,John Dalton. 
He was interested in gases and was very familiar with 1he 

experiments of Boyle. He could sec that the best way to 
explain how air and other gases behave is 10 suppose t,hey 
are made up of atoms. He could also see 1hat the law of 
ddinite proportions made sense if you suppose all the 
elements arc made up of atoms. 

Dalton studied the combination of clements on his own 
and he came across something new. Sometimes two ele­
menu; combined in dif1Crc01 proportions after all. 

For instance, 3 grammes of carbon combine with 4 
grammes of oxygen co form a certain gas. On the other 
hand, 3 grammes of carbon combine with 8 grammes of 
oxygen to form a different gas. 

The propor1ions are dilferent, but you'll notice 1hat 8 is 
just twice as large as 4. Dahon wondered if ,  in the first 
case. I atom of carbon combined with I atom of oxygen, 
while in the second case I atom of carbon combined with 
2 atoms of oxyg·en. 

The names we have nowadays for the lwo gases support 
lhis thought. Three grammes of carbon and 4 grammes of 
oxygen make "carbon monoxide", while 3 grammes of 
carbon and 8 grammes of oxygen make "carbon dioxide''. 
The prefix "mon .. means "one'' and Hdi'1 mea1)S "two". 

Dalton found other cas.cs like:: 1 his. One gramme of 
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hydrogen can combi11e with 3 grammes of carbon to form 
a gas called methane. One gramme of hydrogen can co m ­
bine with 6 grammC$ of carbon to form a gas called 
eth)'lene. Agai11, notke that 6 is twice as large as 3. 

Whenever Dalton found elcmentscombiningin different 
proportions, the higher proportions were always simple 
multiples of the lower ones-they were twice as large or 
three time..:; as large. DalLon•sdiscovery is called "the law of 
multiple proportions" and he announced it in 1803. 

Dalton could sec that the law of multiple proportions 
made sense if you considered that one atom or two atoms 
or three atoms of one eleme,,1 could combine wilh one 
atom of another element, b\lt never two 3nd a half atoms 
or anything like that. He thought this was the final piece 
of evidence needed to show that elements combined as 
atoms that could ,,01 be broken down into smaller pieces. 

In 1808, Dalton published a book in which he described 
his views on atoms. Because of1his book, it is Dalton who 
is usually given credit for working out lhe "atomic 
theory" and l'i:>r having discovered atoms. 

This may seem strange to you, since his views were the 
same as those of Lcue:ippus and Oemc>C:ritus C>Vcr 2,000 
years before. \Vhy aren't those ancient Greek 
philosophers given the credit? 

The1·e is a difference, you see. LcuClppus and Deino •  
critos were jus1 c;xpre..:;si11g their opinions. They had no 
evidence, so no one had to believe them1 and, in fact, 
hardly anyone did. 

Dahoo, however, \Vent over all the chemic.al expcri­
mcms that could be easily explai1\e<l by supposing tha1 
atoms existed. He showed how the)' could be used to 
explain Boyle's law, the law of conservation ofinauer, the 

law of defii\ite pl'oponions, and the law of multiple 
proportions. 
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\\'hen the notion of atoms can explain so many different 
findings, and 1hesc findi ngs haven 1t been explai ned in any 
other way, then it is hard to deny the nOLiooi. Now people 
beg:,,an to belicve that atoms did indeed exist .. After Oallon 
published his book> more and more chemisu; came to 
accep1 the:: notion of atoms and soon almosri. all chemists 
did. Thal is why it is Dalton who gets the credit for the 
atomic theory. 
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3. The weight of 

atoms 

Dalton wondered what made the atoms of difiCrent e le ­
me nts dilTerent from each other. 

The experiments that people like Lavoisier, Proust, and 
Dallon himself had carried out involved the weigh1 of 
different substances. Perhaps ii wa.s possible to ,,,.ork out 
the weights of the diffe1·ent atoms. Perhaps that was ,11ha1 
made atoms different from each other. 

No one could weight a single atom, of course. It was too 
tiny to sec and certainly LOO 1iny to work with. Maybe, 
though, 1he weights of different atoms could be compared 
with each other. 

For i nstance., l gramme of hydrogen combines with 8 
grammes of oxygen to form wate r .  Suppose you consider 
the. simplest atom arrangement for water-I hydrogen 
atom combined with l oxygen atom. In Lhat case, it must 
mean that each oxygen atom is 8 times as heavy a.s each 
hydrogen alom. If you let I l'eprescnt the weight of 
hydroge n atom, you wouJd have to Jet 8 represcnt ,he 
weight of 1hc oxygen at0m. 
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Dalton wcnl on 10 compare the weights of other com� 
binalions of elements and to work out how hea,)' each 
atom was in compari§On to h)·drogcn. (Hydrogen n1rncd 
ou1 to be made: up of 1he lightest of all the atoms.) 

Ho"e,·cr, Dnhon had made a miJtake. h wrncd out 
that water was not made up of one hydrogen amm for 

every oxygen atom. 
In 1800, an Italian iciemis t, ;\l<.-ssandro Volta, had put 

together the first electric battery . h produced an elccmc 
cuncnt that could be ma.de 10 pass 1hrough certain sub-­
stances. Befol't the year was o,·c r, an English chemisL, 
William Nicholson, heard or the disco,cry. He buih a 
batter) ofhi-5 own and passed n.n decuic current throu,gh 
water. 

Nicholson lound that when an electric cumnt passed 
through water, the water \\.U broken do"o imo hydrogen 
and OX)'gen. He collected the two gucs separately and 
found that I.he ,·olumc of hydrogen (the room it took up) 
was twice llJ great as 1hc volume or OX)'gcn. 

In 1809, a French chcmist,Joseph Louis Cay-Lu ss.ac, 
found that gases al\\"a)S seemed to combine in volumn 
tha1 C0\1 ld � wrinen as small whole numbers. When 
hydrogen and oxyg en combined U) fonn "'atcr I the 
volu me o(hydrogtn "'as just twice the \'Olumc of oxygen. 
\\'hen hydroKcn and chlorine c ombined lO rorm hydrogen 
chloMde, the volume of hydrogen \\'a$ equal LO 1hc: volume 
or chlorine. \\'hen ni1rogcn and hydrogen combined to 

form ammonja, 1hc volume of  hydrogen was ju st 3 times 
that of nitrogen. This is called ",he law of combining 
,-olumes". 

1n 1811, .tn Italian physitut. Amedro A,·ogadro. 
decided he C0\1ld explain the law of combining vol ume, if 
the same ,·olurne of different gases wa.s al ways made upof 
the same number of particles. 'fhese particles might be 
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indi,·idual atoms, or the-)• might be combination, ofatoms 
called .. molecules". This is called "Avog�dro's 
hypothesis". (The �·orcl "hypothesis'' means a sugges· 
tioo.) 

Ir this hnxnhesis was a>n'«:t, sin� 2 , olumes of 
hydrogen combine with I vOl\lmc of o>Cygen, lhat "'ould 
probably mea , 1 that 2 hrdrogen atoms and l oxygen atom 
combine lO form a molc<:ule of wa1er1 instead of one each 
•• Oahon had thooJlhl. 

The amoun1 of oxygen u.Kd in forming wa1er is s1ill 8 
1imes as heavy as the amount of hydrogen. This mean, 
that 1he oxygco aLom in the writer molecule must weigh 
8 times as much :u the 2 hydrogen atoms put 1ogc1hcr. An 
OX)gcn atom muu then weigh JG times as much as a single 
hydrogen atom. If we rrprescnt the wciglu of hydrogen 
as I, the weight o f  oxygen musl b e  16. 

Chcmisu came to accept the pres.eoce of 2 hydrogen 
atoms in the water molecule, but almost nobody paid 
auemion to Avopdro's- hypolha:ii. For about 50 years, 
chcmlsts didn't quite: un derstand \\ ha t the law of multiple 
propor 1 io ns meant. 

By the 1810s so many chemists were talking about elc-­
ments and atoms, that lhcy felt they ttally needed some 
shorthand way or describing them. h was- s<, complicaled 
aJ�'.ll)'S to saw "a waler molecule made up o f 2  a1oms or 
hydrogen and I atom oroxyg(n," whenever they wanted 
10 talk about the particles composing water. 

Dallon had used liulc: circles to represent atoms. He 
d�\I the atoms of each different clement as a different 
kind o f  circle. One element was just a bla nk circle. another 
was a black cird(, still ano1her \\3.S a circle with a dot in 
ii, and so on. To ihow how diffc:re,11 ato ms oombined to 
form compounds, he 1>ut difTc:rent circles together. J t was 
a kind of code that quidtl) became very difficult to use, a., 
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more elements and com1 >0unds needed to be ttprcscntcd. 
A Swedis h chemiu,JOnsJakob Berzelius, had a. better 

idea in 1813. He suggested that each element be represen­
ted by the init ial leuer of its Ln1in name:. If two clements 
began "-ith the same letter, a second letter from the name 

could be used. That would be the "chemical symbol", 
standing for the element and also standing fol' one atom 
of the dcme.n t .  

Thus, ox-ygc-n could be represented as 0, nitrogen as N. 
carbon a .s C, h) drogen as H, chlodnc as Cl. sulphur as S, 
phosphOTuS as P, :-rn d so on. Whe1l the l.atin oamcs wt:tt 
different fro m the English ooes, the S)mbol wasn't as 
clear .  Since  the Latin \\Ord for gold is .. aurumH, for eJt:am­
ple, 1he chemical srmbol for gold is .. Au". 

By using Berzc liu.s's system, i1 became easy 1.0 show the 
molc:cules of ,·arious substances. f'or i11s.tancie1 H 
represents a single hydrogen atom, but ii was round that 
hydrogen ga.s wasn't made up of single atom,. It was 
mndc up of molecules, each one or which wat composed 
of 2 h)'drogen atoms. The: molecule. could be wriucn 
as H2-

0the.r elements in gaseous form were also found to 
occur as 2 -alom molcculci. You could wri te 021 �and Cl2 
for 1he OX)'gen molecule, 1hc nitrogen mokculc, and the 

chlod,,e molecule. 
It waJ just as easy to v.Ti1c th(' S)'mbols ror molecules 

made up of more than one kind of atom. Since the wate r  
molecule is made up o f  2 hyd rogen at oms and I oxygen 
atom, it could be wri11en as Hp. Carbon dioxide., with 
molecules made up of I carbon a1om and 2 oxygen atom.s, 
is co!b while carbon monoxide is co. 

Berzelius spent rnany yurs measuring the exact 
weights of th e  different dcmcnts thal combined to form 
par ticularcompounds,just a s  Proust had done. Berzelius 
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tested more compounds than Proust had, howe,·cr, and 
was able to work more acc.urateJy. 

Bc:rzclius used hit measurements to \\Ork out the 
"cighls of t.hc atoms of 1hc , ariou.s elcmenLS. In 1828. he 
publi�ht'ti a table ()f wha1 umc lo be called "ruomic 
weights''. For the most par·1, Be.n.dius·.s table wu 
accurate, bu 1, unfortunatdy, he didn't pay any attcmion 

10 A,·ogadro'il hypothaii-5 about equal volumes of 
pscs having equal numbers of pan.ides. For 1hat reason, 
he was led astray in some c:u.cs and got 2 or 3 atomic 
weights completely wrong. 

Others we.rt- misled as well an d  (or a lon,g time differcm 
chemists insiJ1cd on different atomic wci�hts for certain 
demenu. Some were confus.ed betwttn tht- hydrogen 
atom (H) and the h)•drogcn molecule (Hz), and betwttn 
other casc:s of I his kind. 

By the I 850s, there were so many arguments abou1 1he 

structure of diffcttm molecules and about how to "  rite the 
rormulae, that i t  be-gan to look as though 1he whole notion 
of atoms would have 1 0 be discarded . Atomism couldn't 

be righ1 i f i 1  ga,•e rise to so much trouble. 
A German chcmis1, Friedrich Auguu KekulC, thought 

the best thmg to do was to get all the chcmi-515 in Eul"Opt" 
together and h;wc 1hem argue i t  out. In 18601 thettforc, 
the- first lntemalional Chemical Congress wa.5 held in the 
town of Karlsruhe in Gt: rmany. h was the first interna­
tional mec1 ing or scientists (''er held. One huodttd nod 
forty chcmins aitcnded from Ccrnrnny, France, Great 

Bri1ai n, Russ:ia, Italy, and o«her na1io11s. 
One of those ;mc:nding \\3S an Italian ch�mi.1t1 Stanis· 

lao Cannizzaro. He knew all abouc Avogadro's hy1>01hcsis 
a1,d he wa5 convinced tha1, ir c:hcmiJts paid a11en1ioo to 
it, they would aJI be muc.h bc1 tt'r off. 

He prcscn1rd all hi.s thoughts in a dcady written 
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pamphleL Al Lhc Congress, he made a strong speech 
about Avogadro, Lhen handed out his pamphlet to all lhe 
chemisu present. He also tal ked in private to so1ne of tht 
more important chemists, explaining all the poims 
ca refu II y, 

His elfons worked. The chemiSlS understood, and the 
confusion of the past years began to go a\\lay. 

Al the time, a Belgiao chcmist,Jean Servais S1as1 was 
working out a cable of atomic weights with greater care 
than even Berulius had done. He worked so carefully that 
he could show that the oxygen was not exactly 16 times as 
heavy as t he hydrogen atom. It was 3 liule less heavy than 
that. lfthe hydroge.1l atom was I, then the oxygen atom 
was 15·88. 

Oxygen, however, combined wi1h mo1· e  of the val'ious 
elements than hydrogen did, so that Stas worked with 
oxygen almost all of the time. I t  was very convenie1u for 
him 10 have the atomic weight ofoxygen an exact number. 
It made the arith,netic easier. Stas let the atomic \•,.eight 
ofoxyg<:n be exactly L6, which mea,u the a1omic weight 
of hydrogen would be 1 ·008, instead or I. This system 
continued to be used lbr a hundred years. 

Sias adopted Avogadro's hypothesis aller Cannizzaro 
explained it at the conference. Sta.s prepared his atomic 
wci gh1s accordingly and by l865 he wa.,; able to make 
public lhc first modern rn.ble of soch figures. Since that 
time, there have been corrections to his figures, but only 
small ones. 

32 

4. The 
arrangement of 
atoms 

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

Most oft.he compounds studied ill the eal'ly 1800s were 
made up of simple mol ecules with just a few atoms in 
each. It was enough to list the different ki nds of atoms and 
tell how many chere were of each. The water molecule was 
HP (2 atoms of hydrogen and I atom of oxygen); ,he 
ammonia molecule was NH3 ( I atom of nitrogen and 3 
atom:; ofhydroge.n}; 1he hydrogen chloride molecule was 
HCI ( l atom of hydrogen and I atom of chlorine)t the 

molecule of s:ulphuric acid was H�04 (2 atoms of 
hydrogen, I at.om of sulphur, a11d 4 atoms of oxygen). 

In rome cases, however, just numbering the atoms 
wasn•t enough. In I 824, two Gennan chemists,J ustus voo 
Liebig and Friedrich 'WQhler, were workh1g on two dif· 
fcrent compounds. Each worked out 1 he formula for his 

compound, aod found so many atoms of this element and 
so many of that. 
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When 1hcy announced their rtsuhs, it turned out that 
bOlh comJ>Ounds had the same formula. TI,c molecule or 
each conta ined the same clements in the same proportions 
-yec they were dilferem compounds behaviilg in dif. 
fercn1 ways. 

Berzelius, who was the leading chemist of his time, was 
astonished. He repeated the work of the two chemists and 
found 1ha1 both were corrcc1. There Uitrt two different 
compounds ma.de up of the same c-lcmenLS in the same 
proportions. Berzelius called 1hcm ''isomc.n''• from Grttk 
wor<b meaning ''equal proportions''. 

Other cases of lsomcn were found, almost always in 
molecules containing the carbon atom. This was par­
ticularly important because the molecules present in 
Jiving organisms usually conmin carbon atoms. lrl fact, 
Bc.ruJius ca11cd Lhesc carbon-oontaining molecules from 
plan1.s and animals "organic compounds" for that reason. 

It became harde.r and harder to work out the formulae 
for organic compounds. When:a.s most of the molc.culcs 
without carbon atoms ( .. ino�c compounds") were 
smalJ, so that their structures wctt easily worked out, 
orga11ic compounds were made up of large molecules con• 
tainjng ma1\y atoms. Chemists began to get very confused 
as 10 just how many or c..1ch type of atom were present in 
the large organic molecules. Even wheo they did come out 
with some figurc5, they found thal the same combinations, 
C,fip, for instance. might represent several different 
isomers.. 

It obviously wasn't enough to li.s1 the numbtnoratoms 
io a molecule. Those atoms must be arranged in some 
par1icular way. Therefore, C'\'en if  you had the same num· 
her of 1he same kinds or atom! in two different molecules, 
they might be ammgtd in different wa)'S. That wa.s what 
made the ,nolcculcs diffcrcnl. 
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But how could 1hc thcmi.ns work oul 1he ways in which 
atoms were arranged in molecules, when bo1 h moms and 
molecules wac too small to see? 

The first step fon.·ard was taken by an Engli.sh chcmiSL, 
Ed.,...ard Frankland. I le combined organic molecules with 
certain metals, ,lnd he found that the atom o( a pani"cular 

metal always combined wilh a particular number or 
organic molecules. 

In L852, he suggesled 1hat each different kind of atom 
must have lhc power of combioiog with no more than a 

certain number of 01hc:r atoms. Eac.h kind or atom had a 
certain .. valence", from a Latin word meaning "power". 

For instance, hydrogen had a valence of one. A 
hydrogen aiom can combine with only one other atom. 
Oxygen ha.s a ,·alcncc of' two, so it can combine with two 
Olher atoms. �itrogen has a valence ohhree; carbon has 
a valence of (our� and so on. 

l n  18�8, • S0011ish chemist, Archibald Sc011 Couper, 
suggested thac each atom be looked on as though it had a 
nvmber or"bondsH by which i1 could nuach itselfto o1her 
atoms. Since hydrogen had a valence of one, 1he hydrogen 

atom had one bo1\d, which could be written as H-. In 
l.Msame"ay, oxygen ";th a valcnccof1wo, ni1rogen whh 
1hrcc, and c.arbon ,�th four couki be wrinen as 

I 
�. - N - ,  and -C--. 

I I 
You could thell build up molecules by attaching the 

bonds btl\\feen atoms. Thus, a hydrogen mo£ecule, made 

up or 2 hrdrogen atoms, could be H-H, each atom 
holding on to the othc:r by iLS one bond. Sometimes more 
1han one bond could be u.scd 10 connc.c1 two atoms. The 
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oxygen molecule and the nitrogen molecule are O=O 
and N==N. 

Wh en different atoms are involved, you have the Ht) 
of water written as H-0-H, 1he N H3ofammonia as  

H - N- H, the CO2 of carbon dioxide as O-C-0, 

I 
H 

and so on. 
Sometimes some o f  the boods are not used. Carbon 

mo noxide is CO, which can be written as C=O. The 
oxygen atom has only two bonds and they are used up, but 
the carbon atom has four bonds, and two of them are not 
being used. However, carbon monoxide burns easily com· 
bining with oxygen, p icking up an oxygen <Ho rn for each 
pair of unused bonds aod becoming carbon dioxide. 

The m ethod of using atom bonds to build up molecules 
was easily applied to the small i norgar)ic compounds. It 
was, however, the large and oonfusing organic molecules 
that needed to b e explai ned. 

KdwlC struggled to apply 1he valence theory to organic 
compounds, and i n l8:>8 he presented his 1•esults. He 
showed that, by conocntra1ing 01\ the f act tha1 carbon 
atoms had four bonds each, he could m ake sense out or a 

number o f  molecules w hose structures had until th en been 
puz.zling. 

In ord er 10 make sure he was o n the right track, he had 
to be certain of the atomic weighu of each element he 
used. Th:.H waso11e reason he arr anged the First ln1cma· 
tional Chemical Congress. Once Can niz:laro got the 
matter of atomic weights straighte1le<l out, KckulC was 
sure he was on the right track. 

For instance, the molecule of acetic acid, which gives 
vinegar its sour lastc, is c� .. 02, By the KekuJe S)'Stem its 
formula is :  
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H 0 
I II 

H-C-C-0-H 
I 

H 

Notice that e ach carbon atom has four bonds attached 
to it, each oxyge n atom has two, and each hydrogen atom 
has 011e. 

Oct ane, one of the compounds in petrol,.is C8H 18 
a nd isopropyJ alcohol is C3H80. By the KekulC system, 
their formulae are: 

H H H H H H H H 

H - 6 - 6 - 6 - 6 - 6-6-6 - 6 -H 
I I I I I I I I 
H H H H H H H H 

Oc:1.ant 

H H H 
I I I 

H-C-C-C-H 
I I I 

H O H 

I 
H 

I tlCIP'(lv,1 111,rotl(II 

Using Kekule's system, you can even begin 10 expl ain 
isomers. For instance, ethyl a1oohol {the alcohol that i s 

found in  wine) has the formula C2�0. Another organic 
compound, dimethyl ether, which is altogether different 
from ethyl a1oohol, also has the formula C,zH�O. 
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Br Ke.kuJe's .system, there are exacdy two different 
ways in which you can arrange 2 carbon nwms, 6 
hydrogen atoms, and I oxygen atom: 

H H H H I 
9 

I I 
H-C-0-,-H 0< H - C - C-0-H I I I 

H H H H 

In both cases, you have 2 carbon a1oms, each v.•ilb four 
bonds; I oxygen a10m, v.'ith 1-wo bond.s� nnd 6 hydrogen 
atoms, each with one bond. One of thc.sc formulae must 
stand for ethyl aloohol :rnd the 01hcr for dimeth)I ether, 
but which iJ which? 

In one case, you will notice that all the hydrogen atomJ 
arc att.ached to carbon atoms, so all thost" h)·drogcn aLom.s 
should act in the same way. lo the other case, one of the 
hydrogen atoms is attached to an oxygen atom, so that L 
h)drogcn atom should ttct differently from 1he 01hers. It 
wa5 found that. in ethyl alcohol, one: of the hydrogen 
atoms acts dirrcrcruly from the «st. Therefore, ethyl 
alcohol must have the formula 

H H 

I I 
H - C - C-0- H  

I I 
H H 

and dimethyl ether mu.st ha,-e the other formula. 
Man) problems involving organic compound$ began to 

be soh·cd quickly once Kckul� announced his system. One 
simple compound remained a punle, however. That "'" 
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Model of bel!lene atoms 
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benzene, whjch has the formula C5H6. There seemed to be 
no way of combining 6 carbon atoms and 6 hydrogen 
atoms by the Kcku!C system to make a molecule that 
would be expected to behave as benzene did, 

KekulC puzzled over Lhe problem but go1 nowhere. 
Then, one day in 1865, he was riding on a horse-drawn 
bus and fell into a doze. \\l'hile half asleep) he seemed to 
see a chain of carbon atoms whizzing pas1 him. Suddenl)•, 
the tail end of one chain au.ached itself to the head end to 
form a r ing of atoms. KekulC snappcd awake and knew he 
had the answer. 

The formula for benzene looks like this: 

In 1874) a Dutch chemist, Jacobus Henricus Van't 
Hoff, showed how the·bonds of the carbon atom might be 
placed in actual space, not just drawn on a piece of paper. 
It became possible to make 3-dimensional models of 
molecules) with all the atoms in the right place and all the 
bondi poi1uing in the right direction. 
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5. The reality of 
atoms 

By the end of the 1800s, the atomic. theory had won all its 
battles. The structures  of  more and more molecules were 
being _worked out i.n detail, even some preuy complicated 
orgamc ones. 

Chemists used Kekule's system to guide them ill pul ­
tln.g together atoms to form new molecules that didn't 
exist in nature. Such "s)'nlhetic molec.ules" could 
sometimes be used as dyes or as perfumes or as medicines. 

But stiJI no one had ever seen an atom or a molecule. 
Atoms and molecules remajned just ways of  explaining 
what chemists found. They were very handy notions, but 
no one knew what atoms or molecules were rcall)' like, 
how big t.hey were, how much they weighed, ho,v they 
were shaped, or anything else. A Russian-Cerman chem­
ist, Friedrich \,Vilhelm Ostwald, who was a good friend of 
Van't Horr, said that alOms shouldn't be taken too 
seriously. They ,.,,.ere a useful idea, but nothing else. 
Even though his friend, Van't  Hoff, had worked out 
ways of preparing models of molecules, Ostwald ins.isled 
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that there was no evidence that atom s really existed. 
Vlas the.re a ny way of persu ading Ostwald that atoms 

ex isled? 
Back in 1827, a Scotti sh botanist named Robert Brown 

was usiog a microscope to look at tiny particles of pollen 

Hoa ting in water. He noticed that the little pieces of pollen 
moved about i n every di rection. Of course1 poHcn grains 
come from pl ants and have little specks oflifc in them, so 
Brown thought the pieces might be movi ng because they 
\,te1·e alive. 

Brow n tried the same experime nt, h owever, with tiny 
dye particles, which were definitel>• not li ving. They 
moved i n exactly the same way. Such m otion is called 
"Brownian motion". f'or over 30 years, no one knew how 
to explain it. 

About 1860, a Soonish m athematjci an, James Clerk 
�·naxwell, studied the behaviour of gases. He showed that 
not only  must they be made up of at oms or molecules, but 
these atoms or molecules mu st be moving in all directi ons 
aU the time, and they must be bouncing off each other. 
The higher the temperature, the faster the atoms or 
m o1ecules moved and the harder they bounced. 

In liquids like waler, 1he molecules are always movi ng 
and bouncing, 100, though not as easil y as in ga1es. 

Anythi ng which is surr ou nded by water is constantly 
bei ng struck by atoms or molecules from all sides. There 
is just about the same number of collisio ns from opposite 
sides, so that the collisio11s mostJy balance e ac:h o,her. 
Tl)ere may be a few more from one direc,ion than another, 
but atoms and molecules al'e so light that a few more 
collisions make no differe nce if lhe object being Slnick is 
fajrly l arge. 

But suppose you have a very ti ny particle in water. It 

is bei ng struck from all directio ns and, when a few more 
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wate r molecules hil from one direction o r ano·ther, the tiny 
parti cle gets a si-zeable blow. Fi rst there may be a few extra 
collisions from one direction, then from another, then from 
still another, and so on. The particle is shoved first in one 
di rection, then in another, then in still ano1her, and so oo. 

The tiny pa rticle jiggles abou1 endlessly, .according to 
the dire<:1ion from which the molecular collisions happen 
to come. That is the explanation of Brownian mo1ior1. 

In 1905, a Gennan.born mathernatician, Albert Ein· 
stein, took up the problem of particles moving by Brow· 
nian motion. It seemed to him tha1 the smaJlcr the moving 
particle is, the more easily i t  would be pushed around by 
the colliding molecules and the fur1her ii wou Id be pushed 
away from it$ original positior1 io a certain amount of 
time. Agaii1= the larger the moving molecules 1 the more 
easiJy they would push the particle and the furthe r they 
would push it. 

Field-emission microscope 

. . . . 
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Einstein worked out a c<>mplicat(: d mathematical 
expression that involved the size of the particle, the size 
of the wa1er molecule, the distance the partide moved 
in a certain leogth of time, and so on. If someone could 
determine the figures for all the diffcren1 parts 
of the ma1hema1ical expression, except for the size oftlte 
wate r molecule, that size could then b e  calcul::ited. 

In 1908t a f'rench scientist, Jean Baptiste Pe rrin, 
tackk-d the problem. He put small particles of something 
called gum resin in a container of water. Gravily pulled 
the part icles to the bottom of the co,uainer, but 
Brownian molion kept pushing them upwards. 

According to Einstein'$ mathematical expression, the 
1\umber ofparticles in the water ought to get less and less 
by a certain amount as one went op from the bottom. 
Perrin counted the particles at various heights and was 
able to suppl)' numbers for everything in Einstein's 
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mathematical cxpressio,:i except the size of th e water 
molecul e. Then he could calculate its size. 

For the first time, the size of the water molecul e and 
of 1h e atoms that made it up were worked out. I t  turned 
out that a n  atom is about 1/100, 000, 000th of a centi­
metre across. That mean.s that if 100 million atom, were 
placed side by side, 1hc::y would fonn a line I centi­
metre long. 

It also me.ant that in a litre of wate r there are 
30,000,000,000,000,000,000,000,000 water molecules. If a 
si ngl e drop of water was divided equaJly among all the 
4,000, 000,000 people ;n the whol e world, each person 
would get nearly 7,000,000,000,000 molecules. 

Ostwald had to give in when the n ews of Pe rrin's ex• 
pcrimcnt arrived. Brownian motion certainly made it 
po!»ible for a pel"'Son to see individual mol ecules at wo rk. 
Even though the molecules t.hemseJves couldn't be seen, 
the results of thei r jiggling, p ushing, and colliding could 
be seen. Thus, thanks to Perri n, the.re came cle ar proof as 
to how large individuaJ atoms were. 

After that, virtually every scientist w� su re that 
atoms really existed and that they wel"Cn 11 ju.st a handy 
notio n. 

In 19361 a German scientist named Ervt'in \\'ilhelm 
t\•l ueller i nvenled a "field•emission microscope ... This 
rnade use of a very fine needle-tip in a co ntainer from 
which all 1h e ai r h ad beeo removed (a "vacu um"). 

\Vheo healed, th e needle-tip gave off tiny particles, 
which moved away from the tip in straighl lines and hit 
a screen covel'ed wilh chemicals that glowed wheo the 
partidcs struck them. from the glow, a person could tell 
what kind of struclUre th.e needle-tip had. 

Mueller i mproved this device aod by the 1950s he could 
lake photographs of the gOowing scre en, which showed the 
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Atoms in a crystal of tungsten appear as small 
luminous dols on the screen of a field-emission 
microscope 
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individual atoms making up chc needle-tip, all neatly 
lined up. 

Finally, people ,..,.ere able tOJtt atoms. By the time they 
did, though, they knew that atoms were not what they had 
once been thought to be. Leucippus and Democritus had 
thought that atoms were unbreakable objects and the 
smallest things possible. (Remember that the very word 
"atom" means "unbreakable".) 

Dalton had thought the same thing and, all through the 
J 800s, chemists had been sure that the atoms were the 
smallest things there were. ' fhey imagined atoms to be 
tiny linle balls, hard and smooch, which couldn't be 
marked or broken. 

Then, as the 1800s ended, it was found 1.hat this was not 
so after aU. The atom ,..,.as made up of many kinds of  still 
smaller "sub-atomic part.ides". One important sub­
atomic particle is the "elec.tron". It is only l/l 837th as 
heavy a.s the hydrogen atom, which is the smallest atom. 
The particles given off b)' the fine need(e .. tip of Mueller's 
first field-emission microscope were electrons. 

Nowada)•S scientists know that at.Oms coot.ain a tiny 
nudeus at their very centre. This tiny nucleus weighs 
about as much as the entire atom. Around it are a number 
of very light electrons. The way in which scientists 
discovered what the inside of atoms looked like is a cc:>m­
plicated story. h will have to be told i n  another book. 
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TIie elements. their symbols, atomic numbers, and atomic weights 

NaMt!ol Sym, .,\1omic Atuti•iie Nilffl(' or �.,.,,. Ae ,:,m ic A1<1mic diemcn1 ""' i:iumbcr .. �lftht 1'.klll,(IH "" nu.mbcr wcigh1 

A(:dt1lum A< .. r2v1 Mtn:11ry "' ., 200.59 
Ah1,nunium Al " 26.981S Mo!ybdc,1um Mo " "'·" 
Anwric:ium Am 00 (2t3J Nrodymium Nd .. 1«,24 
An1itnoay Sb " 121.1!1 X<'OO N, ,o '20. 183 

, .. � A, 18 39--9,9 X'flrnni um Nf ., (231) 
Ar,e:oic A, " 14.9216 Sid:d N, .. ;&,71 
A,u,rl� A, ., (210) 1-iobium Nb ., 92.906 
8'ri= •• "' 137.3t l'-i tn,gtn N 7 lt,0067 
lkr!ulium •• 91 (2,t9•) (Nobdium) (So) I02 
Ekl')il ium "' • 9.012'1 Chrn.io;lll o, " 190.2 
Bumudl 81 '" 206,960 Oa1'tffl 0 8 IS.mt 
"°"'" • • 10,811 P•ll;idium "' .. 106.< 
O.r<on:iJ � •• ., 19.909 PhOJpbonn p IS 30.91311 
CadMlu.m QI .,. 112.tO Pl.11inum " 78 1%.09 
Calcium C. 2() -t-0.08 FlulQOium Pu " l'"i Califomium Cf 98 12SIJ Ptllooiun, .. .. 210) c,...,., C ' 12.01m, P-Ouuium K " 39.102 
::l'.rivm C. " H0,12 Pnueodymium •• 0$ lt0.907 
.: c,ium C. " 132,90) Protncthivm Pm " 1w1 
Chlorine Cl 17 3M53 rrocacrinium •• 91 

1�1 ::tirl'.lfflium c, ,. .Sl.996 ll.1di11J11 .. .. 
:obab Co " "' '"' RaOOn R, .. 222) 

= 
c, ·" 63.5-1 llhcl'lhi m R, 75 196.2 
Cm 96 (2til Rhooium Rh .,, 102.906 

�7,pr<ldum Dy 66 162.!,() Rubidhun •• $7 8S.t7 
£,n1u:inium .. �, ""I Rul.hcnium . ., .. 101. 07 
F.rbium £, 03 161.'26 Samariu111 Sm ., 1.50.» 
Europium £., 63 151.96 �i,diulft " 21 "·"" 
Fttmium Fm 100 (25") St;le11ium S< ,. ,a.96 
l'loorine F • 13,f/98-4 Siti®n s, ,. 211.086 
fttutdurn F, "' cm1 Sih'C!I' •• " 107.810 
Gad<llinh,m Cd &I m.25 Sodhion Sa I I  22.91898 
g�ium C. 31 69.?2 S4r()l'lr!um s, ,. 8Ui2 

crmani 11m C. 32 Tl.)!) !'-lphur s ,. """' 
""" Ao ,. 196.961 anutlum T, 73 180.948 
Hart1i 11111 Hf n 118.49 '«h11clium T, " f9'JJ H,;!lu.m H, ' '·"""' dlurlu.m T, ,, 117..00 
llnlimu.11r1 Ho 67 16U"JO 'erbium Tu 63 1'8-92• 
Hydrog,m H I 1. ooxn 'b:llium n 81 20t.37 
l.ndi1;1m •• •• IH.81 'horh11n Th ., 232.038 
Iodine I ,s IU.90-H 1'huhurn Tm .. 168.93t 
Iridium .. " 192.2 no "' 50 118,69 
boo r, " !1),841 Ti 1.1nium 1'i 2'l 47.00 
Krnxon K, " 89.fKl 'funptcn w ,. 183,.tl) 
Lanthanu111 u " 138..91 Urwiiuol\ u "' m.oo 
l,awreodum Lw 103 (257J \lanildium V " .50.!H? 
""' Pb " 201.19 Xenon x, .,. 131.30 
idUu.m Li , 6,.93' Yueirbivm Yb "' 113JH 
utctium L, " 174.97 \'urium y .. 88,90> 

M-souiutn "8 12 2'*-312 Zinc z. 30 $).37 
Manc•nac ,.., 73 54.9380 Ziroonlurn i, "" 91.2'? 
Mmddc-oiwn ,... IOI [2'<il 
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